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Abstract

This paper uses chemically reacting flow models to explore the effect of upstream JP-8 steam reforming on the performance of a tubular,
anode-supported, solid-oxide fuel cell. In all cases studied in this paper, a steam—carbon ratio of 3 is used for the reformer inlet. However, by
varying the reformer temperature, the methane concentration in the reformate stream can be varied. In this study methane mole fractions are varied
between 0 and 20%, on a dry basis. The methane mole fraction is found to have a substantial effect on fuel-cell efficiency, power density, and
heat-release profiles. The paper also explores the effects of internal reforming chemistry and electrochemical charge transfer on the gas-phase
kinetics and propensity for deposit formation. A detailed reaction mechanism is used to describe methane steam reforming on Ni within the anode,
while a detailed gas-phase mechanism is used to predict the gas-phase composition in the fuel channel.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Solid-oxide fuels cells (SOFC) can use hydrocarbon fuels di-
rectly [1-12]. However, practical design and operation require
the circumvention of deleterious carbon deposits. In the high-
temperature SOFC environment, carbon deposits can be formed
via two mechanisms [9,13]. Coke formation on catalysts such as
Ni, Fe, and Co is well known [14,15]. This process generally in-
volves the adsorption of a carbon source onto the metal surface,
dissolution of the carbon into the bulk of the metal, and finally
precipitation of carbon as a graphite fiber. Gas-phase reactions
can also produce higher-molecular weight species, e.g., aromat-
ics, which can serve as deposit precursors [16]. These reactions
are most important for hydrocarbons larger than methane and
are usually initiated by C—C bond scission at high temperatures.

Most SOFC systems are designed to reform the hydrocarbon
fuel upstream of the fuel cell itself [17,18]. Following refor-
mation, either by steam reforming or catalytic partial oxidation
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(CPOX), the fuel that enters the fuel cell is primarily H,, CO,
and possibly CHy. There is also active development of systems
to enable deposit-free reforming or partial oxidation within the
SOFC anode structure [11,19-21].

There can be substantial advantages to carrying hydrocar-
bons into the SOFC itself, as long as deposits can be avoided.
Reducing the amount of upstream reforming contributes to over-
all higher system efficiency. Hydrocarbon reforming within the
stack can also assist thermal management. Excess heat gener-
ated by inefficiencies within the cell is used directly to support
endothermic steam-reforming chemistry.

This paper focuses on the impact of external steam reforming
of JP-8 on SOFC performance. Depending on the reformer tem-
perature, the reformate stream is primarily a mixture of CO, Hp,
CO», Hy0 and varying amounts of CHy4. Increasing the CHy
fraction can increase the fuel-cell efficiency and can improve
thermal management. The paper uses a computational model to
predict fuel-cell performance as a function of the CHy4 fraction in
the reformate stream. Performance measures include efficiency,
power density, and heat-source profiles.

Several coupled models are used in this study. The upstream
steam reformer is assumed to operate at chemical equilibrium.
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Thus, the reformate outlet stream depends on the inlet steam—
carbon ratio and the reformer temperature. The fuel-cell model
incorporates fluid flow in the fuel channel, porous-media trans-
port within the electrodes, heterogeneous reforming chemistry,
and electrochemical charge transfer [22]. This model considers
major gas-phase species, but owing to computation cost, can-
not handle the hundreds of species and thousands of reactions
needed to model the gas-phase kinetics leading to polyaromatic
hydrocarbon deposits. Therefore, a fuel-channel model is de-
veloped to model this complex homogeneous chemistry. The
fuel-cell model and the fuel-channel model must be coupled
through the species flux exchanged between the fuel channel
and the anode structure.

The models require chemical reaction mechanisms to
describe chemical kinetics at various levels of complexity. Cat-
alytic steam reforming on Ni within the anode is incorporated
into the fuel-cell model using a detailed reaction mechanism
described by Hecht et al. [23]. The elementary gas-phase reac-
tion mechanism used in the fuel-channel model is described by
Gupta et al. [24]. This is a large mechanism that represents the
kinetics of molecular-weight growth, including polyaromatic
hydrocarbons. A much smaller gas-phase mechanism is also
developed and used to assist understanding the impact of
the gas-phase chemistry on the catalytic reactions within the
anode.

2. Model descriptions

Fig. 1 illustrates an anode-supported, tubular, cell with an
internal fuel feed. Although the models are general, the results
discussed in this paper consider a particular geometry and mem-
brane electrode assembly (MEA) structure. The fuel-feed tube
has inner and outer diameters of 0.36 and 0.6 cm, respectively,
yielding a 0.1 cm? cross-sectional flow area. The inner diam-
eter of the anode structure is 1 cm, yielding an annulus cross-

Cathode current collection

Reforming anode structure (Ni-Y SZ)

Annular fuel channel

Porous cathode structure (LSM)

Dense electrolyte (Y SZ)

Table 1
Parameters for an SOFC MEA structure
Parameters Value Units
Anode
Thickness (L,) 1220 wm
Porosity (¢g) 0.35
Tortuosity (tg) 3.50
Average pore radius (rp) 0.50 wm
Average particle diameter (d},) 2.50 m
Specific catalyst area (As) 1080 cm™!
Cathode
Thickness (L) 30 wm
Porosity (¢g) 0.35
Tortuosity (tg) 3.50
Average pore radius (rp) 0.5 m
Average particle diameter (d},) 2.5 pm

Electrolyte: o] = 09T~ exp(—Ee1/RT)
Thickness (Le]) 25 wm

Activation energy of 0>~ (E¢) 8.0E4 Jmol ™!
Pre-factor of 0%~ (o) 3.6E5 S-K/cm
Leakage overpotential (1max) 0.055 \Y

Leakage overpotential (imax) 8.0 Acm™2

sectional area of 0.5 cm? for the fuel flow. The anode support is
1.2 mm thick and the tube is 60 cm long.

The MEA is comprised of a 1.2 mm thick Ni-YSZ anode
support, 25 wm thick dense yttria-stabilized zirconia (YSZ) elec-
trolyte, and a 30 pm thick strontium-doped lanthanum mangan-
ite (LSM) cathode. This MEA structure is based on the button-
cell structure reported by Jiang and Virkar [25], and the phys-
ical parameters are shown in Table 1. Complete details of the
modeling parameters are reported and discussed in Zhu et al.
[22].

As illustrated in Fig. 1, current collection on the cathode
side can be accomplished by wrapping wires around the outer
diameter of the tube. Anode current collection is more difficult
in a tubular cell. The Ni-YSZ is electrically conductive, so there

Fig. 1. An anode-supported tubular solid oxide fuel with a central fuel feed tube.
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can be axial current flow through the support structure. However,
for a long cell as considered here, the axial voltage drop is far
too great to be practical. The results shown in this paper assume
that the operating cell potential is uniform throughout the cell.
Thus, some effective approach for anode current collection is
required, but is not discussed here.

2.1. Fuel-cell model

The fuel-cell model is derived and discussed in great detail by
Zhu et al. [22]. Briefly, the model considers plug flow in the fuel
channel, Dusty-Gas transport in the porous electrode structures,
elementary reforming chemistry on Ni, charge-transfer reactions
in a modified Butler—Volmer form, and oxygen ion transport
through the dense electrolyte. Zhu et al. [22] also discuss the
physical and chemical parameters that are used to represent the
particular MEA that is used in the present paper. These param-
eters are determined by fitting a model to the button-cell data
reported by Jiang and Virkar [25].

The heterogeneous reaction mechanism that describes re-
forming kinetics within the Ni-YSZ anode taken from Hecht
et al. [23]. This mechanism has been validated experimentally
for both steam and dry (CO;) reforming within a Ni-YSZ an-
ode at 800 °C. The mechanism involves 42 irreversible reactions
among 6 gas-phase and 12 surface-adsorbed species.

Modeling the tubular cell in the present paper requires two
relatively straightforward modifications of the model developed
by Zhu et al. [22], which considers a defined-channel, planar,
cell architecture. Thus, the porous-media transport within elec-
trodes must be recast in radial coordinates. Because the Dusty-
Gas model is derived in a general vector setting, the conversion to
cylindrical coordinates is straightforward. In the tubular geom-
etry there is no air-flow channel on the cathode side. Rather, the
entire exterior surface of the tube is exposed to air. The results
in this paper assume undiluted air everywhere on the cathode
that forms the tube exterior surface.

2.2. Fuel-channel model

A fuel-channel model is developed to explore gas-phase ki-
netics in the fuel channel. The steady-state, isothermal, mass-
balance equations that describe the overall and species continuity
in the fuel channel are:

K,
d(pu) P — MEA
= — J Wk, 1
dr A 2 R W )
k=1
d(puYy) P MEA .
— = — W, Wk, 2
o Ak k + wr Wy (2
p 1
= — = 3
P RIS Y/ Wi ©

The independent variable x is the distance along the annu-
lar fuel channel. The dependent variables are the mean fluid
velocity u and the species mass fractions Y. The mass den-
sity p is determined from a perfect-gas equation of state. The
species molecular weights are Wy. The species molar produc-

Table 2
Jet fuel (JP-8) surrogate and steam mixture composition corresponding to S/C =
3

Species Molar% Mass%
Ci3Hys 0.45 3.46
Ci3Hze 0.05 0.42
Ci3Hos 2.00 16.66
H,0 97.50 79.46

tion rates by homogeneous reaction are represented as wy. The
annular channel geometry is characterized by the outer perime-
ter P (perimeter of the inner surface of the anode structure) and
flow cross-sectional area (formed between the outer surface of
the feed tube and the inner surface of the anode structure).

The variables J,?’IEA represent the molar species fluxes be-
tween the fuel-flow channel and the inner surface of the an-
ode structure. These fluxes are the result of electrochemistry in
the three-phase region near the dense electrolyte, thermal het-
erogeneous chemistry within the porous anode structure, and
porous-media species transport. The spatial profiles of J}(\/IEA(x)
are determined by the fuel-cell model, and supplied as external
functions to the fuel-channel model. This flux exchange is ref-
erenced to the inner anode surface area (i.e., the outer wall of
the annular flow channel).

Egs. (1) and (2) are a coupled system of ordinary differential
equations, which can be solved to determine the velocity and
composition profiles along the channel length. The species pro-
duction rates @y depend on an elementary reaction mechanism,
which is evaluated through a CHEMKIN interface [26]. This stiff
initial-value problem is solved using the DVODE software [27].

The elementary gas-phase reaction mechanism used in this
paper is an extension of one used earlier to describe butane pyrol-
ysis [16]. The mechanism, which involve some 350 species and
3450 reactions, represents oxidation and pyrolysis kinetics for
hydrocarbons up to C6. It also includes the molecular-weight-
growth reactions leading to polyaromatic hydrocarbon (PAH)
formation. The detailed mechanism! is described in our earlier
work [24], where it was used to explore methane oxidation and
pyrolysis under SOFC operating conditions.

3. Steam reforming of JP-8

Steam reforming of JP-8 is assumed to be an equilibrium pro-
cess. JP-8 typically consists of 80.1% alkanes with between 10
and 15 carbon atoms, 1.9% olefins, and 18% aromatics. Since
the equilibrium composition at a given temperature is completely
specified by the atomic composition, it is sufficient to consider
a surrogate mixture that corresponds to the carbon/hydrogen
ratio of JP-8. Specifically, we use a surrogate mixture contain-
ing 80.1% Ci3Hszg, 1.9% C13Hz6 and 18% propyl naphthalene
(C13H14). Throughout this paper, we use a steam-to-carbon ra-
tio of 3 (S/C = 3). Table 2 shows the mixture composition at
S/C = 3 which enters the reformer.

! The mechanism and the associated thermodynamic database are available
upon request.
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Table 3
Measured [28] and calculated equilibrium mole fractions (dry basis) for steam
reforming of JP-8 at 512 °C, atmospheric pressure, and S/C = 3

Species Measured Equilibrium
CHy 0.14 0.16
(€(0) 0.03 0.03
CO, 0.23 0.23
H, 0.60 0.58

Although we assume equilibrium production at a constant
reformer temperature, we recognize that actual operation of a
JP-8 reformer under these conditions requires careful attention
to details (e.g., fuel desulphurization to avoid catalyst deactiva-
tion and a reactor designed to achieve high heat transfer rates).
Nevertheless, the equilibrium assumption is a convenient start-
ing point for analysis and there is evidence that it is possible
to run actual reformers under conditions that closely approach
equilibrium. For example, Strohm et al. [28] have measured the
products of JP-8 steam reforming at S/C = 3. They report re-
sults at a reformer temperature of 512 °C over a catalyst com-
posed of 2% Rh and 10% Ni supported on CeO,—Al,O3. Table
3 shows the measured product distribution and the equilibrium
mole fractions. It is evident that the equilibrium predictions are
comparable to the experimental values.

Selecting steam-reformer operating conditions depends pri-
marily on two considerations. One is deposit formation in the
reformer and the other is the desired CHy fraction in the refor-
mate. The operating conditions are specified primarily as the
steam—carbon ratio (S/C) and reformer temperature.

The propensity for carbon deposition can be estimated by cal-
culating the equilibrium solid graphite fraction as a function of
temperature and mixture atomic composition. Fig. 2 is a ternary
diagram that summarizes the equilibrium states. Equilibrium
graphite exists in the regions above the isotherm lines, whereas
the mixtures are entirely gas phase below the isotherms. Two
dots on the chart show the composition of JP-8 and a mixture of
JP-8 and steam at S/C = 3. The S/C = 3 mixture indicates no
deposits at the relatively low temperature of 493 °C, suggesting
that a reformer could be operated under these conditions without
deposit formation.

The reformer temperature has a strong influence on the CHy
fraction in the reformate. Table 4 shows reformate composition
at five different temperatures, which are chosen to deliver up
to 20% methane (on a dry basis). The right-hand columns of
Table 4 show the heats of reaction AH and free-energies AG
associated with complete oxidation of 1 mol of the reformate at
the fuel-cell temperature of 800 °C.

Although the inlet mixture to the reformer is the same in
all cases, it is evident that AH and AG of the resulting re-
formate streams are very different. As the reformer tempera-
ture decreases, a larger fraction of the hydrogen is contained
in CHy and less in H,. This contributes to increases in the
heating value AH and the free-energy AG. Also, the result-
ing AG/AH ratio for the reformate is higher at lower reformer
temperatures, indicating the potential for increased fuel-cell
efficiency. It should be noted that different amounts of sen-
sible energy are needed to heat the reformate mixtures from
the reformer temperatures to the fuel cell temperature. In all
cases, however, essentially the same amount of sensible energy
is needed to heat the JP-8—steam mixture from room temper-
ature to reformer temperature, and then to fuel-cell temper-
ature. Of course, different levels of energy input are needed
to support the endothermic reforming at different reformer
temperatures.

The equilibrium analysis is useful guide for deposit forma-
tion, but kinetics often govern deposit formation. Deposits can
be observed in the region expected to be deposit-free if the kinet-
ics leading to deposit formation are faster than those removing
deposits. For example, Strohm et al. [28] report deposits from
JP-8 reforming at S/C = 3 and 512 °C, even though this is not
in the region where deposits are anticipated by equilibrium (Fig.
2). Conversely, one might not observe deposits for acomposition
within the carbon deposit region if the deposit-forming kinetics
are slow.

HS T~ 2 % 8 6 A % 9 o
O o Qo v oo o ~0

Fig. 2. Ternary C—-H-O diagram showing the region where deposits (in the form
of graphite) are present at chemical equilibrium.

Table 4
Equilibrium reformate composition (mole fractions) for JP-8—steam mixtures at different reformer temperatures and at S/C = 3
CH4 mole T(°C) CH4 CcO COy H,O AH (kJmol~1) AG (KJmol™") AG/AH
fraction (dry%)
0 690 0 0.097 0.103 0.492 0.308 150 97.2 0.650
5 599 0.033 0.059 0.122 0.447 0.339 154 107 0.696
10 555 0.062 0.036 0.128 0.389 0.385 156 115 0.737
15 521 0.086 0.022 0.127 0.335 0.429 158 122 0.770
20 493 0.106 0.014 0.124 0.286 0.470 160 128 0.797

The heats of reaction A H and free-energies AG are associated with the complete oxidation of 1 mol of the equilibrium mixtures at 800 °C.
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4. Efficiency and power density

To explore the effect of CHy4 fraction on the fuel-cell perfor-
mance, the mixtures listed in Table 4 are used as input to the
fuel-cell model. Table 5 shows predicted efficiency, power den-
sity, current density, and net heat release. In all cases, the cell is
operated at 800 °C and atmospheric pressure, and the fuel uti-
lization is fixed at 85%. Cell operating potentials of E¢.;; = 0.8
and 0.6 V are considered.

Fuel-cell efficiency is determined as,
co Ve _ JiEcen dA

QOin
where W, is the electrical work output and Qj, is the heat re-
leased upon full oxidation of the inlet fuel stream. The inlet fuel
mass flow rate is riif in and Ahj, is the specific enthalpy asso-
ciated with completely oxidizing the fuel stream. The electrical
work is the product of the current density i and the operating
voltage E.., integrated over the active MEA area.

The net efficiency can be represented as the product of three
contributing efficiencies [29,30]

“

mig in Ahin

& = ERevey, (5)

where ¢g is the reversible efficiency, ey the part-load efficiency,
and ey is the fuel utilization. The reversible efficiency is deter-
mined thermodynamically as

AG
= —, 6
R=AH ©)

where AH and AG are the heats of reaction and free-energies
associated with complete oxidation of the fuel stream. The part-
load (or voltage) efficiency is the ratio of the cell operating volt-
age and the reversible (Nernst) potential as,

E
gy = cell. (7)
EI‘CV
The fuel utilization is written as
m Ah
eu=1— f,out out (8)

vt inAhin
where the “in” and “out” refer to the inlet and outlet of the fuel
cell. The Ah term refers to the specific enthalpy associated with
complete oxidation of any available fuel. This definition thus
accounts for the energy content of any remaining fuels (or fuel
byproducts) that leave in the fuel-cell exhaust.

Table 5 shows that the average efficiency and power density
depend substantially on the methane mole fraction and oper-
ating potential. Increased CHy4 fraction leads to increased effi-

ciency, primarily due to the increase in the reversible efficiency,
AG/AH (see Table 4). These predictions are consistent with
the findings of Aguiar et al. [31], who also predict increased
efficiency with increasing CHy.

The effect of operating potential on performance is not mono-
tonic. Zhu and Kee [30] show that efficiency tends to peak at
operating potentials around 0.8 V and power densities peak at
lower operating potentials around 0.6 V. The results in Table 5
are consistent with these trends, showing much greater power
densities at 0.6V than at 0.8 V. The results also show much
greater efficiencies at 0.8 V than at 0.6 V. The decreased effi-
ciency at lower operating potential is the result of the part-load
efficiency factor ey = Ecel1/ Erey-

Increasing the methane mole fraction causes decreasing cur-
rent and power densities. Because inefficiencies scale with the
current density squared, it should be anticipated that efficiency
increases as current density decreases. Indeed this behavior is
shown in Table 5. This is also consistent with work of Aguiar et
al. [31].

To achieve a constant fuel utilization of 85%, the fuel flow
rate must decrease as the methane fraction increases due to the
time required for the methane to be reformed and consumed. At
Ecenn = 0.8V, the inlet velocity must be decreased from 210 to
130cms™! as the methane mole fraction is increased from 0 to
20%. At E.e1 = 0.6V, the inlet velocity must be decreased from
635t0365 cm s~ ! as the methane mole fraction is increased from
0to 20%. The decrease in fuel flow rate causes the electrochem-
ical activity to decrease because there is less fuel available per
unit time to be electrochemically oxidized. The reduced elec-
trochemical activity lowers the average current density, which
lowers the power density at uniform operating potential.

The operating potential affects the current density because the
electrochemical driving potential depends on the difference be-
tween the reversible and operating potentials. Thus, at 0.6 V, the
electrochemical charge-transfer reactions proceed more rapidly,
delivering higher current density. This behavior is evident in
Table 5, showing much higher current densities at 0.6 V.

In addition to efficiency and power density, local heat-release
profiles are also an important performance metric. More uni-
form heat release is desirable because it leads to more uniform
operating temperatures. Fig. 3 shows that as the methane mole
fraction increases the local heat-release rates decrease. The heat
release is the result of cell inefficiency. As more available heat
is used to support internal steam reforming of the methane, less
net heat is produced. This also improves efficiency, since other-
wise wasted heat is used beneficially to support the needed fuel
reforming. At lower operating potential where the efficiency is

Table 5
Efficiency, average power density, and average current density as functions of CHy fraction and operating voltage
CH4 mole fraction (%) 0.8V 0.6V
Efficiency  Power density (Wcem™2)  Current density (Acm~2)  Efficiency  Power density (Wcem™2)  Current density (A cm—2)
0 0.52 0.40 0.50 0.39 0.89 1.49
5 0.55 0.36 0.45 0.40 0.79 1.31
10 0.57 0.33 0.42 0.42 0.71 1.18
15 0.59 0.32 0.40 0.44 0.66 1.10
20 0.61 0.31 0.38 0.45 0.63 1.06
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Fig. 3. Heat-release profiles as a function of CH4 mole fraction at operating
potentials of (a) 0.8 V and (b) 0.6 V.

lower, the net heat is substantially greater. It is evident in Fig. 3
that the heat rates are much greater at 0.6 V than at 0.8 V. Itis also
clear that increasing methane mole fraction in the fuel leads to
more spatially uniform heat-release profiles. This is because the
electrochemically active H is the result of reforming, which is
distributed throughout more of the cell with high methane mole
fractions in the fuel stream.

5. Anode species exchange

The species flux between the porous anode and the fuel chan-
nel, designated J,?’IEA in Egs. (1) and (2), depends on reforming
chemistry within the porous anode and charge-transfer electro-
chemistry in the three-phase region. In this section, the fuel-cell
model is used to predict J lleA (x) under four different operating
conditions. Then, the fuel-channel model is used to predict the
species profiles in the fuel channel. The four cases considered
are:

(1) Only gas-phase reactions in the fuel channel. This is a ref-
erence case, in which no heterogeneous chemistry or elec-
trochemistry is allowed.

(2) The cell is operated at open-circuit conditions. Reforming
may proceed within the anode but there is no electrochem-
ical charge transfer.

(3) The cell is operated at E..;; = 0.8V, leading to relatively
high efficiency and low power density.

(4) The cell is operated at Ec.;j = 0.6V, leading to relatively
low efficiency and high power density.

For cases (3) and (4), the fuel flow rates are adjusted to achieve
85% fuel utilization. The flow rates for cases (1) and (2) are the
same as that for case (3).

In principle, the full gas-phase reaction mechanism, includ-
ing molecular-weight growth chemistry, could be included in
the fuel-cell model. However, extraordinarily long computation
times render this approach entirely impractical. Thus, the fuel-

cell model is exercised with two assumptions about gas-phase
chemistry. First, gas-phase chemistry is simply neglected. Sec-
ond, a reduced mechanism containing 37 species and 150 reac-
tions is included. The reduced mechanism is validated by direct
comparison with the full mechanism in a channel with no hetero-
geneous chemistry or electrochemistry. The major-species pro-
files are predicted accurately by the reduced model. Moreover,
the fuel-cell model results are nearly identical with gas-phase
chemistry neglected and with the reduced model. Including the
reduced mechanism increases computation time for the fuel-cell
model from about 5 min to about 5h on a personal computer.
For the nominal operation conditions here, it is reasonable to
neglect gas-phase chemistry for the purposes of predicting ma-
jor species and cell performance. It should be noted, however,
that neglecting gas-phase chemistry may not be valid at higher
temperatures, higher pressures, or for fuels containing higher
hydrocarbons.

Because catalytic and charge-transfer kinetics determine the
species exchange between the anode and the fuel channel, the
analysis of gas-phase kinetics can be decoupled as a two-step
process:

(1) Apply the fuel-cell model without gas-phase kinetics to ob-
tain the species exchange J,EAEA between anode and fuel
channel.

(2) Usethe J lleA(x) profiles as input to the fuel-channel model,
which incorporates the complete gas-phase reaction mech-
anism.

Fig. 4 shows the flux exchange for the fully reformed case
(i.e.,0% CH4). At OCV and no methane in the fuel, no reforming
is possible and the reactions within the anode represent the water-
gas-shift process (i.e., HoO + CO = H; + CO»). Because the
reformer and fuel cell are at different temperatures, the system
seeks to adjust to a new equilibrium state at the higher fuel-cell
temperature. The new equilibrium is reached by about 15cm
into the channel. The resulting fluxes are very small and are
not presented here. Fig. 4 shows the anode flux exchange at
operating potentials of Ecej = 0.8V and Ee;p = 0.6 V. The H,
flux is negative (indicating flow into the anode structure) because
Hj is being consumed electrochemically. The positive H,O and
CO; fluxes show that the reaction products are being transported
from the anode into the fuel channel. The fluxes are higher in
the Ecel = 0.6V case (Fig. 4b) because the power densities are
higher. As the fuel is depleted, the fluxes are generally reduced
toward the exhaust end of the cell.

Fig. 5 shows anode flux exchange for the 20% CH4 mole
fraction case. In the OCV case (Fig. 5a), reforming within the
anode causes an initial flux of CH4 and H,O into the anode,
while Hy and CO flow into the fuel channel. At relatively low
current density (Ece;p = 0.8V, Fig. 5b), the net hydrogen flux is
into the anode because of electrochemical consumption. As the
current density increases (Ece;p = 0.6V, Fig. 5c¢), the fluxes are
larger than at low current density. As expected, the net flux of Hy
is into the anode, with product fluxes of H,O and CO, flowing
into the channel.
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Fig. 5. Major-species flux exchange between the anode structure and the fuel
channel at (a) OCYV, (b) 0.8V and (c) 0.6 V. The cell is maintained at 800 °C
and 1 atm. Inlet fuel composition is 10.6% CHy, 47.0% H>0, 28.6% H;, 12.4%
CO3y, and 1.4% CO, corresponding to a 20% CHy fraction. Inlet velocities are
adjusted to achieve 85% fuel utilization for cases (b) and (c). Note the different
ordinate scales in the lower panel.

6. Fuel-channel composition

Solving Egs. (1) and (2), using J}(VIEA(x) as input, yields
species-composition profiles along the channel. The fuel-

channel model now considers a complete gas-phase reaction
mechanism. Figs. 6 and 7 show major-species profiles with four
different operating conditions. With the chosen inlet conditions,
there is no change in the composition of major species within
the inner tube. However, small concentration of radicals are pro-
duced in this region that may affect the gas-phase kinetics in the
outer tube. Thus, in the fuel-channel model we use the radical
compositions at the end of the inner tube as an initial condition
to predict the mole fraction profiles in the outer tube for all the
species in the full mechanism.

Figs. 6a and 7a, which consider only gas-phase chemistry
(i.e., no catalytic chemistry or electrochemistry), show that
species profiles remain essentially unchanged along the channel.
At open-circuit voltage, however, the situation can be quite dif-
ferent because reforming chemistry is active in the anode struc-
ture. Fig. 6b shows nearly no chemical activity. Once methane
is present, reforming chemistry can proceed even at OCV. Fig.
7b shows that H, and CO profiles increase along the channel
length as CH4 reacts with H>O on the anode catalyst.
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Fig. 6. Major species profiles for an SOFC channel at 800 °C and 1 atm when
(a) only gas-phase reactions considered, (b) at OCV, where catalytic reforming
also considered, (c) at 0.8 V and (d) 0.6 V. Fuel inlet composition is 0.0% CHy,
30.8% H,0, 49.2% H,, 10.3% CO,, and 9.7% CO. Inlet velocities are adjusted
to achieve 85% fuel utilization for cases (c) and (d). Flow rates for cases (a) and
(b) are the same as for case (c).
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When the cell is operated under electrical load, Hj is con-
sumed electrochemically to produce H,O and CO». Figs. 6¢ and
d, and 7c and d show the major-species profiles for two operating
potentials and two methane mole fractions in the inlet fuel. It is
interesting to note that in Fig. 6¢ and d, the cell potential has only
a minor effect on the species profiles. This is because there is no
methane and because the inlet flow rates have been adjusted to
achieve 85% utilization in both cases. When methane is present,
Fig. 7c and d show that the cell potential has a stronger effect on
the species profiles. At E¢.;; = 0.8V, the current density is lower
and the Hj is consumed less rapidly. In addition to less-rapid Hy
consumption at low current density, the production of Hj by re-
forming serves to maintain larger H, concentrations throughout
the channel. At higher current densities, Fig. 7d shows that fuel
is depleted faster in the upstream portion of the channel.

These results show that when only gas-phase chemistry
is considered, gas-phase chemistry has a negligible effect on
major-species profiles. This is because for methane at 800 °C,
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Fig. 7. Major species profiles for an SOFC channel at 800 °C and 1 atm when
(a) only gas-phase reactions considered, (b) at OCV, where catalytic reforming
also considered, (c) at 0.8 V and (d) 0.6 V. Fuel inlet composition is 10.6% CHy,
47.0% H;0, 28.6% H,, 12.4% CO,, and 1.4% CO, corresponding to a20% CHy
fraction. Inlet velocities are adjusted to achieve 85% fuel utilization for cases
(c) and (d). Flow rates for cases (a) and (b) are the same as for case (c).

the initiation reactions are quite endothermic and very slow.
However, when catalytic reactions are included within the an-
ode structure, methane reforming chemistry affects the species
profiles significantly. When operating the cell under load, the
species profiles are affected by a combination of electrochemi-
cal charge-transfer and heterogeneous reforming kinetics.

7. Molecular-weight growth

Although the major species are only weakly affected by gas-
phase chemistry, it is interesting to explore minor-species be-
havior and the potential for carbon deposition via polyaromatic
hydrocarbon growth. A rate analysis shows that hydroxyl (OH)
and methyl (CH3) radicals play a critical role in the kinetics
of molecular-weight growth. Ethane is formed by the recom-
bination of methyl radicals. Hydrogen abstraction from ethane
forms ethyl, which then reacts by beta-scission to form the first
unsaturated species (ethylene). Then, a similar abstraction/beta-
scission sequence can lead to acetylene. Methyl radicals can add
to C; unsaturated species to form unsaturated C3 species and so
on, leading to formation of aromatics and ultimately to deposits.
In this context, the changing concentrations in the gas channel
as a result of the catalytic and electrochemical reactions within
the anode have the potential to substantially affect the kinetics
of molecular-weight growth.

Fig. 8a and b show the effects of reforming and electrochem-
istry on the gas-phase species profiles of CH3z, CoHg, for the
case of 20% methane mole fraction in the inlet stream. Profiles
are shown for gas-phase chemistry alone, open-circuit voltage,
and E = 0.8 V. In all cases, the inlet flow rates are the same.
From Fig. 7b, it is apparent that catalytic reforming chemistry
consumes CHy. This, in turn, causes a decrease in CH3, as can be
seen in Fig. 8a. The decrease in CH3 is important because CH3
recombination (CH3 4+ CH3 = C,Hg) is the first step toward
molecular-weight growth. It can be seen from Fig. 8b that a de-
crease in methyl radicals causes a decrease in CoHg. As a result
of reduced C,Hg levels, there is decreased production of unsatu-
rated species like ethylene and acetylene, which ultimately leads
to a decreased propensity for deposit formation.

The propensity for deposit formation can be characterized
in terms of the net mole fraction of all species containing five
or more carbon atoms (designated as Csy ). This definition is
adequate to relate the temperature dependence of the observed
deposit formation in butane and ethanol pyrolysis to that ob-
served experimentally [16,32]. Interestingly, Fig. 8c shows that
catalytic reforming and electrochemical activity tends to reduce
the Cs4 levels relative to gas-phase chemistry alone. However,
compared to reforming alone, electrochemical activity tends to
increase the Cs4 levels, and hence the deposit propensity. In-
creased H»O levels via electrochemical reaction increases the
OH radicals concentration produced in the gas phase. This in-
crease in the radical pool leads to more rapid conversion of
ethane to unsaturates such as Co;H,, which in turn leads to in-
creased molecular-weight growth.

Despite the chemical insight derived from this analysis, it is
important to note that for all the cases considered in this paper the
Cs levels are far below those where deposits might be formed
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Fig. 8. Predicted mole fractions of (a) CH3, (b) C2Hg, and (c) Cs4 at 800°C
and 1 atm. Fuel inlet composition is 10.6% CHy, 47.0% H,O0, 28.6% H,, 12.4%
CO,, and 1.4% CO, corresponding to a 20% CHy fraction. Fuel utilization is
85% for the E.;j = 0.8V case and inlet flow rates for all cases are the same.

via gas-phase routes. A general guideline is that Cs mole frac-
tions must be in the range of 1073 before deposits are observed
[16]. The cases studied in this paper all considered upstream
steam reforming with steam—carbon ratios of 3. Because these
conditions were chosen specifically to avoid deposit formation,
it is reassuring that the analysis predicts very low propensity for
molecular-weight growth.

8. Summary and conclusions

We have simulated and analyzed a tubular SOFC fed by an
upstream JP-8 steam reformer. The reformer, which is operated
at a steam—carbon ratio of 3, is assumed to deliver a reformate
stream that is at chemical equilibrium at the reformer temper-
ature. By varying the reformer temperature, the methane mole
fraction in the reformate stream is varied from 0 to 20% (on a dry
basis). These reformate streams are used as input to a fuel-cell
model that predicts local variables, such as species composition
and local heat release throughout the cell. The fuel-cell model
also predicts global metrics, such as efficiency and power den-
sity.

Increasing the CH4 fraction in the reformate leads to in-
creased fuel-cell efficiency, but decreased power density. Fuel-
cell efficiency is highest at operating potentials around 0.8 V,
while power densities are highest at operating potentials around
0.6 V. Increased methane mole fraction in the fuel stream tends
to make the local heat-release profiles more uniform, which is
generally beneficial at the cell level.

The model is used to explore the influence of electrochem-
istry and heterogeneous reforming kinetics on gas-phase kinetics
and the propensity for polyaromatic deposit formation. Because
of the very high computational cost of including full gas-phase
kinetics (i.e., 3450 reactions) in the fuel-cell models, a two-step
decoupled approach is used. A fuel-cell model that neglects gas-
phase kinetics (but does include detailed heterogeneous reform-
ing kinetics) is used to predict major-species flux exchange be-
tween a porous anode structure and the fuel flow channel. These
fluxes are then imposed on a fuel-channel model that considers
the full gas-phase kinetics.

Although gas-phase kinetics is found to be negligible for the
highly reformed fuel streams considered in this paper, the mod-
eling approaches and chemical insight are valuable. There is
growing effort in the SOFC community to reduce or eliminate
upstream reforming, and to introduce higher hydrocarbons di-
rectly into the anode flow channels. In these cases, with internal
reforming or partial oxidation, gas-phase kinetics is expected to
play a much larger role.
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