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bstract

A mathematical model is developed and used to investigate the effects of axially distributed current collection on the performance of an
node-supported tubular solid oxide fuel cell (SOFC). The physical model considers coupled fluid and thermal transport within the tube, reactive
orous-media flow within the electrodes, electrochemical charge-transfer, thermal transport within the MEA structure, and an electric circuit to

epresent the current-collection system. Four examples are used to illustrate the model and evaluate current-collection strategies. All the examples
onsider a particular Ni–YSZ | YSZ | LSM–YSZ tube, but with different current collection. The inlet fuel stream is a syngas mixture that results
rom steam reforming of dodecane. Results show that current collection can strongly affect local performance (i.e., composition, temperature, and
urrent density profiles) along the length of the tube as well as overall performance (i.e., efficiency and utilization).

2007 Elsevier B.V. All rights reserved.

i
t
e
t

t
s
H
w
v
(
t
a
l
m

t

eywords: SOFC; Tubular cell; Current collection; Modeling

. Introduction

Tubular cells and stacks have some advantages compared to
lanar cells and stacks. For example, ceramic-to-metal seals are
sually confined to small areas at the ends of the tubes. Fuel-
nd air-distribution manifolds may be more straightforward in
ubular stacks. Stresses caused by thermal cycling can be less
roublesome in tubular systems because the membrane-electrode
ssembly (MEA) is less rigidly confined. However, current col-
ection is much more challenging in a tubular cell, especially for
node current collection on the inside of the tube. This paper
evelops a physically based computational model that can be
sed to evaluate alternative current-collection strategies.

Fig. 1 illustrates the nominal geometry for a tubular cell. This
aper considers a porous cermet anode-supported tube, with the
hin dense electrolyte and porous cathode applied to the outside
f the tube. A typical tube wall may be fabricated as Ni–YSZ

hat is on the order of a millimeter thick. The dense electrolyte

embrane is typically on the order of 10–20 �m of YSZ. A typ-
cal cathode may be 50 �m of porous LSM–YSZ. As illustrated

∗ Corresponding author. Tel.: +1 303 273 3890; fax: +1 303 273 3602.
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n Fig. 1, the current collection is achieved by metallic wires
hat are bonded to the electrode surfaces. Additionally, a low-
lectrical-resistance bus is assumed to run axially the length of
he tube.

In principle, because the electrodes have electrical conduc-
ivity, current could be collected axially through the electrode
tructures without any explicit current-collection structure.
owever, using typical electrode materials, the voltage drop
ould be far too high to be practical. The cathode especially is
ery thin and uses ceramic mixed ionic–electronic conducting
MIEC) materials that are relatively poor electronic conduc-
ors. The Ni in an Ni–YSZ has high electronic conductivity
nd the structure is relatively thick. Nevertheless, a dedicated
ow-resistance current-collection significantly improves perfor-

ance.
The model in this paper considers fluid flow and heat-

ransfer within the tube, transport and catalytic chemistry
ithin the porous electrodes, electrochemical charge-transfer,

nd heat-transfer within the MEA structure. An electrical net-
ork describes the current-collection system. Circumferential
urrent-collection wires are attached to the electrodes at speci-
ed positions along the length of the tube. Usually, because of
igher electrical-resistance in thin MIEC cathode materials, the
athode attachment is more frequent than the anode attachment.

mailto:hzhu@mines.edu
dx.doi.org/10.1016/j.jpowsour.2007.03.047
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Fig. 1. Sketch of an anode-supported tubular SOFC.

n electrical-resistance is assigned to each attachment point,
hich may represent interface or bonding resistance. The

ttachment resistance may also account for the resistance to cir-
umferential current flow in the wires leading to an axial bus.
ach segment of the axial bus, between attachment points of the
ircumferential wires, is also assigned a resistance. The elec-
rodes also have electrical-resistance. The model accounts for
he local electric-potential profiles within the electrodes.

There is recent literature concerning the fabrication and per-
ormance of tubular cells [1–4]. These works are concerned
rimarily with ceramics materials processing. A number of
ecent modeling studies have also been developed to investigate
he performance of tubular cell and systems [5–15].

Nagata et al. [5] and Aguiar et al. [6,7] solve energy and mass
alances to represent one-dimensional steady-state reacting-
ow for single-cell tubular SOFCs. Other groups have developed

wo-dimensional axisymmetric models [8–15]. These models
redict pressure, temperature and species concentration dis-
ributions. In some cases circumferential current flow results
n loss of full axisymmetry. Nevertheless, chemistry and heat
elease are based on circumferentially averaged electric poten-
ials.

Charge-transfer chemistry is usually represented in Butler–
olmer form. Li et al. [8–11] assume that H2 is the only
lectrochemically active species. They also assume that CH4
eforming and water-gas-shift reactions are in equilibrium.
uwanwarangkul et al. [14] assume that H2 and CO can both be
lectrochemically oxidized at the anode–electrolyte interface.
hey use a global rate expression for the water-gas-shift reac-

ion. Nishino et al. [15] also considered that both H2 and CO are
lectrochemically active. They represent CH4 steam reforming
nd water-gas-shift reactions by the global kinetics. Campanari
nd Iora [12] assume that hydrogen is the only electrochemi-

al active species. They use a global kinetic expression for CH4
team reforming and assume that the water-gas-shift reaction
emains equilibrated.

r
c
D
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Boersma et al. [16] develop an electric-network model for
single-tube fuel cells to describe the axial electric-potential

istribution. The model incorporates ohmic losses across the
EA and along the length of the tube. For the particular system

tudied, the model predicts that the active tube length should
e no longer than 10 cm due to the ohmic losses along the tube
ength, and the electrolyte should be less than 20 �m thick to
chieve high power density. Suzuki et al. [17,18] have compared
he current-collection efficiency for micro-tubular SOFCs, using
ither single-terminal or double-terminal anode current collec-
ion. They report that double-terminal anode current collector is

uch more efficient than single-terminal current collector.
The present paper considers the coupled effects of the current

ollection on fluid flow and chemistry, electric-potential distri-
ution, and thermal behavior of the MEA structure and gas flow.
he current-collection system, which directly affects the local
ell potential, has an important impact on the overall cell per-
ormance. Thus, the current-collection system is an important
spect of tubular cell design and predictive models can greatly
ssist this process.

. Mathematical models

The mathematical model in this paper builds on the model
eveloped by Zhu et al. for planar cells [19]. In addition to
onsidering a tubular geometry, the present model predicts the
hermal response of the flow and the tube wall. The present

odel also incorporates the electrical behavior within the MEA
nd the current-collection system. The internal reforming chem-
stry and the charge-transfer models are the same as those in Zhu
t al. [19].

.1. Flow within the tube

The gas-phase flow in the tube is treated as a one-dimensional
aminar flow, neglecting the spatial variations in the radial direc-
ion [20]. For syngas or methane fuels, homogeneous chemical
inetics are negligible for temperatures below around 900 ◦ C
21]. Using a plug-flow approximation, the mass and momentum
onservation equations are summarized as

∂ρ

∂t
+ ∂ρu

∂x
= −Ph

Ac

Kg∑
k=1

JM
k Wk. (1)

∂(ρu)

∂t
+ ∂(ρu2)

∂x
= −∂p

∂x
− Ph

Ac
τw, (2)

∂(ρYk)

∂t
+ ∂(ρYku)

∂x
+ ∂jk

∂x
= −Ph

Ac
JM

k Wk. (3)

hese equations are written in transient form, with the time t and
he axial coordinate x being the independent variables. Depen-
ent variables include the mass density ρ, the mean velocity
k

ic parameters include the hydrodynamic perimeter Ph and the
ross-sectional flow area Ac. Assuming an inner tube diameter
, Ph = πD and Ac = πD2/4.
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The density is determined from the pressure and composition
sing an ideal-gas equation of state

= pW̄

RT
= p

RT

Kg∑
k=1

Yk/Wk

, (4)

here R is the universal gas constant, T the temperature, W̄

he mean molecular weight, and Wk are the species molecular
eights. Kg is number of gas-phase species.
As a result of internal reforming and charge-transfer chem-

stry, there are species fluxes between the porous-anode structure
nd the flow within the tube. These molar fluxes are represented
s JM

k . As discussed in the following section, these fluxes are
etermined from the solution of the radial reactive porous-media
roblem within the MEA.

In addition to axial convective transport, there may be axial
iffusion of species along the length of the tube. The axial dif-
usive mass fluxes are represented as

k = −ρ
Wk

W̄
Dkm

∂Xk

∂x
. (5)

he mixture-average diffusion coefficients are calculated as,

km = 1 − Yk

Kg∑
��=k

X�/Dk�

(6)

here Xk are the mole fractions, and Dk� are the binary diffusion
oefficients [20].

The wall shear stress τw is represented in terms of a friction
actor f = 2τw/ρu2. For a circular channel, the friction factor
an be calculated based on the laminar, fully-developed flows as
e f = 16. The local Reynolds number is defined in terms of

he mean velocity u and the hydraulic diameter as Re = ρuD/μ

here μ is the mixture viscosity.

.2. Porous-electrode model

Because the electrodes are relatively thin and the axial gra-
ients are low, axial and azimuthal species transport may be
eglected within the porous anode structure. Radial transport
nd chemistry can be represented in one-dimensional form with
verall and species continuity equations as

∂(φρYk)

∂t
+ ∂jM

k

∂r
= AsṡkWk, (7)

∂(φρ)

∂t
+

Kg∑
k=1

∂jM
k

∂r
=

Kg∑
k=1

AsṡkWk. (8)

n these equations time t and radius r are the independent vari-

bles. The electrode porosity is φ and As is the specific surface
rea of the active catalysts (i.e., active surface area per unit vol-
me of the porous media). The molar species production rates
y heterogeneous reaction are represented as ṡk.

t
a

j

Sources 169 (2007) 315–326 317

The gas-phase species mass fluxes jM
k through the pore struc-

ure are determined from the Dusty-Gas Model (DGM) [22,19],
hich can be written as an implicit relationship among the
as-phase species molar fluxes JM

k , molar concentration [Xk],
oncentrations gradients, and the pressure gradient as,

��=k

[X�]JM
k − [Xk]JM

�

[XT]De
k�

+ JM
k

De
k,Kn

= −∂[Xk]

∂r
− [Xk]

De
k,Kn

B

μ

∂p

∂r
.

(9)

here [XT] = p/RT is the total molar concentration, B the per-
eability, and μ is the mixture viscosity. The radial mass fluxes

re related simply to the molar fluxes as jM
k = WkJ

M
k . The effec-

ive binary and Knudsen diffusion coefficients De
k� and De

k,Kn are
ritten as

e
k� = φ

τ
Dk�, De

k,Kn = 4

3

rpφ

τ

√
8RT

πWk

. (10)

he binary diffusion coefficients Dk� and the mixture viscosities
are determined from kinetic theory [20]. Knudsen diffusion

epresents mass transport assisted by gas–solid collisions. The
nudsen diffusion coefficients depend on physical character-

stics of the porous media, including porosity φ, average pore
adius rp, primary particle diameter dp, and tortuosity τ. The
ermeability can be determined from the Kozeny–Carman rela-
ionship as

= φ3d2
p

72τ(1 − φ)2 . (11)

urther details of the DGM and its numerical implementation
an be found in Zhu et al. [19].

Heterogeneous chemical kinetics proceeds on the catalyst
urfaces within the porous anode. Molar production rates by
he heterogeneous reactions ṡk are functions of temperature,
as concentrations, and surface-species coverages. The reaction
echanism used in the present model incorporates steam and

ry reforming as well as partial oxidation [23]. This mecha-
ism considers 42 reactions among 6 gas-phase species and 12
urface-adsorbed species. Temporal variations of the site cov-
rages θk of the Ks surface-adsorbed species are represented
s

dθk

dt
= ṡk

Γ
, k = 1, . . . , Ks (12)

here Γ is the available site density. At steady-state, ṡk = 0.
Boundary conditions are needed to solve Eqs. (7) and (8)

ithin the porous electrodes. At the interfaces between the
orous electrode and the external gas flow (i.e., fuel within
he tube or air outside the tube) the gas-phase composition is
ssumed to be that within the either the fuel or air flow. At
he electrode-electrolyte interfaces, species fluxes are estab-
ished by the electrochemical charge-transfer reactions within

hin electrode-electrolyte three-phase boundary (TPB) regions
s

M
k = −Wkνk

neF
ie, (13)
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here ie is the local current density, F the Faraday’s constant,
k the stoichiometric coefficients in a global charge-transfer
eaction and ne is the number of electrons transferred. For
ydrogen oxidation at the anode–electrolyte interface (i.e.,
2 + O2− � H2O + 2e−), νH2 = −1, νH2O = 1, and ne = 2.
or oxygen reduction at the cathode-electrolyte interface (i.e.,
2 + 4e− � 2O2−), μO2 = 1 and ne = 4.
The gas-flow equations and the porous-media equations are

ntimately coupled. The species molar fluxes between the surface
f the porous electrode and the adjoining gas flow (i.e., the JM

k

erms in Eqs. (1) and (3)) are evaluated from the porous-media
olution at the interface. The gas-flow composition (determined
rom Eqs. (1) and (3)) serves as boundary conditions for the
eactive porous-media problem (i.e., Eqs. (7) and (8)).

.3. Electrochemistry

The operating cell potential between anode and cathode at the
ense-electrolyte interfaces Ecell may be represented in terms of
verpotentials as

cell = Erev − ηact,a(ie) − ηohm(ie) − |ηact,c(ie)|, (14)

here Erev is the reversible potential across the dense elec-
rolyte membrane (i.e., not the reversible potential based on
he electrochemical potentials of the gases in the anode and
athode compartments). The reversible potential Erev, the cell
otential Ecell, and the current density ie all vary continuously
long the length of the tube. The activation overpotentials at the
node–electrolyte and cathode-electrolyte interfaces are writ-
en as ηact,a and ηact,c, respectively. The ohmic overpotential
s written as ηohm. Because gas-phase transport and chemistry
ithin the electrode structure are modeled fully in this formu-

ation, there is no explicit need to incorporate a “concentration
verpotential.”

The current density is written in terms of the Butler–Volmer
quation as

e = i0

[
exp

(
αaFηact

RT

)
− exp

(
−αcFηact

RT

)]
, (15)

here i0 is the exchange current density, F is the Faraday con-
tant, and αa and αc are the anodic and cathodic symmetry
arameters.

The exchange current density at the anode is given as [19]

0 = i∗H2

(pH2/p
∗
H2

)1/4(pH2O)3/4

1 + (pH2/p
∗
H2

)1/2 . (16)

he parameter p∗
H2

depends on hydrogen adsorption/desorption
ates. The dependence of the exchange current density i0 on the
emperature can be expressed as,

∗
H2

= i∗ref,H2
exp

[
−EH2

(
1 − 1

)]
, (17)
R T Tref

here EH2 is the apparent activation energy for the electro-
hemical oxidation of H2, and the parameter i∗ref,H2

is assigned
mpirically to fit measured polarization data at a reference tem-

b
t
m
a
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erature Tref. Similarly, at the cathode, the exchange current
ensity is expressed as

0 = i∗O2

(pO2/p
∗
O2

)1/4

1 + (pO2/p
∗
O2

)1/2 , (18)

here

∗
O2

= i∗ref,O2
exp

[
−EO2

R

(
1

T
− 1

Tref

)]
. (19)

O2 is the apparent activation energy for the electrochem-
cal reduction of O2. The parameter p∗

O2
depends on O2

dsorption/desorption rates and the parameter i∗ref,O2
is assigned

mpirically. All the partial pressures in Eqs. (16) and (18) are
easured in atmospheres.

.4. Tube flow energy balance

This model considers three temperatures: the gas tempera-
ure within the anode tube Ta, the tube-wall temperature Tm, and
he external air temperature Tc. The thermal balance among the
uel-cell components includes convective heat-transfer between
ow in the tube and the MEA structure, convective heat-transfer
etween the outside air and MEA structure, heat transport asso-
iated with species transport between the electrodes and the
djoining gas, and axial heat conduction within the tube wall.
ource terms appear in the energy balance for the tube wall
i.e., the MEA) to describe heat release associated with thermal
eactions within the porous electrodes, electrochemical charge-
ransfer reactions, and ohmic heat generation.

Energy conservation for gas flow within the tube can be
xpressed as

∂E

∂t
+ ∂q

∂x
= −Ph

Ac
(qT + qM), (20)

here E = ρe and e is the specific internal energy of the gas.
he heat flux q, which represents both axial heat conduction and
as-phase species transport, is written as

= −λ
∂T

∂x
+

Kg∑
k=1

(ρYku + jk)hk, (21)

here hk are the species specific enthalpies and λ is the mixture
hermal conductivity.

The convective heat flux between the tube flow and the MEA
tructure is represented as

T = hconv(T − Tm), (22)

here hconv is a convective heat-transfer coefficient. Within
he tube, hconv may be evaluated using a conventional Nusselt-
umber correlation.

The second term on the right-hand side of Eq. (20) (i.e., qM)
epresents the energy transport associated with mass transfer

etween the channel flow and the porous anode structure (i.e.,
ube wall). Because all the heat release (i.e., resulting from ther-

al and electrochemical reactions and ohmic heat resistance) is
ssigned to the MEA structure, qM must be subtracted from the
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onservative form of the tube-flow energy equation (Eq. (20)).
n the conservative form, the tube-flow energy equation implic-
tly contains the heat released in the porous electrode through
he species continuity equations.

The heat flux associated with species transport between the
EA structure and the tube flow qM

a can be written as

M
a =

∑
JM
k

>0

JM
k Wkhk(Ta) +

∑
JM
k

≤0

JM
k Wkhk (Tm) . (23)

f species transfer from the tube into the MEA structure,
nthalpies of the gas-phase species hk are evaluated at the tube
as temperature Ta, otherwise, hk are evaluated at the MEA tem-
erature Tm. Note that JM

k > 0 indicates radially outward flux.
eat flux between the outside of the tube (cathode) and the air

an be written as

M
c = −

∑
JM
k

<0

JM
k Wkhk(Tc) −

∑
JM
k

≥0

JM
k Wkhk(Tm). (24)

n this expression, JM
k is the molar flux at the exterior surface

f the cathode. In this case, JM
k > 0 means gas is leaving the

athode and entering the surrounding air.
The heat-transfer coefficient within the tube hconv can be

valuated based on a Nusselt-number correlation as,

u = hconvD

λ
. (25)

or the laminar flow in a circular channel with constant wall
emperature, the Nusselt number can be calculated as [24,25],

u = 3.657 + 6.874

(
1000

Gz

)−0.488

exp

(
−57.2

Gz

)
, (26)

here the Graetz number is defined as Gz = Re Pr D/x.

.5. MEA energy balance

The MEA is assumed to have a uniform temperature radi-
lly, but varying axially. Further, the solid materials and the gas
ithin the pore spaces are at a common temperature Tm. Energy

onservation for the MEA structure may be written as

∂Em

∂t
+ ∂qm

∂x
= q̇mea + Ph

Am
qT

a + Po

Am
qT

c , (27)

here Em is the total energy per unit volume of the MEA struc-
ure, Po the outside perimeter of the tube and Am = π(r2

o − r2
h)

s the cross-sectional area of the tube wall. The net volumet-
ic heat source within the MEA structure, due to the thermal
nd electrochemical reactions and the ohmic resistance, may be
ritten as

˙mea = Ph

Am
qM

a + Po

Am
qM

c − Pe

Am
ieEcell. (28)
n this equation Pe is the perimeter of the dense electrolyte. Axial
onduction within the MEA structure is written as

m = −λm
∂Tm

∂x
, (29)
Sources 169 (2007) 315–326 319

here λm is the effective thermal conductivity of the composite
EA structure.
Eq. (27) is second order and requires boundary conditions at

oth ends of the tube. The results discussed later in this paper
ssume that the tube wall is insulated at both ends.

. Electrical network

Electrons in the cathode participate in charge-transfer reac-
ions to reduce the oxygen, and the electrons released by
lectrochemical fuel oxidation are delivered into the anode. The
ole of the current-collection architecture is to distribute elec-
rons with minimal ohmic losses. Referring again to Fig. 1, we
ssume that the terminal voltage (i.e., cell potential) is fixed at
ne end of the tube. The current-collection system is formed by
ircumferentially wrapped high-conductivity wires that contact
he electrodes and axial wires (buses) that carry current to the ter-

inals. The electrode materials are also electrically conductive.
owever, it is presumed that the electrical conductivity within

he electrodes (especially the cathode) is lower compared to the
urrent-collection system.

The net electrical-resistance (i.e., electrodes and current col-
ection) serves to increase the local operating potential Ecell(x)
long the length of the tube. This, in turn, limits the cur-
ent that can be generated electrochemically. If the resistance
s sufficiently great as to cause the local cell potential to
each the local open-circuit potential at some position x (i.e.,

cell(x) = Erev(x)), the remainder of the cell cannot produce
lectric current. In addition to primarily electrical aspects, there
re potentially important consequences on thermal behavior
nd overall cell efficiency. Thus, careful design of the current-
ollection system to reduce net electrical-resistance is a very
mportant aspect of tubular SOFC design.

Fig. 2 illustrates an electric-circuit model that represents a
ingle tubular SOFC cell. The cathode bus is represented as a
eries of resistances RB

c,i. This bus is connected to the cathode
tself via an array of attachments that have resistances RA

c,i. There
s also axial electrical conduction within the cathode structure,
hich is represented through its effective electrical conductivity
e
c . In this circuit, the dense electrolyte behaves as an axially dis-

ributed current source (much like a locally distributed battery).
he anode side of the network is constructed in a way that is
nalogous to the cathode. Electrons flow from the porous anode
tructure through discrete attachment points into the anode bus,
nd ultimately to the cell terminal. As with the cathode, the anode
tructure has electrical conductivity σe

a , and the attachment and
us have resistances RA

a,i and RB
a,i, respectively. Because the

node and the cathode materials may have very different electric
onductivities, the number of attachments and the resistances of
he interconnect bus may be very different for the anode and the
athode current collection.

The anode side of the electrical network may be represented
ith charge-conservation equations as
∂

∂x

(
σe

a
∂Φa

∂x

)
= ie(x) +

nA
a∑

i=1

Φa(xi) − ΦB
a,i

RA
a,i

δ(x − xi), (30)
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A particular anode-supported tube is used to illustrate the
effects of the current-collection network on cell performance.
ig. 2. Illustration of the electric circuit model for a single cell tubular SOFC.

ΦB
a,i − ΦB

a,i−1

RB
a,i

+ ΦB
a,i − ΦB

a,i+1

RB
a,i+1

+ ΦB
a,i − Φa(xi)

RA
a,i

= 0. (31)

n these equations, Φa is the anode electric potential and ΦB
a,i

s the electric potential at the attachment node i of the anode
nterconnect bus. The Dirac delta function is δ, and nA

a is the
umber of attachments between the anode and the anode inter-
onnect bus. Eq. (30) is a balance equation for the local electric
otential Φa(x) within the porous anode structure. The right-
and side has local source terms for the current production

e(x) and the current provided from the bus through the nA
a dis-

rete attachment points. Eq. (31) represents the charge-balance
t each attachment point i. Without capacitance in the circuit,
he net rate of charge accumulation at each node must van-

sh. This means that the sum of the currents at a node must
anish.

T
l
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Charge balance on the cathode side of the network is repre-
ented as

∂

∂x

(
σe

c
∂Φc

∂x

)
= −ie(x) +

nA
c∑

i=1

Φc(xi) − ΦB
c,i

RA
c,i

δ(x − xi), (32)

ΦB
c,i − ΦB

c,i−1

RB
c,i

+ ΦB
c,i − ΦB

c,i+1

RB
c,i+1

+ ΦB
c,i − Φc(xi)

RA
c,i

= 0. (33)

n these equations, Φc is the cathode electric potential and ΦB
c,i

s the electric potential at the attachment node i of the cathode
nterconnect bus.

The local electric-potential difference across the MEA struc-
ure can be calculated as the potential difference between the
athode and the anode as

cell(x) = Φc(x) − Φa(x). (34)

ssuming that the output operating cell voltage Eout is given,
he terminal potential at the anode interconnect bus can be set
o be zero as ΦB

a,0 = 0, and the terminal potential at the cathode
nterconnect bus can be set as the output operating cell potential
s ΦB

c,0 = Eout.

. Numerical algorithm

The numerical solution of the coupled model is obtained by
olving sequentially and iteratively three submodels: the fluid
ow and heat transport along the channel length, the cell electric-
otential distribution along the axial bus and the MEA structure,
nd the chemically and electrochemically reacting flows within
he porous electrodes and electrolyte. At each iteration step, all
he flow stream properties (i.e., gas composition Yk, tempera-
ures Ta, Tc, and Tm, and pressure p) and cell voltage Ecell are
rst frozen. A one-dimensional MEA model is solved to obtain

he electric current ie across the MEA structure, the heat fluxes
M
a and qM

c , and the gas-phase species mass fluxes jM
k between

he flow streams and the electrodes. Then, by freezing the qM
a ,

M
c , and jM

k computed from the MEA model, the fluid flows and
he temperatures along the channel are recalculated. The cell-
oltage distribution along the channel is solved by freezing the
urrent density ie through the MEA structure.

Spatial derivatives in all the governing equations are dis-
retized using the finite-volume method. The transient problem
f the MEA submodel is solved using a method-of-lines algo-
ithm, with the time marching accomplished with the Limex
oftware that is designed to solve systems of differential-
lgebraic Eq. [26]. The steady-state problem for the channel
ow and the temperature is solved as a boundary-value problem
sing a hybrid-Newton method [27,20].

. Results and discussions
he tube’s inner diameter is D = 0.8 cm and it is L = 25 cm
ong. The anode is 900 �m of porous Ni–YSZ, the electrolyte is
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Table 1
Physical and chemical parameters for the MEA structure

Parameters Value

Anode
Thickness, La (�m) 900
Porosity, φ 0.35
Tortuosity, τ 4.80
Pore radius, rp (�m) 0.20
Particle diameter, dp (�m) 1.00
Specific catalyst area, As (cm−1) 1080
Apparent activation energy, EH2 (kJ mol−1) 120.0
Reference temperature, Tref (K) 1073.0
Exchange current factor, i∗ref,H2

(A cm−2) 8.5
Anodic symmetry factor, αa 1.5
Cathodic symmetry factor, αc 0.5

Cathode
Thickness, Lc (�m) 50
Porosity, φ 0.35
Tortuosity, τ 4.00
Pore radius, rp (�m) 0.25
Particle diameter, dp (�m) 1.25
Apparent activation energy, EO2 (kJ mol−1) 130.0
Reference temperature, Tref (K) 1073.0
Exchange current factor, i∗ref,O2

(A cm−2) 2.4
Anodic symmetry factor, αa 1.5
Cathodic symmetry factor, αc 0.5

Electrolyte: σel = σ0T
−1 exp(−Eel/RT )

Thickness, L (�m) 20
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p
istry, ohmic heat generation within the MEA, the tube-wall
temperature increases in the entry regions where the current
density is high. Relatively high thermal conductivity in the wall
allows significant axial heat conduction. Fuel enters the tube at

Table 2
Electrical parameters for the MEA and current collection

Parameters Value

Anode
Conductivity pre-factor, Ae

a (S K cm−1) 9.5 × 105

Conductivity activation energy, Ee
a (J mol−1) 9561.1

Attachment resistance, RA
a (�) 1 × 10−5

Bus resistance, R′
a (� cm−1) 4 × 10−5

Cathode
el

Activation energy, Eel (J mol−1) 8.0E4
Ion conductive pre-factor, σ0 (S cm−1) 3.6E5

0 �m YSZ, and the cathode is 50 �m of porous LSM–YSZ.
able 1 lists other parameters that describe the MEA struc-

ure. The apparent activation energies for the exchange current
ensities are taken from Nagata et al. [5]. The exchange-current-
ensity factors iref, H

∗
2 and i∗ref,O2

are estimated by fitting the
xperimental data at the reference temperature Tref = 1073 K.

The thermal conductivities of the anode, cathoed and
lectrolyte are taken to be 11.0, 6.23, and 2.7 W m−1 K−1,
espectively [15]. The effective thermal conductivity of the MEA
tructure is estimated to be λm = 10.5 W m−1 K−1.

The effective anode and cathode electric conductivities
S cm−1) can be evaluated as functions of temperature in the
orm [28]

e = AeT−1 exp

(
− Ee

RT

)
. (35)

alues for the pre-factors Ae and activation energies Ee are listed
n Table 2. Illustrative values of attachment and bus resistances
lso are shown in Table 2. The bus resistance R′ is stated per
nit length. Thus, the net bus resistance between attachment
oints is RB = R′L. where L is the distance between attach-
ents points. Assuming the buses are made of silver (electrical

esistivity at 800 ◦C, ρe = 6.5 × 10−6 � cm), the bus resistances
n Table 2 correspond to bus diameters of 3.2 mm for the cathode

nd 4.5 mm for the anode.

In all cases the inlet fuel composition is 53.3% H2, 24.6%
2O, 12.3% CO, 9.2% CO2, and 0.6% CH4. This is the equilib-

ium output of a steam reformer operating on dodecane (C12H26)
Sources 169 (2007) 315–326 321

t 700 ◦C, 1 atm, and a steam-carbon ratio of 2.5. The tube inlet
elocity is 60 cm s−1 and the inlet temperature is 750 ◦C. The
erminal voltage is fixed at Eout = 0.65 V. The model is devel-
ped to consider the air depletion by solving the air flow through
he air channel. But the air compartment for all the examples
resented here is assumed to be flooded by the air such that
he variations of species composition and temperature along
he channel are negligible. The external air temperature and
ressure are fixed to be 750 ◦ C and 1 atm. The heat-transfer
oefficient between the cathode and the external air is taken to
e 100 W m−2 K−1.

To explore the influence of current-collection strategies and
o assist interpreting model results, four alternatives for current-
ollection systems are investigated. They are:

Base case: The base case uses 50 cathode-attachment points
and 10 anode-attachment points.
Reduced cathode attachment: This case is the same as the base
case, but with only 25 cathode attachment points.
Without anode collection: This case assumes that the cathode
electric potential is uniform (i.e. perfect cathode current collec-
tion), and that all anode current collection is accomplished by
axial conduction through the anode itself (i.e., no attachment
points or anode bus).
Uniform cell potential: This case assumes perfect current col-
lection, such that the the cell potential Ecell = Eout = 0.65 V
everywhere along the tube.

Fig. 3 shows a composite of computed solutions for the base
ase. The local cell potential and current density show a saw-
ooth-like behavior, with the period set primarily by the cathode
ttachment points. The current (and power) density is nearly
xactly out of phase with the cell potential. At the attachment
oints, where the cell potential is locally minimum, the current
ensity is high. A low-frequency oscillation can also be seen,
specially in the cell potential. This period is set by the less-
requent anode attachment.

The bottom panel of Fig. 3 shows temperature and velocity
rofiles. Because of heat release due to chemistry, electrochem-
Conductivity pre-factor, Ae
c (S K cm−1) 4.2 × 105

Conductivity activation energy, Ee
c (J mol−1) 9976.8

Attachment resistance, RA
c (�) 1 × 10−5

Bus resistance, R′
c (� cm−1) 8 × 10−5
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depleted and the current density is reduced.

Fig. 4 shows the electric-potential profiles within the anode,
anode bus, cathode, and cathode bus along the tube length.
Fig. 3. Composite solut

50 ◦ C and is heated by convection from the wall. However, as
he flow proceeds along the channel, fuel is depleted and cur-
ent density decreases. This, in turn, reduces the heat generation
ithin the wall. Also, the tube is losing heat convectively to the

xterior relatively cool air at 750 ◦C. In the downstream sections
f the tube, the flow carries energy from the upstream high-
emperature regions downstream. In the downstream sections,
he flow temperature slightly exceeds the tube-wall temperature.
he velocity profile shows very little variation. This is because

here is no molar change associated with oxidizing the syngas
ixture. The shape of the velocity profile is caused primarily by

he density variation associated with the temperature profile.
Species profiles along the tube length show expected

ehavior. Hydrogen levels decrease owing primarily to electro-
hemical oxidation. Carbon monoxide levels decrease owing
rimarily to water-gas-shift processes that react CO and steam
o produce H2 and CO2. The product species, H2O and CO2
ncrease steadily along the length of the tube. The upper panels

f Fig. 3 show gas-phase species profiles through the thickness
f the porous anode at three locations along the tube. Again,
xpected behavior is observed. In the entry regions, strong gra-
ients in hydrogen and steam are caused by charge-transfer
ofiles for the base case.

eactions in the three-phase region near the dense electrolyte
top of the plots). Curvature in the profiles is caused by catalytic
hemistry (primarily water-gas-shift) within the anode. In the
ownstream regions the gradients are diminished as the fuel is
Fig. 4. Local electric-potential profiles for the base case.
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variations, the overall more-uniform fuel consumption rates and
cell temperatures could be viewed as having some benefits.

Fig. 7 shows the model results for the case without anode
attachment. For anode-supported tubes with cathodes on the
Fig. 5. Composite solution profi

he terminal potential (at x = 0) is fixed at 0.65 V. Because
f relatively low resistance in the axial buses, the electric-
otential profiles along the busses are smooth. Also, because
he attachment resistances are low in this example, there is very
ittle electric potential difference across the attachment points.
lthough the axial busses have relatively lower resistance than

he electrodes, they still have resistance. Thus, the cell potential
difference between cathode and anode potentials) must increase
long the tube length, driving current toward the terminals at the
eft-hand side of Fig. 4. The current collection in this exam-
le is reasonably effective, with a net variation of cell potential
etween the axial buses of only about 0.05 V.

It is evident from Fig. 4 that there can be significant electric-
otential variation within the electrodes between the attachment
oints. Because of relatively high resistance within the elec-
rodes, a potential difference is required to drive electric current
xially along electrodes toward the attachment points. With the
arameters in this example, local potential variations within the
node are about 0.015 V and within the cathode are about 0.03 V.
lthough the terminal potential is 0.65 V. the local cell potentials

an be as high as 0.76 V in the entry regions of the tube (i.e.,
eft-hand regions of Fig. 4). The locally higher cell potentials
ause locally lower current densities. To maintain compara-
le electric-potential variations within both electrodes, many
ore attachment points are needed on the cathode, which has

igher electrical-resistance. In the downstream regions of the
ube, where the current density is diminished, the local electric-
otential variations are also diminished.

Figs. 5 and 6 show the model results for the reduced-
ttachment, where cathode attachment is reduced from 50 to

5 points. This also causes the bus resistance between attach-
ent points to double. Compared to the base case, reducing

he cathode attachment causes much higher electric-potential
ariations between attachment points in the bus and within the
r the reduced-attachment case.

athode. Further, the reduced-attachment causes much greater
ariations in local cell potential and current density. Overall the
ffective operating potential of the reduced-attachment cell is
ubstantially higher than the terminal potential.

The local variations in current density are sufficient to cause
oticeable variations in the MEA temperature (lower panel of
ig. 5). This is the result of locally varying heat generation
ithin the MEA. As should be expected because of the con-
ective nature of the flow, the temperature profiles within the
as flow are smooth.

Because the local cell potentials across the MEA are higher
or the reduced-attachment case, the local current densities are
ower. This, in turn, causes lower heat release and thus lower
ell and flow temperatures. Compared to the base case, the fuel-
onsumption rate is lower in the upstream regions and greater
n the downstream regions. Despite the local high-frequency
Fig. 6. Local electric-potential profiles for the reduced-attachment case.
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Fig. 7. Solution profiles withou

utside, providing cathode current collection is generally easier
han anode current collection where attachments must be made
nside the tube. Thus, it is interesting to understand the impact of
liminating the anode current collection. This example assumes
erfect cathode current collection (i.e., uniform cathode electric
otential along length of the tube). With anode current collec-
ion, all electric current must flow axially through the anode
tructure toward the terminal at the end. Therefore, the cell

otential must increase along the tube length. For the parame-
ers in this example, the cell voltage increases from the terminal
otential of 0.65 V (at x = 0 cm.) to the open circuit potential of
bout 0.96 V within the first 10 cm of the tube. Once the open-

p
p
C

Fig. 8. Solution profiles at unifo
rnal anode current collection.

ircuit potential is reached no further fuel can be consumed, and
hus no more current can be produced.

Eliminating anode current collection results in very poor per-
ormance for this example. The net power is low, and it is all
roduced within the first 10 cm of the tube. Fuel utilization is
ow, with only a small fraction of the H2 consumed. Signifi-
ant axial temperature gradients in the entry regions are also
otentially problematic.
Fig. 8 shows solution profiles for the case of uniform cell
otential at Ecell = 0.65 V. This is a limiting case, assuming
erfect current collection on both the anode and cathode sides.
omparing Fig. 8 with Figs. 3 and 5, it is evident that the

rm cell potential of 0.65 V.
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niform-potential case is more similar to the base case than the
educed-attachment case.

It is interesting to note the tube-wall temperature variations
n the vicinity of the tube inlet. The wall temperature at the inlet
nd is about 812 ◦ C for the base case, 790 ◦ C for the reduced-
ttachment case, 808 ◦ C for the without-anode-attachment case,
nd 840 ◦ C for the fixed-cell-potential case. These temperature
ariations, which are due to local heat release associated with
hemical and electrochemical reactions within the anode and
he ohmic losses across the MEA structure, are strongly coupled
ith the local current density. The local current density, in turn,

s a strong function of the local temperature and the local cell
otential. Therefore, it may be possible to design the current-
ollection system to control the cell-potential profile, seeking to
chieve more uniform distributions of the current density and
he temperature.

Overall cell performance can be measured in terms of con-
ersion efficiency, fuel utilization, and power density [29]. The
ell efficiency is defined as

= We

Qin
=

∫
ieEcell dA

ṁf,in�hf,in
(36)

here We is the electrical work output and Qin is the heat that
ould be released upon full oxidation of the inlet fuel stream.
he inlet fuel mass flow rate is ṁf,in and �hf,in is the specific
nthalpy associated with completely oxidizing the fuel stream.
he electrical work is the product of the current density ie and
perating voltage Ecell, integrated over the active membrane-
lectrode assembly (MEA) area. Fuel utilization U can be written
s

= 1 − ṁf,out�hf,out

ṁf,in�hf,in
(37)

here the “in” and “out” refer to the inlet and outlet of the fuel
ell. The �h refers to the specific enthalpy associated complete
xidation of any available fuels. This definition accounts for the
nergy content of any remaining fuels (or fuel byproducts) that
eave in the fuel-cell exhaust. These definitions consider only
erformance within the SOFC, not overall system performance.

Table 3 compares the cell performance from all cases. Except
he case without anode current collection, the overall efficiency
nd fuel utilization for the other cases are comparable. The
niform-cell-potential case shows about 5% lower cell effi-

iency than the cases with discrete current collection. Since a
arge amount of fuel can not be consumed for the case without
node current collection, fuel utilization and cell efficiency is
ramatically lower.

able 3
redicted overall performance for alternative current collection

ase name Efficiency (%) Utilization (%) Power (W)

ase case 52.5 95.3 32.4
educed cathode attachment 52.9 90.4 32.7
ithout anode collection 14.6 24.1 9.0
niform cell potential 48.6 97.2 30.0
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It is interesting to note that the efficiency and power den-
ity are slightly higher in the reduced-attachment case than in
he base case. Efficiency and power density depend on oper-
ting potential, with efficiency usually maximum at operating
otentials near 0.8 V [29]. The power density depends much
ore strongly on details of MEA performance, but usually

eaks at lower operating potentials in the range of 0.6–0.7 V.
he reduced-attachment case has a higher effective operat-

ng potential, which tends to increase efficiency. However, the
educed-attachment case has lower fuel utilization. Thus, it
hould be possible to increase its performance by reducing
uel flow rate. The uniform-cell-potential case shows lower effi-
iency than either of the discrete current-collection cases. This
s primarily due to the low operating potential of 0.65 V. A uni-
orm cell potential of around 0.8 V would lead to the highest
fficiency.

. Summary and conclusions

This paper develops and applies a computational model
o assist current-collection design for tubular anode-supported
olid-oxide fuel cells. The fuel cell model considers mass,
omentum, and energy balances within the tube flow, reactive

orous-media transport within the electrodes, electrochemical
harge-transfer, and energy balances within the tube wall (i.e.,
he MEA). The current-collection electrical network considers

ultiple discrete attachment points to the cathode and anodes,
s well as an axial bus that feeds current to the cell terminals.

The primary purpose of this paper is to document the mod-
ling approach, not specifically optimize current collection
or a particular cell. Nevertheless, even with a few examples,
ome interesting observations can be made. Cell performance
epends on the current-collection design. The resistances and
he attachment points can significantly affect local temper-
ture and species profiles along the tube length, as well
s overall performance measures like efficiency, fuel utiliza-
ion, and power density. Predictive models can be a valuable
uide in the design of tubular SOFC cells and the required
urrent-collection strategy. Certainly increasing the number of
urrent-collection points leads to more uniform cell potential
long the length of the tube. Because of higher electrical-
esistance within typical cathodes, more attachments points are
sually needed on the cathode than on the anode. However,
ven in cases with attachment separations leading to as much as
50 mV variations in the local cell potential, overall performance
easures such as efficiency and utilization are not strongly

ffected.
The nominal cell used for illustration in this paper has a rel-

tively small inner tube diameter (8 mm) and is relatively long
25 cm). This cell can generate net power around 30 W. With an
perating potential of around 0.7 V, the axial buses must carry
ver 40 Amps. For the conditions used as examples in this paper,
n anode bus made of silver needs to be over 4 mm in diame-

er. Clearly a 4-mm-diameter wire within an 8-mm-diameter
ube would significantly restrict flow area. The size and design
f current collection, particularly inside anode tubes, can be a
ignificant challenge in scaling to large tube dimensions.
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