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In this paper, a transient heat transfer model to simulate the heat-up and start-up periods of co- and
counter-flow direct internal reforming solid oxide fuel cells is developed and presented. In this compre-
hensive model, all the heat transfer mechanisms, i.e. conduction, convection, and radiation, and all the
polarization nodes, i.e. ohmic, activation, and concentration, are considered. The heat transfer model is
validated using the results of a benchmark test and two numerical studies obtained from the literature.
olid oxide fuel cell
nternal reforming
ransient
tart-up
hermomechanical
ailure

After validating the model, the heat-up, start-up, and steady-state behaviors of the cell are investigated.
In addition, the first principal thermal stresses are calculated to find the probability of failure of the cell
during its operation. The results of the present model are in good agreement with the literature data.
It is also shown for the given input data that counter-flow case yields a higher average current density
and power density, but a lower electrical efficiency of the cell. For the temperature controlled heat-up
and start-up strategy, the maximum probability of failure during the operation of the cell is found to be

- and
0.068% and 0.078% for co

. Introduction

Solid oxide fuel cell (SOFC) is an electrochemical conversion
evice that can be designed to operate in temperatures ranging
rom 500 ◦C to 1000 ◦C. The main application area of SOFC is sta-
ionary power and heat generation. However, it can be used in
ome portable applications, e.g. power generator for camping, and
ransportation applications, e.g. auxiliary power unit for automo-
iles. It has several advantages compared to low temperature fuel
ells, e.g. proton exchange membrane fuel cell (PEMFC) and direct
ethanol fuel cell (DMFC). These advantages can be listed as sim-

licity in design concept since only gas and solid phases exist, fuel
exibility, internal reforming of the fuel, and integration with other
ystems, e.g. gas turbine and gasification system. However, there
re challenges with construction and durability due to its high tem-
erature; and carbon deposition can be a problem if the fuel cell
ystem is not properly designed. For preventing the carbon deposi-
ion, solutions such as adjusting the steam to carbon ratio at the fuel
hannel inlet and selecting appropriate materials for electrodes can

e considered.

The heat-up and start-up periods of a SOFC should be consid-
red as one of the most crucial parts of the operation of the fuel
ell, especially for portable and transportation applications, mainly

∗ Corresponding author. Tel.: +1 613 5202600x8257; fax: +1 613 520 5715.
E-mail address: cocolpan@connect.carleton.ca (C.O. Colpan).
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counter-flow configurations, respectively.
© 2009 Elsevier B.V. All rights reserved.

because of the considerable amount of time passed in these peri-
ods. Different operating strategies can be followed in these periods.
For example, for the heat-up period, the air channel can be fed by
hot air, e.g. Ref. [1] or exhaust gases from a burner, e.g. Ref. [2].
For the start-up period, the inlet temperature of the gas channels
can be fixed or controlled, e.g. Ref. [1], or a stepwise increment of
current density can be applied, e.g. Ref. [3]. In this paper, one of
the most common operating strategies for the heat-up and start-
up periods is used, which is explained as follows. In the heat-up
period, the temperature of the cell is increased up to a point that
is high enough to produce a meaningful amount of power. In this
period, only air is sent through the air channel with a stepwise
increase in temperature. This increase should be done taking into
account thermomechanical considerations not to cause excessive
internal stresses. As the heat-up period ends, start-up period, in
which air and fuel are both continuously fed to the cell at a fixed
temperature, begins. This period continues until the cell reaches
the steady-state condition. The minimization of the duration of the
time passed in these periods is an important design consideration.
The first step in this consideration is the prediction of the perfor-
mance of the fuel cell in these periods, which can be done through
numerical modeling.
There are different SOFC models in cell, stack and system lev-
els in the literature. Different considerations can be taken into
account in these models depending on the purpose of the mod-
eling. According to the choice of the spatial domain, 0D, 1D, 2D,
and 3D models can be developed. For example, in the paper by

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:cocolpan@connect.carleton.ca
dx.doi.org/10.1016/j.jpowsour.2009.12.021
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Nomenclature

A cross-sectional area, cm2

cp specific heat at constant pressure, J g−1 K−1

D diffusivity, cm2 s−1

F Faraday constant, C
ḡ specific molar Gibbs free energy, J mole−1

h heat transfer coefficient, W cm−2 K−1

h̄ specific molar enthalpy, J mole−1

Ḣ enthalpy flow rate, W
i current density, A cm−2

io exchange current density, A cm−2

k thermal conductivity, W cm−1 K−1

L length of the cell, cm
LHV lower heating value, J mole−1

M molecular weight, g mole−1

ṅ molar flow rate, mole s−1

P pressure, bar
Pf failure probability
q̇ heat transfer rate, W
ṙ conversion rate, mole s−1

R universal gas constant, J mole−1 K−1

ReDh
Reynolds number in an internal flow

t time, s; thickness, cm
T temperature, K
UF fuel utilization ratio
V voltage, V; volume, cm3

Vo reference volume, cm3

Vv porosity
w width, cm
Ẇ power output, W
x molar concentration

Greek letters
� electrical resistivity of cell components, � cm; mass

density, g cm−3

�el electrical efficiency
�air excess air coefficient
� tortuosity
� viscosity, g s−1 cm−1

˛ thermal diffusivity, cm2 s−1

� first principal thermal stress, MPa
�o characteristic strength, MPa

Subscripts
a anode; air
ac air channel
act activation
ai anode interconnect
ave average
c cathode; convection
ci cathode interconnect
conc concentration
e electrolyte
el electrochemical; electrical
fc fuel channel
fi fuel channel inlet
ohm ohmic
mix mixture
N Nernst
o standard
PEN positive/electrolyte/negative
prod product
r reaction; radiation

react reactant
s solid structure
str steam reforming reaction for methane
w wall
wgs water gas shift reaction

Superscripts

b bulk
o standard state

Colpan et al. [4], the development of a 0D model of a direct internal
reforming SOFC (DIR-SOFC) was presented; and the effect of recir-
culation ratio and fuel utilization ratio on the air utilization ratio,
cell voltage, power output, and electrical efficiency of the cell was
discussed. According to the choice of the temporal domain, steady-
state and transient models can be developed. Transient modeling
should be conducted if any of the following or combination of them
is simulated: heat-up, start-up, shut-down and load change. For
example, in the paper by Li et al. [5], the effect of step changes in
fuel flow rate, air flow rate, and stack voltage on the performance
of a cross-flow DIR-SOFC was discussed. Thermomechanical mod-
eling is used to calculate the stresses formed inside the fuel cell.
For example, in the study by Yakabe et al. [6], the internal stresses
in a cell were estimated as a function of the cell size, the operat-
ing voltage, and the thermal conductivity of the cell components.
Carbon deposition models are used to prevent the carbon deposi-
tion at the anode catalyst. For example, Farhad and Hamdullahpur
[7] formed carbon deposition boundary curves based on thermo-
dynamic equilibrium as a preliminary step to develop fuel maps. In
system level modeling, integration of SOFC with other systems are
studied using thermodynamic and economic tools such as energy,
exergy, and thermoeconomic analyses. For example, Colpan et al.
[8] investigated the integration of a SOFC with a charcoal fueled
updraft gasifier. In another follow-up paper [9], they studied the
effect of gasification agent on the performance on an integrated
SOFC and biomass gasification system. More information on the
different types of SOFC models can be found in a review paper by
Colpan et al. [10].

In the literature, few studies on the modeling of heat-up and
start-up periods are available. However, heat transfer mechanisms
and/or polarizations were not fully covered in these models. For
example, Selimovic et al. [1] studied the transient, e.g. heat-up,
start-up, and shut-down, and steady state operations of SOFC
through numerical modeling to determine the stresses caused by
the difference in thermal expansion coefficients. In their model,
they assumed the solid temperature as homogeneous in each
volume element; and they used a simple assumption for the
polarizations. They assumed that the sum of activation and con-
centration polarizations at each of the electrode is equal to the
ohmic loss in the electrolyte. Petruzzi et al. [2] developed a
model to simulate the heat-up and start-periods of a SOFC to
be used as an auxiliary power unit for automobiles. They pro-
duced time-dependent profiles of temperature, current, power
density, and gas concentrations. Their model was limited to cross-
flow configuration and they neglected concentration polarization.
Damm and Fedorov [11] developed 1D SOFC models to generate
time-dependent temperature profiles during heat-up and start-up
periods. They neglected radiation heat transfer and used a simple

relation for polarization, which is mainly a function of porosity, in
their model.

The thermal stresses formed during the heat-up and start-up
periods of a cell are of great practical importance since these
stresses could cause a failure in the operation of the cell and/or
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ffect the performance drastically. Due to this fact, the design of a
OFC and the determination of the right strategy for its transient
peration should be done by taking into account the thermome-
hanical considerations. In the literature, these considerations are
enerally included in the modeling in three ways: checking the
aximum temperature gradient, e.g. Ref. [12], checking the max-

mum principal stresses, e.g. Ref. [1], or calculating the failure
robability, e.g. Refs. [13–16]. Among them, the last one, which

s based on a statistical approach, gives a better estimation for the
ffect of thermal stresses on the operation of a SOFC.

The objective of this study is to develop a comprehensive model
o study the heat-up and start-up periods of co- and counter-flow
IR-SOFCs. For this purpose, a quasi 2D and transient heat trans-

er model of planar DIR-SOFCs is developed. This model includes
ll the heat transfer mechanisms, i.e. conduction, convection, and
adiation, and all the polarization nodes, i.e. ohmic, activation, and
oncentration. In the first part of this study, the model is validated
ith the results of a benchmark test and two models found in the

iterature; and the transient behavior of the cell is studied for the
o- and counter-flow configurations to understand the phenomena
etter. In the second part of this study, the first principal thermal
tresses formed during the operation of the cell are calculated; and
hen these stresses are used to calculate the probability of failure
f the cell during its operation.

. Modeling

In this study, a quasi 2D transient heat transfer model is
eveloped to study the heat-up and start-up periods of co- and
ounter-flow DIR-SOFCs. In modeling the heat-up period, only the
eat transfer equations are solved since there is no flow in the fuel
hannel. As followed in the study by Selimovic et al. [1], the air
hannel inlet temperature is increased by 100 ◦C more than the
inimum solid temperature throughout this period not to gen-

rate large stresses. In modeling the start-up period, continuity
quations are first solved for the air and fuel channels. The source
erms in these equations are found solving the relation between
he cell voltage and the polarizations, chemical equilibrium rela-
ion for water–gas shift reaction, and chemical kinetics of steam
eforming reaction. Solving the continuity equations, the obtained
re the molar flow rate and composition of the gas species, and the
urrent density distribution. These data and the temperature dis-
ribution known from the previous time step are used in the heat
ransfer equations to calculate the temperature distribution in the
ext time step. Iterations continue until the system reaches the
teady-state condition. This condition is satisfied when absolute
emperature difference between the two consecutive time steps
or each node becomes less than a threshold value, which is chosen
s 10−4 in this study. The main features and assumptions of this
odel are listed below:

The input parameters of the model are cell voltage, Reynolds
number at the fuel channel inlet, excess air coefficient, cell
geometry, properties of materials, ambient temperature, molar
composition at the fuel and air channel inlets, mass flow rate of
air for the heat-up period, and cell pressure.
The output parameters of the model are heat-up and start-up
time, distributions of current density, temperature and molar gas
composition, fuel utilization, power output and electrical effi-

ciency of the cell.
A control volume around the repeat element found in the mid-
dle of a planar SOFC stack, as shown in Fig. 1, is taken; and it is
assumed that the solid structure has adiabatic boundary condi-
tions due to the symmetry.
Fig. 1. Schematic of (a) the planar SOFC stack and (b) the repeat element found in
the middle of the stack.

• Solid structure is modeled in 2D; whereas gas channels are mod-
eled in 1D.

• Six gas species, namely CH4, H2, CO, CO2, H2O and N2, are con-
sidered at the fuel channel inlet; and two gas species, namely O2
and N2, are considered at the air channel inlet.

• Fully developed laminar flow conditions are assumed in the gas
channels.

• Natural convection at the heat-up period, forced convection at
the start-up period, surface-to-surface radiation effects, con-
duction heat transfer within the solid structure including the
section where the interconnects are in contact with posi-
tive/electrolyte/negative (PEN) structure are taken into account
in the modeling.

• All polarizations, i.e. ohmic, activation and concentration, are
considered.

• A finite difference method is used for numerical calculations.
• A computer code using Matlab is developed for the solution of

the modeling equations.

In a DIR-SOFC, steam reforming reaction, water–gas shift reac-
tion, and electrochemical oxidation of hydrogen as given in Eqs.
(1)–(3), respectively, occur. Note that the direct oxidation of car-
bon monoxide is not included in the modeling; but it is assumed
that this gas first converts into hydrogen via Eq. (2) and then it is
oxidized:

CH4 + H2O ↔ CO + 3H2 (1)

CO + H2O ↔ H2 + CO2 (2)
H2 + (1/2)O2 → H2O (3)

Based on the reactions shown above, the continuity equations
at the fuel and air channels are shown in Table 1. Heat transfer
equations are written for each control volume enclosing the compo-
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Table 1
Continuity equations.

Control volume Continuity equations

Fuel channel
dṅ′′

CH4
dx

= −ṙ′′
str

tfc

dṅ′′
H2

dx
= 3ṙ′′

str
tfc

+ 	ṅ′′′
wgs − ṙ′′

el
tfc

dṅ′′
CO

dx
= ṙ′′

str
tfc

− 	ṅ′′′
wgs

dṅ′′
CO2
dx

= 	ṅ′′′
wgs

dṅ′′
H2O

dx
= −ṙ′′

str
tfc

− 	ṅ′′′
wgs + ṙ′′

el
tfc

dṅ′′
N2

dx
= 0

dṅ′′ ′′

n
i
n
e

3

b
m
b
t
a

t
m
f

T
H

Air channel O2
dx

= −ṙ
el

/2

tac

dṅ′′
N2

dx
= 0

ents of the cell, as shown in Table 2. These components are anode
nterconnect, fuel channel, PEN, air channel and cathode intercon-
ect. The auxiliary relations used in the continuity and heat transfer
quations are given in Table 3.

. Probability analysis of failure

One of the main failure modes for a SOFC is the fracture of PEN
ecause of the thermal stresses formed during its operation. The
ain reason of the formation of these stresses is the mismatch

etween the thermal expansion coefficients of the components of
he PEN, i.e. anode, electrolyte, and cathode. These components are

lso brittle because of their ceramic nature.

In modeling, the first principal thermal stress distributions in
he components of the PEN are first found. For this purpose, a com-

ercial software package (so-called: Comsol Multiphysics) is used
or calculating these stresses formed in the components of the PEN.

able 2
eat transfer equations.

Control volume Heat transfer equations

Cathode interconnect 1
˛ci

· ∂T
∂t

= ∂2T
∂x2 + ∂2T

∂y2 x = 0 and x = L ⇒

y = tci ⇒ −kci · ∂T
∂y

= wgas
wsolid

· [hc,a · (Tci −
t = 0 ⇒ T = To

Air channel �ac · cp,ac · ∂T
∂t

+
∑

i

∂
∂x

(ṅ′′
i

· h̄i) = hc,a(T

x = 0 ⇒
T = f (t) (Heat-up)

T = Tw ac (Start-up)
(co-flow

t = 0 ⇒ T = To + 100 ◦C

PEN 1
˛PEN

· ∂T
∂t

= ∂2T
∂x2 + ∂2T

∂y2 + 1
kPEN

q̇′′′
PEN

x = 0 and x = L ⇒ ∂T
∂x

= 0

y = tci + tac ⇒ kPEN · ∂T
∂y

= wgas
wsolid

· [hc,a ·

y = tci + tac + tPEN ⇒ −kPEN · ∂T
∂y

= wgas
wsoli

t = 0 ⇒ T = To

Fuel channel �fc · cp,fc · ∂T
∂t

+
∑

i

∂
∂x

(ṅ′′
i

· h̄i) =
hc,f (Tai

x = 0 ⇒ T = Tw fc (Start-up) (co-flow
t = 0 ⇒ T = To

Anode interconnect 1
˛ai

· ∂T
∂t

= ∂2T
∂x2 + ∂2T

∂y2

x = 0 and x = L ⇒ ∂T
∂x

= 0, y = tci + tac

y = tci + tac + tPEN + tfc ⇒ −kai · ∂T
∂y

= w

t = 0 ⇒ T = To
ources 195 (2010) 3579–3589

The temperature distribution found using the transient heat trans-
fer model is defined as a function in this software. It is assumed
that the materials are isotropic and the components could deform
freely; i.e. free constraint condition. After finding the thermal stress
distributions, the Weibull approach [21] is used to calculate the
failure probability of the components as given in Eq. (4):

Pk
f = 1 − exp

(
−

∫
Vk

(
�k

�k,o

)m

· dVk

Vk,o

)
(4)

where k denotes anode, electrolyte or cathode.
This equation can be written for the 2D modeling technique as

used in this paper, and constant values of characteristic strength,
�o, and reference volume, Vo, as shown in Eq. (5):

Pk
f = 1 − exp

(
− Wsolid

�m
k,o

· Vk,o
·
∫

Ak

�m
k · dAk

)
(5)

Material properties of the components of the PEN are shown in
Table 4. It should be noted that these properties are assumed to be
constant during the heat-up and start-up periods of the cell.

4. Results and discussion

In this section, a validation of the heat transfer model using the
results of the benchmark test [22] and two models [1,23] found
in the literature is first presented. Then, the transient and steady-
state behaviors of the cell are discussed through the results. Finally,
the first principal thermal stress distributions and the failure prob-
ability for the co- and counter-flow DIR-SOFCs are shown and
discussed.
4.1. Validation

The validation of the model is done using the results of the
benchmark test, which was conducted in a workshop organized

∂T
∂x

= 0, y = 0 ⇒ ∂T
∂y

= 0

Ta) + hr,a · (Tci − TPEN)] +
(

1 − wgas
wsolid

)
· kci · (Tci−TPEN)

tac

PEN−Ta)+hc,a(Tci−Ta)−(ṙ′′
el

/2)·h̄O2
·(wsolid/wgas)

tac

), x = L ⇒
T = f (t) (Heat-up)

T = Tw ac (Start-up)
(counter-flow)

(TPEN − Ta) + hr,a · (TPEN − Tci)] +
(

1 − wgas
wsolid

)
· kci · (TPEN−Tci )

tac

d
·
[

hc,f · (TPEN − Tf ) + hr,f · (TPEN − Tai)
]

+
(

1 − wgas
wsolid

)
· kai · (TPEN−Tai )

tfc

−Tf )+hc,f (TPEN−Tf )+
(∑

ṙ′′
prod

·h̄prod−
∑

ṙ′′
react

·h̄react

)
·wsolid/wgas

tfc

), x = L ⇒ T = Tw fc (Start-up) (counter-flow)

+ tPEN + tfc + tai ⇒ ∂T
∂y

= 0

wgas

solid
·
[

hc,f · (Tai − Tf ) + hr,f · (Tai − TPEN)
]

+
(

1 − wgas
wsolid

)
· kai · (Tai−TPEN)

tfc
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Table 3
Auxiliary relations used in the modeling.

Name of the relation Equation

Rate of electrochemical reaction ṙ ′′
el

= i
2F

Rate of steam reforming of methane [17] ṙ ′′
str = 4274 · PCH4 · exp

(
−8.2×104

R×T

)
Chemical equilibrium constant of water–gas shift reaction Kwgs = exp

[
−	ḡ◦

wgs/RT
]

= xH2
·xCO2

xCO ·xH2O

Power density Ẇ ′′
el

= i · Vcell

Cell voltage Vcell = VN − Vohm − Vact − Vcon

Nernst voltage VN = −	ḡ◦
r

2F − RT
2F · ln

(
PH2O

PH2
·
√

PO2
/P◦

)

Ohmic polarization [18] Vohm =
∑

k

�k · Lk · i

Activation polarization [19] Vact = Vact,a + Vact,c = RT
F · sinh−1

(
i

2io,a

)
+ RT

F · sinh−1
(

i
2io,c

)
Concentration polarization [20] Vconc,a = − RT

2F ln

(
1 − RT

2F · �aLa

DaVv(a)Pb
H2

i

)
+ RT

2F ln

(
1 + RT

2F · �aLa

DaVv(a)Pb
H2O

i

)

Vconc,c = RT
4F ln

[
Pb

O2
P−(P−Pb

O2
)exp[(RT/4F)·(�c lc /Dc Vv(c)P)i]

]
Vconc = Vconc,a + Vconc,c

Volumetric heat generation in PEN q̇′′′
PEN

=
∑

	Ḣ′′
k
−Ẇ ′′

el
tPEN

Reynolds number at the fuel channel inlet ReDh
=

ṅ′′
k,fi

·Mmix ·(2·tfc ·wgas)
xk,fi ·�mix ·(tfc+wgas)

Excess air coefficient �air =
ṅ′′

O2 ,ai(
2·ṅ′′

CH4 ,fi
+ṅ′′

CO,fi
/2+ṅ′′

H2 ,fi
/2
) · tac

tfc

Fuel utilization Uf =
∑m

i=2
ṙ′′
el

·(	x·wsolid)(
4·ṅ′′

CH4 ,fi
+ṅ′′

H2 ,fi
+ṅ′′

CO,fi

)
·(wgas ·tfc)

Electrical efficiency �el = ẆSOFC

LHV ·
∑6

k=1
ṅ′′

k,fi
·tfc ·wgas

Table 4
Material properties of the components of the PEN.

Component Young’s
modulus/GPa

Poisson’s
coefficient

Coefficient of thermal
expansion/K−1

Characteristic
strength/MPa

Weibull modulus Reference
volume/mm3

Cathode (LSM) 35 0.360 11.7 × 10−6 75 4 2.81
Electrolyte (YSZ) 190 0.308 10.8 × 10−6 282 8 0.27
Anode (Ni–YSZ) 56.8 0.258 12.5 × 10−6 187 11.8 0.578

S
ource: Laurencin et al. [14].

Table 5
Input data used in the benchmark test.

Cell geometry

Active area/cm2

Anode thickness/cm
Cathode thickness/cm
Electrolyte thickness/cm
Channel width/cm
Channel height/cm
Rib width/cm
Total thickness (with ribs)/cm

Operating parameters
Temperature at the fuel channel inlet/◦C
Temperature at the air channel inlet/◦C
Pressure of the cell/kPa
Excess air coefficient
Fuel utilization
Mean current density/A cm−2

Gas composition at the air channel inlet
Gas composition at the fuel channel inlet

Source: Achenbach [22].
10 × 10
0.005
0.005
0.015
0.3
0.1
0.242
0.25

900
900
100
7
0.85
0.3
21% O2, 79% N2

17.1% CH4, 26.26% H2, 2.94% CO, 4.36% CO2, and 49.34% H2O
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Table 6
Validation of the Model-V1 and Model-V2 of the co-flow configuration with the benchmark test and Braun’s model.

Parameter Co-flow

Benchmarka Braun’s modelb Model-V1c Model-V2d

Max/Min
Voltage/V 0.65/0.63 0.65 0.65 0.65
Power/W 19.47/18.99 19.49 20.15 21.92
Efficiency/% N/A 49.8 49.5 49.8

Current density/A cm−2

Max 0.367/0.304 0.346 0.360 0.448
Min 0.251/0.175 0.215 0.216 0.174

Solid temperature/◦C
Max 1034/1021 1020 1025 1023
Min 862/847 845 853 858

Outlet gas temperature/◦C Max/Min
Air 1026/1016 1014 1022 1022
Fuel 1026/1021 1019 1024 1023

a Data show the results from the benchmark test. Data are taken from Braun’s thesis [23].
sis [23

ith th
n for
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u
t
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e
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e
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current densities for these two models are found as same, which
are equal to 0.3 A cm−2.

The results for the distribution of the output parameters could
not be accessed for the benchmark test. However, those results for
the co-flow configuration from Braun’s study are used for valida-
b Data show the results from the Braun’s model. Data are taken from Braun’s the
c Data show the results from the present model that uses the same assumption w
d Data show the results from the present model that uses the different assumptio

y International Energy Agency [22], and two numerical studies
sing the same input data and assumptions with the benchmark
est (Braun [23] and Selimovic et al. [1]). In the benchmark test,
everal companies and institutions modeled planar DIR-SOFC using
he same operating data, which are shown in Table 5.

The main assumption used in the benchmark test was to accept
ach of the polarizations in the anode and cathode as equal to the
hmic loss of the electrolyte. In this study, a heat transfer model
as been first developed using the same assumption for polariza-
ions as the benchmark tests. This model is called Model-V1. This
ssumption is then altered in that different analytical equations
re considered for ohmic, activation and concentration polariza-
ions, which are shown in Table 3. This model is called Model-V2.
n addition, some input and output parameters of this model are
onsidered different than the models developed in the benchmark
est. As opposed to the benchmark test, fuel utilization and aver-
ge current density are taken as output parameters; whereas the
ell voltage and Reynolds number are taken as input parameters in
his model. The model is validated for the steady-state condition
sing the results of the benchmark test [22] and Braun’s model
23], and for the transient condition using the results of the study
y Selimovic et al. [1].

The results of the benchmark test were given for fuel utilization
f 0.85 and an average current density of 0.3 A cm−2. Since these
wo parameters are output parameters in the model developed by
he authors, Reynolds number is altered until we get results that
re close enough to these two parameters. For the co-flow con-
guration, Reynolds number is found to be 1.85 in the Model-V1,
hich gives fuel utilization of 0.85 and average current density of

.318 A cm−2. For the same configuration in Model-V2, Reynolds
umber is found to be 2, which gives fuel utilization of 0.85 and
verage current density of 0.346 A cm−2. For the counter-flow con-
guration, in the Model-V1 and Model-V2, Reynolds number is

ound to be 1.7, which gives fuel utilization of 0.85 and average
urrent density of 0.3 A cm−2.

The validation of the co-flow configuration for the Model-V1 and
odel-V2 is given in Table 6. As the cell voltage is an input param-

ter in the model developed by the authors, a value between the

aximum and minimum values of the cell voltage from the models

onducted in the benchmark test is taken, as shown in this table.
rom this table, it can be seen that the results for the Model-V1 is
etween the maximum and minimum values found by the compa-
ies and institutions participated in the benchmark test except the
].
e benchmark test.
polarizations.

power. The result for the power has a relative error of 3.37% and
5.76% with the maximum and minimum value of the power found
by the participants of the benchmark test, respectively. For Model-
V2 of the co-flow case, the maximum current density is slightly
higher than the maximum value of the benchmark test, as shown
in this table, because of the assumption on the polarizations done
in this model.

The validation of the counter-flow configuration for the Model-
V1 and Model-V2 is given in Table 7. When we check the results
from this table, we see that the results for Model-V1 are slightly
lower than the values given for the benchmark test. This differ-
ence is mainly due to the methodology applied in the modeling.
In the model developed by the authors, outlet of fuel channel and
inlet of air channel temperatures are considered fixed; whereas
it is not clear what kind of an assumption is done in the models
developed in the benchmark test. In spite of this assumption, the
relative errors for Model-V1 for power, maximum current density,
minimum current density, maximum solid temperature, minimum
solid temperature, exit temperature of air channel and exit temper-
ature of fuel channel are 0.99%, 2.30%, 4.72%, 2.91%, 0.11%, 3.67% and
0.67%, respectively. The results for Model-V2 are almost same with
the Model-V1 except the maximum and minimum values of current
density. This difference is due to the difference on the assumption
on polarizations between these two models. However, the average
Fig. 2. Validation for the distribution of the average solid temperature.
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Table 7
Validation of the Model-V1 and Model-V2 of the counter-flow configuration with the benchmark test and Braun’s model.

Parameter Counter-flow

Benchmarka Braun’s modelb Model-V1c Model-V2d

Max/Min
Voltage/V 0.692/0.680 0.693 0.69 0.69
Power/W 20.76/20.40 20.78 20.2 20.2
Efficiency/% N/A 53.1 52.7 52.6

Current density/A cm−2

Max 0.655/0.533 0.540 0.521 0.444
Min 0.133/0.099 0.126 0.127 0.169

Solid temperature/◦C
Max 1089/1062 1058 1032 1033
Min 915/906 912 907 909

Outlet gas temperature/◦C Max/Min
Air 1028/1018 1014 982 981
Fuel 915/906 914 900 900
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and counter-flow configurations.
a Data show the results from the benchmark test. Data are taken from Braun’s th
b Data show the results from the Braun’s model. Data are taken from Braun’s thes
c Data show the results from the present model that uses the same assumption w
d Data show the results from the present model that uses the different assumptio

ion of the distribution of average solid temperature and current
ensity. It can be seen from Figs. 2 and 3 that these distributions
or Model-V1 and Braun’s study have similar trends. The current
ensity distribution for Model-V2 is different, which is due to the
ature of equations used for calculating the polarizations.

The validation of the transient behavior of the cell is done using
he results of the study by Selimovic et al. [1]. In their study, they
sed the assumptions and input data taken from the benchmark
est. They showed the change of average solid temperature with
ime during the start-up period. They considered the value of the
verage solid temperature at the beginning of the start-up period
s 700 ◦C. Considering this value, Model-V1 and Model-V2 are sim-
lated to validate the transient behavior of the cell. As shown in
ig. 4, the time that the cell starts to operate at steady state, and
he trend of the change of temperature are very similar between
he models developed by the authors and Selimovic et al.’s model.
he difference between these models could arise from the fact that
elimovic et al. used a simpler thermal model assuming the solid
emperature as homogeneous in each volume element.

.2. Heat-up, start-up, and steady-state behaviors of the cell

After validating the model, the co- and counter-flow simula-
ions are carried out for the same cell voltage and fuel utilization,
hich are chosen as 0.69 V and 0.85, respectively. For obtaining
his fuel utilization, Reynolds number at the fuel channel inlet is
ound as 1.55 for co-flow and 1.7 for counter-flow configuration.
eat-up time for both of these configurations is found as 794 s. The

teady-state condition is satisfied at 4433 s for co-flow, and 4493 s
or counter-flow configuration, respectively.

Fig. 3. Validation for the distribution of the current density.
3].
].
e benchmark test.
polarizations.

The heat-up period continues until the minimum solid tem-
perature becomes 700 ◦C. At this value, the ohmic polarization of
the electrolyte becomes low enough; hence a meaningful amount
of power can be produced from the cell. A step change of the
temperature of the air channel inlet is considered at this period
since the difference between the air channel inlet temperature and
minimum solid temperature should not exceed 100 ◦C. The mass
flow rate per cross-section of the air channel, which is taken as
2.373 g s−1 cm−2 in this study, is the main parameter affecting the
duration of this period. The value of this parameter should be taken
high enough to reduce the heat-up time. However, an increase in
its value causes an increase in the power demand of the blower;
which in turn decreases the electrical efficiency of the fuel cell
system. In modeling the start-up period, this parameter is non-
dimensionalized using excess air coefficient, which is taken as 7
in the calculations. In general, this coefficient should be taken high
enough not to cause excessive thermal stresses within the cell, and
low enough to have a high exit temperature which is especially
important if the SOFC is integrated with bottoming cycles. Con-
sidering these facts, changes of temperature in the heat-up and
start-up periods with time are calculated. Figs. 5–7 show the change
of average solid temperature, air channel outlet, and fuel channel
inlet/outlet temperatures with time, respectively. As it can be seen
from these figures, there is not a significant difference between co-
Figs. 8 and 9 show how the fuel utilization, average current den-
sity, electrical efficiency and power density change with time for
the co-flow and counter-flow configurations. As it can be seen from

Fig. 4. Validation of the transient behavior of the cell.
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Fig. 5. Change of average solid temperature with time for the DIR-SOFC (for the cell
voltage of 0.69 V and the fuel utilization of 0.85).

Fig. 6. Change of air channel outlet temperature with time for the DIR-SOFC (for the
cell voltage of 0.69 V and the fuel utilization of 0.85).
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density is lower for this case.
Figs. 10 and 11 show the distribution of molar gas composition

of gas species in the fuel channel at the steady-state condition for
the co- and counter-flow configurations, respectively. As can be
from these figures, up to a point close to the inlet, the trend of the
ig. 7. Change of fuel channel temperature with time for the DIR-SOFC (for the cell
oltage of 0.69 V and the fuel utilization of 0.85).

hese figures, the values of these parameters are zero during the
eat-up period because electrochemical reactions do not occur in

his period since there is no flow in the fuel channel. As the start-
p period begins, their values increase gradually because of the

ncrease in the temperature, which enhances the performance of
he cell; and then they become constant when the system reaches
teady state. For example, as can be followed from these figures,

ig. 8. Change of fuel utilization and average current density with time for the DIR-
OFC (for the cell voltage of 0.69 V and the fuel utilization of 0.85).
Fig. 9. Change of electrical efficiency and power density with time for the DIR-SOFC
(for the cell voltage of 0.69 V and the fuel utilization of 0.85).

during the start-up period of the co-flow case, average current
density, fuel utilization, power density, and electrical efficiency
increase from 0.18 to 0.27 A cm−2, 0.56 to 0.85, 0.12 to 0.18 W cm−2,
and 0.42 to 0.63, respectively. When the co- and counter-flow cases
are compared for the same cell voltage and fuel utilization, it can be
seen that counter-flow case has a higher average current density,
mainly because of the higher Reynolds number (or higher mass flow
rate of fuel) at the fuel channel inlet for this case. Since we fix the
cell voltage for comparison, power density is directly proportional
to the average current density. Due to that reason, counter-flow
case has also a higher power density. Electrical efficiency of the
cell mainly depends on the power density and the total molar flow
rate at the fuel channel inlet. As we need to send more fuel for
the counter-flow case to get the same fuel utilization, the electrical
efficiency for the co-flow case becomes higher although the power
Fig. 10. Distribution of molar composition of gas species in the fuel channel of the
co-flow DIR-SOFC at the steady-state condition (for cell voltage of 0.69 V and fuel
utilization of 0.85).

Fig. 11. Distribution of molar composition of gas species in the fuel channel of the
counter-flow DIR-SOFC at the steady-state condition (for cell voltage of 0.69 V and
fuel utilization of 0.85).
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omposition of the gas species is different from the remaining part
f the gas channel. This trend is due to the fact that methane is fully
onsumed at this point, hence steam reforming of methane reaction
o not occur anymore after this point. The only reactions affecting
he molar compositions in the remaining part of the cell are the
lectrochemical reaction and the water–gas shift reaction. As the
ate of steam reforming of methane is proportional to temperature
nd the temperature at the inlet of the counter-flow case is higher,
he point at which methane is fully consumed is closer to the inlet
or the counter-flow case, as shown in these figures.

Figs. 12 and 13 show the temperature distribution within the cell
t the steady-state condition for co- and counter-flow configura-
ions, respectively. As can be followed from Fig. 12, the temperature
t the flow direction drops suddenly due to the endothermic steam

eforming reaction and then increases through the channel due to
xothermic electrochemical and water–gas shift reactions. In the
ounter-flow case, as the temperatures of the exit of the fuel chan-
el and the inlet of the air channel are fixed, the temperature rise
ccurs in the opposite direction compared to the co-flow case. The

ig. 12. Temperature distribution in the co-flow DIR-SOFC at the steady-state con-
ition (for cell voltage of 0.69 V and fuel utilization of 0.85).

ig. 13. Temperature distribution in the counter-flow DIR-SOFC at the steady-state
ondition (for cell voltage of 0.69 V and fuel utilization of 0.85).
ources 195 (2010) 3579–3589 3587

effect of steam reforming reaction can also be seen for this case
since there is a sudden temperature drop close to the inlet of the
cell.

4.3. Probability of failure of the cell during its operation

The first principal thermal stresses formed within the cell are
found; and these stresses are used to calculate the probability of
failure of PEN during the heat-up and start-up periods of the cell.
As can be seen from Fig. 14, the probability of failure is lower than
0.01% at the heat-up period mainly because of using a controlled
air inlet temperature at this period. The trend of this probability for
the heat-up period may be seen controversial when it is compared
to the findings of some of the papers found in the literature, e.g. Ref.
[24]. It was shown that the failure probability becomes maximum
at the beginning of the heat-up period. The reason of their finding
is that they studied the operation of SOFC right after its assembly.
They considered that the cell is stress-free at the assembly temper-
ature, e.g. 800 ◦C because of the uniform temperature distribution
of the cell. The thermal stresses formed due to cooling the cell from
the assembly temperature to room temperature, which can also
be named as shut-down period, were first calculated. Then, these
stresses were considered as the initial stresses in the heat-up sim-
ulation. However, in the present study, it is assumed that the cell
has already been assembled and cooled to room temperature a suf-
ficiently long time ago to consider the cell as thermal stress-free at
this temperature.

At the start-up period, the chemical and electrochemical reac-
tions cause higher temperature gradients; which in turn increases
the value of the probability of failure. It is found that this value
increases up to 0.068% and 0.078% during the start-up period for co-
and counter-flow configurations, respectively. It should be noted
that the probability of failure for electrolyte is always found to be
greater than that for anode and cathode. For example, this probabil-
ity changes in the order of 10−15 to 10−12, 10−11 to 10−7, and 10−12

to 10−4 for anode, cathode, and electrolyte, respectively, during the
operation of the cell.

Figs. 15 and 16 show the first principal thermal stress distribu-
tions in the PEN structure for co- and counter-flow configurations,
respectively, when the system reaches the steady-state condition.
As can be seen from these figures, the maximum stress occurs at a
point close to the inlet of the fuel channel and the interface of the
anode and electrolyte for both configurations. The main reasons of
this finding are that the endothermic steam reforming reaction of
methane causes a high temperature gradient at this point and the

thermal expansion coefficient difference between the anode and
electrolyte is higher compared to that of cathode and electrolyte.
The value of the maximum stress is found as 102.763 MPa and
99.833 MPa for the co- and counter-flow configurations, respec-
tively.

Fig. 14. Failure probability of PEN during the cell operation.
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Fig. 15. The first principal stress distribution in the co-flow DIR-SOFC at the steady-state condition (for cell voltage of 0.69 V and fuel utilization of 0.85).
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Fig. 16. The first principal stress distribution in the counter-flow DIR-SOFC a

. Conclusions

A comprehensive model has been developed to study the heat-
p and start-up periods of the co- and counter-flow DIR-SOFCs.
his model includes all the heat transfer mechanisms (e.g. con-
uction, convection and radiation) and all the polarizations nodes
e.g. ohmic, activation and concentration). The results of a bench-

ark test and two numerical models found in the literature are
sed for validation purposes. It is found that the results are in good
greement. After validating the model, the transient (heat-up and
tart-up) and steady-state behavior of the cell are investigated;
nd a comparison between co- and counter-flow configurations
re done for the same cell voltage and fuel utilization. For the
iven data, the results show that counter-flow case yields a higher
verage current density and power density, but a lower electri-
al efficiency of the cell. The temperature distribution obtained
sing the transient heat transfer model is used to calculate the first
rincipal thermal stresses and the probability of failure of the PEN
uring the operation of the cell. It is found that the maximum stress
ccurs at a point close to the fuel channel inlet and the interface of
node and electrolyte; and the probability of failure is higher for

ounter-flow configuration for the input data considered in this
tudy.

In the future, a parametric study will be undertaken to inves-
igate the effect of design and operation parameters of the cell on
he transient behavior and the probability of failure of the PEN. Fur-
steady-state condition (for cell voltage of 0.69 V and fuel utilization of 0.85).

ther improvements are expected in the current modeling including
the interactions between the adjacent repeat elements, and other
failure modes, e.g. anode/electrolyte interfacial delamination.
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