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Catalytic partial oxidation (CPOX) has recently received particular attention
because it is one of the most attractive technologies for the production of syngas and
hydrogen in small to medium scales. Current study subjected to partial oxidation
reforming which have simultaneously studied the eﬀect of the fuel composition
and ﬂow rates of methane-oxygen mixed gas on the SOFCs performances. In this
regard, the Reynolds number at the fuel channel inlet represents the mixture of
methane and air mass ﬂow rate. Moreover, the amount of oxygen ratio indicates the
fuel composition. The results showed that the peak of power density (PPD) strongly
depends upon both the Reynolds number at the fuel channel inlet and oxygen ratio.
However, with the changes in Reynolds number or oxygen ratio, the oscillating
behavior of PPD was observed. A dimensionless parameter can be introduced to
take into account simultaneously the eﬀect of oxygen ratio and Reynolds number of
fuel on the PPD value. Considering the risk of carbon deposition as a constraint for
selecting of oxygen ratio, the highest PPD corresponds to the methane/oxygen ﬂow
rates of 100/20 ccm for the applied methane/oxygen ﬂow rates. The electrochemical
experimental testing showed a stable performance of the SOFC in this condition and
conﬁrmed its durability after 120 hours testing. .
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1. Introduction
A fuel cell is an electrochemical cell that converts the
chemical energy from fuel into electricity through
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an electrochemical reaction of hydrogen fuel with
oxygen or another oxidizing agent. The conventional
process of generating electricity from fuels involves
several energy conversion steps:
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1. Conversion of the chemical energy of the fuels to
thermal energy to boil water and generate steam,
2. Conversion of the thermal energy into mechanical
energy by a turbine, and
3. Use the mechanical energy to run a generator that
generates electricity.
However, a fuel cell circumvents all of these
processes and generates electricity in a single step
without involving moving parts. Additionally,
electrochemical power generation has many
advantages over fossil fuel combustion, including
higher eﬃciency, zero/low pollution, limited
equipment maintenance, and modularity [1].
Fuel cells are primarily classiﬁed by the kind of
electrolyte they employ; hence, solid oxide fuel
cells (SOFCs) are characterized by the use of a solid
material as the electrolyte, i.e., Yttrium stabilized
zirconia or YSZ. SOFCs have attracted a great deal
of attention in the last few decades, mainly for their
high energy conversion eﬃciency, limited emission
levels, modularity, fuel ﬂexibility, and low noise [2-4].
Conventional SOFCs employ a nickel-based
anode (Ni-YSZ anodes) because of their various
advantages. Unfortunately, carbon deposition
occurs on nickel-based anodes when they are
exposed to pure methane. This issue causes rapid
degradation of the fuel cells. Reforming, a reaction
of the hydrocarbon with oxygen-containing gases to
produce a hydrogen/carbon monoxide mixture, of
the actual cell fuel is standard practice to avoid the
growth of carbon on nickel cermet anodes exposed to
hydrocarbons. Moreover, the SOFC’s high working
temperatures provide additional positive features,
such as the ability to internally reform diﬀerent fuels
(e.g. natural gas, propane, methanol, gasoline, diesel,
etc.), to produce hydrogen for the electrical reaction
[5-8]. In other words, internal reforming is an
attractive option oﬀering signiﬁcant cost reduction,
higher eﬃciencies, and faster load response with
respect to traditional external reforming.
Three of the most economical ways to produce
hydrogen from fossil fuels are steam-methane
reforming (SMR), partial oxidation (POx), and
autothermal reforming (ATR) [9-12]. Applying

conventional internal steam-reforming to Solid oxide
fuel cells (SOFC) systems is not an appropriate
method for decentralized synthesis gas production
because steam reformers are large expensive plants
that are diﬃcult to scale down for small-scale
operations in remote areas.
As an alternative to steam reforming, methane and
other hydrocarbons may be converted to hydrogen
via partial oxidation. Catalytic partial oxidation has
recently received particular attention because it is one
of the most attractive technologies for the production of
syngas and hydrogen on a small to medium scale [13, 14].
Most of the literature in this ﬁeld focuses on the eﬀect
of fuel composition on fuel cell performance, there are
a limited number of works studying partial oxidation
reforming and only a few of these have reviewed
the eﬀect of the ﬂow rate of methane-oxygen mixed
gases on the performance of SOFCsLakshmi et al.
[15] obtained the steady state characteristics of a fuel
cell at diﬀerent fuel ﬂow rates ranging from 31 mL/s
to 51 mL/s at two diﬀerent operating temperatures
800 ℃ and 850 ℃. It was observed that the limiting
current density of fuel cell increases with the increase
in fuel ﬂow rate.
Lee et al. [16] demonstrated robust CPOX-based
SOFCs fueled by CH4, circumventing carbon coking
and Ni oxidation. They showed that operation in
a CH /O2/N fuel stream (CH :O2:N = 2:1:4, v/v)
results in a maximum power density of 0.91 Wcm-2
at 800 ℃, while using H and CH gases led to values
of 1.06 and 0.78 Wcm-2, respectively. Buergler et
al. [17] plotted the thermodynamic equilibrium gas
mixture of a CH -air mixture for various CH /O
ratios as a function of temperature. They also
calculated OCV for single-chamber SOFCs
operating on CH4-air mixtures with diﬀerent CH /O2
ratio, assuming perfect electrodes and purely
ionic conducting electrolyte. Baldinelli et al. [18]
investigated three levels of air-diluted natural gas,
corresponding to an O/C equal to 1.2, 0.8 and 0.4.
They reported voltage measurements for all the cells
exposed to air-diluted natural gas mixtures. Their
results showed that an O/C = 0.8 is the best dilution,
from both a performances and material degradation
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avoidance point of view. In the case of higher airdilution (O/C = 1.2), nickel coarsening had already
occurred after 100 h; but in the case of a lower
dilution (O/C = 0.4), a conﬆant-rate performance
decay occurred. A consiﬆent change in the zirconia
lattice (tetragonal-to-monoclinic phase transition)
which caused a loss in the ionic conductivity of the
material was observed.
The dimensionless Reynolds number can play an
important role in predicting and optimizing the
performance of a fuel cell. Actually, the Reynolds
number (Re) allows engineers to perform experiments
using reduced scale models and then correlate the
data to the actual ﬂows thus saving on the coﬆ of
experimentation and lab time.
A conventional reactor based on ﬆeady-ﬆate ﬂow
and heterogeneous reactions catalyzed by solids
is assumed for indirect internal reforming SOFCs
(IIR-SOFC) fueled by natural gas [19]. As the ﬂow
condition aﬀects the mass transfer and chemical
reaction rate, the eﬀect of the input fuel ﬂow Reynolds
number on the solid oxide fuel cell performance is
important. Basically, the Re is dimensionless and
describes the ratio of inertial to viscous forces for
ﬂuid ﬂow and is calculated as follows:
Re 

Vx
µ

(1)

Where x, ρ, V, and µ are the spherical equivalent
particle diameter, the density, the superﬁcial velocity,
and the viscosity of the methane and air mixture,
respectively. The superﬁcial velocity is the volumetric
ﬂow rate of the ﬂuid divided by the cross sectional
area of the reactor. The density of the mixture is
calculated from the following equation in which
y1 and y2 are the mole fraction of methane and air:
mix

 y1

1
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2

(2)

Likewise, the model proposed by Wilke is used to
calculate methane and air mixture viscosity [20]:
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Where:
µmix = viscosity of the mixture
µi, µj = pure component viscosities
yi, yj = pure component mole fractions
Mi , Mj = pure component molecular weights
Laminar ﬂow in a conventional packed-bed reactor
occurs when the Reynolds number is below a critical
value of approximately 10, though the transition
range is typically between 10 and 2000. For such
syﬆems, fully turbulent ﬂow exiﬆs at Reynolds
numbers greater than around 2000 [21].
Moreover, the O2/CH4 ratio or oxygen ratio is the
key parameter in the partial oxidation process. An
oxygen ratio less than 0.2 maximizes the yield in
hydrogen. However, fuel cell failure is expected
because of the high risk of carbon deposition in
this ratio. The risk of carbon deposition is reduced
by selecting an oxygen ratio in the range of 0.2-0.3,
which allows both the equilibrium temperature and
desired hydrogen conversion to be obtained even
with low pre-heating of the inlet reactant mixture [1].
However, the smaller yield in hydrogen, with respect
to the theoretical condition, could be a disadvantage
of this ratio. An oxygen ratio greater than 0.3 is
used in the ﬆartup phases to ﬆabilize the reactor
temperature. Although this leads to higher methane
conversion, the hydrogen yield is lower than in other
conditions.
If the carbon deposition issue is ignored (which is
clearly impossible), the behavior of the cell is similar
to that of the hydrogen-fueled SOFC for a low
amount of oxygen added to methane during CPOX.
A high CH4/O2 ratio can theoretically guarantee
the higheﬆ hydrogen conversion, but the risk of
undergoing carbon deposition over the catalyﬆ
bed (and also the anode cell) is high. This implies
there is a risk that the methane does not react with
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the air to yield hydrogen and carbon monoxide by
the reforming reaction. Instead, it tends to pyrolysis
forming coke and facilitating the carbon deposition.
In other words, the proper selection of oxygen ratio
plays an important role in SOFC performance.
In addition, the oxygen ratio aﬀects the OCV
value according to the Nernst equation. Nernst law
states the maximum possible OCV depends on the
diﬀerence between the anode and cathode oxygen
concentration. It can be calculated from the partial
pressure of the oxygen at the cathode PC(O2) and at
the anode PA(O2) [22].
OCV 

G RT  PC  O2  

ln 

nF
nF  PA  O2  

(5)

In this equation, R is the gas constant (J/mol.K),
T is the absolute temperature (K), F is the Faraday
constant (A.s/mol), and n is the electron equivalent
of oxygen. The partial pressure of the oxygen is
0.21 atm at the cathode, and the partial pressure of
the oxygen is dependent on temperature and fuel
composition at the anode [17].
Only a limited number of works investigate the eﬀect
of the Reynolds number of fuel ﬂow on SOFCs
performance. Ozgur Colpan et al. [23] present the
development of a new transient heat transfer model
of a planar solid oxide fuel cell (SOFC) operating
with humidiﬁed hydrogen. They showed that a low
Reynolds number gets better electrical eﬃciencies.
Iora et al. [24] compares two dynamic one-dimensional
models of a planar anode-supported intermediate
temperature (IT) direct internal reforming (DIR)
solid oxide fuel cell (SOFC). They showed that the
Reynolds number in the air channelis one order of
magnitude larger than in the fuel channel, due to an
order-of-magnitude diﬀerence in velocities.
In the present study, oxygen was added into the fuel
for the internal catalytic partial oxidation reforming
of methane over the Ni-YSZ cermet anode of solid
oxide fuel cells (SOFCs) to study the advantages of
partial oxidation. For the ﬁrst time, both the eﬀect
of fuel composition and fuel ﬂow rate on the SOFC
power density was simultaneously considered
experimentally. In this regard, the Reynolds number

at the fuel channel inlet represents the mixture of
methane and air mass ﬂow rate and the amount of the
oxygen ratio indicates the fuel composition.

2. Materials and methods
The anode-supported button cells composed of NiO/
YSZ anodes, YSZ membranes, LSM cathodes and a
diﬀusion barrier layer with diameter of 2.5 cm were
purchased from SOFC MAN, China. The anode
substrate was a layer made of dense nickel oxide
and porous nickel-YSZ cermet with a thickness of
approximately 400 µm. The electrolyte and cathode
were, in order, a dense YSZ layer with a thickness
of 10-15 µm and a Strontium-doped Lanthanum
Manganite (LSM) layer with a thickness of 20-25
µm. Also, the diﬀusion barrier substrate was a layer
fabricated of Gadolinium-doped ceria (GDC) with a
2-3 µm thickness. It is worth noting that combining
GDC with the Ni anode prevents the oxidation of Ni
due to the oxygen exchange ability of GDC. SOFC
tests were carried out in a single cell test setup
similar to that used by many groups [25]. The reactor
cell was arranged onto an apparatus which involves
cylinders with all the necessary gases, i.e., O2, CH4,
He, H2 and Ar. The cathode was fed with air and the
anode was operated with a methane/oxygen mixture
for the internal reforming. The purity of the applied
Oxygen was 99.95%. Furthermore, the gas grade
purity speciﬁcations (Methane, Research Purity
99.999%) are as shown in Table 1.
Table 1. The gas grade purity speciﬁcations.
Chemical Parameter

Purity Speciﬁcation

Unit

Methane

99.999

%

Ethane

2

ppm

Propane

0.5

ppm

Nitrogen

3

ppm

Oxygen

0.5

ppm

Other Hydrocarbons

0.5

ppm

Carbon Dioxide

0.5

ppm

Moisture

0.5

ppm

The silver paste was applied on both sides of the cell
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with an extended silver mesh (current collector) with
an active area of 1 cm2. Silver mesh and silver paste
served as the output terminals and current collectors
of the electrodes, respectively. Cement seal was used
to seal the cell in contact with the alumina tube. A
quartz tube was also used for delivering the gas to
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the cell. A schematic view of the experimental setup
and gas fuel mixture handling for a single cell test
setup is displayed in Figs. 1 (a, b). The oxygen ﬂow
was regulated by a gas mass ﬂow controller and was
injected directly into the hot fuel. The gas ﬂows were
adjusted by means of mass ﬂow controllers.

(a)

(b)
Fig. 1 Schematic view of experimental setup (a) and gas fuel mixture handling unit (b).
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After reaching a temperature of 800°C, nitrogen
was purged into the test rig for about 5 min in order
to remove any impurities and air in the test setup.
For reducing and activating the NiO in the anode,
a N -5% H gas mixture was applied for about two
hours to reach to the steady potential of the cell.
Then, pure hydrogen was purged to the cells in
order to complete the anode activating procedure.
Finally, oxygen mixed with methane was utilized
for the cell performance experiment. The applied
ﬂow rates for the partial oxidation reforming process
were methane/oxygen ﬂow rates of 150/10, 100/20,
150/30, 200/40, 300/60, 400/40, 200/80 and 50/30
ccm. WonATech SMARTII was used for gas handling
and electrochemical evaluation. Linear sweep
voltammetry (LSV) at a scan rate of 10 mV/S and
chronopotentiometry were employed to investigate
the electrochemical performance of the cells. The
ﬂow rate of the oxygen at the cathodic side was
adjusted to equal the ﬂow rate of the fuel purged into
the anodic side of the SOFCs. The durability of the
button cell was subsequently tested for 120 hours at
a current density of 0.2 A/cm .

3. Results and discussion
First, the nickel oxide was reduced to metal under
hydrogen in order to provide a percolation path for
electrons through the anode. After the reduction
process, the OCV reached 1.12 V at a ﬂow rate of
150 ccm of pure hydrogen and then did not change
any further with the ﬂow rate. At this point, the
electrochemical analyses were done at 800°C.
Fig. 2 compares the I-V plot of SOFC operated
under a ﬂow rate of 150 ccm pure methane and pure
hydrogen fuels. According to this ﬁgure, the methane
and hydrogen electrochemical characterization are
quite similar. The maximum power densities are
0.55 and 0.53 at a current density of 1 A/cm2 for pure
hydrogen and pure methane, respectively.
Furthermore, their OCV values are very close
together. However, it has been proven that carbon
deposition leads to fast degradation of the cell under

Fig. 2. I-V plot of SOFC button cell operated under a ﬂow
rate of 150 ccm pure methane and pure hydrogen fuels

pure methane feeding conditions over long periods
of time [26].
Fig. 3 shows the I-V plot for applied methane/
oxygen ﬂow rates. The calculated Re number of
fuel ﬂow for the methane/oxygen ﬂow rate ratio of
150/10, 100/20, 400/40, 150/30, 200/40, 300/60,
50/30 and 200/80 are 10, 10.34, 29.83, 15.51, 20.68,
31.02, 10.93 and 32.21, respectively. The related
parameters for the calculation of a typical Reynolds
number are included in appendix A.
The applied ﬂow rate values were selected in the
range of Reynolds number =10-30 in which the
transient ﬂow are dominant.
As it can be seen in Fig. 3, the I-V variation shows
linear behavior at moderate current densities (for
current densities greater than 100 mA/cm2), which
corresponds to ohmic loss by applying current at a
high operating temperature of 800°C. The ohmic
losses in internal electrochemical systems of SOFC
are generally due to the material and fabrication
speciﬁcations of the SOFCs, e.g., the thickness of
cell components and the electrical conductivity
of the materials. So, the cell performance should
be independent of the ﬂow rates. The same
slopes of the I-V plots in the mid-region of the
current densities conﬁrmed this independency.
Purging more than the optimum fuel ﬂow rates is
associated with increasing of activation polarization
due to the higher required over potential
for activating the electrochemical reactions.
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Fig 3. The I-V plots for SOFC during partial oxidation reforming with methane: oxygen ﬂow rates of 150/10, 100/20, 400/40,
150/30, 200/40, 300/60, 50/30 and 200/80 ccm

Moreover, the OCV for the ﬂow rates of 150/10,
400/40, 200/400 and 50/30 are 1.18, 1.17, 1.13
and 1.11, respectively [17]. Considering Nernst’s
equation (Eq. 5), the OCV values are expected to be
the same for all the diﬀerent ﬂow rates of oxygen
and methane with the same oxygen ratio. This fact
is also conﬁrmed clearly by the experimentally
measured OCV shown in Fig. 3. Furthermore, Fig.
3 also shows that the experimentally measured OCV
is 1.15±0.02 V for all of the diﬀerent ﬂow rates of
oxygen and methane with an oxygen ratio of 1:5. In
fact, the observed diﬀerence (~ 0.02 V) for the OCV
measurements can be due to random error. Random
error incorporates all other sources of variability in
the experiment including measurement, variability
arising from uncontrolled factors, etc. Considering
the most and least oxygen concentration diﬀerence
between anode and cathode, the most and least OCV
are obtained in the methane/oxygen ﬂow rates of
150/10 and 50/30, respectively.
Fig. 4 shows the I-P plots for methane/oxygen ﬂow
rates of 50/10, 100/20, 150/30, 200/40, 300/60 and
400/80 sccm, the maximum points were selected
as PPDs. Then, the obtained PPDs vs Reynolds
number of fuel ﬂow are plotted in Fig. 5. According
to this ﬁgure, increasing the Re number of fuel
ﬂow causes the PPD values to ﬂuctuate severely.
Hence,increasing the fuel supply does not necessarily
increase the performance of SOFCs. During

Fig. 4. The power density plots for SOFC during partial
oxidation reforming with methane: oxygen ﬂow rates of
150/10, 100/20, 400/40, 150/30, 200/40, 300/60, 50/30 and
200/80 ccm

Fig. 5. The obtained PPD vs Reynolds number of fuel ﬂow
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operation of a SOFC, two eﬀects intervene to reduce
the electrical power available from an ideal cell; the
ﬁrst is ohmic resistance which generates heat and
the second is the irreversible mixing of gases which
causes the voltage to fall as progressively more fuel
is used in the reaction. Essentially, this means that
a SOFC cannot realistically use all of the fuel (fuel
utilization). In fact, increasing the Reynolds number
can increase the mass transfer, total reaction rate, and
subsequently the PPD [21]. However, in addition to
a decrease in mean residence time for SOFC ﬂuid in
the transitional region with 10<Re<2000, the reaction
products are hardly desorbed from the surface which
causes a PPD reduction. However, the concentration
of species (i.e. the oxygen ratio) can be eﬀective in
(increasing, decreasing?) the severity of desorption
from the catalytic surface. Therefore, the swinging
changes of PPD values with increasing Re implies
the dual eﬀect of Reynolds number and oxygen ratio
on PPD.
Moreover, the PPD changes with oxygen ratio are
showed in Fig. 6. There are several quantities of
PPD in various ﬂow rates with the same oxygen ratio
equal to 0.2. At oxygen ratio equal to 0.2, the PPD
lowered from 0.244 to 0.193 W/cm2 when increasing
the Reynolds number of fuel ﬂow. Therefore, by
increasing Re at a constant oxygen ratio, the eﬀect of
slow desorption from the catalytic surface has been
overcome by the fast reaction rate. In other words,
the PPD is inversely proportional to the Re number
of fuel ﬂow. However, at a constant Reynolds
number of fuel ﬂow equal to 10, the PPD increased
from 0.182 to 0.328 W/cm2 due to a decrease in the
oxygen ratio. Consequently, it can be concluded that
the PPD is also inversely proportional to the oxygen
ratio.
So, it is useful to deﬁne a dimensionless parameter
such as Φ to simultaneously take into account the
eﬀect of the oxygen ratio and Reynolds number of
fuel on the PPD value as follows;



Re

and



1
air ratio

(6)

The PPD vs Φ is displayed in Fig. 7. According to this

Fig. 6. The obtained PPD vs Reynolds number of fuel ﬂow.

Fig. 7. The PPD vs Φ.

ﬁgure, the PPD increases continuously as Φ increases.
On the other hand, a decrease in the Re number of
fuel ﬂow and oxygen ratio increases PPD. Therefore,
SOFC performance prediction is possible due to the
lack of ﬂuctuation in Φ behavior. Nevertheless, the
selection of the oxygen ratio is constrained in the
range of 0.2-0.3 due to the risk of carbon deposition.
The highest PPD value of 0.328 W/cm2 is seen at the
Φ = 1.54 for a fuel ﬂow rate of 150 ccm methane
and 10 ccm oxygen. However, the oxygen ratio for
this fuel condition (0.07) is not in the range of 0.2 to
0.3. Consequently, for the applied methane/oxygen
ﬂow rates, the highest Φ satisfying the oxygen ratio
constraint is 0.48, which corresponds to the methane/
oxygen ﬂow rates of 100/20 ccm. However, if a longterm test was not carried out, the durability of the cell
at this working condition is doubtful. As it is clearly
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impossible to perform a long-term test for an inﬁnite
time, 120 h seems to be a reasonable time according
to many articles.
Fig. 8 represents the V-t plot for SOFC in a mixture
of methane and oxygen at a loading of 0.2 A/cm2
for 120 hours. As can be seen in the ﬁgure, the
voltage of the cell decreased to 0.53±0.02 V during
the ﬁrst hour. In fact, after switching the fuel from
pure hydrogen to the pre-deﬁned ﬂow mixtures of
methane and oxygen, the cell performance naturally
dropped. It is noted that the fastest reaction at the
nickel anode is that of hydrogen. The other fuels
can also react directly on the anode but have a
higher overpotential than hydrogen. This drop in
potential was also observed by Lin et al. [25]. They
investigated the direct-methane operation of Ni–
YSZ anode-supported SOFCs and reported that the
V value at constant current density dropped by ≈20%
to a new steady state value after pure hydrogen was
switched to methane. Furthermore, there are many
other studies that reported the same range value
for the operating voltage in SOFCs. Lin et al. [25]
plotted cell voltage versus time at constant current
density for SOFCs operating in humidiﬁed methane
at various temperatures for about 300 min. Their cells
voltage varied between 0.58 and 0.71 depending on
the current density values. Additionally, Pillai et al.
[27] displayed the voltage versus time for a SOFC
operated at 800 ◦C with a fuel mixture of 75% CH4
and 25% air (30 ccm CH4 and 10 ccm air). Their
results showed variation of the cell voltage between
0.55 and 0.83 V. Fig. 8 also shows that a gradually
increase occurred in the potential at 0.63±0.02 V
after about three hours. Following that the potential
remains almost constant with very small oscillation
amplitudes, which may indicate that intense Ni/NiO
redox cycles did not take place on the Ni-anode.

4. Conclusion
The eﬀect of the Reynolds number of the fuel ﬂow and
the oxygen ratio on the electrochemical performance
of a solid oxide fuel cell was simultaneously
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Fig. 8. The V-t plot for SOFC in a mixture of methane and
oxygen at loading of 0.2 A/cm2 for 120 hours

evaluated in catalytic partial oxidation conditions.
It was shown that there are insigniﬁcant measurements
in OCV for diﬀerent ﬂow rates of methane/oxygen with
a ﬁx oxygen ratio at 800℃. However, the maximum
and minimum OCV were obtained in the methane/
oxygen ﬂow rates of 150/10 and 50/30, respectively.
Furthermore, it was observed that PPD values
ﬂuctuated severely when increasing the Re number of
fuel ﬂow. Moreover, there are several quantities for
PPD in various ﬂow rates with the same oxygen ratio.
A dimensionless parameter such as Φ is introduced to
simultaneously take into account the eﬀect of oxygen
ratio and Reynolds number of fuel on the PPD value.
It was found that SOFC performance prediction is
possible due to the lack of ﬂuctuation in Φ behavior.
For the applied methane/oxygen ﬂow rates, the
highest value of Φ which satisﬁes the range of oxygen
ratio between 0.2 and 0.3 corresponds to the methane/
oxygen ﬂow rate of 100/20 ccm.
Durability testing of the cell in this condition showed
good cell performance stability after 120 h.

Appendix A
The calculations are presented here for methane/
oxygen ﬂow rate of 100/20 sccm (or methane/air ﬂow
rate of 100/100 sccm).
@Tmix=800℃ ; ρair,Tmix =0.3292 kg/m3
@Tmix=800℃ ; ρmethane,Tmix =0.179761 kg/m3
y1=pure component mole fractions of air = 0.5
y2=pure component mole fractions of methane = 0.5
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ρ mix =y 1 ρ air,Tmix +y 2 ρ methane,Tmix =0.5×0.179761+0.5×
0.3292 =0.2544805 kg/m
Q mix 

ñ Q
1


1

 ñ2Q

ñ mix


2

(1)

3

  1.177 100  0.64838845 100 

717.3 sccm  11.95  10

0.2544805

6

m
s

µair
µmethane
n

i 1

diameter of 1 centimeter;

(2)

@Tmix=800℃ ; µair,Tmix =4.331×10-5 Pa.s
@Tmix=800℃ ; µmethane,Tmix =3.01× 10 Pa.s
-5

Molecular weight of methane = M methane = 16.043
gr/mol
Molecular weight of air = M air = 28.965 gr/mol



yi µi
n

y ij



j 1 j

0.5  3.01105 0.5  4.331105

 3.747 105 Pa.s
0.5  0.5 1.096 0.5  0.5  0.8739



volume of voids
total volume

Active area of cell = 1cm2
The anode thickness = 400 µm
Total volume = 1×400=400×10-8 m3
The mean void fraction of 0.4 was measured by
Image-J analysis software.

2

1
1/ 2


4
1   µmethane   M air  
  µair   M methane  


12  

1
2
   M methane   
8 1  
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y1µmethane
y2 µair


y1  y212 y2  y1 21

The following equation was applied for the calculation
of equivalent particle diameter as bellow:

A=0.25 π(0.01)2 = 0.79 ×10-4 m2

 11.95106 
Qmix
m

 0.1522
4 
A  0.79 10 
s

M methane
4.33110 5 16.043
12 

M air
3.0110 5 28.965

1.096  0.8739
µmix  

3

The tube used for delivering the gas to the cell has a

vmix 

 21 

1   total volume  

d eq3
6



d eq  0.01 m

(4)

From Eq. (1) to (4):

Re 

vd 0.25  0.15  0.01

 10
µ
3.747 105

2

1
1/ 2


4
3.01

1
0

5
28.965




1  

  4.33110  5   16.043  

  1.096
1
   16.043    2
 
8 1  
   28.965   
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