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Abstract In China, coal is a dominant energy source. In
order to ensure China’s energy security, coal should be used
efficiently and cleanly. Integrated gasification fuel cell
hybrid power generation system is a promising system for
coal utilization. It combines clean coal gasification tech-
nology with high efficient fuel cell technology. In this
work, the performance of solid oxide fuel cell using syngas
as fuel was investigated, based on the commercial compu-
tational fluid dynamic software and the developed program
used to analyze chemical, electrochemical, heat/mass
transfer, current, and electric potential. The results show
that the temperature difference is about 300 K in the cell
under all calculation conditions. Along the cell length,
hydrogen concentration rapidly reduces, and its decrement
is larger than that of carbon monoxide. The variation of
current density in electrolyte layer is relatively small along
the direction of gas flow, but it is obvious along the
direction vertical to gas flow.
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Introduction

China, as one of the countries that depend on coal,
produces and consumes 42% of world coal energy. The
conventional methods of coal utilization are confronted
with the problems of low energy efficiency, heavy
pollution, and so on. Many researchers have found that
the economic loss caused by air pollution takes 3—7% of
China’s GDP. Among the pollution, about 70% of dust and
carbon dioxide, 90% of sulfur dioxide, and 67% of NOy
come from burnt coal. Therefore, coal should be used more
efficiently and cleanly in the future. Integrated gasification
fuel cell (IGFC) hybrid power generation system is the
optimal method of coal utilization [1]. In IGFC system, the
impurities in coal are further removed and reused as
resource such as sulfur [2]. Moreover, high purity carbon
dioxide can be captured. IGFC system is combined with
fuel cell, gas turbine, and steam turbine. Thus, its electric
efficiency is over 60%. For high efficiency, large specific
power, and good performance under off-design conditions,
IGFC is considered as a promising system in which coal is
to be utilized efficiently and cleanly [3].

Coal gasification converts solid coal into gaseous fuel,
which is the mixture of CO, H,, CO,, H,O, CH,4, and N,.
Oxygen blown gasification is typically used because less
coal is needed to heat the reactants to the temperature
required for gasification (600—1,700 K) [4]. Three types of
coal gasification systems have been used through industry
(moving bed, fluidized bed, and entrained flow). The
technology of coal gasification is mature. However, the
huge cost and energy consumption restrict the process of
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commercialization. Nevertheless, the high electrical effi-
ciency of fuel cell makes up these shortcomings.

Compared with other types of fuel cell, solid oxide fuel
cells (SOFCs) have great advantages as the energy
conversion device in IGFC system for higher energy
efficiency, lower noise, less pollutant emission, and more
fuel flexibility, in addition to their excellent electrical
generation efficiency, system simplicity, and long-term
stability for possible stationary and mobile applications
[5]. Furthermore, SOFCs can directly reform hydrocarbon
in the anode under its high-temperature working conditions
[6, 7.

Many authors carried on the research of SOFC with
syngas as fuel. K. Sasaki et al. [4] estimated the SOFC
performance with the fuel of syngas by studying the
current—voltage characteristics under different ratios of H,
and CO. The results show that the bigger molar fraction of
H, between H, and CO applied as fuel was, the better
output voltage was obtained under the same working
conditions. The research also tested the carrier gases of
He, N,, and Ar. The biggest output voltage was obtained
when He was the carrier gas. The resistance increased with
promoting temperature, especially in H, high rich syngas.

Furthermore, many trace species in coal affect the
performance of SOFC. O.A. Marina et al. [8] found the
formation of a series of bulk nickel phosphide phases in
anode which eventually affected electronic percolation
through the anode support. Moreover, cell performance
losses were observed well before the entire anode was
converted to bulk nickel phosphide. J.P. Trembly et al. [9]
found that Be, Cr, K, Na, V, and Z trace species will form
condensed phases and should not affect SOFC anode
performance.

In previous work, the materials of electrode and
electrolyte and the novel structures of planar SOFC
were developed, and the computational models were
validated by the experiment with hydrogen and methane
as fuel [6, 10-13]. Also, the optimization and simulation
of gasifier for poly-generation system was conducted [14].
Compared with previous modeling of SOFC, the fully
three-dimensional models are used in this work. The
coupled heat transfer of solid and fluid in porous media is
considered. Moreover, the credible data of heat transfer,
diffusion, and viscous are from the experiments and
literature [15]. In addition, the gas diffusion in porous
media is taken into account instead of the simple
concentration overpotential. Furthermore, the relating
chemical reaction model in this work is the effective
kinetic model from experiments which were carried on by
Central Research Institute of Electric Power Industry
(CRIEPI) [10].

In this work, based on the commercial CFD software
(CFX4.4) and the developed materials, structures, and
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mathematical models by our team, a fully three-
dimensional mathematical model for planar SOFC using
syngas as fuel has been constructed to investigate the
performances of planar SOFC for IGFC hybrid power
generation system. So, the more detailed spatial distri-
butions of temperature, chemical species, local over-
potential, electric potential, and current were obtained.
These results were expected to be helpful for develop-
ing the IGFC system.

Computational model

After cleaning process, syngas flows into SOFC stacks to
generate the power. In fact, SOFC stacks are made up of a
series of single fuel cell, and each of them is connected by
two others. Therefore, it is possible, and very likely, that
most of single planar SOFC work under the same
conditions. So the performance of SOFC stacks can be
obtained through periodically analyzing the single fuel cell
[12]. In SOFC cell, heat and mass transfer are coupled with
each other.

The three-dimensional Navier—Stokes equations are
taken into account for conservation of mass, momentum,
and energy [16]. Although the flow in porous medium is
mainly the laminar flow, the turbulent flow in gas
passages should be considered, especially in air flow
passages. The effect of turbulence is represented by the
k—e model [12].

In porous media, porosity and permeability should be
considered. Thus, both Navier—Stokes equations and
Darcy’s law are used in the model of heat/mass
transfer. In porous media, mass transfer, molecular
diffusion, and Knudsen diffusion must be simultaneously
processed [12, 17, 18]. In addition, the effective thermal
conductivity in the porous medium can be computed as the
volume average of the fluid conductivity and the solid
conductivity [17, 19].

Electrochemical model

In SOFC, electrochemical reactions occur in three-
phase-boundary layers of anode and cathode. In anode,
the fuel (syngas) consists of H,, H,O, CH4, CO, and
CO,, and in cathode, the oxidizer (air) is modeled as an
0,/N, mixture. According to the literatures, only in case
of operating on pure CO, CO must be oxidized in an
electrochemical reaction at the anode. Otherwise, a
sufficient amount of hydrogen from the supplied fuel and
the shift reaction is available as the reactant in the
electrochemical model [20]. Therefore, hydrogen and
oxygen are considered as the reactants of electrochemical
reaction.
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Table 1 Reaction equation and

equilibrium constants 1 Reaction Kegi Dimensions

1 CH,+H,02CO+3H, 1.198x10'7 exp (~26,830/T) kPa®
2 CO+H,02CO,+H, 1.767x 1072 exp (4,400/T) kPa’
3 CH,4+2H,02CO,+4H, 2.117x10" exp (-22,430/T) kPa?
4 CH,4+C0,22C0O+2H, 6.780x10"® exp (-31,230/T) kPa?
5 CH,4+3C0,24C0O+2H,0 2.170x10%? exp (—40,030/T) kPa?
6 CH,2C+2H, 4.161x107 exp (~10,614/T) kPa

7 2C02C+CO, 5.744x107"2 exp (20,634/T) kPa !
8 CO+H,2C+H,0 3.173x10 "% exp (16,318/7) kPa!
9 CO,+2H,2C+2H,0 1.753%107% exp (12,002/7) kPa™!
10 CH,4+2C023 C+2H,0 4.190x107"2 exp (22,022/T) kPa!
11 CH4+CO,22 C+2H,0 0.730 exp (1,388/7) kPa’

The electrochemical reaction occurring at the interface of
cathode/electrolyte is

0, +4e” — 20 (1)
Then, the oxygen ion is transported through the electrolyte
and into the active anode. The electrochemical reaction
occurring at the interface of anode/electrolyte is

H, + 0> — H,0 + 2e” (2)

By the oxidation of H,, the local electromotive force
yielded is obtained, which is affected by the gas composi-
tion and temperature. In the calculation, the local electro-

motive can be determined by the well-known Nernst
equation [21].
—-AG  —-AG°

Epp=——0 = =7
8= "oFr 2F

RT

0.5
P Hz.TPBP 0,,TPB
= In =220
2F

(3)

Pu,0,1PB

In the equation, AG is Gibb’s free energy at temperature 7.
F and R are Faraday constant and gas constant. P is the
pressure.

In SOFC cell, the main losses are the concentration
overpotential, the activation overpotential, and the
ohmic overpotential. When the current density is high
and the fuel concentration is small (Uy>80%), the
concentration overpotential becomes an important loss.

Table 2 Physical properties of

fuel cell components Geometry parameters

Length (m)
Width (m)

Anode three-phase layer thickness (m)
Cathode three-phase layer thickness (m)

Electrolyte thickness (m)
Inter-connector thickness (m)

Width x height of passages in electrode (m m)

Material properties

Thermal conductivity of anode (Wmﬁl Kfl)
Thermal conductivity of cathode (Wm ™' K™")
Thermal conductivity of electrolyte (Wm ' K )
Thermal conductivity of inter-connector

(Wm 'K

Electric resistivity of anode ({2m)
Electric resistivity of cathode (2m)
Ionic resistivity of electrolyte ({2m)

Electric resistivity of inter-connector (£2m)

Porosity of anode
Porosity of cathode

80x1073
80x107°
1x1073
0.05x103
0.03x107°
0.5x107°
4x1073%x2x1073

6.23
9.6
2.7
9.6

2.98x107 exp (—1,392/T) [14, 15]
8.11x10°° exp (600/7) [14, 15]
2.94x107 exp (10,350/7) [14, 15]
6.41x10°% [14, 15]

0.38

0.5
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Current collector

Fig. 1 Schematic view of planar electrode-supported SOFC

On the other hand, the ohmic overpotential is determined
by the current density and the electric/ionic resistivity of
the cell component materials which have the relationship
with the temperature.

Near the electrolyte layer, the oxygen ions transfer to the
anode from the cathode and react with hydrogen to form
water. In this process, the activation overpotential must be
overcome. Thus, the localized ionic transfer rate through
the electrolyte layer can be obtained.

. Epg—n*t— (Ve -V?)
1=

e
ROhm

(4)

Activation overpotential

When the electrochemical reaction occurs, the activation
overpotential must be overcome by the reacting species.
The activation overpotential is controlled by the elec-
trode kinetics at the electrode surfaces and occurred at

Table 3 Operating conditions

Operating pressure (Pa) 1.013x10°
Inlet temperature (K) 1,273.15
Inlet flow rate of air (kg s 430%107°
Inlet flow rate of syngas (kg s ') 4.58x10°¢
Averaged current density (A m 2) 4,000
Electrochemical reaction area (m?) 6.4x107°
Fuel efficiency (%) 80
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Table 4 Composition of syngas

Composition Molar fraction (%)
(6[0) 39.58

H, 30.28

CO, 10.78

H,0 16.45

CH, 0.079

both anode and cathode. With the increasing of the
operating temperature, the electrode reaction enhances;
thus, the activation overpotential usually reduces. How-
ever, as the operating temperature falls, it can become
the most significant cause of voltage drop. It is often
represented by the non-linear Butler—Volmer equation,
which relates the current density drawn to the activation
overpotential and, for a first order charge transfer
controlled electrochemical reaction, is given by:

j ZFnact ZFnact
,—:exp<a RT ) T EXP —(1.0— @) RT (5)

Jo

where j, is the exchange current density, given by [18]:

) Pu, ., Pu,o
2 =55 x 10%(==2)(=—=
jO (PRef PRef
—-100 x 10°
X exp(———p——) (6)

RT

: Po, 0.5 —120 x 10°
¢ =7. 108 (=) —_——
Jo=7.0 x 10 (PRef) X exp( RT

) (7)

The Butler—Volmer equation is solved numerically in
this work. The most commonly used method for solving
non-linear equations is the Newton—Raphson method.

Chemical reactions in anode

Syngas from coal gasification includes H,, CO, H,0, CO,,
and CHy. The overall chemical reactions in anode may be
presented by the equations listed in Table 1 [22]. Indeed,
CO, reforming (reactions 4 and 5) is a linear combination
of methane steam reforming reaction (reactions 1 and 3)
and water shift reaction (reaction 2). The rates of reactions
4, 5, and 9-11 could be quite slow in terms of thermody-
namics. Therefore, they are not considered to occur from
the viewpoint of kinetic analysis [22]. Because the molar
fraction of methane in syngas is low, the effect of methane
is ignored. Thus, water shift reaction is considered to be
dominant.
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Validation of the model

The materials of SOFC are Ni—YSZ/YSZ/LSM which were
developed in previous work. The measured physical
properties of the cell components are listed in Table 2.
With these materials, the performance of the prototype
SOFC cell using hydrogen as fuel was investigated by
experiments and numerical analysis [12]. The numerical
computational results agree with the experimental data.
That is to say, the models of electrochemical/chemical, gas
diffusion, heat, viscosity, etc. used in this numerical
analysis are correct and reliable. Also, the performance of
methane steam reforming over this Ni/YSZ porous anode
was studied, and the effective kinetic models over this Ni/
YSZ porous anode was developed by our team, under heat/
mass transfer and species diffusion limitation [10]. In the
anode, the syngas mainly consist of H,, CO, H,O, CO,, and
CH,, and it is similar with the gas compositions when the
cell uses natural gas as fuel. Therefore, the above reliable
mathematical models can be used to investigate the

g
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Fig. 3 Distribution of temperature in electrolyte of SOFC
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performance of planar SOFC cell using syngas as fuel,
and the detailed introduction of these models is given in
[10, 12].

In this work, the numerical analysis is performed with
the following assumptions:

1. The simulation is based on steady state.

2. Radiative heat transfer is ignored in the porous media.

3. Most of single fuel cells are working under the same
conditions in the stack. The outside surfaces of two
inter-connectors are specified to the periodic boundary.

4. The inlet of cathode and anode is set to the mass flow
inlet, and the outlet is set to the pressure outlet.

5. Fuel and air run in co-flow.

Results and discussion

The structured grid is generated with 30 grids in length, 40
grids in width, and 19 grids in thickness. And the calculating
accuracy is 1.0x107°.

Figure 1 shows the schematic view of planar electrode-
supported SOFC. The cell size designed by our team and the
physical properties of the cell components measured by

50% -

Molar fraction

r . T . r v
0.0 0.2 0.4 0.6 0.8 1.0
Relative distance from inlet

Fig. 4 Distribution of species along the flow direction in anode
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Current density/A/m*2

Fig. 5 Distribution of current density in the electrolyte layer

CRIEPI of Japan [12] are list in Table 2. The calculation
conditions and the composition of syngas are listed in
Tables 3 and 4, respectively. The syngas is from Texaco
Gasifier and the coal type is Illinois 6. Meanwhile, the trace
species are ignored in this work [14, 23]. According to the
performance of the cell using the same materials when the
cell is fed with hydrogen [12], the power density is the
highest when the current density is 4,000 A m 2. Therefore,
in this work, the current density is also chosen as
4,000 A m~>.

Distribution of temperature

According to the relationship between temperature and
electric/ionic resistance of electrode/electrolyte, the ohmic
overpotential reduces with the increasing temperature of
SOFC, as shown in Table 2. Considering the thermal
impact on the ceramic materials, the temperature gradient in
SOFC should be controlled within a reasonable range. At
the same time, the problem of sealing SOFC stacks occurs
for different expanding ratios of electrode, electrolyte, and
current collecting layers when the temperature is too high.

Fig. 6 Distribution of electric
potential in porous electrode
region

Therefore, it is necessary to investigate the temperature
distribution of SOFC to provide the optimal design of
SOFC and the choice of fuel.

Figure 2 shows the distribution of temperature in SOFC
along the flow direction and in cross section. At the co-flow,
the heat from electrochemical reaction makes the temperature
increase. Thus, with gas flowing, the temperature increases
gradually. And, the highest temperature area is near the outlet
region of anode in SOFC.

At the same distance from the inlet, the temperature in
anode is higher than that in cathode, especially in gas
passage region. The heat released from electrochemical
reaction in the three-phase boundary layer is transferred to
anode and cathode. At the same time, water shift reaction in
anode also releases heat. In porous media, the flow rate is
rather small; thus, heat conduction is dominant. So
temperature in anode is higher than that in cathode. In gas
passage, turbulent flow is dominant, and the mass flow rate
of air is bigger than that of fuel in anode. Thus, the
temperature in cathode is lower than that in anode
obviously at the same distance from inlet. From the cross
section of SOFC, the lower temperature near the flow
passages and the higher temperature in the porous media
make a large temperature gradient in this direction, and it is
bad for SOFC.

Figure 3 shows the distribution of temperature in the
electrolyte layer. Compared with the cathode and anode, the
ohmic overpotential in electrolyte is larger and sensitive to
temperature. In this work, the thickness of the electrolyte
layer is 30 um and easily breaks for big temperature
gradient. So it is important to analyze the temperature
distribution in electrolyte layer. With gas flowing, the
temperature increases and the slope coefficient decreases a
little near the outlet. The reason may be that the average
rate of electrochemical reaction along the gas flow direction
changes little which can be proved by the distribution of
current density. Thus, the heat released from electrochemical
reaction is similar along the gas flow. However, the
temperature of inlet gas is relatively low; thus, the max
temperature gradient is formed near the gas inlet. With the gas
flowing, the heat is transferred sufficiently, and the tempera-
ture gradient reduces as well.

(a) Distribution of electric potential in cathode (Conos ot :;ﬁﬁ.‘.f.'ff.;,,;ﬂ‘ﬁi'&.
".0.616 -0.616 --3.6e-012
ﬂ l]] ﬂ ﬁ] lﬂ Iﬂ ]m I]] ]Jm H] 0.548 ~0.616 --4.2e-005
0.479 0.615 -8.5¢-005
(b) Detailed distribution of electric potential in cathode 0.411 0.614] -1,3¢-004
! ! ! ! ! ! 0.342) 0.613] -1.7¢-004
= 0.27400.6130 -2 1e-004
(c) Distribution of electric potential in anode 0.205§0.612% .2 5¢-004
—— e —— 0.137 'g-gﬁ -3.0e-004
' = = = = S J0-068Q0.6118.3 4¢.004
= ™ 0.000"-0.6100 3 3. 004
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Fig. 7 Comparison of Nernst potential of SOFC among the fuels of
hydrogen/syngas/natural gas under the same working conditions
(current density is 4,000 A m )

Distribution of species

With the different relationships between reaction equilibri-
um constants and temperature, the molar fractions of
species change differently as well. As Fig. 4 shows, CO
joins in the electrochemical reaction and water shift
reaction as well. So the molar fraction of CO is decreasing
gradually and CO, is increasing by about 26.3% according
to these two reactions under the working conditions. In the
outlet region, hydrogen is nearly exhausted and the molar
fraction of CO decreases by about 25%. Thus, the outlet gas
in anode contains little hydrogen, 13.7% carbon monoxide,
37.9% carbon dioxide, and 47.5% water steam.

The reactant is air in cathode. The main functions of air
are supplying the oxidant and cooling the fuel cell.
Therefore, comparing the quantity of fuel gas, the air is
excessive. Thus, the decrement of oxygen is inconspicuous
(less than 4% in molar fraction).

Distribution of current density

The distribution of current density in electrolyte layer is
affected by complex factors such as concentration overpoten-
tial, activation polarization, ohmic overpotential, structure of
fuel cell, and so on. Figure 5 shows the distribution of current
density in electrolyte layer. In X direction, the current density
varies sharply. One of the reasons may be that the current
must be conducted in the solid, and it should go across the gas
passage. Thus, the variation of current distribution is
enhanced. In the slice of flow passages, the concentration
overpotential is lower than that in porous media for shorter
way of diffusion. And at the same time, the temperature in
flow passage region is lower than that in porous region seen
above. This results in the higher activation overpotential and
ohmic overpotential. Moreover, the current must conduct in

the solid electric material and go across the gas passage
region; thus, the gas passage enhances the variation of current
density. So the better choices of the porosity of electrode and
the size of gas passage benefit the diffusion of gas species and
enhance the performance of SOFC.

Along the direction of gas flowing, the variation of average
current density is unobvious (less than 2.5%). The average
current density increases a little with the gas flowing. The
main reason may be that the ohmic overpotential reduces with
the temperature increasing. Near the outlet of the cell, the
temperature reaches the maximum value, and at the same
time, the current density is the largest.

Distribution of electric potential

The distributions of electric potential of SOFC are shown in
Fig. 6. Figure 6a shows the overall distribution of electric
potential in cathode. The variation of electric potential in
the middle part of porous media is rather small. And near
the wall of gas passage, the difference of electric potential
is obvious. Figure 6b shows the detailed change of electric
potential in the middle part of porous medium in cathode.
And the change is less than millesimal. Figure 6¢ shows the
change of electric potential in the anode. Compared with
that in the cathode, the change of electric potential near the
wall of gas passage in the anode is unobvious. The current
flowing into and out of the electrolyte layer will go across
the flow passage. The distance between the bulk flow and
the electrolyte layer in the anode is longer than that in the
cathode; thus, the current is easier to go across the gas
passage in the anode. So the change of electric potential in
the anode is more unobvious than that in the cathode.
Therefore, when designing the structure of SOFC, the
optimal size of gas passage and thickness of electrode
should be considered to enhance the gas diffusion and
lower the ohmic overpotential.

Comparing with that using hydrogen and natural gas (CH,)
as fuel, the distribution of Nernst potential of the same SOFC
is different using syngas as fuel. In Fig. 7, under the same
working conditions, the biggest Nernst potential is obtained
by the SOFC with hydrogen as fuel. The area-averaged
Nernst potentials of SOFC with natural gas and syngas as
fuel are 0.763 and 0.704 V, respectively. Near the inlet,
Nernst potential with syngas as fuel is higher than that with
natural gas as fuel. But in the middle of fuel cell, the result is
opposite. The reason may be that H, and CO in syngas can
directly join the electrochemical reaction. And simultaneous-
ly, abundant hydrogen is supplied by water shift reaction and
methane steam reforming reaction. So the reactant of
electrochemical reaction is enough. However, the hydrogen
in SOFC with natural gas as fuel is supplied by methane
steam reforming reaction which is strong endothermic
reaction. For lack of hydrogen, the Nernst potential in SOFC
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with natural gas as fuel is smaller than that in SOFC with
syngas as fuel near the inlet. But in the middle section, the
abundant hydrogen is supplied and the Nernst potential with
natural gas as fuel is higher than that with syngas as fuel in
which hydrogen is almost exhausted.

Conclusion

In this work, the performance of planar electrode-supported
SOFC with syngas as fuel was investigated. The distribu-
tions of temperature, species, current density, and electric
potential were analyzed. The conclusions are as follows:

1. Under the calculation conditions in this work, the max
temperature gradient is formed near the gas inlet
section, and the temperature gradient reduces along
the gas flowing direction.

2. As the equilibrium constant of water gas shift reaction
reduces with the temperature increasing, the decrement
of molar fraction of hydrogen is larger than that of
carbon monoxide with the reactions processing under
the calculation conditions.

3. The concentration overpotentials in porous medium and
the size of gas passage strongly affect the distribution
of current density in electrolyte layer. So it is important
to choose an optimal porosity and size of gas passage.

4. 1In this work, under the calculation conditions, the
Nernst potential of SOFC with syngas as fuel is lower
than that with hydrogen as fuel, but similar with that
using natural gas as fuel.

Nomenclature

Erpg  Electromotive force (V)

F Faraday’s constant, 96,487 (C mol ")

i Current (A)

j Current density (A m %)

Jo Exchange current (A m ?)

P Pressure (Pa)

The ratios of partial pressure over the standard state
pressure of 1.013x10° Pa at the electrolyte/
electrode interface i € {H,, H,O, O,}

R Universal gas constant (J kg' K

Ronm  Ohm resistance (€2)

T Temperature (K)

Ur Fuel utilization factor

Bres

VE*  Electrical potential at anode and cathode,
respectively (V)
z Number of electrons

Greek symbols

« Electron transfer coefficient (usually taken to be 0.5)
K Turbulent kinetic energy (m? s °)

@ Springer

€ Turbulent dissipation rate (m* s°)

7 Overpotential incurred by the activation

polarization (V)

Subscripts
Ref Reference

Superscripts
a Anode
¢ Cathode

e Electrolyte
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