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Effect of gas channel height on gas flow and gas diffusion in a molten
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Abstract

An investigation is made of the relationships between the gas channel height, the gas-flow characteristics, and the gas-diffusion
characteristics in a plate heat-exchanger type molten carbonate fuel cell stack. Effects of the gas channel height on the uniformity and
pressure loss of the gas flow are evaluated by numerical analysis using a computational fluid dynamics code. The effects of the gas
channel height on the distribution of the reactive gas concentration in the direction perpendicular to the channel flow are evaluated by an
analytical solution of the two-dimensional concentration transport equation. Considering the results for uniformity and pressure loss of the
gas flow, and for distribution of the reactive gas concentration, the appropriate gas channel height in the molten carbonate fuel cell stack
is investigated. q 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

Ž .In a molten carbonate fuel cell MCFC stack, in order
to obtain a good cell performance, appropriate designs for
the reactive gas transfer are necessary. The performance of
the cell is affected by the gas-flow characteristics in the
cell’s planar and stacking direction, which in turn depends
on the height of the gas channel. The influence of the
gas-flow characteristics in the cell planar and stacking
direction, whereby the cell performance drops because of
the loss of gas-flow uniformity in each direction, have

w xbeen previously investigated 1 .
In order to make a height of stack compact, it is

preferable for the height of the gas channel to be small.
When this height is small, however, pressure losses of the
flow in the gas channel increase. This requires an increase
in power of the compressor or blower for driving gases
and thus the efficiency of the plant will be reduced.

For flow in the cell planar direction, the height of the
gas channel determines the level of influence by the
viscosity and the inertia of the gases, and so it is expected
that the uniformity of a cell planar direction gas-flow
drops when the gas channel height is large. Furthermore,
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the gas channel height affects the diffusion of the reactive
gas that is supplied to the cell’s active portion. For exam-
ple, when the channel height is large, the diffusion time of
the reactive gases increases, the reactive gas concentration
on the electrode surface drops and, consequently, the
diffusion overpotential will increase.

As mentioned above, the height of the gas channel is an
important element for controlling the cell performance and
plant efficiency in a MCFC stack. In order to determine
the appropriate height of the gas channel, it is necessary to
consider influences of the uniformity of the gas flow, the
pressure loss, and the gas-diffusion characteristics.

In this study, the effects of a change in the gas channel
height on the pressure loss and gas-flow uniformity in the
cell planar direction are evaluated by computational fluid

Ž .dynamics CFD analysis. The influences of gas channel
height on the gas diffusion is evaluated by an analytical
solution of the concentration transport equation, and an
appropriate gas channel height for a MCFC stack is de-
duced.

2. Stack configuration

The configuration of a plate heat exchanger type MCFC
stack is shown in Fig. 1. The electricity is generated in the

0378-7753r99r$ - see front matter q 1999 Elsevier Science S.A. All rights reserved.
Ž .PII: S0378-7753 99 00253-0



( )H. Hirata et al.rJournal of Power Sources 83 1999 41–4942

Fig. 1. Plate heat-exchanger type stack.

active portion which consists of the electrolyte, the anode,
and the cathode. The electrolyte consists of molten carbon-
ate which is contained in a porous matrix. The fuel and
oxidant gases are supplied via manifolds are distributed to
every cell via the separator gas channels, and are finally
exhausted via the exhaust manifolds.

The pressure loss in the stack is comprised of the
pressure loss in the manifold and separator gas channels.
The height of the gas channel has a major influence on the
pressure loss in the separator gas channel. The uniformity
of gas flow at the active portion is also controlled by the
height of the gas channel, as well as by the shape of the
inlet and the outlet portions.

The fuel and oxidant gases, flow along the electrode
surfaces, and the gas composition is changed by the elec-
trode reaction. As a consequence, the concentration distri-
bution of the reactive gases in the gas channel height
direction changes and influences the cell performance as
the diffusion overpotential. Thus, concentration distribu-
tion will be mainly influenced by the gas channel height
and gas utilization.

3. Method of analysis

3.1. Flow analysis

In order to investigate the effect of a change in the gas
channel height on the gas-flow uniformity and pressure
loss, a three-dimensional flow analysis in a plate heat
exchanger type stack was conducted. CFD code PHOEN-
ICS was used for the calculation. The computational grid
is shown in Fig. 2. The active portion dimension is 0.9
m=0.9 m, and the distance between the inlet-port and
outlet-port is 1.35 m. The analysis was conducted for gas
channel heights of 0.0014, 0.002, 0.003, and 0.005 m. The
principal analysis conditions are shown in Table 1. No-slip

Fig. 2. Three-dimension computational grid of the gas channel for CFD
flow analysis.

conditions on the walls of inlet and outlet portions were
adopted, and in the gas channel of the active portion a

Ž .friction loss coefficient shown in Table 1 was adopted as
a pressure loss caused by the current-collector in the gas

Žchannel. For the numerical mesh, BFC Body Fitted Coor-
.dinates were adopted in order to correspond to a curved

shape; the computational domain was divided into 60 cells
for the main flow direction, into 36 cells for the width
direction, and 7 cells for the channel height direction.

Neglecting a chemical reaction and temperature change
at the active portion and assuming that the gas conditions
in the gas channel are those at the inlet-port, incompress-
ible, steady-state, flow calculations were conducted. The
flow deviations, which are mentioned later, were evaluated
on Section A of the active portion inlet, on Section B of
the central of active portion, and on Section C of the active
portion outlet.

3.2. Analytical solution of concentration transport equa-
tion

In order to investigate the effects of the gas channel
height and gas utilization on the reactive gas diffusion in
the gas channel height direction, analytical solutions of the
concentration transport equation were conducted.

Table 1
Principal flow analysis conditions

Inlet gas composition Fuel H :CO :H Os70:18:122 2 2

Oxidant O :CO :N s14:30:562 2 2
2Current density 1500 Arm

Gas utilization Fuel 80%
Oxidant 10%

Inlet gas temperature 923 K
Pressure 0.1 MPa

y0 .907Friction loss coefficient Fuel l s106=Rea a

for active portion
y0 .534Oxidant l s14.5=Rea a

Reynolds number for active portion Re s2hÕ rna AVE



( )H. Hirata et al.rJournal of Power Sources 83 1999 41–49 43

Fig. 3. Two-dimensional model of gas channel in active portion for
concentration transport analysis.

A summary of the two-dimension model of the active
portion gas channel is shown in Fig. 3. Assuming that the
movement of gas in the x direction is due only to convec-
tion and the movement of gas in the y direction is due
only to diffusion, a transport equation for the molar con-

Ž . Žcentration c x, y of the reactive gases i.e., hydrogen in
.the fuel or oxygen in the oxidant in the aforementioned

w xmodel can be expressed as follows 2 :

Ec E2c
u yD s0 1Ž .2Ex E y

Žwhere: u is velocity of the flow considered constant in the
.x and y directions and D is the diffusion coefficient of

the reactive gas. Ds4.79=10y4 m2 sy1 for the fuel and
Ds1.23=10y4 m2 sy1 for the oxidant at operation
temperature of 923 K, using binary diffusion coefficients
of H –CO for the fuel and O –N for the oxidant,2 2 2 2

respectively.
The boundary conditions are based on the following

Ž .assumptions: i in the x direction, the decrease of the
Ž .reactive gas corresponds to the gas utilization U; ii in the

y direction, the consumption of the reactive gas, which is
proportional to the current density, depends on the elec-

Ž .trode reaction on the electrode surface; iii there is no
movement of the reactive gas on the separator surface. The
boundary conditions can be expressed as follows:

h h
c 0, y d yrhsc , c L, y d yrhs 1yU cŽ . Ž . Ž .H H0 0

0 0

2Ž .
Ec i Ec i

D s on anode , D s on cathode ,Ž . Ž .
E y 2 F E y 4F

Ec
s0 on separator 3Ž . Ž .

E y

where: i is current density; F is Faraday constant; c is0

average concentration of reactive gases, which is averaged
in height at the active portion inlet; h is gas channel
height; L is gas channel length. The gas utilization U is
defined as the rate of consumption of hydrogen in the fuel
or oxygen in the oxidant from the active portion inlet to
the outlet.

Ž .The reactive gas concentration in Eq. 1 can be sepa-
rated into variables, i.e.,

c x , y sc x c y 4Ž . Ž . Ž . Ž .x y

The following relation is assumed for the boundary
Ž .condition of Eq. 3 .

i x rc x sconst. 5Ž . Ž . Ž .x

This assumes that the current–density distribution in the x
direction is similar to the reactive gas concentration distri-
bution in the x direction. Given this assumption, the
concentration gradient of the reactive gas J on the elec-

Ž .trode surface, that is shown later in Eq. 12 , can be taken
as a constant value in the x direction and separation of

Ž .variables in Eq. 4 becomes possible.
In Fig. 4, a comparison is given between the distribu-

tion of current density calculated by a cell analysis code
for a cell whose average current density is 1500 A my2 ,
fuel utilization U is 80%, and oxidant utilization U isf o

w x10% 1 , and the distribution of the concentration variable
c obtained by analysis for hydrogen in the fuel. Here, thex

current density and concentration variable are normalized
with the average current density and average concentration
variable in the x direction, respectively. The distribution
of c for hydrogen in the fuel has similar pattern to that ofx

the distribution of the current–density, and therefore Eq.
Ž .5 is found to be applicable.

As a result of the separation of variables, the partial
Ž .differential Eq. 1 is separated into the following two

ordinary differential equations:

dc lcx x
y s0 6Ž .

d x u

d2c lcy y
y s0 7Ž .2 Dd y

Here, l is a separation constant.
Ž .For the boundary conditions of Eq. 2 , the solution for

Ž .Eq. 6 is:

c sC exp l xru 8Ž . Ž .x 0

where C sc hrH hc d y and is derived from a distribu-0 0 0 y

tion of c which is mentioned later. Further, from they

Fig. 4. Current density distribution and c distribution for H in the fuelx 2
Ž y2 .U s80%, U s10%, i s1500 Am .f o AVE
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Ž .boundary conditions of Eq. 2 , the separation constant l

is defined as follows.

lsuln 1yU rL 9Ž . Ž .

Finally, c can be expressed:x

c x sC exp x ln 1yU rL 10Ž . Ž . Ž .x 0

Ž .For the boundary conditions of Eq. 3 , the solution of
Ž .Eq. 7 is:

Ž .c yy

Ž . Ž .uln 1 y U uln 1 y U
J exp y q exp 2 h y yŽ .( (ž / ž /LD LD

s y
Ž . Ž .uln 1 y U uln 1 y U

exp 2 h y 1( (ž /LD LD

11Ž .

Here, J are the gradients of concentrations of the reactive
gases on the electrode surfaces, and are derived, as fol-
lows, for the anode and cathode, respectively:

dc iy
Js s for anode ,Ž .

d y 2 FDcx

dc iy
Js s for cathode 12Ž . Ž .

d y 4FDcx

Ž . Ž .In order to solve Eqs. 10 and 11 , the symbolic manipu-
w xlation software Maple V was used 3 .

Ž .Although the result of Eq. 11 becomes a complex
number, in actual calculations the imaginary part becomes
less than 10y10 orders as a relative value to the real part,

Ž .and therefore the imaginary part of Eq. 11 can be elimi-
Ž .nated against the real part. Consequently, c y is ex-y

pressed as follows:

c yŽ .y

Ž . Ž .uln 1 y U uln 1 y U° ¶
J exp y q exp 2 h y yŽ .( (ž / ž /LD LD~ •fRe y

Ž . Ž .uln 1 y U uln 1 y U
exp 2 h y 1( (¢ ßž /LD LD

13Ž .

Finally, c is expressed as:

w xc x , y s c x c y f C exp x ln 1 y U rLŽ . Ž . Ž . Ž .x y 0

Ž . Ž .uln 1 y U uln 1 y U° ¶
J exp y q exp 2 h y yŽ .( (ž / ž /LD LD~ •=Re y

Ž . Ž .uln 1 y U uln 1 y U
exp 2 h y 1( (¢ ßž /LD LD

14Ž .

Also, the diffusion velocity w of the reactive gas in they

gas channel height direction is derived as:

°
Ž .D Ec Duln 1 y U~Ž .w y s y fRe (y c E y L¢

=

Ž . Ž .uln 1 y U uln 1 y U ¶
yexp y q exp 2 h y yŽ .( (ž / ž /LD LD •

Ž . Ž .uln 1 y U uln 1 y U
exp y q exp 2 h y yŽ . ß( (ž / ž /LD LD

15Ž .
Ž . Ž .From the results of Eqs. 14 and 15 , the concentration

distribution and diffusion velocity distribution of the reac-
tive gas are found to be affected by the gas channel height
h and gas utilization U.

The concentration distribution c in y direction and they

diffusion velocity distribution w in y direction werey
Ž . Ž .calculated using Eqs. 13 and 15 , respectively. Here, the

gas channel length L is 0.9 m, and for i and c in Eq.x
Ž . y212 , an average current density of 1500 A m is as-
sumed for i and c is used for c as a representative value0 x

in the x direction. The value of c is taken as 0.70 for0

hydrogen in the fuel and 0.14 for oxygen in the oxidant.
The active portion inlet velocity which is determined by
the gas utilization and average current density, was used as
u for both the fuel and the oxidant.

4. Results and discussion

4.1. Effect of gas channel height on pressure loss

From the flow analysis results, the relations between the
gas channel height and the pressure loss have been investi-
gated.

The pressure contours derived from the three-dimen-
sional flow analysis for gas channel heights of 0.0014 m
and 0.005 m for the fuel flow and the oxidant flow are
shown in Figs. 5 and 6, respectively. The pressure distribu-
tion patterns do not change significantly with the variation
of the gas channel height. In each case, the pressure drop
in the inlet and outlet portions is larger than that in the
active portion, and the pressure drop in each portion
decreases with increasing gas channel height.

The pressure loss coefficient between the inlet-port and
outlet-port for each gas channel height for the fuel flow
and oxidant flow, is shown in Fig. 7. The pressure loss
coefficient z is defined as follows when the flow veloci-
ties at the inlet and outlet are taken to be the same:

P yPin out
z' 16Ž .2r Õ r2AVE

where: P is static pressure at the inlet, P is the staticin out

pressure at the outlet; r is the density; Õ is the averageAVE

flow velocity in the active portion.
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Fig. 5. Pressure contours of fuel flow for various gas channel heights, h.

The pressure loss coefficient decreases and the pressure
loss drops with increase in the gas channel height for the
fuel and oxidant. Compared with the case for a gas channel
height of 0.0014 m, the pressure loss coefficient for a gas
channel height of 0.003 m drops 54% for the fuel and 51%
for the oxidant with increasing gas channel height. The
decrease of the pressure loss coefficient becomes smaller
until it is found to be almost saturated when the gas
channel height is 0.005 m. Consequently, increasing the
gas channel height from 0.003 m to 0.005 m results in a
smaller reduction in the pressure loss coefficient, i.e., 29%
for the fuel and 36% for the oxidant.

Generally, in order to make a stack more compact, it is
preferable for the height of the gas channel to be made
small. From the above results, however, in order to lower
the pressure loss through a stack, the gas channel height
should be large. Further, the reduction of the pressure loss
by increasing the gas channel height is almost saturated
when the gas channel height is 0.005 m. The effect of an
increase in the gas channel height on the pressure loss is
thought to be small when the height is more than 0.005 m.

4.2. Effect of gas channel height on gas-flow uniformity

From the flow analysis results, the relations between the
gas channel height and the uniformity of gas flow have
been investigated.

The flow deviation of the fuel and oxidant flow on
Sections A, B, and C for various gas channel heights is
shown in Fig. 8. Here, the flow deviation s is a parameter
used to evaluate the uniformity of flow in each section,
and is defined with the standard deviation and the root
mean square of the flow velocity component Õ which is ini

a direction perpendicular to the section as follows:

n n
2

Õ yÕ rnŽ .Ý Õi AVE Ý( i½ 5
is1 is1

ss , Õ s 17Ž .AVEn n
2Õ rnÝ i(ž /

is1

Consequently, the uniformity of flow on the section be-
comes good when the flow deviation is low.

With respect to both the fuel flow and oxidant flow, the
flow deviation on Section B of the active portion center is
one-tenth smaller than that on Section A of the active
portion inlet and Section C of the active portion outlet for
each gas channel height.

For the fuel, flow deviation changes caused by an
increase in the gas channel height from 0.0014 to 0.005 m
are 34.3 to 34.5% on Section A, 0.791 to 0.742% on
Section B, and 24.3 to 25.3% on Section C. For the
oxidant, flow deviation changes caused by an increase in

Fig. 6. Pressure contours of oxidant flow for various gas channel heights,
h.
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Fig. 7. Effect of gas channel height on pressure loss.

the gas channel height from 0.0014 to 0.005 m are 26.6 to
26.7% on Section A, 0.197 to 1.53% on Section B, and
21.5 to 25.6% on Section C. Thus, except in the case of
Section B for the oxidant, the flow deviation changes
caused by the gas channel height change are small.

In cases where the flow deviations on the active portion
inlet are less than 50%, it has been found that the effect of

w xthe flow uniformity on the cell voltage is less than 1% 1 .
Consequently, in the separator gas channel, although the
increase of the gas channel height results in some increase
in the flow deviation, the effect on the cell performance is
found to be small, for both the fuel flow and the oxidant
flow.

Fig. 8. Effect of gas channel height on flow deviation.

Fig. 9. H concentration and diffusion velocity distribution in fuel in y2
Ž .direction for various gas channel heights U s80% .f

4.3. Effect of gas channel height on gas diffusion

From the results of the analytical solution of the con-
centration transport equation, the relations between the gas
channel height, gas utilization, and the reactive gas diffu-
sion in the gas channel height direction have been investi-
gated.

Fig. 9 shows the concentration and diffusion velocity
distribution of hydrogen in the fuel for a utilization U off

80%, and a gas channel height, h, of 0.0014, 0.003 m or
0.005 m. Here, the concentration distribution is normalized
so that the concentration on the separator surface is unity
in each height case, and the diffusion velocity is normal-
ized so that the diffusion velocity on the electrode surface
is unity in the case for hs0.003 m.

For all gas channel heights, the hydrogen concentration
is reduced on proceeding from the separator surface to the
electrode surface. The hydrogen concentration on the elec-
trode surface becomes lower, that is, 0.998, 0.995, and
0.991, in accordance with increase in the gas channel
height, that is, 0.0014, 0.003 and 0.005 m, respectively.
The concentration drop on the electrode surface is merely
0.9% for a gas channel height of 0.005 m, and this is the
largest drop.

The concentration and diffusion velocity distribution of
oxygen in the oxidant for a utilization U of 10%, and ao

gas channel height, h, of 0.0014, 0.003 or 0.005 m are
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Fig. 10. O concentration and diffusion velocity distribution in oxidant in2
Ž .y direction for various gas channel heights U s10% .o

shown in Fig. 10. For all gas channel heights, the oxygen
concentration is reduced on proceeding from separator
surface to the electrode surface. The oxygen concentration
on the electrode surface becomes lower, that is, 0.989,
0.977 and 0.962, as the gas channel height is increased,
that is, 0.0014, 0.003, and 0.005 m, respectively. The
concentration drop on the electrode surface is merely 3.8%
when the gas channel height is 0.005 m, and this is the
largest drop. The drop in oxygen concentration on the
electrode surface is larger compared with that for the fuel,
and this is thought to be due to the fact that the diffusion
coefficient of oxygen in the oxidant is smaller than that of
hydrogen in the fuel.

For the diffusion velocities of hydrogen and oxygen
shown in Figs. 9 and 10, the distribution patterns are
almost linear, and therefore the concentration distributions
of hydrogen and oxygen are found to be almost quadratic,
although they are expressed as the complicated function

Ž .shown in Eq. 14 . Furthermore, the diffusion velocities on
the electrode surface vary little with change in the gas
channel height for the fuel and oxidant.

The distribution of the concentration and diffusion ve-
locity of hydrogen in the fuel for a gas channel height of
0.003 m and a utilization U of 50, 80, and 95% is shownf

in Fig. 11. Here, the concentration distribution is normal-
ized so that the concentration on the separator surface is
unity in each utilization case, and the diffusion velocity is

normalized so that the diffusion velocity on the electrode
surface is unity in the case for U s80%.f

For all utilizations, the hydrogen concentration falls on
proceeding from the separator surface to the electrode
surface. The hydrogen concentration on the electrode sur-
face becomes lower, that is, 0.996, 0.995, and 0.992, in
accordance with an increase in the utilization of 50, 80,
and 95%, respectively. The concentration drop on the
electrode surface is merely 0.8% when the utilization is
95%, and this is the largest drop.

The diffusion velocities on the electrode surface be-
come larger, that is, 0.688, 1.00, and 1.58, with as the
utilization increases by 50, 80, and 95%, respectively. The
increase rate of the diffusion velocity also becomes larger
when the utilization becomes high.

The distribution of the concentration and diffusion ve-
locity of oxygen in the oxidant for a gas channel height of
0.003 m and a utilization U of 10, 20, and 40% is showno

in Fig. 12. Here, the diffusion velocities are normalized so
that the diffusion velocity on the electrode surface is unity
in the case for U s10%.o

For all utilizations, the oxygen concentration is reduced
as proceeding from the separator surface to the electrode
surface. The oxygen concentration on the electrode surface
becomes lower, that is, 0.977, 0.976, and 0.973, with
increase in the utilization, that is, 10, 20, and 40%, respec-
tively. The concentration drop on the electrode surface is

Fig. 11. H concentration and diffusion velocity distributions in the fuel2
Ž .in the y direction for various fuel utilizations hs0.003 m .
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merely 2.7% when the utilization is 40%, and this is the
largest drop.

The diffusion velocity on the electrode surface become
larger, that is, 1.00, 1.06, and 1.22, as the utilization
increases, i.e., 10, 20, and 40%, respectively. The increase
rate of the diffusion velocity also becomes larger when the
utilization becomes high.

The change in the reactive gas concentration on the
electrode surface caused by changes in the gas channel
height and utilization, for hydrogen in the fuel and oxygen
in the oxidant, are presented in Fig. 13. Here, the reactive
gas concentration is normalized so that the concentration
on the separator surface is unity in each case.

The concentration of hydrogen on the electrode surface
drops linearly with increase in the gas channel height, for
each utilization. As the utilization increases, the concentra-
tion of hydrogen on the electrode surface drops, and the
rate of decline increases as the gas channel height in-
creases. Consequently, the drop of hydrogen concentration
on the electrode surface is merely 1.4% when the utiliza-
tion is 95% and the gas channel height is 0.005 m, and this
is the largest drop. Therefore, the effect of the hydrogen
diffusion in the fuel on the electrode reaction as a diffusion
overpotential is found to be small.

The concentration of oxygen on the electrode surface
falls linearly with increase in the gas channel height, for
each utilization. As the utilization increases, the concentra-

Fig. 12. O concentration and diffusion velocity distribution in oxidant in2
Ž .y direction for various oxidant utilizations hs0.003 m .

Fig. 13. H and O concentration on electrode surface relative to2 2

concentration on separator surface.

tion of oxygen on the electrode surface falls at a rate
which increases as the gas channel height increases. Con-
sequently, the drop in oxygen concentration on the elec-
trode surface is merely 4.6%, when the utilization is 40%
and the gas channel height is 0.005 m, and this is the
largest drop. Therefore, the effect of the oxygen diffusion
in the oxidant on the electrode reaction as a diffusion
overpotential is found to be smaller than in the case of the
fuel. This is because the utilization of the oxidant is lower
than that of the fuel.

5. Conclusions

In a plate heat-exchanger type molten carbonate fuel
cell stack, the effect of a change in the gas channel height
on the pressure loss, the uniformity of the gas flow, and
the gas diffusion has been evaluated by numerical flow
analysis and analytical solution of the concentration trans-
port equation. The following results have been obtained.

Ž .i With an increase in the gas channel height, the
pressure loss drops and this drop is almost saturated at a
gas channel height of 0.005 m.

Ž .ii With an increase in the gas channel height, the
uniformity of the gas flow drops; the flow deviation is
35% when the gas channel height is 0.005 m, and the
influence on the cell performance is small.
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Ž .iii With an increase in the gas channel height, the
reactive gas concentration on the electrode surface drops,
but the drop in the reactive gas concentrations is merely
1.4% for the fuel and 4.6% for the oxidant when the gas
channel height is 0.005 m. This is the largest reduction,
and therefore the effect of an increase in the gas channel
height on the diffusion overpotential is small.

Ž .iv When the height of separator gas channel is below
0.005 m, the decline in cell performance, which depends
on the influence of the uniformity of the gas flow and the
gas diffusion, is small appropriate gas channel height can
be determined based on the relation with the pressure loss
and the size of the MCFC stack.

6. List of symbols

Ž 3.c Molar concentration molrm
Ž .c Molar concentration x variable yx
Ž 3.c Molar concentration y variable molrmy

Ž 3.c Molar concentration at inlet molrm0
Ž 2 .D Diffusion coefficient m rs

Ž .F Faraday constant 96487 APsrmol
Ž .h Gas channel height m

Ž 2 .i Current density Arm
Ž 4.J Molar concentration gradient molrm

Ž .L Gas channel length m
Ž .P Static pressure Pa

Ž .Re Reynolds number for active portion ya
Ž .u Flow velocity mrs
Ž .U Gas utilization y
Ž .Õ Flow velocity mrs

Õ Average flow velocity for active portionAVE
Ž .mrs

Ž .w Diffusion velocity mrsy

Greek letters
Ž 2 .n Kinetic viscosity for gas m rs

Ž y1 .l Separation constant s
l Friction loss coefficient for active portiona

Ž .y
Ž 3.r Gas density kgrm

Ž .s Flow deviation y
Ž .z Pressure loss coefficient y

Operator symbols
Re Real part

Subscripts
f Fuel
o Oxidant
in Inlet
out Outlet
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