150

вычислительные методы и программирование. 2002. Т. 3
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КВАЗИТРЕХМЕРНАЯ МОДЕЛЬ ТОПЛИВНЫХ ЭЛЕМЕНТОВ
С ПОЛИМЕРНЫМ ЭЛКТРОЛИТОМ
А. А. Куликовский1
Описана квазитрехмерная модель топливных элементов с полимерным электролитом. Модель
основана на уравнениях переноса газа в топливных каналах и пористых слоях, уравнениях сохранения тока и Батлер–Вольмеровских формулах для скоростей электрохимических реакций.
Модель описывает каталитические слои и дает “карты” распределения параметров в сечении
топливного элемента с длинными топливными каналами на обеих сторонах. В качестве примера
продемонстрирована роль транспорта воды. Показано, что вблизи входа в канал электроосмотический эффект может заметно осушать анодный каталитический слой и соседние участки
мембраны, что ухудшает эффективность работы элемента.

Ключевые слова: топливные элементы, квазитрехмерные модели, полимерный электролит, уравнения сохранения тока, электрохимические реакции, каталитический слой.
1. Introduction. Polymer electrolyte fuel cells (PEFCs) are expected to perform a revolution in many
areas of power engineering. Environmental friendly PEFC-based stationary and mobile power sources (including
vehicles) are anticipated to replace old-fashioned classical power sources (batteries and diesel engines). During
the past decade, the power density of hydrogen PEFCs has been grown up to ≃ 1 W cm−2 with the concurrent
10-fold decrease of precious metal loading [1].
The heart of a PEFC is the membrane–electrode assembly (MEA): two gas diﬀusion (backing) layers and
two catalyst layers separated by a membrane. The MEA is usually clamped between metal current collectors
that have channels for the feed gas supply (Figure 1).
z

Fuel channel "windows"

y

Catalyst layer
Membrane
Catalyst layer

3D element

2D element

Backing layer

Backing layer

x

Air channel "windows"

Sketch of a fuel cell and the system of coordinates. Flow ﬁelds are formed by two meander channels on both
sides. The cell cross section consists of geometrically identical 2D elements. Along-the-channel models give the
map of parameters in a red plane. The fully 3D model deals with just a short piece of a cell (3D element),
whereas our quasi-3D model gives a map of parameters in a whole cross section

The feed gases (hydrogen at the anode and oxygen at the cathode) are supplied to the respective channels.
Then the gases diﬀuse through the backing layers and reach the respective catalyst layer. Hydrogen is ionized
in the anode catalyst layer yielding protons. The protons move through the polymer electrolyte membrane to
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the cathode catalyst layer, where they are consumed in the oxygen reduction reaction. The current of protons
in the membrane causes the current of electrons in the external load.
The electrochemical reactions in the anode and the cathode catalyst layers are
H2 → 2H+ + 2e− ,
+

O2 + 4H + 4e → 2H2 O,
−

(1)
(2)

so that the only byproduct is water.
Several diﬃculties still hamper a wide distribution of PEFCs. The most essential are
— poor kinetics of the oxygen reduction reaction,
— poisoning of the anode catalyst layer by CO, which is a byproduct of hydrocarbon fuel reforming,
— ﬂooding of the cathode catalyst layer by water produced in the electrochemical reaction, which blocks
the delivery of oxygen to the catalyst sites.
Modeling helps to clarify the physics of the PEFC operation and gives useful hints how to improve the cell
performance and design. During the past decade, a number of sophisticated 2D models were developed (Fuller
and Newman [2], Nguyen and White [3], Yi and Nguyen [4], Dannenberg, Ekdunge and Lindbergh [5], Um,
Wang and Chen [6], Futerko and Hsing [7, 8], Wang, Wang and Chen [9], Natarajan and Nguyen [10]).
These models give a map of parameters in a cross section of MEA either in a single 2D element in the (x, y)
plane (across-the-channel models, Figure 1) or in the (x, z) plane (along-the-channel models, Figure 1). Each
type of models ignores a distribution of parameters in the “other” plane.
The common belief is that the most detailed information give fully three-dimensional (F3D) models. The
complexity of F3D modeling of fuel cells stems from their geometry: the cell is a two-scale system. The channel
for the feed gas supply can be up to several meters long, whereas the MEA thickness is about several hundreds
micrometers (i.e., the ratio of these values is about 103 –104). Because of evident computer limitations, the
unique F3D model of Dutta, Shimpalee, and Van Zee [11] allows one to simulate only a small part of the cell,
which includes a 10-cm fragment of the channel (3D element, Figure 1). The large-scale eﬀects induced by the
feed gas exhaustion and water accumulation in a long channel are out of the scope of the F3D models.
However, this two-scale nature of the fuel cell allows one to develop an eﬃcient quasi-3D (Q3D) model, as
described below. This model gives a map of parameters in the cross section of a cell equipped with channels up
to several meters long. The feature of the Q3D model is its ability to describe the nonlinear interplay between
large and small-scale eﬀects.
In the ﬁrst version of the Q3D model it was assumed that the membrane is fully hydrated and its
conductivity is constant [12, 13]. This assumption applies the evident restriction: the eﬀects of partial membrane
drying cannot be described. In this paper we present a complete formulation of the current version of the
extended Q3D model, which takes into account water transport in a fuel cell 1 .
As an example of capabilities of the model, we present some results of simulation of PEFCs equipped on
both sides with long (≃ 40 cm) channels. The model allows one to locate dry regions, which make the main
contribution to the membrane resistance.
2. The model.
2.1. General description. Consider a PEFC equipped on both sides with meander-like channels. Our
aim is to obtain a distribution of parameters in the cross section shown in Figure 1.
This cross section consists of a number of geometrically identical (or similar) 2D elements (Figure 1). The
adjacent elements are connected by segments of the channels. The main idea of the Q3D model is as follows.
A variation of feed gas concentration in the channels on a length of the order of the MEA thickness is usually
small 2 . This allows one to neglect the z-component of currents and ﬂuxes in porous layers and in the membrane.
The 3D problem can then be split into a 2D problem in a cell cross section (the internal problem) and a problem
of gas ﬂow in the channel (the channel problem). Both the problems are coupled via the mean current density
(the local current density) in each element.
The ﬂow in the channel can be described by models of various complexity; the simplest is a 1D formulation.
Consider the oxygen side of the cell. Oxygen is consumed in the electrochemical reaction; the continuity equation
for oxygen concentration, hence, contains a term proportional to the local current density j(z). For given j(z),
1 This

version of the model was used to simulate recent experiments of Büchi and Scherer [14].
accurate, this is the case if lMEA ≪ L1 , where lMEA is the MEA 
thickness
 and L1 is the characteristic length of feed
S lMEA lc i∗
αF
gas consumption. Using the expression for L1 [15], we get
exp
η ≪ 1. The smallness of the left-hand side is
nF hvcref
RT
provided by the product lMEA lc . For very large overpotentials (for large mean current densities), this condition fails. Physically
this means that all fuel is consumed very close to the inlet. We, however, will assume that this is not the case.
2 More
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one can calculate the oxygen concentration in each “window” shown in Figure 1. Using these concentrations as
boundary conditions, one can solve the internal problem and calculate a new proﬁle j(z) 3 . This procedure is
repeated until the convergence is reached.
The advantage of this approach is that it enables an eﬀective parallelization. The internal problem is
formulated for a single element, and each element then “is solved” on a separate processor. Upon completion
of the iteration step, adjacent elements exchange boundary conditions, as described below. This allows one to
simulate cells with an arbitrary number of elements (i.e., with arbitrary long channels).
2.2. The internal problem.
2.2.1. Main assumptions. The main physical assumptions are as follows:
— the membrane is impermeable to feed gases;
— any ﬂuxes due to the temperature gradient are negligible;
— the ﬂux of gas components in porous (backing and catalyst) layers is caused by the pressure gradient (if
any) and by diﬀusion due to the concentration gradient;
— the contribution of liquid water to the mass balance on both sides of the cell is negligible;
— reaction rates on both sides of the cell can be described by the Butler–Volmer equations.
These assumptions are discussed in detail in [13].
2.2.2. Gases ﬂow. The system of coordinates is shown in Figure 1 (the x-axis is directed across the cell,
the z-axis is directed along the channel, and the y-axis is directed parallel to the cell surface). The molar ﬂux
of the ith gas component is
′
Ni = −cDi ∇ξi + cξi vD Arcy ,
(3)
where c is the total molar concentration of a mixture, Di is the eﬀective diﬀusion coeﬃcient, ξi is the molar
′
fraction of the ith component, and vD Arcy is the D’Arcy velocity given by
′

vD Arcy = −

kp
∇p.
µ

(4)

Here k p is the hydraulic permeability of the porous layer and µ is the gas viscosity. Physically, relation (4)
means that the pressure gradient induces the Poiseuille ﬂow in pores.
Estimates show that in the absence of the pressure gradient, the Knudsen diﬀusion dominates in catalyst
layers and the free molecular diﬀusion is the main mechanism of the gas transport in backing layers. The eﬀective
diﬀusion coeﬃcient Di interpolates between the Knudsen diﬀusion coeﬃcient DiK in the catalyst layer
r
8RT
DiK = ψr̄
(5)
πMi
and the mean free molecular diﬀusion coeﬃcient Dib in the backing layer
X ξj
εB
=
.
Dij
Dib
j

(6)

Here r̄ is the mean pore radius in the catalyst layer, ψ is the correction for porosity in the catalyst layers, Dij
is the binary diﬀusion coeﬃcient [16], and εB is the Bruggemann correction for porosity in the backing layers.
On the anode side the interpolation has the form




x − x0
b 1
b
K
Di = Di + Di − Di
1 − tanh
.
(7)
2
∆0

Here x0 is the coordinate of the backing/catalyst layer interface and ∆0 is the thickness of the transition region.
At the cathode side, (7) must be modiﬁed to get the “mirror” function along x.
The mass conservation of the ith component reads as
∇ · Ni =

Si
Q,
nF

(8)

where Q is the Butler–Volmer rate of the electrochemical reaction (see below), Si is the stoichiometry coeﬃcient,
and n is the number of electrons participating in the reaction. Outside the catalyst layers Q = 0.
3 The

latter is obtained by linear interpolation of values in windows.
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Substituting (3) and (4) into (8), we get an equation for ξi which contains the pressure gradient. The
equation for pressure follows from the following arguments. Neglecting the mass of protons, we can suppose
that in the MEA there are no volume sources of total mass, i.e.,
′

∇ · (ρvD Arcy ) = 0.
ρ
RT , we get
Taking into account (4) and the gas law p =
M


M
∇·
p ∇p = 0.
RT

(9)

P
Here M is the total molecular weight of the gas mixture given by M = i ξi Mi .
Since the membrane is impermeable to gases, equations (8) and (9) can be formulated for each side of the
cell separately. Water is transported through the membrane and, hence, requires a special treatment.
2.2.3. Transport of water. It is convenient to formulate an equation for the molar concentration of water
cw rather than for the molar fraction. The ﬂux of water in backing layers (3) is then
′

Nw = −Dw ∇cw + cw vD Arcy ,

(10)

where Dw is calculated with (7).
The water ﬂux in the membrane is
j
,
(11)
F
where j is the local proton current density. The second term in (11) describes the water transport due to the
electroosmotic eﬀect (the drag coeﬃcient nd is the number of water molecules transported by a proton). The
m
ﬁrst term is the diﬀusion due to the concentration gradient. Note that Dw
depends on the water content in the
membrane, which makes the problem nonlinear.
The catalyst layer is partially ﬁlled with electrolyte and has voids for the diﬀusion gas transport. The water
ﬂux in the catalyst layer is thus a combination of (10) and (11). Let ε be a volume fraction of electrolyte in the
catalyst layer; the water ﬂux then is


d j
K
m
Nw = −Dw ∇cw + ε −Dw ∇cw + n
.
(12)
F
m
∇cw + nd
Nw = −Dw

K
Note that Dw
(see (5)) takes into account a fraction of voids in the catalyst layer.
In the cathode catalyst layer water is produced. In other layers water is nor produced neither consumed.
The mass conservation equation for water, therefore, reads as

Sw
Qc ,
(13)
nF
where Qc is the rate of the electrochemical reaction in the cathode catalyst layer (zero outside this layer).
Equation (13) with ﬂuxes (10), (12), and (11) gives equations for water concentration in the backing layer, in
the catalyst layer, and in the membrane, respectively.
2.2.4. Potentials. Physically, the electrochemical reactions occur in the high electric ﬁeld of a double layer,
which exists at the metal/electrolyte interface. In the porous catalyst layer, the double layer forms a complicated
tortuous structure. In the fuel cell simulations, this structure is modeled by continuous distributions of two
potentials: ϕ, the potential of carbon threads (which interconnect catalyst particles) and ϕm , the potential of
polymer electrolyte ( the membrane phase), which provides transport of protons to catalyst sites. The diﬀerence
between these potentials (overpotential) determines the rate of electrochemical reactions (see Section 2.2.5).
The potentials ϕm and ϕ are governed by the proton and electron current conservation equations, respectively:


 −Qa in the anode catalyst layer,
Qc in the cathode catalyst layer,
∇ · (σm ∇ϕm ) =
(14)


0 otherwise,
(
Qa in the anode catalyst layer,
∇ · (σa ∇ϕa ) =
(15)
0 otherwise,
(
−Qc in the anode catalyst layer,
∇ · (σc ∇ϕc ) =
(16)
0 otherwise,
∇ · Nw =

154

вычислительные методы и программирование. 2002. Т. 3

where σm is the membrane phase conductivity and σa , σc are the carbon phase conductivity on the anode and
on the cathode side, respectively.
2.2.5. Reaction rates. Electrochemical reactions in fuel cells are multistage processes, in which certain
stages may or may not depend on the overpotential. In our model we employ the Butler–Volmer relations for
the rates of hydrogen ionization and oxygen reduction:





αa F
αa F
∗ c H2
exp
ηa − exp −
ηa ,
(17)
Qa = ia
cH2 ref
RT
RT





c O2
αc F
αc F
Qc = i∗c
exp
ηc − exp −
ηc .
(18)
cO2 ref
RT
RT
Here Q is the number of protons produced/consumed per unit volume per unit time, i∗ is the exchange current
density (per unit volume), cref is the reference molar concentration of the feed gas, α is the transfer coeﬃcient,
and subscripts “a” and “c” refer to the anode and to the cathode sides, respectively. Overpotentials are deﬁned
as ηa = ϕa − ϕm and ηc = ϕm − ϕc (both are positive along with Qa and Qc ).
Our aim is to capture 3D eﬀects; the Butler–Volmer relations give a simple but physically realistic approximation
of reaction rates. This allows a transparent interpretation of the results in terms of the two parameters i∗ and α.
At this stage of Q3D modeling, there is no need in more sophisticated reaction schemes, since this would just
complicate the analysis.

Current collector
y

∂ ξi /∂ x = 0
∂ p/∂ x = 0

ξi = ξi (z ); cw = cw (z ) ∂ ξi /∂ x = 0
∂ ϕa /∂ x = 0
∂ p/∂ x = 0

ϕa = const

ϕa = const

∂ ϕm /∂ x = 0

Catalyst layer

Neighbor

Neighbor

Channel window

∂ ξi /∂ x = ∂ p/∂ x = ∂ ϕa /∂ x = 0
x

The boundary conditions for the anode side of a single 2D element shown in Figure 1. Similar conditions are
imposed on the cathode side
2.2.6. Boundary conditions. Boundary conditions for the anode side of a single element are shown in
Figure 2. At the current collector/backing layer interface (solid green line), the potential is ﬁxed and the normal
(x-) component of all ﬂuxes is zero. At the channel/backing layer interface (dashed green line), the molar fraction
of gases and the concentration of water are obtained from the channel problem. Along the backing layer/catalyst
layer interface (blue line), the normal proton current is zero. Along the catalyst layer/membrane interface (solid
green line at the bottom), the normal components of all ﬂuxes (except water) are zero.
The mass balance equations for water are solved separately in (i) the backing and catalyst layers and (ii) in
the membrane. At the catalyst layer/membrane interface, the continuity of the normal component of the water
ﬂux and of the water molar concentration is used as a boundary condition (the details will be published in [17]).
2.3. The channel problem. The laminar steady ﬂow in a long channel with impermeable walls basically is
a Poiseuille ﬂow with a constant velocity determined by the pressure gradient. Due to electrochemical reactions,
however, the velocity in the channel of a fuel cell varies. A one-dimensional model of gas ﬂow in the channel which
takes into account the mass and momentum transfer through the channel/backing layer interface was developed
in [18]. It shows that the ﬂow in the channel can be treated as incompressible. The velocity distribution then is
obtained from a mass balance equation. In the cathode channel this equation reads as


∂v
j(z) 2(1 + 2a)Mw − MO2
ρ0
=
,
(19)
∂z
h
4F
where ρ0 is the ﬂow density (constant), v is the ﬂow velocity, h is the channel height, M is the molecular weight,
and a is the eﬀective coeﬃcient of water transport through the membrane [18]. The latter is deﬁned as the
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number of water molecules transported from the anode to the cathode per each proton. Note that a coincides
with the drag coeﬃcient nd only when the diﬀusion ﬂux of water in the membrane is negligible.
Under a given j(z), equation (19) determines the proﬁle of velocity v(z). The continuity equation for oxygen
∂(cO2 v)
j(z)
=−
∂z
h4F

(20)

then gives the proﬁle of oxygen molar concentration cO2 (z). Similar equations are written for hydrogen in the
anode channel.

Physical boundary conditions

Physical boundary conditions

The scheme of exchanges between adjacent elements for the case when the cell cross section consists of just
three elements. At each iteration step, every element exchanges “boundary conditions” (values of all variables
along vertical columns) with its neighbors. The physical boundary conditions are formulated only at the left
side of the leftmost element and at the right side of the rightmost element

3. Numerical aspects. Mass balance equations (8) and (13) with ﬂuxes (3) and (11) respectively lead to
convection–diﬀusion equations of the type
∇ · (−D∇u + Wu) = q,

(21)

where D is the diﬀusion coeﬃcient and W is the “convective” velocity. The feed gas concentrations in backing
and catalyst layers are determined by (21) with D = D(r) (a function of coordinates). The water transport in the
membrane and in the catalyst layers is governed by a nonlinear version of (21) with D = D(u). Equations (14)–
(16) formally have the form (21) with W = 0 and D = σ.
The internal model is formulated for a single 2D element (Figure 1). We introduce a rectangular grid that
covers the computational domain (Figure 3). Equations (21) are converted to a ﬁnite-diﬀerence form with the
method of control volume. In the case when D = D(r), the ﬂuxes through the surfaces of computational cells
are calculated with the Scharfetter–Gummel scheme [19]. In the case when D = D(u) (water in the membrane),
the ﬂuxes are calculated with a specially developed q-scheme [20]. The equations for potentials (14)–(16) are
approximated on a 5-point computational molecule, as described in [21]. Equation (14) is subject to the Dirichlet
boundary conditions (zero derivative) along both the backing/catalyst layer interfaces (Figure 2). The unique
solution is selected by the condition that reactions on both sides of the cell produce/consume the same current
(see [22] for details).
To accelerate convergence, the local Newton method is employed for each equation. In all cases this
procedure leads to a system of linear algebraic equations, which is solved by a standard iteration procedure.
The x × y size of the grid for a single element typically is 100 × 200. One of the largest advantages of the
Q3D model is the possibility of eﬀective parallelization.
Let the along-the-channel proﬁle of current density j(z) is known (it is the same in both channels). The
full iteration step consists of the following sub-steps.
1. For given j(z), solve the channel problem for both the anode and cathode channels. This gives the gas
concentrations in all channel windows (Figure 1);
2. Using these concentrations as boundary conditions, solve the internal problem for all 2D elements
(Figure 1). The problem for each element is solved on a separate processor.
3. Exchange “boundary conditions” with adjacent elements (Figure 3).
4. Calculate a new j(z).
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Typical calculation requires 10–30 hours on a cluster of PC (based on 1 GHz Intel Pentiumr processors).
One more level of parallelism can be organized for solution of a system of linear equations. We implemented
a parallel version of the well-known method of SOR with red–black ordering. It appeared that this method
is rather expensive: the 2-fold increase in speed of calculations requires the 4-fold increase in the number of
processors. However, in some cases this reserve is useful.

Cell temperature (C)
Inlet parameters:
Gas pressure (Atm)
Inlet ﬂow velocity (cm s−1 )
Oxygen molar fraction
Water vapor molar fraction
Hydrogen molar fraction
cO2 ref (mole cm−3 )
cH2 ref (mole cm−3 )
i∗ (A cm−3 )
Transfer coeﬃcient α
Reaction order γ
Carbon phase conductivity (Ω−1 cm−1 )
Catalyst layer thickness (µm)
Backing layer thickness (µm)
Membrane thickness (µm)
Channel width (cm)
Channel height(cm)
Channel length (cm)

Anode side
60

Cathode side
60

3.0
30

3.0
30
0.844
0.156

0.156
0.844

31.8 × 10−6
56.4 × 10
1.4 × 105
0.5
1.0

−6

1.0 × 10−5
1.0
1.0
40
10
100
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0.1
0.1
42.3

Conditions and parameters
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The maps of reaction rates Qa and Qc (A cm−3 ) and of membrane conductivity σm (Ω−1 cm−1 ), including the
membrane phase conductivity in catalyst layers. The catalyst layers/bulk membrane interface is shown by
white dashed lines. Base set of parameters (Table 1), the mean current density is 200 mA cm−2

4. Results and discussion. The above model was used to simulate PEFCs equipped on both sides with
single meander channels 42.3 cm long. Conditions and parameters for the base variant are shown in Table 1.
The cell temperature is 60◦ C; the water concentration at the inlet of both the anode and cathode channels
corresponds to the temperature of humidiﬁer 80◦ C.
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To clarify the inﬂuence of feed gas humidiﬁcation on the cell performance, another simulation was performed
for the cell with twice lower water concentration at the inlets of both the anode and cathode channels. This
variant will be referred to as a “dry” cell.
Figure 4 shows maps of reaction rates on both sides and a map of membrane conductivity of the base cell
when the mean current density is 200 mA cm−2 . Figure 5 shows the same maps for the dry cell.
lg(Qa)
0

0.5

1

1.5

2

2.5
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3.5

Qa
σm
0.1
0.08

σm

0.06
0.04
0.02
0

Qc
Qc

160

170

180

190

200

The same maps as in Figure 4 for a dry cell. The mean current density is 200 mA cm−2

Comparison of these ﬁgures shows that in both the cases near the outlet the distribution of parameters is
quite similar. Far from the inlet, water is concentrated on the cathode side, in front of the ribs. The reaction
rate along with the proton current in the membrane is higher there.
The peculiarity of the dry cell is the formation of water-depleted regions near the inlet on the anode side (in
front of the ribs, Figure 5). These regions arise due to the electroosmotic transport of water from the anode to
the cathode. The ﬂux of water from the nearest channel windows to these regions is lower than the drainage due
to electroosmosis. The local drying of the anode catalyst layer and of bulk membrane destroys the uniformity
of reaction rate along the anode channel (Figure 5).
lg(Qa)
0.5

1

1.5

2

2.5

3

3.5

Qa
σm
0.12
0.1

σm

0.08
0.06
0.04
0.02
0

Qc
Qc

300 320 340 360 380 400 420 440

The same maps as in Figure 4 (base cell). The mean current density is 400 mA cm−2

These eﬀects became more pronounced when the mean current density increases. Figures 6 and 7 show the
maps of parameters in both the cells for the twice higher mean current density. Comparison of Figures 6 and 7
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The same maps as in Figure 4 for a dry cell. The mean current density is 360 mA cm−2

Cell voltage / V

1
0.9
0.8
0.7





0.6
0

100 200 300 400 500 600
Current density / mA cm

Mem. resistance / Ω cm2

The voltage current curves of the base and dry cells
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The membrane resistance in the base and dry cells

shows the catastrophic membrane drying near the inlet of the anode channel in the dry cell.
Figure 8 displays the voltage current curves of both cells. Drying leads to a growth of the membrane
resistance (Figure 9), which is the main reason for a worse performance of the dry cell. Note that at low current
densities (below ≃ 250 mA cm−2 ) the resistances of membranes in both cases vary similarly. However, above
250 mA cm−2 the resistance of the base cell decreases with j, whereas the resistance of the dry cell increases.
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The results presented clearly demonstrate that a fuel cell is a distributed system. Due to electrochemical
reactions, the gas composition in both the anode and cathode channels varies with distance. On the other hand,
the distribution of parameters across the MEA in the (x, y) plane is strongly nonuniform (see also [12, 13,
21]). The fuel cell with the conventional ﬂow ﬁeld is hence essentially a quasi-3D system. The above results
demonstrate how the Q3D model locates the MEA regions “dangerous” with respect to drying.
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Research Center Jülich and on a PC-based cluster at the Research Computing Center of Moscow State University.
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Hydraulic permeability (cm2 )
Thickness of catalyst layer (cm)
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Total molecular weight of gas mixture (g mole−1 )
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Stoichiometry coefficient
Cell temperature (K)
Velocity of flow in channel (cm s−1 )
D’Arcy velocity in backing layers (cm s−1 )
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Greek symbols
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Transfer coefficient
Order of reaction
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Local overpotential (V)
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Subscripts
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