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a b s t r a c t

A novel comprehensive numerical study is presented for a better understanding of mass transfer in

channel flows with catalytically active walls at moderate temperatures and surface reaction rates.

Altogether, 18 different numerical models are compared, which represent mass transfer in single

channels of a honeycomb-type automotive catalytic converter operated under direct oxidation

conditions. Three different channel geometries have been investigated: circular cross-section, square

cross-section, and square cross-section with rounded corners (fillets). 1D plug-flow, 2D boundary-layer

and Navier–Stokes, and 3D Navier–Stokes equations are applied to model the reactor geometry. The

diffusion limitation within the porous washcoat has been modeled by a simplified zero-dimensional

effectiveness factor model as well as multidimensional reaction–diffusion models. Furthermore,

simulations are also carried out for cases with instantaneous diffusion within the washcoat. All

numerical models account for the coupled interactions of mass-transfer and heterogeneous chemistry

within the channels. The chemical conversion of the pollutants on the platinum catalyst is described by

an elementary-step-like heterogeneous reaction mechanism consisting of 74 reactions among 11 gas-

phase species and 22 adsorbed surface species. The results of numerical simulations are compared with

experimental data.

& 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Tremendous reduction of hydrocarbons, carbon monoxide and
nitric oxides emitted from internal combustion engines is today
achieved by the application of automotive catalytic converters.
They commonly consist of monolithic structures of many parallel
channels (honeycomb-type catalysts), each of which is coated
with a porous material (washcoat). This porous material is usually
alumina and has the objective of increasing the catalytic active
surface area. The catalytic reactions take place on noble metal
particles distributed in the washcoat.

The noble metal catalysts platinum, palladium, and rhodium
guarantee high conversion but also significantly contribute to high
production costs of the automobile exhaust-gas after-treatment
system; those costs are meanwhile on the order of the costs of the
engine itself. Reduction of the amount of noble metal content
without scarifying performance demands a detailed understand-
ing of the complex processes in the converter under varying
operating conditions, i.e. exhaust gas compositions, flow rate, and
temperature. Design and optimization of a catalytic converter is
challenging due to the complex interaction between chemical

reactions and mass and heat transfer. Experimental test bench
measurements are finally needed but they also are expensive and
time-consuming and, therefore, should be limited. Furthermore,
those experiments are difficult to be interpreted concerning the
details of the different chemical and physical processes inside the
honeycomb structure.

Here, reliable numerical simulations can serve as a powerful
method to investigate and eventually optimize the performance of
catalytic converters. Understanding the temperature and species
profiles inside the converter is an important step in the
development of highly optimized catalytic systems and is subject
of many publications. Various numerical models with different
complexity were developed. Baba et al. (1996), Chatterjee et al.
(2002), Tischer et al. (2003) and Jahn et al. (1997) simulated the
transient behavior of the entire monolithic converter. Other
authors assume that, under certain operating conditions, all
channels behave essentially alike and analyze a single channel.
This approach allows a more detailed insight into the transport
phenomena and chemical reactions within the channel. Raja et al.
(2000) compared various simplified 1D- and 2D-formulations of
the steady-state Navier–Stokes equations for catalytic combustion
of methane in a cylindrical channel. Chatterjee (2001) and
Chatterjee et al. (2001) developed detailed surface reaction
mechanisms, using 1D- and 2D-channel models including simpli-
fied and detailed reaction–diffusion models for the washcoat.
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Deutschmann et al. (2001) introduced a three-dimensional single-
channel model to investigate the natural gas conversion in
monolithic converters, using a set of one-dimensional reaction–
diffusion equations to calculate the species concentrations and
surface coverages inside the washcoat. Tuttlies et al. (2004)
applied a simplified shrinking core-type model coupled with a
discretized 1D monolith channel model to simulate the transient
NOx storage along the channel length. Canu and Vecchi (2002)
compared 2D and 3D single channel models to predict ignition
temperatures applying a global kinetic equation for the methane/
air heterogeneous combustion on Pt. Maestri et al. (2008) and
Appel et al. (2002) developed two-dimensional channel models
coupling surface and gas-phase reactions to investigate the
hydrogen combustion over Pt and Rh/Al2O3. Ramanathan et al.
(2004) studied the geometry effects on ignition for fully devel-
oped laminar flow in various channel geometries using a 3D
convection–diffusion model. Groppi and Tronconi (1997) intro-
duced 1D and 3D models to investigate the steady-state mass and
heat transfer in equilateral triangular channels. Leung et al. (1996)
applied a 2D finite element model to investigate the impact of
diffusion on the reaction rate in the washcoat of a catalytic
monolith reactor. An axisymetric model to investigate the effect of
washcoat thickness on the reforming performance of a monolithic
converter was proposed by Stutz and Poulikakos (2007). Single
channel simulations carried out by Hayes et al. (2004), Holmgren
and Andersson (1998), and Wanker et al. (2000) took the mass-
transfer effects in the washcoat into account. Altogether, a variety
of monolithic structured catalysts for different applications have
been studied over the years, which applied varying models for the
flow field and catalytic chemistry. However, only few investiga-
tions systematically studied the impact of mass transport
(convection and diffusion) on the model predictions. Such case
studies may be grouped into systems with very fast reaction rates
such as catalytic combustion (Raja et al. 2000) and systems with
relatively slow rates such as automotive catalytic converters. The
consequences of the interaction of chemistry and mass/heat
transport of course differ in both systems. Here, we focus on
conversion in automotive catalytic converters exhibiting a
relatively slow reaction rate, i.e., full conversion is achieved over
a catalyst length of centimeters rather than millimeters such as in
short-contact time reactors (Raja et al., 2000; Deutschmann and
Schmidt, 1998).

The current paper has the objective to evaluate the role of mass
transport in automotive catalytic converters using four different
simplified formulations of the Navier–Stokes equations for steady-
state isothermal flows. For this purpose, a single channel of
honeycomb-type catalyst was modeled, whereas three different
channel geometries were used—cylindrical channel, a channel
with square cross-section and a square channel with rounded
corners (fillets). The conversions predicted by the applied one-,
two- and three-dimensional channel models are compared with
each other. Additionally, infinitely fast, simplified and detailed
diffusion models are applied to account for the influence of the
washcoat on the conversion of the species of interest. We use a
direct oxidation catalyst (DOC) as example, which is usually
operated under lean (in excess of oxygen) conditions. The
pollutants here are unburnt and not completely burnt hydro-
carbons (HC), carbon monoxide (CO), and nitrogen oxides (NO and
NO2). The hydrocarbons are commonly represented by propylene
(C3H6). The conclusions drawn from the present study, however,
can also be applied for three-way catalysts and even other
catalytic systems with similar structure (channel-like) and
operating conditions (temperature, relatively low reaction rate).

All approaches of this study to model mass transfer include a
detailed surface reaction mechanism (Koop and Deutschmann,
2009) developed for Pt-catalyzed abatement of pollutant

emissions from internal combustion engines operated at lean
conditions. The computed conversions of pollutants are compared
with experimental data taken from Schmeißer et al. (2007), who
investigated the NOx storage-reduction catalysts. In our study,
results from the steady-state lean-phase experiments without
storage component are used only to show the general applicability
of the models. The objective of our paper is the evaluation of
transport models and not the reproduction of experimental data,
the mechanism used has already been evaluated in a recent paper
(Koop and Deutschmann, 2009).

2. Modeling approach

2.1. General model assumption

In this study, a comparison of one-, two- and three-dimen-
sional single channel models under isothermal, steady-state
operating conditions is presented. Depending on the complexity
of the implemented model, the computational time can vary from
few seconds to several days. The simple one-dimensional plug-
flow model neglects the impact of the diffusion on the reacting
flow. A differential–algebraic-equation (DAE) initial-value pro-
blem has to be solved, which describes the species concentrations
as a function of the axial position in the channel. In order to
improve the accuracy of the plug-flow model, mass-transfer
coefficients are also included. Based on empirical dependencies,
they account for the transport limitation between the gas
composition in the channel and at the reacting channel surface,
forming an additional set of non-linear algebraic equations. For
the solution of the two-dimensional case, two models are applied:
the first one, based on the boundary-layer equations (Schlichting,
1968; Kee et al., 2003) and the second one, based on the 2D
Navier–Stokes equations. The boundary-layer model considers
only radial diffusion to and from the wall, whereas the Navier–
Stokes equations take both axial and radial mass and momentum
transport into account. The one- and two-dimensional models
consider cylindrical channel geometry. The three-dimensional
simulations handle a channel with square cross-section and a
square channel with fillets. The latter geometry is typical for
washcoated monolithic converters. The three-dimensional models
are solved by means of complete Navier–Stokes equations. The
effect of diffusion inside the washcoat on the conversion rate is
also included in the present study. For this purpose, a simplified
effectiveness coefficient-factor model and detailed reaction–
diffusion models are applied and compared to calculations with
infinitely fast mass transport within the washcoat. The diffusion
coefficients in the porous media are determined based on the
Bosanquet formula (Hayes and Kolaczkowski, 1997). In this
approach, an equivalent Fick diffusion coefficient is defined as a
combination of the mixture and Knudsen diffusion coefficients.

In the cases studied, the gas-mixture enters the reactive
channel with uniform inlet velocity. The non-cylindrical channels
have the same catalyst loading and cross-section as the cylind-
rical, which results in identical mass fluxes through all modeled
channels. Ideal-gas behavior and laminar flow conditions are
assumed. Furthermore, the energy balance is excluded from all
simulations in order to compare the results with the isothermal
experiments described in Section 3.1.

2.2. Modeling flow in catalytic channels

2.2.1. Three-dimensional Navier–Stokes equations

Three-dimensional Navier–Stokes equations represent the
most adequate description of reacting flow with arbitrary
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geometries. They form a set of elliptical equations for the
conservation of total mass, momentum in x, y, and z direction,
mass of the single species and energy (not considered here),
providing solution for the velocity, pressure, temperature, and
species concentration fields inside the flow domain. In the current
study, they are used to model the channels with non-circular
cross-section. Due to the symmetry properties of these channels,
only an eighth of their structure is modeled. The Navier–Stokes
equations to be solved for a steady-state laminar problem are:

Conservation of total mass

r � ðr~vÞ ¼ 0 ð1Þ

Conservation of momentum

r � ðr~v �~vÞ ¼~F �rpþr � m r~vþðr~vÞT � 2

3
ðr �~vÞI

� �� �
ð2Þ

Conservation of species mass

r � ðr~vYiÞ ¼ �r �~J iþ _o iWi; i¼ 1; . . . ;Ng ð3Þ

The ideal-gas law provides an additional equation for the
pressure:

p¼
rRT

W
ð4Þ

In the above equations, time-dependent terms are omitted. The
dependent variables are the velocity ~v ¼ ðu; v;wÞ, the species mass
fractions Yi, and pressure p. The variables r and m are mass density
and dynamic viscosity, respectively,~J i denotes the diffusive mass
flux. Ignoring thermal diffusion, its spatial components in the
channel can be written as:

~J i ¼ � r
Wi

W
DM;irXi ð5Þ

Here, DM;i is the mixture diffusion coefficient between the ith
species and the remaining mixture and Xi the mole fraction of
species i. W is the molecular weight of the gas-mixture and Wi is
the molecular weight of the ith species. The body force ~F as
well as the homogeneous reaction source term for gas-
phase species _o i are not taken into account in the current
study.

2.2.2. Two-dimensional Navier–Stokes equations

Here, the 2D Navier–Stokes equations are used to simulate
reacting flows in cylindrical channels. Due to the rotational
symmetry of geometry, boundary conditions and body forces, the
three independent variables of the common Navier–Stokes
problem are reduced to two: axial coordinate z and radial
coordinate r. Thus, the computational time could be significantly
reduced.

Conservation of total mass

@ðrwÞ

@z
þ

1

r

@ðrrvÞ

@r
¼ 0 ð6Þ

Conservation of axial momentum

r w
@w

@z
þv

@w

@r

� �
¼ �
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þ
@
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2m @w
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�

2

3
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þ

1
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� �� �
ð7Þ

Conservation of radial momentum

r w
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þv

@v

@r

� �
¼ �
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þ
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þ
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� �
ð8Þ

Conservation of species mass

r w
@Yi

@z
þv

@Yi

@r

� �
¼ �

@Ji;z

@z
�

1

r

@ðrJi;rÞ

@r
ð9Þ

In the above equations, v denotes the velocity in radial direction
and w in axial direction. The spatial components of the diffusive
mass flux are given by:

Ji;z ¼ � r
Wi

W
DM;i

@Xi

@z
; Ji;r ¼ � r

Wi

W
DM;i

@Xi

@r
ð10Þ

2.2.3. Two-dimensional boundary-layer equations

At the beginning of the 20th century, Prandtl introduced the
boundary-layer theory—approximation of the Navier–Stokes
equations widely spread in fluid mechanics. At high flow rates
in a channel, radial diffusion and convective transport prevail over
axial diffusion. Accordingly, all second derivatives in z direction as
well as the axial diffusion term Ji,,z can be eliminated. Further-
more, pressure gradients in radial direction also vanish (Eq. (13)).
The original system of elliptical differential equations is reduced
to a parabolic one, with the axial coordinate z representing the
time-like coordinate. Thus, the boundary-layer approximation
enables a downstream solution of the reacting flow problem in a
single sweep of integration using an adaptive step size.

Conservation of total mass

@ðrwÞ

@z
þ

1

r

@ðrrvÞ

@r
¼ 0 ð11Þ

Conservation of axial momentum

r w
@w

@z
þv

@w

@r

� �
¼ �

@p

@z
þ

1

r

@

@r
mr
@w

dr

� �
ð12Þ

Conservation of radial momentum

0¼
@p

@r
ð13Þ

Conservation of species mass

r w
@Yi

@z
þv

@Yi

@r

� �
¼ �

1

r

@ðrJi;rÞ

@r
ð14Þ

Raja et al. (2000) showed that for sufficiently high Re (420)
numbers in the catalytically coated channel, boundary-layer
approximations are in good agreement with Navier–Stokes
solutions at high temperature and fast reaction rates. Even though
the Re numbers in the cases studied here are higher, the flow is
still laminar, however, the reaction rates and temperature are
much lower.

2.2.4. One-dimensional plug-flow equations

Plug-flow equations represent a simplification of the bound-
ary-layer model assuming negligible axial diffusion and instanta-
neous diffusion in radial direction. Thus, all variables become
radially independent and are expressed as functions of only the
axial position z in the channel. For a cylindrical channel, the
conservation equations can be written in the following form:

Conservation of total mass

@ðrwÞ

@z
¼

2

rchannel

X
gas

Fcat=geoWi _si ð15Þ

Conservation of momentum

rw
@w

@z
þ

2w

rchannel

X
gas

Fcat=geoWi _si ¼ �
@p

@z
þ

rw2

rchannel

16

Re
ð16Þ

Conservation of species mass

rw
@Yi

@z
þ

2Yi

rchannel

X
gas

Fcat=geoWi _si ¼
2Fcat=geoWi _si

rchannel
; i¼ 1; . . . ;Ng ð17Þ
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where rchannel is the channel radius and Fcat=geoWi _si is the mass
source term for the ith gas species as a result of surface reactions.
The surface scaling factor Fcat=geo represents the area ratio of the
catalytic active surface in the washcoat to the channel geometrical
surface. The right side of Eq. (15) and the second left terms in
Eqs. (16) and (17) describe the net mass addition (or depletion)
from the gas flow by surface reaction such as chemical vapor
deposition (CVD). In the present study, we model steady-state
heterogeneous catalytic reactions without mass ablation or de-
position, hence we assume zero net mass exchange and eliminate
this term.

Raja et al. (2000) derived following expression for the validity
of the plug-flow model:

d

L
oRe Sco

L

d
ð18Þ

where d¼ 1 mm is the diameter of the channel, L¼ 20 cm is the
channel length and Sc is the Schmidt number. Accordingly, the
condition 0:005oRe Sco200must be fulfilled. At lean operating
conditions Sc� 1 for most species. As will be shown in Section 3.2,
the Re numbers of our system amount to 177 and 201. Due to the
similarities with the current problem, the plug-flow model was
considered as well.

2.2.5. One-dimensional plug-flow model with mass-transfer

coefficients

This enhanced model aims to improve the accuracy of the
general plug-flow formulation. Mass-transfer coefficients (MTC)
are introduced to account for the species transport limitation
between the averaged gas-mixture and the gas-mixture at the
catalytic active channel surface. They are defined by the following
expression:

hi ¼
Ji;r

rsYi;s � rY i

ð19Þ

Here, hi is the species mass-transfer coefficient, Ji;r the radial
component of the species mass flux at the channel wall, rs the
density of the gas-mixture at the channel surface and Yi;s the mass
fraction of species i at the channel surface. The variables r and Y i

stand for the averaged density and species mass fraction as
defined in Eqs. (20) and (21).

r ¼
R A

0 rdAR A
0 dA

ð20Þ

Y i ¼

R A
0 ruYi dAR A

0 ru dA
ð21Þ

Here, A represents the surface area of the channel cross-section.
Hence, the variable Yi;s is expressed by means of the surface
reaction rate _si:

hiðrsYi;s � rY iÞ ¼ Fcat=geoWi _si; i¼ 1; . . . ;Ng : ð22Þ

Eq. (22) forms a nonlinear algebraic equation system which has to
be solved simultaneously with the differential equations
(15)–(17), whereas Yi;s is used instead of Yi for the calculation of
_si. The mass-transfer coefficient hi is a function of the Sherwood
number:

hi ¼
ShiDM;i

d
ð23Þ

The variable DM,i represents the molecular diffusion coefficient.
The Sherwood number used here is based on the following
empirical correlation (Hayes and Kolaczkowski, 1997):

Shi ¼ 3:675þ8:827
1000

Gzi

� ��0:545

e�48:2=Gz ð24Þ

where Gzi is the dimensionless Graetz number:

Gzi ¼
zDM

i

d2w
ð25Þ

2.3. Modeling diffusion and reactions in the washcoat

Monolithic catalysts are commonly coated with a 10–100mm
thick porous layer made out of, e.g., alumina to enlarge the
surface-to-volume ratio. In this so-called washcoat, reactants and
products diffuse from/to the open fluid phase through nano and
micro pores to/from the noble metal particles being 1–1000 nm is
size, on which the catalytic conversion occurs. Finite species
diffusion fluxes combined with chemical reactions may lead to
concentration gradients within the washcoat, i.e. spatially varying
reaction rates. Consequently, finite species diffusion may slow
down the overall conversion observed. Several models have been
developed to account for this transport limitation effect.

2.3.1. Modeling instantaneous diffusion

This model eliminates the impact of the parameters washcoat
thickness, porosity, pore, and particle diameters. Thus, the influence
of mass transport limitation on conversion in the washcoat is
neglected corresponding to a channel in which the catalyst is
virtually distributed on the gas-phase/washcoat interface.

A boundary condition defined at the gas-phase/washcoat
interface is that the velocity components tangential to the
interface vanish (i.e. w in the 2D case). A further boundary
condition considers the molar production of species i due to
heterogeneous chemical reactions _si. It implies that the gas-phase
species mass flux produced by chemical reactions at the gas-
phase/washcoat interface must correspond to the diffusive flux of
the species in the gas:

Fcat=geoWi _si ¼ � ðJi;rþrYi;svstÞ; i¼ 1; . . . ;Ng ð26Þ

Eq. (26) provides solution for the gas-phase species mass fractions
Yi;s at the surface (2D case). In the case of non-cylindrical channel
geometries, Ji;r has to be replaced by the J-component normal to
the wall. The product Fcat=geoWi _si represents the chemical source
term, in which _si is the computed molar reaction rate by catalytic
reactions computed using the gas-phase concentrations at the
fluid–washcoat interface. The Stefan-velocity vst is normal to
the channel surface and accounts for the net mass exchange at the
wall. For our steady-state with catalytic heterogeneous reactions,
this velocity vanishes.

2.3.2.1. General reaction–diffusion model in multidimensional porous

structures. Species mass transfer in porous media can be modeled
by adding momentum source terms to Eqs. (2) or (9) and (10) for
the 3D and the 2D cases, respectively. These source terms cause a
pressure drop proportional to the fluid velocity in the particular
direction. In our case, we treat the washcoat as homogeneous
isotropic porous media. Under this assumption, the source terms
can be given as

~S ¼ �
m
a þ

rC2j~vj

2

� �
~v ð27Þ

which is based on Forchheimer’s modified formulation of Darcy’s
law (Fluent). Here, m is the dynamic viscosity, a the permeability,
and C2 the inertial resistance factor. The first term in the brackets
of Eq. (27) represents viscous loss and the second inertial loss.

The permeability and the inertial resistance factor can be
derived from Ergun’s formula for a packed bed reactor:

a¼ d2
m

150

e3

ð1� eÞ2
ð28Þ
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and

C2 ¼
3:5

dm

ð1� eÞ
e3

ð29Þ

where e is the porosity and dm the mean particle diameter.
Mass fluxes in the porous media are calculated similarly to

Eqs. (5) and (10), whereas the mixture diffusion coefficient DM;i is
replaced by an equivalent Fick diffusion coefficient Deff ;i taking
both mixture and Knudsen diffusion into account:

1

Deff ;i
¼
t
e

1

DM;i
þ

1

Dknud;i

� �
ð30Þ

The empirical variable tortuosity t represents the deviation of the
washcoat pores from the ideal cylinder. The Knudsen diffusion
coefficient for the ith species is given by:

Dknud;i ¼
dp

3

ffiffiffiffiffiffiffiffiffiffi
8RT

pWi

s
ð31Þ

Here, R is the gas constant and T the temperature.
In contrast to Section 2.3.1, the catalytic source term does not

appear as a boundary condition but as a volumetric mass source
term Wig_si on the right-hand side of species’ continuity Eqs. (3) and
(9). The variable g¼ Fcat=geo=tw stands for the catalyst density (active
surface per washcoat volume), where tw is the washcoat thickness.

2.3.2.2. Washcoat modeling by 1D reaction–diffusion equation. In
the present study, we also used 1D reaction–diffusion equations to
describe species concentration profiles inside the washcoat coupled
with the boundary-layer equations. The species gradients in the
washcoat directly affect the local surface reaction rates _si (Hayes
and Kolaczkowski, 1997). The assumption that the axial con-
centration gradients are considerably lower compared to the radial
gradients allows the one-dimensional discretization of the pro-
blem. Hence, the reaction–diffusion equation can be expressed as

@J
w

i;r

@r
� g_si ¼ 0 ð32Þ

J
w

i;r ¼ � Deff;i
@cw;i

@r
ð33Þ

Here, J
w

i;r is the radial diffusion molar flux, cw;i the molar con-
centration and Deff ;i the effective Fick coefficient (Eq. (30)) of spe-
cies i in the washcoat. The radial diffusion flux at the gas-phase/
washcoat interface is treated as an effective surface reaction rate:
_seff ;i ¼ J

w

i;rðr¼ d=2Þ. In order to close the equation system (32), two
boundary equations are required:

ci;wðr¼ d=2Þ ¼ c0;i;
@ci;wðr¼ d=2þtwÞ

@r
¼ 0 ð34Þ

The first boundary condition implies that the concentration at the
gas-phase/washcoat interface is the given concentration in the gas-
phase. The second one assumes that the washcoat is thick enough and
concentration gradients vanish at the washcoat/support boundary.

2.3.2.3. Washcoat modeling using effectiveness factor approach. The
reaction–diffusion Eq. (32) for a single species can be solved
analytically if the following two conditions are fulfilled:

� The species is consumed and the reaction rate is proportional
to the concentration (_s ¼ � k � c, k is the rate constant).
� The diffusion coefficient is constant.

The effective surface reaction rate then becomes

_seff ¼ � Defflc0 tanhðltwÞ; with l¼

ffiffiffiffiffiffiffiffi
gk

Deff

s
ð35Þ

Assuming no diffusion limitation, we obtain the following
maximum reaction rate

_smax ¼ � Fcat=geokc0 ¼ � gtwkc0 ð36Þ

The effectiveness factor Z is defined as the ratio of the effective to
the maximum reaction rate:

Z¼
_seff

_smax
¼

tanhðltwÞ

ltw
ð37Þ

whereas the dimensionless term ltw is also known as Thiele
modulus. In order to extend this approach for multi-species
systems, one species that satisfies the above prerequisites
has to be chosen. This species must be representative for the
behavior of the whole system. Its effectiveness factor Z is then
computed and multiplied with the reaction rates of all species,
thus providing the required effective steady-state reaction rates at
the washcoat—gas-phase boundary:

_seff ;i ¼ Z_si ð38Þ

The resulting diffusion model is zero-dimensional, a huge
simplification compared to the reaction–diffusion model. NO is
the species determining the NO-oxidation at lean-burn operating
conditions. Hence, the effectiveness factor for NO was used for
the calculations in the current paper. This assumption is a
strong simplification because in complex reaction networks,
diffusion of a single species may not be rate-limiting, depending
of the position in the reactor different diffusions processes may
matter.

2.4. Modeling chemical reactions

The temperature T and surface coverages Yi describe the state
of the catalytic surface. The heterogeneous chemical reactions
taking place on this surface are modeled as elementary-like
reactions. The reaction source terms _si of gas-phase and surface
species are defined by the following expression (Kee et al.,
2003):

_si ¼
XKs

k ¼ 1

ðnik
00 � nik

0 Þkk

YNg þNS

j ¼ 1

c
njk
0

j ; i¼ 1; . . . ;NgþNs ð39Þ

Here, Ks is the number of elementary reactions, nik
00 (products) and

nik
0 (reactants) are the stoichiometric coefficients, Ns is the

number of surface species and cj is the molar concentration of
species j (in mol/m2) calculated from the product of the surface
coverage Yi and the surface site density G. The rate coefficients kk

are defined as a function of the temperature by means of a
modified Arrhenius expression:

kk ¼ AkTbk exp �
Eak

RT

� � YNs

i ¼ 1

Ymik

i exp
eikYi

RT

� �
ð40Þ

The variables mik and eik are introduced in order to account for the
coverage dependence of the reaction rates. Adsorption reactions
are described by initial sticking coefficients S0

i .

kads
k ¼ S0

i

1

Gx

ffiffiffiffiffiffiffiffiffiffiffiffi
RT

2pWi

s
ð41Þ

The variable S0
i represents the adsorption probability at vanishing

coverage. The steady-state reactive flow modeled here implies
time-independent surface coverages at a given location in the
washcoat:

@Yi

@t
¼
_si

G
¼ 0; i¼Ngþ1; . . . ;NgþNs ð42Þ
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2.5. Chemical reaction system

The surface reaction mechanism used here is taken from Koop
and Deutschmann (2009) and given in the supplementary
material. The mechanism is an extension of a multi-step surface
reaction mechanism for the description of emission reduction by
Rh and Pt catalysts in a three-way converter developed by
Chatterjee et al. (2001). The mechanism consists of 11 gas-phase
species, 22 surface species and 74 reactions considering dissocia-
tive adsorption of CH4, O2, and H2, non-dissociative adsorption of
NO, NO2, N2O, CO, CO2, C3H6, H2O and desorption of all species
except CH4.

The applied mechanism consists of mostly reversible reactions
describing

� decomposition of hydrocarbons through abstraction of hydro-
gen atoms;
� oxidation of carbon monoxide to carbon dioxide;
� formation of water via an adsorbed hydroxyl species;
� conversion of nitrogen oxides.

Combustion engine exhaust gases contain more than 100 different
hydrocarbon species. In the applied mechanism, C3H6 and CH4 are
used as representative species. Propylene takes the impact of
reactive hydrocarbons like olefins and aromatic hydrocarbons into
account, whereas methane stands for the less reactive hydro-
carbons such as alkanes. In the current study, the irreversible
adsorption of methane (Reaction 5) does not play any role since
this species is not present in the gas-mixture entering the catalyst.
The C3H6 oxidation proceeds along two reaction paths. The first
one comprises adsorbtion and abstraction of an H-atom leading to
the formation of C3H5(S) and subsequent cracking of the C–C
bonds and oxidation to CO and CO2. The second path models the
dissociative adsorption of C3H6, the separated H-Atom reacts with
oxygen to a hydroxyl species. The further progress of the reaction
is given as a global reaction (Reaction 36). The CO conversion
to CO2 is considered by introducing a Langmuir–Hinshelwood
reaction step. A combined Langmuir–Hinshelwood and Eley–
Rideal reaction scheme is applied to describe the NO oxidation.
Equilibrium calculations show that under lean operating condi-
tions at about 350 1C the NO conversion to NO2 is thermodyna-
mically restricted.

Because of the lean-phase operating conditions, the reactions
involving H2 and N2O play no significant role in our simulations.
In the current study, homogeneous gas-phase reactions can be
neglected due to the low temperatures.

2.6. Model implementation and used software

The plug-flow and boundary-layer models discussed here
are based on the DETCHEM software (Tischer et al., 2001;
Deutschmann et al., 2008; Tischer and Deutschmann, 2005). This
program package applies detailed models for the description of
chemical reactions and transport processes in various reactor
types. Its core is a library of subroutines to calculate chemical
source terms and species thermodynamic and transport para-
meters. The differential–algebraic equations in DETCHEM are
solved by means of the semi-implicit extrapolation DAE-solver
LIMEX (Deuflhardt et al., 1987). The plug-flow case is simulated
with DETCHEMPLUG and the boundary-layer case with DETCH-
EMCHANNEL. Both applications assume time-independent laminar
operating conditions. The boundary-layer equations are imple-
mented in DETCHEMCHANNEL by means of a method of lines and a
finite volume approach is applied to discretize the radial
derivatives. The reaction–diffusion equations are solved in

DETCHEM by means of finite difference method with non-
equidistant discretization scheme.

The boundary-layer calculations here were carried out with 15
radial mesh points. The LIMEX solver applied in DETCHEMCHANNEL

automatically determined the axial step size. The smallest axial
steps were computed near the channel inlet, where the highest
gradients are observed. Each calculation took roughly 200–500
axial steps for the whole channel length of 20 cm. The only
exception was the simulation at 350 1C with the reaction–
diffusion washcoat model which turned out to be very stiff, and
a maximal step size of 0.0005 m had to be defined. This
calculation took about 800 axial steps. The washcoat was resolved
with 25 radial points, whereas the mesh was refined near the gas-
phase/washcoat interface.

The plug-flow equations are discretized only in axial direction
and the LIMEX solver automatically chooses the step size. The step
sizes are concentrated near the channel inlet. The calculations
considering infinitely fast mass-transport within the washcoat
and effectiveness factor approach took about 200–450 steps and
these with the reaction–diffusion washcoat model about 90 steps.
The washcoat discretization scheme, similarly to the boundary-
layer case, consists of 25 non-equidistant mesh points.

The complete Navier–Stokes 2D- and 3D-models are simu-
lated with FLUENT v.6.2.16 (Fluent), whereas DETCHEM user-
defined functions (UDFs) provide the chemical source terms
(Deutschmann et al., 2008). In the case of channels with mass-
transport limitation within the washcoat, the equivalent diffusion
coefficients Deff ;i are calculated in FLUENT by means of UDFs. The
chemical source term Fcat=geoWi _si is also computed through user
defined functions.

The porous media model implemented in FLUENT offers two
velocity options: superficial and physical velocity. Both velocity
formulations can be correlated with each other through the
porosity e:

vsuperficial ¼ e � vphyscial ð43Þ

The default superficial velocity is based on the volumetric flow
rate. This approach postulates that the velocity values within and
outside the porous region remain the same, i.e. the increase in
velocity throughout the porous region is neglected. The expected
velocity increase can be taken into account by resolving the more
accurate physical (true) velocity throughout the flowfield. How-
ever, the continuity of the velocity vectors across the porous
medium interface is not preserved leading to considerably lower
conversions than with the superficial velocity approach. For this
reason, all FLUENT calculations were carried out with the super-
ficial velocity option.

All three-dimensional Navier–Stokes models were meshed
with hexahedral finite volumes. In the cases of infinitely fast
diffusion within the washcoat and of effectiveness factor calcula-
tions, a quarter of the channel cross-section was modeled. The
channel with square cross-section was meshed with totally 9000
elements—90 in axial direction�100 per cross-section. A mesh
with totally 7830 elements was applied to simulate the channel
with rounded corners—90 in axial direction�87 per cross-
section. The calculations, where the washcoat was additionally
modeled using FLUENT’s porous media option, were the most
time-consuming ones and therefore only an eighth of the cross-
section was modeled. Here, the channel square cross-section was
meshed with totally 47680 elements—80 in axial direction�596
per cross-section, whereas 480 elements were for the porous
media and 116 for the gas-phase. The numerical model of the
square channel with filleted corners consists of 46800 ele-
ments—80 in axial direction�585 per cross-section (452 porous
media and 133 gas-phase elements).
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All two-dimensional Navier–Stokes models were discretized
with rectangular finite volume elements. For the simple cases
(with instantaneous mass-transfer within the washcoat and with
the effectiveness factor approach), a mesh of 1616 elements was
used—101 in axial and 16 in radial direction. The models, where
FLUENT’s porous media model is also applied, were meshed with
6161 elements—101 in axial�61 in radial direction, from which
35 were porous media and 26 gas-phase elements. Refining of the
mesh did not lead to significantly different results.

The 2D- and 3D-Navier–Stokes models were meshed in a way
that finer volume elements were placed in the regions expected to
have the highest gradients of the velocity and species concentra-
tions. In radial direction, the mesh is concentrated near the wall
(or gas-phase/washcoat interface), whereas along the channel the
mesh is refined near the channel inlet. In the case of washcoat
modeling, a very fine mesh is required in the washcoat near the
gas-phase/washcoat interface in order to resolve the high species
concentrations gradients. Fulfilling this requirement is a crucial
point for the convergence of the numerical solution. As already
mentioned, the solution of the Navier–Stokes equations is very
computationally expensive, therefore only the first 4 cm of the
channel were simulated in FLUENT. The inlet boundary conditions
were used as an initial solution guess for the FLUENT simulations,
only the 3D calculations with porous media at 350 1C had to be
initialized with the solutions from the simulations at 250 1C—the
reason for this were the convergence difficulties and long
computational time resulting from the inlet boundary conditions
initial guess.

3. Results and discussion

3.1. Cases studied

Experimental data from Schmeißer et al. (2007) were used to
illustrate the general applicability of the models evaluated. In
their experiment, an isothermal flat bed reactor was used
consisting of two parallel metal plates. Eight electric heaters
separately controlled are incorporated in each of the plates. The
bottom plate contains a longitudinal slot, where six slices of
single rows of parallel channels cut from a real monolithic
converter are placed. Each slice is 4 cm in length and 3 cm in
width. The height of 1.43 mm corresponds to the size of the
monolithic channels. The first one is inert and responsible for the
flow formation and for the gas-mixture preheating. The next five
are catalytic active. Thus, the total catalyst length amounts to
20 cm. Every slice is connected to the reactor plates through thin
sheets of carbon. The large contact area between monolithic
slices and reactor as well as the good heat-conducting properties
of carbon guarantee isothermal operating conditions in the
catalyst. The small gas channels on the side of the bottom reactor
plate enable gas composition analysis at different positions along
the slot.

The experimental data used here for comparison were carried
out with a synthetic gas-mixture. In order to reproduce a realistic
exhaust gas-mixture, various gas flows containing single species
were pre-mixed in a flow regulator. The gas-mixture contains CO,
CO2, C3H6, H2O, NO and N2 as bulk species. Table 1 shows the
mixture composition of the applied synthetic gas-mixture.

Propylene (C3H6) represents the unburnt hydrocarbons. The
operating conditions are lean, the O2-concentration being 12 vol%.

The reactor was operated at atmospheric pressure. Here we use
their measurements for two temperatures, 250 and 350 1C, at
steady-state conditions. The gas-mixture was fed into the reactor
with a constant flow rate corresponding to a gas hourly space
velocity (GHSV) of 40 000 h�1.

3.2. Input data

The inlet conditions of the simulation were derived from the
experimental conditions. For 250 and 350 1C, the given space
velocity corresponds to uniform inlet velocities of 8 and 9.53 m/s
and kinematic viscosities of 4�10�5 and 5.4�10�5 m2/s. The
channel diameter is 1 mm. This leads to Reynolds numbers of 201
(250 1C) and 177 (350 1C). Hence, the impact of turbulence, which
may exist in front of the channel entrance, is negligible, because
even for turbulent inflow fast laminarization can be assumed. An
over the cross-section uniform inlet velocity profile is used at the
entrance. The establishment of the parabolic velocity profile
within the first millimeters of the reactor then mimics the
laminarization of the flow field.

In the case of simulations with reaction–diffusion washcoat
models, catalyst containing porous media of 100mm thickness
surrounding the channel is additionally modeled. Fig. 1 shows all
channel structures used in this study. The plug-flow and
boundary-layer calculations were carried out for the entire
channel length of 20 cm, whereas the complete Navier–Stokes
equations were solved for the first 4 cm of the channel only, for
computational reasons. Canu and Vecchi (2002) reported
negligible differences between the conversion along segmented
and continuous channels. Accordingly, the segmented channels of
the experiment were modeled by a single continuous channel in
the present study. It should be noted that the experimental data
are not used for a detailed evaluation of the accuracy of one or the
other mass transfer model applied. The experimental data shall
only illustrate that the simulation results in general have practical
relevance and agree with experimental data.

In order to compare the cylindrical 2D channel with the 3D
rectangular channels, two constrains have to be satisfied:

� The channels must have the same cross-section: A2D ¼ A3D.
Thus, the mass flow through the channels will be equal. A
circular cross-section with d=1 mm corresponds to a square
channel with dimension of 0.886 mm and to a filleted square
channel with dimension of 0.905 mm and corner rounding
radius of 0.2 mm.
� The channels must have the same catalyst loading:

Fcat=geo;2DP2D ¼ Fcat=geo;3DP3D, where P is the perimeter of the
particular cross-section. The Fcat=geo value for all our simula-
tions with cylindrical channel geometry was determined by
chemisorption measurements to be 25 (Koop, 2008). The
Fcat=geo values for the square channels without and with
rounded corners amount to 22.1 and 23.9, respectively.

This assumption guarantees comparability of the differences
in the conversion due to transport limitations inside the
washcoat. If the limitations were mainly caused by the interface

Table 1
Synthetic gas composition used for the experiments (Schmeißer et al., 2007).

H2O (%) C3H6 (ppm) CO (%) CO2 (%) NO (ppm) NO2 (ppm) O2 (%)

10 60 0.04 7 200 40 12
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gas-phase—washcoat, channels with the same hydraulic diameter
must be chosen as constraint. However, here we focus on the
influence of the washcoat model.

The washcoat porosity e was measured to be 40%. According to
Kočı́ et al. (2006), the washcoat particle diameter dm for a typical
automotive monolithic converter is in the order of 1mm. Substitut-
ing these values in Eqs. (28) and (29), we obtain a¼ 1:2� 10�15 m2

and C2 ¼ 3:3� 107 m�1. The computed permeability corresponds to
a viscous resistance of 1=a¼ 8:4 �1014 m�2. In FLUENT, the use of
these (large) values led to convergence difficulties. Therefore, we
had to gradually lower both the inertial and viscous resistance
values until getting a converged solution with 1=a¼ 4:0� 1010 m�2

and C2 ¼ 2:0� 104 m�1. Based on these lower values, the FLUENT
simulation do not show any significance of convective mass
transport inside the washcoat, which justifies the underestimation
of those two factors, because larger values would have suppressed
convection even more. The washcoat pore diameter dp ¼ 10 nm
was determined by BET measurements. This value is in good
agreement with the meso- and micro-pore diameters in the range
1–10 nm reported by Kočı́ et al. (2006). The tortuosity usually lies
in the range of 3–4. For our simulations, we used t¼ 3.

3.3. Comparison of the 1D, 2D, and 3D models

3.3.1. Channel with infinitely fast mass-transport within the

washcoat

In order to compare the species concentration profiles along
the channel length provided by the 2D and 3D models with those
of the plug-flow models and with experimental results, averaged
mole concentrations are introduced. For a certain cross-section
the averaged molar concentration X i of the ith species can be
expressed as:

X i ¼
Y iW

Wi
ð44Þ

Here, Eq. (21) is used to compute the averaged mass fraction Y i of
the species. Fig. 2 shows the comparison of the one dimensional

plug-flow models with and without MTC and the two dimensional
boundary-layer and Navier–Stokes models for the case with
instantaneous washcoat diffusion at 250 1C. The molar concentra-
tions of the species of interest are given in ppm. All calculations
show that downstream of z� 16 cm of the channel there are no
significant changes in the major species concentrations. The four
models also predict the same concentrations at the outlet of the
catalyst—C3H6 vanishes, the NO concentration amounts to 14 ppm
and NO2 to 225 ppm. As can be expected, the simple plug-flow
model overpredicts the conversion of C3H6, NO, and the formation
of NO2 compared to all other solutions due to the missing mass-
transport limitation in radial direction. According to this model,
C3H6 is consumed within the first centimeter of the reactor
whereas the remaining models predict complete conversion at
z� 6 cm. The detailed Navier–Stokes model, where only the first
4 cm of the channel were modeled, is in good agreement with the
boundary-layer model. The plug-flow model with MTC represents
substantial improvement of the simple plug-flow model, since its
species profiles lie close to these of the Navier–Stokes and
boundary-layer models.

The comparison of the four models at 350 1C shows a similar
trend. The 2D boundary-layer and 2D Navier–Stokes contour plots
of the C3H6, NO and NO2 concentrations at 250 1C are compared in
Fig. 3. They are essentially indistinguishable, i.e. the impact of
axial diffusion is negligible. The radial concentration gradients,
shown on the figure, point at the importance of radial diffusion
limitation when modeling reactive flows. The same conclusion is
valid for the contour plot comparison at 350 1C.

The axial profiles computed by the two- and three-dimen-
sional Navier–Stokes models (averaged over the cross-section) are
practically identical having a maximal differences of 1–2 ppm.

A comparison of the surface coverage profiles of the species
O(S), CO(S), and NO(S) at 250 1C is shown in Fig. 4. These three
species as well as OH(S) and Pt(S) belong to the species with the
largest coverage along the catalyst. The coverages of species such
as CO2(S), C3H6(S), H2O(S), N(S), and NO2(S) are below 0.1%
and will not be discussed here. As expected, the catalyst’s wall is
mainly covered with oxygen (�97.4% at the outlet) as a result

Fig. 1. The analyzed channel geometries: a–c channels with instantaneous diffusion and effectiveness factor washcoat models; d–f channels with reaction–diffusion

washcoat model.
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of the oxygen excess at lean operating conditions. CO(S) is
completely oxidized to CO2(S) within the first 5 cm of the
channel. Initially, the number of active sites covered with NO
increases, reaching a maximum at z� 1 cm. Up to this point, the
adsorption of NO predominates over the formation of N(S) and
NO2(S) from NO(S) on the catalytic wall. Subsequently, the NO(S)
coverage along the channel decreases reaching a value of 0.1% at
the outlet. The coverages of OH(S) and the vacant sites Pt(s)
increase in axial direction until they reach a maximum of 1.2% at
z� 10 cm, remaining constant further downstream. The impact of
the mass transport in the gas-phase on the surface chemistry is
revealed in these curves. Due to the instantaneous radial diffusion,
the chemical reactions with the simple plug-flow model are
accomplished in a shorter channel section than with the other
models. The plug-flow model with MTC, as well as the boundary-
layer and Navier–Stokes, models behave essentially alike. At
350 1C, the differences in the coverages predicted by the simple-
plug-flow model on one hand and the remaining models on the
other hand diminish significantly.

3.3.2. Effectiveness factor washcoat model

As recognized by comparison of Figs. 2 and 5, the use of an
effectiveness factor washcoat model with NO as representative
species has a slight impact on the consumption of C3H6. According
to the plug-flow model, it is completed within the first 2 cm and
the three other models (plug-flow with MTC, boundary-layer,
Navier–Stokes) within the first 7–8 cm of the catalytic channel.
However, the effectiveness factor approach has a much stronger
impact on the conversion of NO and NO2. Both species do not
reach constant concentrations at 250 1C and the plug-flow model
overpredicts the conversion of NO and formation of NO2, even at
the outlet. Here, the differences concerning the NO and NO2

profiles predicted by the simple plug-flow model and the other
models are smaller compared to the simulations without mass-
transport limitation within the washcoat. Without diffusion
limitation, the maximum difference amounts to 30–35 ppm for
both investigated temperatures. Applying the effectiveness factor
approach, the difference does not exceed 12–13 ppm at 250 1C. At
350 1C, the maximal difference amounts to 7–8 ppm and the
partial equilibrium between NO and NO2 is reached at z� 16 cm.
As expected, they coincide with the outlet concentrations from
the calculation without mass-transport limitation within the
washcoat. For the case studied here, we can conclude that mass-
transfer limitation is rather caused by diffusion in the washcoat
than radial diffusion in bulk flow.

The species profiles predicted by the 2D and 3D Navier–Stokes
models are in good agreement, figures illustrating the results of
those computations and many others can be found in the
supplementary material. It is noted that the 2D solution for the
three species of interest slightly underpredicts the two 3D
solutions at 250 1C. However, the difference does not exceed
3 ppm and can be therefore neglected; they are even smaller
at 350 1C.

Similar to the calculation without mass-transport limitation
within the washcoat, the coverages predicted by the simple plug-
flow model considerably differ from these of the other three
models. The effectiveness factor washcoat model affects the
profiles of O(S) and NO(S) by ‘‘stretching out’’ the curves from
the simulation without washcoat diffusion limitation (Fig. 4). Both
species do not reach steady-state down to the outlet of the
catalyst.

3.3.3. Reaction–diffusion washcoat model

The differences between the simple plug-flow model and the
remaining three models significantly decrease when coupling
them with a reaction–diffusion model. The reason for this is the
diffusion limitation in the porous media which prevails over the
transport limitation in the gas-phase. For the species of interest,
these differences do not exceed 5–6 ppm at 250 1C, Fig. 6. At
350 1C, the maximal difference reaches nearly 10 ppm for C3H6

Fig. 2. Comparison of the plug-flow (PF), plug-flow with mass transfer coefficients (PF MTC), boundary-layer (BL) and 2D Navier–Stokes (NS) solutions for a channel with

instantaneous washcoat diffusion at 250 1C.

Fig. 3. Contour plots of the mean species profiles computed with the boundary-

layer (BL) and 2D Navier–Stokes (NS) models for a channel with instantaneous

washcoat diffusion at 250 1C.
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and amounts to about 5 ppm for NO and NO2. The diffusion inside
the porous media considerably slows down the formation/
depletion of the gas-mixture species. C3H6 is consumed
completely just at the channel outlet at 250 1C and at z� 12 cm
at 350 1C, while the NO and NO2 concentrations change along the
whole channel at both temperatures.

The species profiles provided by the circular and both square
channels are in good agreement. Similar to the calculations
without mass transport within the washcoat and with effective-
ness factor washcoat model, the averaged concentrations of the
major species practically coincide, with differences ranging up to
1 ppm. The only exception is the C3H6 concentration at 350 1C, the
circular channel approximation increasingly overpredicts the
conversion of propylene in contrast to the slightly underpredicting
simpler washcoat models. At the outlet of the converter the
difference from both 3D models amounts to 4 ppm.

The solutions for the surface species Pt(S), O(S), CO(S) and
NO(S) computed with the 1D reaction–diffusion model of
DETCHEM (coupled with the boundary-layer model) and with
the 2D reaction–diffusion model implemented in FLUENT (Navier–
Stokes model) provide identical 2D contour plots (shown in the
supplementary material), in which the gradients in radial direction
are considerably larger than in axial direction. The number of
vacant sites increases in radial direction, reaching a constant

coverage value of 1.2% within the first 15mm of the washcoat. This
value corresponds to the maximum Pt(S) coverage reported in
Section 3.3.1 for calculations with infinitely fast diffusion within
the washcoat. Initially, the NO(S) coverage increases in radial
direction and subsequently decreases, reaching the constant value
of 0.1% reported in Section 3.3.1. The surface species profiles in
radial direction are essentially identical with the profiles in axial
direction discussed in Section 3.3.1. Here, the length scale of the
problem is determined by the diffusion rate inside the washcoat,
whereas in the case of instantaneous diffusion within the wash-
coat it is determined by the convection in the gas-phase. The O(S)
and CO(S) profiles are practically uniform—gradients are observed
only at the gas-phase/washcoat interface.

Fig. 7 reveals the radial concentration profiles of the major
gas-phase species at z=1 cm and T=250 1C. The grey area at the
right-hand side of each diagram identifies the washcoat zone.
The boundary-layer and Navier–Stokes solutions are in good
agreement in the gas-phase as well as in the porous media: the
maximal differences, detected in the washcoat near the gas-
phase/washcoat interface, do not exceed 3–4 ppm. As can be
expected, the highest concentration gradients also occur there.
Propylene is consumed within the first 20mm of the washcoat,
whereas the conversion of NO and formation of NO2 are not
completed up to the washcoat/wall boundary.

Fig. 5. Comparison of the plug-flow (PF), plug-flow with mass transfer coefficients (PF MTC), boundary-layer (BL), and 2D Navier–Stokes (NS) solutions for a channel with

mass-transport limitation within the washcoat at 250 1C (effectiveness factor approach).

Fig. 6. Comparison of the plug-flow (PF), plug-flow with mass transfer coefficients (PF MTC), boundary-layer (BL), and 2D Navier–Stokes (NS) solutions for a channel with

mass-transport limitation within the washcoat at 250 1C (reaction–diffusion washcoat model).

Fig. 4. Comparison of main surface species profiles provided by the plug-flow (PF), plug-flow with mass transfer coefficients (PF MTC), boundary-layer (BL) and 2D Navier–

Stokes (NS) solutions for a channel with instantaneous washcoat diffusion at 250 1C.
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At T=350 1C, the concentration gradients in the near-interface
porous media region are higher and the maximal differences
between both solutions lie in the range of 6–7 ppm for NO and
NO2. In regions with low gradients the differences diminish: in the
gas-phase, they do not exceed 2 ppm all three species at both
temperatures.

3.4. Comparison of the washcoat models with the experimental data

Due to its computational complexity, the detailed Navier–
Stokes model was applied only for the first 4 cm section part of the
reactor. However, it was shown in the previous section that the
boundary-layer and the Navier–Stokes calculations are essentially
alike in the simulated cases with and without mass-transport
limitation within the washcoat. On that account, the results from
the boundary-layer simulation were chosen for the comparison
with the experimental data. The comparison of the calculations
with instantaneous washcoat diffusion and with washcoat
limitation (effectiveness factor approach and reaction–diffusion
model) and experiment is presented in Fig. 8 for T=250 1C and in
Fig. 9 for T=350 1C. The experiments show a slight inhibition of
the NO oxidation and NO2 formation in the first 4 cm of the
channel caused by CO and C3H6. Both washcoat simulations at
250 1C also indicate this inhibition—in the first 1 cm of the reactor

length the NO and NO2 concentrations remain nearly constant. In
both figures can be seen that the effectiveness factor washcoat
simulation has a negligible impact on the consumption of
propylene compared to the calculation with instantaneous
washcoat diffusion. Both C3H6-curves are close to each other
and show a good agreement with the experimentally derived data.
On the other hand, the C3H6-conversion is underpredicted by the
reaction–diffusion model, there is a significant deviance from the
experiment. The calculation without mass-transport limitation
within the washcoat predicts substantially faster conversion of NO
and formation of NO2 than the experimental data. At 250 1C, both
washcoat models predict identical profiles for these two species,
they agree well with the measured concentrations. At the higher
temperature they differ from each other with the reaction–
diffusion solution lying closer to the experiment. All three models
overpredict the experimental NO and NO2 profiles.

There are two significant conclusions drawn from the compar-
ison of experimental and computed data. (1) The effectiveness
factor model is not applicable for all operating conditions.
Gradients in species concentration and surface coverage within
the washcoat have an effect on the overall conversion. The
effectiveness factor shall be used with care only. An improvement
of the effectiveness factor model may be achieved if the
representative species for computing the Thiele module is
adapted to the local concentrations along channel. (2) The

Fig. 7. Comparison between the boundary-layer (BL) and 2D and Navier–Stokes (NS) solutions in radial direction for a channel with mass-transport limitation within the

washcoat at 250 1C at zE1 cm.

Fig. 8. Comparison of the boundary-layer solutions without (no limitation) and with washcoat diffusion limitation (eff. factor approach and reaction–diffusion model) and

experiment at 250 1C.

Fig. 9. Comparison of the boundary-layer solutions without (no limitation) and with washcoat diffusion limitation (eff. factor approach and reaction–diffusion model) and

experiment at 350 1C.
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mechanism (Koop and Deutschmann, 2009) applied was devel-
oped using transport models that included an effectiveness factor
approach and NO of representative species. Both of these
assumptions—we learn by the present study-led to slight over-
simplifications concerning mass transfer in the washcoat. Hence,
the mechanism does not fully represent the micro (intrinsic)
kinetics; there is still—even though small—a mass transfer effect
included in the kinetic data.

3.5. Three-dimensional transport effects

The comparisons of the averaged major species concentrations
in axial direction provided by the 2D and 3D models were
presented in Section 3.3. The 2D solution and both 3D solutions
were shown to be in good agreement in all three cases:
instantaneous washcoat diffusion, simplified washcoat model
(effectiveness factor approach), and detailed reaction–diffusion

washcoat model. Fig. 10 compares the C3H6 and NO profiles for a
quarter of the channel with square cross-section at 250 1C. The
contour plots (a) and (b) illustrate the solution for a channel with
instantaneous washcoat diffusion, whereas plots (c) and (d) show
the solution with 3D reaction–diffusion model. For the purpose of
clarity, the concentration profiles in the washcoat are not shown
in (c) and (d), only the gas-phase profiles are shown. A similar
comparison for the square channel with rounded corners is
presented in Fig. 11. Those simulations reveal that the highest
conversion of C3H6 and NO occurs at the channel corner. This is
expected, since the conversion from both mutually perpendicular
boundaries is superimposed in this region. The conversion
decreases with increasing distance from the corners, reaching a
minimum in the middle of each side. This effect is weaker in the
case of a channel with rounded corners, since its geometrical
structure is more similar to the circular geometry, where the
effect vanishes.

Fig. 11. Comparison of the concentration profiles for a 3D-channel with filleted corners at 250 1C (a) and (b) with instantaneous washcoat diffusion; (c) and (d) with mass-

transport limitation within the washcoat (3D reaction diffusion model). The arrows at the symmetry axes show the main flow direction.

Fig. 10. Comparison of the concentration profiles for a 3D-channel with square cross-section at 250 1C: (a) and (b) with instantaneous washcoat diffusion; (c) and (d) with

mass-transport limitation within the washcoat (3D reaction diffusion model). The arrows at the symmetry axes show the main flow direction.
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The effect described above can be also seen in Fig. 12. The
figure shows channel cross-sections with the corresponding
C3H6, NO, and NO2 profiles at z=1 cm for the following
cases:

� channel with rounded corners and reaction–diffusion wash-
coat model (top left, Fig. 1f);
� channel with rounded corners and instantaneous washcoat

diffusion (bottom left, Fig. 1e);
� channel with square cross-section and reaction–diffusion

washcoat model (top right, Fig. 1c);
� channel with square cross-section and instantaneous washcoat

diffusion (bottom right, Fig. 1b).

Here, a quarter of each channel is presented, with both
perpendicular black lines marking the planes of symmetry. The
corresponding dimensions are given in Fig. 1. Both channels with
instantaneous washcoat diffusion behave essentially alike. Near
the channel centre, the regions with identical concentration have
circular form, Fig. 12d. Approaching the channel corners, the
circular contours pass into parallel line segments. In the case of a
channel with mass-transport limitation within the washcoat, this
transition from circular to linear contours is distinguishable, for
the channel with square cross-section corners as well. However,
linear contours are not observed by the channel with rounded
corners and washcoat mass-transport limitation. This can be
explained with the interaction of two factors:

� the geometry of the square channel with rounded corners is
closer to the circular geometry compared to the square
channel;

� the mass transport limitation in the porous media dominates
over the transport limitation in the bulk fluid.

In contrast to the propylene profiles inside the washcoat (Fig. 12a),
where the species is consumed within the first few mm of the porous
media, NO and NO2 are converted and formed, respectively, within
the 30–40mm. The regions of the washcoat with identical concentra-
tions lie parallel to the gas-phase/washcoat interface, Fig. 12b–d.

3.6. Comparison of the computational times

CPU time for the computations presented vary by several
orders of magnitude, reaching from few seconds for the plug-flow
models without washcoat model to several days for 3d Navier–
Stokes model with detailed washcoat model. More information
can be found in the supplementary material.

4. Conclusions

The current study presents a broad spectrum of numerical
models for the simulation of mass transfer in automotive catalytic
converters. The chemical conversion on the Pt-catalyst is modeled
by a detailed surface reaction mechanism. For the first time to our
knowledge, three-dimensional flow field simulations including
detailed washcoat and chemistry models are coupled and a
comprehensive evaluation of simplified transport models by
comparison with this complex model is carried out.

Two one-dimensional, two two-dimensional, and two three-
dimensional channel models under isothermal steady-state con-
ditions have been compared with each other. In total, three

Fig. 12. Comparison of the concentration profiles for the various 3D channel geometries with and without mass-transport limitation within the washcoat at 250 1C and

z=1 cm: (a) C3H6 concentration; (b) NO concentration; (c) NO2 concentration; (d) NO concentration, contour lines. The perpendicular black lines represent the planes of

symmetry.
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channel geometries have been considered—with circular cross-
section, square cross-section, and square cross-section with
rounded corners. The influence of diffusion within the washcoat
is taken into account by introducing a simplified effectiveness
factor and a detailed reaction–diffusion porous media model. The
simulations have been carried out with the computational tools
DETCHEM and FLUENT. The complexity of the models varies from
1D plug-flow model without mass-transport limitation within the
washcoat to a 3D Navier–Stokes model with detailed reaction–
diffusion model.

The Navier–Stokes models used for 2D and 3D simulations
have only few assumptions and provide the most accurate
solution. However, they are much more computationally expen-
sive then the simpler models. The boundary-layer approach
neglecting axial diffusion is in very good agreement with the
Navier–Stokes model and significantly reduces the computational
time. The simple plug-flow model ignoring the radial and axial
diffusion terms is the most computationally inexpensive but it
predicts much faster conversion/formation of the major gas-phase
species compared to the remaining models. Mass-transfer
coefficients improve the accuracy of the plug-flow solution.
However, they have to be used with caution since they are based
on empirical correlations.

Diffusion of chemical species in the porous washcoat is
revealed to present a largest mass transfer effect than radial
diffusion from the bulk fluid to the washcoated wall. The simple
effectiveness factor washcoat model is computationally inexpen-
sive, but its universal validity is questionable since it does not
affect all species concentration profiles (C3H6 in our case).
Simulations with detailed reaction–diffusion models are the most
computationally expensive but allow discrimination between
intrinsic kinetics and mass transfer effects and provide the best
agreement with the experimental data. Furthermore, washcoat
models reduce the differences in the radial-averaged gas-phase
species profiles provided by the various flow models.

The 2D and both 3D Navier–Stokes models basically show no
significant difference in species profiles. Hence, 3D reactive
channels can be approximated by the less computationally
expensive 2D cylindrical channel models.

Summarizing, we can conclude that mass transfer in honey-
comb structured automotive catalytic converters at moderate
temperatures can be governed by relatively simple flow field
models (plug-flow with mass-transfer coefficient and 2d cylind-
rical boundary layer equations) but require more sophisticated
models for the description of diffusion in the washcoat.

It should be noted that these conclusions are drawn for a
chemical system with relatively low surface reaction rates due to
relatively low temperatures and reactants’ concentration. In
particular at higher temperature and high reactants’ concentra-
tions, e.g. partial and total oxidation of hydrocarbons in noble metal
coated monoliths, where also homogeneous gas-phase reactions
may occur, model simplifications used here may not be justified
anymore. In particular, it can be expected that radial mass transfer
in the gaseous bulk phase becomes more important. Simulation for
such systems will be discussed in a forthcoming publication.

The computational tools presented allow detailed studies of
the behaviour of automotive catalytic converters consisting of
monolithic structures. These numerical simulations can help to
optimize the shape of the channels/washcoats and the catalyst
loading to achieve the conversion needed but keep the amount of
catalyst material as small as possible. In the present study, we
mainly applied those tools to advise the right choice of transport
models for simulation of catalytic converters. In addition to
that, these computations can also easily be used to study the
effect of spatially inhomogeneous catalyst loading (so-called zone
coatings) and the variation of the catalyst loading in time (aging).

Furthermore, the detailed washcoat models may be used to study
the impact and interaction of multiple catalysts in the structure.

Notation

A surface area of the channel cross-section
A2D=3D cross-section area of the channel (2D/3D case)

Ak pre-exponential factor of the Arrhenius expression
ci;w molar concentration of species i in the washcoat

cj molar concentration of species j

c0;i concentration at the gas-phase/washcoat interface

C2 washcoat inertial resistance
d channel diameter

dm mean washcoat particle diameter

dp washcoat pore diameter

Deff ;i equivalent Fick coefficient for species i

Dknud;i Knudsen diffusion coefficient for species i

DM;i mixture diffusion coefficient for species i

Eak
activation energy

Fcat=geo ratio between catalytic active surface area and
geometric surface area

~F body forces in x, y and z direction

Gzi Graetz number
hi mass-transfer coefficient of species i
~J i,Ji;z=r

diffusive mass flux of species i

J
w

i;r
diffusive molar flux of species i in radial direction

k rate constant
Ks number of elementary surface reactions
L channel length
Ng number of gas-phase species

Ns number of surface species
p static pressure
P2D=3D perimeter of the channel (2D/3D case)

r radial spatial coordinate(1D and 2D case)
rchannel channel radius
R ideal gas constant
Re Reynolds number
_seff ;i effective heterogeneous reaction source term for

species i (effectiveness factor approach)
_si heterogeneous reaction source term for species i
~S momentum source term

S0
i

initial sticking coefficient

Sc Schmidt number
Sh Sherwood number
t time
tw washcoat thickness
T temperature
v radial velocity
~v velocity vector

w axial velocity

W averaged molar mass of the gas-mixture

Wi molar mass of species i

x/y/z spatial coordinates

X i
averaged mole fraction of species i for a certain
cross-section of the channel

Yi mass fraction of species i

Y i
averaged mass fraction of species i for a certain
cross-section of the channel

Greek letters

a permeability

b parameter for temperature dependent rate
coefficient
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g catalyst density (active surface per washcoat
volume)

G surface site density
e washcoat porosity

zik parameter for coverage dependent activation
energy

Z washcoat effectiveness factor
Yi surface coverages (fraction of surface sites covered

by species i)
m dynamic viscosity
nik
00 ; nik

0 stoichiometric coefficients

x number of occupied adsorption sites of species i

r density
t washcoat pore tortuosity
wik parameter for coverage dependent reaction order
_o i homogeneous reaction source term for species i
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