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ABSTRACT

This study concentrates on the external and internal mass transfer with multiple reactions in the catalytic
layer of a three-way catalyst (TWC). A single channel model accounting for the species diffusion inside
the washcoat using the effectiveness factor was developed. Validation and calibration of the model was
achieved by comparing predictions against experimental data obtained previously by the same authors.
The model was then applied to study the importance of both turbulent monolith structures and controlled
washcoat structures on TWC conversions. The numerical results show that: (i) increasing the transport
coefficients using turbulent monolith structures can produce either positive or negative effects on the
TWC conversions; (ii) overall, the net effect of increasing the transport coefficients on the TWC conversions
is positive; (iii) at high inlet gas temperatures and high space velocities the turbulent monolith structures
present important improvements in the TWC conversions; (iv) the TWC conversions can be significantly
improved enhancing the transport properties of the porous washcoat structure; (v) enhancements in
the transport properties of the washcoat structure have deeper impacts on the TWC conversions than

Conversion improvements in the monolith channel structure.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Automotive emission standards are becoming increasingly strin-
gent which requires continuous improvements in the exhaust after
treatment systems. Since the cold start emissions may represent
more than 50% of the total emissions, most studies available in the
literature have concentrated on improving the light-off behavior.
As a consequence of this intense research and development, today
the three-way catalyst (TWC) reach the light-off temperature very
rapidly and, thus, the relative importance of the emissions above
light-off is becoming gradually more important. In order to achieve
future emission standards (e.g., US 2010 and EURO VI), conversions
very close to 100% have to be achieved under warmed up condi-
tions.

Several authors (e.g., [1-4]) have demonstrated that both
internal and external mass transfer resistances limit the TWC
conversions above light-off temperature. Thus, the diffusion resis-
tances in the boundary layer (external mass transfer) and in the
washcoat (internal mass transfer) have to be as low as possible to
achieve high conversions.

The diffusion and reaction within the washcoat can be
accounted for using: (a) a detailed three-dimensional (3D) model of
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the porous washcoat [4], (b) a model of the pseudo-homogeneous
washcoat layer with explicit solution of one dimensional (1D) inter-
nal diffusion in the transverse direction [5], and (c) a model of the
washcoat layer with diffusion effects lumped into the effectiveness
factor. Zygourakis and Aris [5] and Wanker et al. [6] showed that the
use of the effectiveness factor model is adequate for temperatures
above the light-off temperature and for low concentrations of reac-
tants, as those encountered in exhaust aftertreatment systems such
as TWC. A detailed discussion on the validity of the effectiveness
factor model is presented in Appendix A.

Massing et al. [3] used the 1D plug-flow model (PFM) with the
effectiveness factor and provided a comparison between measure-
ments and predictions. To promote simplicity, they studied TWC
conversions under steady-state conditions solely for propene oxi-
dation. In the present study, TWC conversions were also studied
under steady-state conditions, but the model has been extended
to account for the conversion of the three main chemical species
(CO, unburnt hydrocarbons — HC - and NOy). Here we have also
used the 1D PFM with the effectiveness factor implemented.
The model was calibrated and validated through comparisons
against our previous measurements [7]. Subsequently, the model
was applied to study the importance of both turbulent monolith
structures and controlled washcoat structures on TWC conver-
sions.

In the last few years the improvements of the TWC conversions
above light-off temperature were achieved through advances on
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Nomenclature
8¢ effective washcoat thickness (m)
ajk stoichiometric coefficient of specie j in reaction k & void fraction
A pre-exponential Arrhenius factor (molKm~3s-1) &p porosity
Cpg gas specific heat capacity (Jkg=1 K1) n local effectiveness factor
Cps solid specific heat capacity (Jkg=1 K-1) e gas dynamic viscosity (Nsm~—2)
Ce mean concentration in the gas phase, mole fraction Vg kinematic viscosity of the exhaust gas mixture
Cref reference concentration in the solid phase, C.f = (m?s~1)
Cs(pg/Mg) (molm—3) Og gas mass density (kgm~3)
Cs mean concentration in the solid phase, mole fraction Ps solid mass density (kgm—3)
dp mean pore diameter (m) T pore tortuosity factor
D combination of bulk and Knudsen diffusion (m2s—1) oL washcoat Thiele modulus
Dy, bulk diffusion (m2s-1)
Do effective diffusion (m2s—1) Sub- and superscripts
Dg Knudsen diffusion (m2s-1) amb ambient
Eq activation energy (Jmol~1) E external
AF elementary exchange area (m?2) g gas
h heat transfer coefficient (Wm—2K-1) G global
AH enthalpy of the reaction (Jmol~1) i space node index
AHa adsorption enthalpy of the reaction (Jmol~1) in at channel inlet
km mass transfer coefficient from the bulk gas to the j indication of exhaust species
washcoat surface (ms—1) k indication of reaction k
ks solid phase conductivity (Wm~1K-1) L local (internal, within the washcoat)
ky reaction rate constant based on washcoat volume m mass
(s n temporal index
Mg mass flow rate (kgs—1) N total number of gas phase species
M molecular weight (kg mol-1) s solid
Mg molecular weight of the exhaust gases (kg mol~1) z axial coordinate
i molecular flux (molm=—3s-1)
NTUh  number of transfer units for heat
NTUm  number of transfer units for mass the external mass transfer of the monolith structures. To this end,
Nu Nusselt number for example, both metallic and ceramic straight channel monoliths
Nugo,  asymptotic Nusselt number for constant wall tem- with cell densities from 400 cpsi up to 1200 cpsi along with thin
perature foils have been introduced [8]. In spite of these reactors provid-
Pr Prandtl number ing larger geometrical surface areas, the TWC still operates within
Tk reaction rate (molm—3s-1) the laminar flow region which limits the external mass transport
Ro effective transverse diffusion length (m) process.
Rg external mass transfer resistance The external mass transfer limitation of the laminar flow
Rg global (total) mass transfer resistance through monoliths can be overcome by using the so-called tur-
Ry internal mass transfer resistance bulent monoliths [9,10]. These innovative monolith structures can
R species rate, expressed per channel volume operate in the transition or turbulent regions because they usually
(molm=3s~1) have a small diameter and are constructed with protrusions in the
Rp particular gas constant (Jkg~! K™') channel walls in order to enhance the radial transport within the
Tk reaction rate (molm—3s") TWC channels. Thus, with these monolith structures, the external
S mass transfer area per unit of catalyst volume (m~") transport phenomenon is significantly enhanced as compared with
Sc Schmidt number the straight channels.
Sh Sherwood number The internal mass transfer limitation on the TWC conversions
Shre, ~ asymptotic Sherwood number for constant wall can be reduced by favoring the accessibility of the reactants towards
temperature the active sites located within the washcoat structure. In this
At time step (s) respect, an enormous progress has recently been made in the field
Tg mean temperature in the gas phase (K) of ordered porous structured materials. Studies concerning the
Ts mean temperature in the solid phase (K) synthesis of materials with controlled micro-meso-macro pore
Uz flow velocity in the longitudinal direction (ms~') structure, zeolites type or metal oxides such as alumina, silica, tita-
Vinacro  macro pore volume (m?) nia or zirconia are now available in the literature (e.g., [ 11,12]). Given
Vmeso  meso pore volume (m?) these recent advances in the washcoat structures, it is important to
Viota  total pore volume (m?) study its performance when applied to TWC, as it is done in the
AV elementary reactor volume (m?3) present study.
X fractional conversion
z axial length (”,1) . 2. Mathematical model
AZ elementary axial grid length (m)

Greek letters

Og
s

gas thermal diffusivity (m2s-1)
solid thermal diffusivity (m2s—1)

2.1. Model description

The mostimportant simplification encountered in the modelling
approaches available in the literature is the representation of the
whole matrix (thousands of channels) by a single channel with the
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assumption of equivalent passages with no interaction. The sin-
gle channel modelling (SCM) assumes that the catalytic converter
is perfectly insulated and exposed to a uniform flow. The thermal
gradients in the radial direction are presumed to be insignificant
and both the temperature and concentration profiles are assumed
to be the same in all channels. This allows the entire catalysts to be
modeled with only one channel.

Siemund et al. [13] and Tischer et al. [14] measured the radial
temperature profiles within ceramic TWC and found that above
the light-off temperature the profile was nearly flat over the entire
cross section. The experiments of Siemund et al. [13] showed that
the low thermal conductivity of ceramic monoliths along with
the monolith insulation guarantees that heat losses to the sur-
roundings are negligible so that the converter is almost adiabatic.
It should be remarked that the experimental data used in the
present study [7] for model validation have been obtained under
experimental conditions similar to those used by Siemund et al.
[13].

Studies that used two dimensional (2D) (axi-symmetric) and 3D
multi channel reactor models have also been reported in the liter-
ature (e.g., [14,15]). From comparisons between 1D (SCM) and 2D
simulations of a TWC, Tischer et al. [ 14] concluded that each model
presents advantages and disadvantages. However, they argued that
in the case of real-time simulations 1D (SCM) models are pre-
ferred. According to these authors, 2D models are necessary if the
exhaust gas at the converter inlet exhibit a flow with a severe non-
uniformity.

At the channel level, the most comprehensive models are based
on solving the complete Navier-Stokes equations, considering both
axial and radial mass, momentum and energy transport [16]. How-
ever, it is well known that the solution of the partial differential
equations deriving from detailed multidimensional models is com-
putationally expensive. In addition, 1D PFM are simpler since no
diffusive terms remain in the axial direction - diffusion is assumed
to be small as compared to the convective transport.

Raja et al. [16] and Groppi et al. [17] compared the performance
of the 1D PFM with that of multidimensional distributed models,
with both studies providing evidence of the adequacy of the 1D
PFM approach. Additionally, a number of authors demonstrated the
effectiveness of the 1D PFM in designing catalyst systems (e.g., [13]).
However, it should be stressed that the 1D PFM must be used with
caution. For example, Groppi et al. [17] showed that the choice of
proper correlations to evaluate the transport coefficients is critical
for the adequacy of the 1D PFM, while Raja et al.[16] showed that the
validity range of the 1D PFM is limited to low Reynolds numbers.
Nevertheless, Raja et al. [16] suggested that the use of adequate
transport coefficients may extend the applicability of the 1D PFM
to high Reynolds numbers. Based on the above considerations, the
1D PFM was used in the present study.

The present 1D PFM is based on the classical simplifying
assumptions, namely: the gas phase is ideal at uniform and con-
stant pressure; constant pressure is assumed along the channel, as
pressure changes are small they have negligible effect on the con-
version of the reactants [13]; axial diffusion of heat and mass fluxes
in the gas phase are small compared to convection and thus not
considered; radiation heat transfer in the gas phase is negligible
compared to convection heat transfer and hence is neglected [18];
homogeneous gas phase reactions are not considered because of the
limited temperatures and small residence times of the gas stream
within the monolith for typical operating conditions in automo-
tive applications [13]; convective flux in the washcoat is irrelevant
and thus neglected [6]; axial gas species diffusion in the wash-
coat is neglected; and there are no radial temperature gradients
in the washcoat or substrate owing to the physical and geometrical
properties of the washcoat/substrate and the low concentrations of
reactants present.

2.2. Governing equations

With the assumptions considered in the previous section, and
using the quasi steady approximation, the mass and energy bal-
ances for the gas phase become:

G, ;
=2 = ki S(Cs,j = Cg,) Q)
aT,
pguchg(,TZg = hS(Ts — Tg) (2)

The transport coefficients for convective mass and heat transfer in
Egs. (1) and (2) are calculated based on the Sherwood and Nusselt
numbers, respectively (see Appendix A for details).

The 1D PFM approximates the washcoat with a gas-solid inter-
face, being the mass balance for the solid phase expressed as
follows:

o)
ﬁikm,ﬁ(cg,,» -G =R (3)

where R; is given by:

N
Rj =4cS <Zaj,k7h,krk> (4)

k=1

As mentioned earlier, the 1D PFM has been here modified to include
the effectiveness factor, aiming at the investigation of the internal
mass transfer within the washcoat. In Eq. (4) r, accounts for the
chemical kinetics and 7, ; accounts for the internal mass transport
within the washcoat. The method used for the evaluation of n y, for
each reaction, is presented in Appendix A and the reaction rates, ry,
are included in Appendix B.

The energy balance for the solid phase can be written as follows:

4
aT. 9T
(1= £)0sCps 52 + (1= ks = hS(Tg = Ts)+ Y _(~AH)R; (5)
j=1

Finally, the boundary conditions for the gas phase are:

Ur(z=0,t) =ty p(t) (6a)
Ty(z=0,t) = Tyn(t) (6b)
Cgj(z=0,t)=Cgjin(t) (6¢)
and the boundary conditions for the solid phase are:

Ts(z,0) = T jn(t = 0) (7a)
%(0, t)= %(L, t)=0 (7b)

2.3. Numerical solution

In this study the finite difference method was adopted with
defined space grid and time marching interval. In the numerical
solution, the first step involves the computation of the tempera-
ture of the gas phase along the channel. Eq. (2) is solved by the
number of transfer units (NTU) method. The gas phase domain of
the channel was partitioned into discrete elements with grid space
distance Az. Subsequently, at the time step n, the gas temperature
for each node i+1 was computed using the conditions known for
the node i at time step n.

Based on the quasi steady assumption, one can compute the
concentrations at the gas—solid interface and the resulting reac-
tion rates by equating the diffusion and the reaction rates for each
species j under consideration:

i Coit Cgi) = Ry Gy ) (8)
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According to Eq. (8), the rates of reaction and mass transfer to the
catalytic surface are always in equilibrium, implying that there is
no species accumulation on the solid catalytic surface. Expanding
the first term of Eq. (8) a system of non-linear equations of the form

g _NTUm"".

avm e PG

~ Gy = Ry T3y )
is obtained. With the solid temperatures, Ts;, and the gas phase
concentrations, Cg;;, known, Eq. (9) represents a system of non-
linear equations that can be solved by the method of Newton at each
node i to obtain the solid phase concentrations. Subsequently, the
gas phase concentrations can be computed using the NTU method.
Together with the boundary conditions expressed by Egs. (7a)
and (7b), Eq.(5) can be solved for the solid temperature, T, using the
forward-time and centered-space finite difference discretisation.
Finally, the stability criterion for this numerical method is:

o At _1
SAz2 — 2
Based on the space length of the channel, the space grid (Az) chosen

was 2 mm and the corresponding time step-size (At) 1s. With these
values the model stability criteria was satisfied for all tests.

(10)

3. Model validation

Table 1 shows the model input parameters for the gas and
the ceramic substrate properties. The gas specific heat capacity,
the dynamic viscosity and the thermal conductivity were calcu-
lated from appropriate formulas provided by Brinkmeier [19]. The
correlations presented in Table 1 for the gas diffusivities were deter-
mined based on the procedure described in McCullough et al. [20]
and the correlations included in the table for the effective diffu-
sivities were based on experimental data recently available in the
literature [21,22]. The solid (ceramic substrate) properties were
based on literature data from the manufactures [23,24].

Table 2 shows the model input parameters for the numerical
simulation of 3 of the 18 steady-state tests studied experimentally
by Santos and Costa [7]. The table includes the measurements at
the TWC inlet for these three operating conditions, which repre-
sent operation at the lowest inlet temperature and mass flow rate

Table 1
Model input parameters for gas and ceramic substrate properties.

(a) Gas properties
Density (kgm—3)
Specific heat capacity (J kg1 K-1)

Ideal gas law, pg = Pg /RpTg

Cpg = 981.76 4 0.2357T; + 1.0 x
10772 - 6.0 x 107813

Mg = 1075 x (4.666 + 0.04796T; —
0.000011T2)

kg = 1073 x (7.151 + 0.06557Tg —
6.871 x 107°12)

Dynamic viscosity (Nsm=2)

Thermal conductivity (Wm~1K-1)

Gas diffusivities (m?s~1) Dg co = 9.6502 x 107>(T;-7 /Pg)
Dy 1, = 34.805 x 10~>(T}-75/Pg)
Dy c,H, = 5.6240 x 107(T275 /Py)
Dg o = 11.2065 x 107>(T}-75 /Py)

Dy,0, = 9.6500 x 10~>(T}-75 /Py)

Defr.co = 13.31 x 1074(T0 /Py)
Degr.1i, = 49.812 x 10-4(T95 /Pg)
Defr ey, = 8.834 x 10-4(T2 /Py)
Degrno = 12.858 x 10~4(T2 /Py)
Defr0, = 12.45 x 10-4(12 /Pg)

Effective diffusivities (m2 s=1)

(b) Ceramic substrate properties

Specific heat capacity (Jkg=! K-1) Cps =

~3.435 x 107 /T? + 1071.0 + 0.156T;
Density of substrate (kg m—3) ps=1770
Thermal conductivity (Wm~1K-1) ks=1

Table 2
Model input parameters for the simulation of typical steady-state tests.

Operating condition

1 9 18
(a) Exhaust gas composition at TWC inlet, percentage (%)
Gas
co 0.616 0.913 0.790
H, 0.205 0.304 0.260
C3Hy 0.0231 0.0324 0.0147
NO 0.0241 0.1547 03134
0, 0.4984 0.6706 0.4381
(b) Flow parameters
Mass flow rate (kgs—1) 0.0121 0.0353 0.0740
Inlet gas temperature (K) 595 822 1018
(c) Initial conditions
Initial solid temperature = inlet gas temperature
(d) Ambient conditions
Atmospheric temperature (K) 298.15
Atmospheric pressure (Pa) 101325

(operating condition 1), at the highest inlet temperature and mass
flow rate (operating condition 18), and at an intermediate condition
(operating condition 9) of those conditions studied by Santos and
Costa [7].

Appendix B presents in detail the reaction scheme along with
the semi-empirical rate expressions [25] used in the present study
(see Table B.1). These expressions contain parameters that must
be estimated by fitting the model to a set of experimental data,
which represent the behavior of the TWC under typical operating
conditions. A number of authors (e.g., [13,23]) showed that this
approach gives satisfactory results. Table B.2 shows the reaction
parameters obtained by fitting the pre-exponential factor and the
activation energy of the rate expressions. It is important to note that
the parameters presented in Table B.2 are specific of the TWC used
in the present study. However, these parameters do not lump the
internal mass transfer effects as in Siemund et al. [13] and Holder
et al. [23], among others.

Fig. 1 shows the predicted and measured gas and solid tempera-
tures along a channel of the TWC for operating condition 9. Both the
solid and gas temperatures profiles displayed in Fig. 1 are typical
of TWC operation above the light-off temperature. The differences
observed between the solid and the gas temperatures confirm the
adequacy of the 1D PFM with the effectiveness factor implemented.

Fig. 1 shows that the predicted solid temperatures are always
above the predicted gas temperatures - it is well known that above
the light-off temperature the entire reactor is ignited so that the
heat of reaction produced within the washcoat leads to higher solid
temperatures. The maximum difference between the solid and gas
temperatures occur at the inlet region, with this difference decreas-
ing along the axial direction up to the channel exit, where the

940

. 920 4
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Py 900 -

1=

£ 880 -

£

[

o 860 —

£ redicted gas temperatures

|2 840 4 —— Predicted solid temperatures
820 [o] Measured gas temperatures

[ ] Measured solid temperatures

800 + T T T T T

0.00 0.02 0.04 0.06 0.08 0.10 0.12
Axial distance from front face (m)

Fig. 1. Predicted and measured gas and solid temperatures along a channel of the
TWC for operating condition 9.
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Fig. 2. Predicted and measured CO conversion as a function of space velocity for the
18 steady-state tests studied by Santos and Costa [7].
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Fig. 3. Predicted and measured HC conversion as a function of space velocity for the
18 steady-state tests studied by Santos and Costa [7].

difference reaches a minimum. This is because the heat produced
by the catalytic reaction is superior at the channel inlet, that is, the
chemical species conversion is more extensive at the inlet region
where the concentrations of the CO, HC and NOy are higher.

Fig. 1 also reveals that the four measured solid temperature val-
ues lie in between the predicted solid and gas temperature values,
as one could have anticipated. It is seen that at the rear section of
the channel the predicted solid temperature values are closer to the
measured ones. Note that at the reactor exit, where the gas and solid
temperatures are similar, the influence of the gas temperature on
the solid temperature measurement is minimum, which indicates
the accuracy of the predictions.

Finally, Fig. 1 shows that the predicted gas temperatures at the
TWC exit are rather close to the measured values for the three
operating conditions. This has also been observed for the remain-
ing operating conditions studied by Santos and Costa [7]. In this
earlier work, we have not performed gas temperature measure-
ments within the channel along the axial direction. The predicted
gas temperature profiles reveal, however, the expected trends.

Figs. 2-4 show comparisons between the predicted and mea-
sured conversions as a function of space velocity for CO, HC and
NOy, respectively. Note that each figure presents the experimental
data for the 18 steady-state tests studied by Santos and Costa [7] and
it is seen that the present model predicts accurately the measured
conversions.

It was verified that the 1D PFM without the effectiveness fac-
tor strongly over predicts the experimental measured conversions.

Table 4
Channel and washcoat structures analyzed.
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Fig. 4. Predicted and measured NOy conversion as a function of space velocity for

the 18 steady-state tests studied by Santos and Costa [7].

Table 3
Main technical attributes of the catalyst considered.

Substrate type

Square cell ceramic

Cell density (cells cm~—2)
Substrate dimensions (mm)
Catalyst volume (dm?3)

62 (400 cpsi)
Diameter=127; L=120
152

Coated geometric surface area (m? m—3) 2526

Uncoated wall thickness (mm) 0.1651 (6.5 mil)
Mean washcoat thickness (mm) 0.025

Open frontal area coated (%) 69.0

Cell hydraulic diameter uncoated (mm) 1.105
Washcoat material Ce0,-Al, 03
Precious metal loading 7 Pd/1 Rh

Total mass of precious metal (g) 1.159

A comparison between the 1D PFM with and without the effec-
tiveness factor implemented reveals that the predictions with the
latter approach are always above of those obtained with the former
approach presented in Figs. 2-4. This result is consistent with the
findings of Kryl et al. [26], who verified that neglecting the diffu-
sion in the washcoat leads to a significant overestimation of the
conversions.

4. Influence of the channel and washcoat structures on
TWC conversions

The present section concentrates on both turbulent mono-
lith structures and controlled washcoat structures, being its main
objective to analyze numerically the importance of these design
parameters on TWC conversions.

Table 3 lists the main characteristics of the TWC considered
here and Table 4 summarizes the channel and washcoat structures
analyzed numerically here. Section 4.1 presents and discusses the
baseline condition, Section 4.2 presents and discusses the two con-
ditions related with the channel structure and, finally, Section 4.3
presents and discusses one condition related with the washcoat
structure. Both Sections 4.2 and 4.3 start with justifications for the
structures selected for this study.

4.1. Baseline structure

For the baseline structure (see Table 4), Figs. 5 and 6 show the
predicted conversions as a function of the space velocity for the

Structure Baseline Channel structure with moderate protrusions Channel structure with intense protrusions Improved washcoat structure
TWC See Table 3 See Table 3 See Table 3 See Table 3

Flow Laminar Sh=2Sh|aminar Sh=10Shjaminar Laminar

Effective diffusivities See Table 1 See Table 1 See Table 1 Deff = 2Deff ref
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Fig. 5. Predicted conversions as a function of the space velocity for the operating
condition 1.

operating conditions 1 and 18, respectively (see Table 2). The space
velocity used in these figures is referenced to 273.15 K and the verti-
cal dashed line in Figs. 5 and 6 represents the space velocity used in
the experiments that corresponds to the inlet mass flow rate given
in Table 2.

Figs. 5 and 6 reveal that the baseline structure achieves con-
versions close to 100% only at small space velocities. It is seen
that as the space velocity increases the TWC conversions decrease
markedly. In addition, the figures show that for a given space veloc-
ity the TWC reaches higher conversions as the inlet gas temperature
increases.

Under most operating conditions relevant for an automotive
exhaust system the TWC conversions are limited by the transport
phenomena [1,27]. In this respect, the critical parameters that most
affect the TWC conversions are the transport coefficients and the
effective diffusivities that control the external and internal mass
transfer phenomena, respectively. Accordingly, design improve-
ments in the TWC require an accurate knowledge of the effect of
both channel and washcoat structures in the TWC conversions, as
discussed below.

4.2. Influence of the channel structure on TWC conversions

Mass and heat transfer effects in TWC monoliths have been
widely investigated in the laminar flow region for a variety of chan-
nels shapes and operating conditions. At the entrance of a channel
the concentration profiles are flat and the local reaction rates high.
Further downstream of the channel the flow develops to laminar
and the mass transfer limits the reaction. The external mass and
heat transfer decreases logarithmically from a high value at the
entrance to an asymptotic value in the fully developed region.

Decreasing the channel diameter by increasing the substrate
cell density enhances the mass transfer coefficient. In addition, the
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Fig. 6. Predicted conversions as a function of the space velocity for the operating
condition 18.
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Fig. 7. Predicted differences, relative to the baseline structure, in TWC conversions
as a function of the space velocity for a channel structure with moderate protrusions
(Sh=2Sh)aminar) for the operating condition 1.

mass transfer coefficient increases at higher gas velocities, that is,
higher Reynolds numbers. However, laminar flow conditions are
unfavorable for mass and heat transfer as compared to turbulent
flow conditions.

Holmgren [9] and Haas and Rice [10] found that the protru-
sions in the channel walls increase the mass transfer rate, expressed
as the Sherwood number, being the increase higher when the
Reynolds number was increased. The roles of the protrusions in
the channel walls used in the turbulent monolith structures are: (i)
to disturb the boundary layers, (ii) to generate swirl and vortices,
and (iii) to destabilize the flow or to intensify the turbulence.

These channel structures increase the local mass transfer coef-
ficient. Note, however, that a fully turbulent catalytic converter
would have a very high pressure drop. For this reason, the so-called
turbulent monolith structures generate the turbulence locally,
which minimizes the adverse effect of the pressure drop increase.

It has been established that the use of protrusions in chan-
nel walls may significantly reduce the critical Reynolds number
at which transition to turbulent flow takes place; in fact, criti-
cal Reynolds numbers below 700 have been reported [28]. Even
for Reynolds numbers of about 250-300, Holmgren [9] found that
obstacles produce non-steady disturbances in the flow.

There are many complexities in the computation of accurate heat
and mass transfer coefficients in monolith reactors, especially in the
transition flow. However, based on the literature (e.g., [9,10]), it is
secure to assume that the range of Nusselt and Sherwood numbers
over the expected operation interval of TWC using the so-called
turbulent monolith structures will be 1-10 times higher than that
corresponding to laminar flow conditions.

To demonstrate the effect of the turbulent monolith structures
on TWC conversions, we have here compared the baseline struc-
ture (laminar monolith) with turbulent monolith structures with
the same dimensions and properties but with Nusselt and Sher-
wood numbers 2 and 10 times higher than those of the laminar
flow conditions.

Figs. 7 and 8 show the predicted differences, relative to the base-
line structure, in TWC conversions as a function of the space velocity
for a channel structure with moderate protrusions (Sh=2Sh;yminar)
for the operating conditions 1 and 18, respectively, and Figs. 9 and 10
show the predicted differences, relative to the baseline structure,
in TWC conversions as a function of the space velocity for a channel
structure with intense protrusions (Sh = 10Sh;yminar) for the operat-
ing conditions 1 and 18, respectively.

Figs. 7-10 reveal that the most positive effect of the transport
coefficients on the TWC conversions is observed for the HC followed
by the CO and NOy, respectively, regardless of the inlet gas temper-
ature, i.e., of the operating condition. As can be seen, the increase
in the TWC conversions are higher for Sh=10Sh;3minar- However,
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since the differences between the numerical data obtained for
Sh=2Shjaminar and Sh=10Sh| minar are relatively small a monolith
structure with Sh =2Sh;;minar is adequate to achieve higher conver-
sions with a minor back-pressure penalty [9].

Itis noticeable in Figs. 7-10 that at low inlet gas temperatures the
TWC conversions are less dependent of the transport coefficients. In
addition, the present numerical results demonstrate that increasing
the transport coefficients using turbulent monolith structures can
produce either positive or negative effects on the TWC conversions,
as shown in Figs. 7 and 9. However, Figs. 8 and 10 demonstrate that
for higher inlet gas temperatures the turbulent monolith structures
present important improvements in the TWC conversions.

The main objective of using turbulent monolith structures is to
improve the external transport phenomena between the bulk gas
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Fig. 10. Predicted differences, relative to the baseline structure, in TWC conversions
as a function of the space velocity for a channel structure with intense protrusions
(Sh=10Shjaminar) for the operating condition 18.

phase and the washcoat surface. It should be noted, however, that
there are two circumstances where increased heat and mass trans-
fer coefficients can decrease the reaction rate and hence the TWC
conversions: a decrease in wall temperature that decelerates the
reaction rate more than an increase in wall concentration acceler-
ates it, and an increase in the wall concentration of reactants that
inhibits the reaction. At operating conditions above the light-off
temperature the latter effect has a marginal impact in the reaction
rates and thus can be ignored in the present study. In regard to the
former effect, however, it is important to note that the increase in
the transport coefficients increase simultaneously mass and heat
transport. At temperatures below light-off the increase in the heat
transport coefficients contributes positively to heat up the solid
(washcoat and substrate) reducing thereby the heating period of
the TWC.

Nevertheless, above light-off temperature the wall temperature
is always higher than the gas temperature and hence the heat flux
occurs from the wall to the gas. Thus, increasing the transport coef-
ficients contributes to increase the wall concentration of reactants
and to remove the wall products back to the bulk-gas phase. But,
because heat transfer is also enhanced, the heat transfer to the gas
flow increases and therefore the wall temperature decreases. In
part, due to this effect the reactions proceed at slower rates. Thus,
at operating temperatures above light-off the increase in the trans-
port coefficients is beneficial to the mass transfer but is detrimental
to the heat transfer.

Figs. 8 and 10 reveal that for an inlet gas temperature of 1018 K
the TWC conversions increase with increasing transport coef-
ficients, regardless of the space velocity. These results indicate
that at higher inlet gas temperatures the external mass trans-
port of reactants and products is very important to improve the
TWC conversions. Here, the decrease in the wall temperature is
clearly compensated by the improvements achieved in the mass
transport.

In summary, the net effect of increasing the transport coef-
ficients on the TWC conversions is positive. In addition, higher
transport coefficients have the advantage of reducing the local hot-
spots and the maximum operating temperature which prevents the
thermal deactivation and hence increases the TWC life time. These
features allow the use of turbulent monolith structures closer to
the engine as compared with classical laminar monolith structures
used today in pre-catalysts and cascade systems.

4.3. Influence of the washcoat structure on TWC conversions

Internal diffusion of the gas species into the porous solid
structures that include macro pore, meso pore and micro pore
diffusion depends on the pore diameter. Recently, a number of stud-
ies [21,22,29,30] have used several techniques for obtaining pore
transport characteristics in commercial available washcoat layers.
Typical sizes of pore diameter in a TWC washcoat range from 6.5 nm
to 500 nm [29], so that micro pore diffusion may be neglected.

The washcoat structure can be characterized by the pore diame-
ters dp, porosity €p, and the tortuosity factor, 7. Tortuosity, porosity
and mean pore diameter were measured experimentally for TWC
washcoats by Hayes et al. [29].

There are two main theoretical models to define the effective dif-
fusivity as a function of the washcoat structure: the random pore
model and the parallel pore model. Hayes et al. [29] have concluded
that the random pore model is not appropriate for monolith wash-
coats and recommended the use of the parallel pore model for an
alumina washcoat. The results predicted by the parallel pore model
agree well with the experimental results [21,22,29,30], and thus
when data is unavailable but the fundamental parameters of the
washcoat structure are known, this model is appropriate to predict
the effective diffusivity of the TWC washcoat.
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The typical CeO,-Al,03 washcoat, widely used today in com-
mercial TWC, has a bi-modal pore size distribution composed
mainly by small meso pores of about 10nm and by macro pores
(pore diameter in the range of 100-500 nm and volume fraction
around 20%) [4,22].

Sudrez et al. [11] produced porous materials with a remarkable
increase in the macro pore volume as compared with commercial
materials of the same composition and demonstrated that this leads
to an increase in the effectiveness factor. Yuan and Su [12] demon-
strated that the incorporation of hierarchical materials containing
both interconnected bi-modal meso and macro porous structures
and defined morphologies have enhanced proprieties as compared
with single size meso porous materials. The meso and macro porous
washcoat structure combines the benefits of reduced resistance to
diffusion and high surface areas for adsorption and reaction.

According to the parallel pore model, the porous washcoat struc-
ture can be taken into account by application of the effective
diffusivity that leads to:

&pD;

Derj = ——~ (11)

where D; is a diffusivity that combines the effects of the bulk dif-
fusion, Dy,; (macro pore), and of the Knudsen diffusion, Dk; (meso
pore), defined as follows:

D: = VmeSO/V[’Otal VmaCTO/VtOtal (]2)
77 (1/Dpj)+(1/Dk;) " (1/Dpj)+(1/Dx )

The volume diffusion was calculated as it was done for the gas phase
(see Table 1). The Knudsen diffusion can be calculated as:
Ts

3
10°M;

Dyj = 48.5dp (13)

Based on recent results [11,12], we have concluded that
enhanced washcoat structures allowed for a substantial increase
in macro pores volume.

In order to demonstrate the influence of the improved washcoat
structures on the effective diffusivities, a CeO,-Al,03 washcoat
structure composed by 80% of meso pores and 20% of macro pores
with pore diameters of 10 and 130 nm, respectively, was considered
as the baseline.

Two improved washcoat structures have been considered here:
80% 10nm+20% 400 nm and 60% 10 nm +40% 130 nm. The effec-
tive diffusivities for these washcoat structures have been evaluated
using Egs. (11)-(13). Note that the tortuosity factor and the poros-
ity of the washcoat depend on the washcoat structure. The study of
Hayes et al. [29] indicates that the tortuosity factor and the porosity
of a commercial TWC washcoat are 8.1 and 0.41, respectively. Due
to the lack of experimental data it was assumed that these param-
eters remain unchanged for the two improved washcoat structures
considered here.

Fig. 11 shows predicted effective diffusivities as a function of
the temperature for the three different washcoat structures. It can
be observed that the dependence of the effective diffusivity on the
temperature changes both with the percentage of macro pores and
with the diameter of macro pores. This occurs because the volume
diffusion increases more with the temperature than the Knudsen
diffusion; specifically, the temperature dependence is T"7° for the
volume diffusion and T for the Knudsen diffusion.

Fig. 11 demonstrates that for the temperature range studied
here the effective diffusivity may increase by a factor of about 2
as compared to the baseline washcoat. In order to study the effect
of improving the internal mass transfer with enhanced washcoat
structures, the effective diffusivity of the baseline washcoat (see
Table 1) has been multiplied by 2, with all remaining washcoat
properties being kept constant (see Table 4).

e 30

L]
E 80% 10 nm +20% 400 nm _
= 254 P

4 e T e
=

Sé 204 _::::":r,ﬁ'—"'"" 60% 10 nm +40% 130 nm
x o

£ 15

2

g 80% 10 nm + 20%: 130 nm (baseline)
E 10

©

g

',‘;-,, 0.5 1

T

w oo . . : :

590 690 790 890 990 1090

Temperature (K)

Fig. 11. Predicted effective diffusivities as a function of temperature for three dif-
ferent washcoat structures.
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Figs. 12 and 13 show the predicted differences, relative to the
baseline structure, in TWC conversions as a function of the space
velocity for an improved washcoat structure (Degs = 2Deff rer) for the
operating conditions 1 and 18, respectively.

The results in Figs. 12 and 13 demonstrate that the baseline
TWC structure suffered from internal mass transfer limitations. It
is seen that the TWC reaches higher conversions as the effective
diffusivities attain higher values regardless of the chemical species.
Note that as the effective diffusivity increases the transverse diffu-
sion time for the mass transport of reactants and products within
the washcoat decreases. Thus, the internal mass transfer process is
enhanced and a more uniform concentration gradient throughout
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Fig. 13. Predicted differences, relative to the baseline structure, in TWC conversions
asafunction of the space velocity for animproved washcoat structure (Defs = 2Deff ref)
for the operating condition 18.
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the washcoat is achieved. This leads to a better washcoat utiliza-
tion and thus to higher TWC conversions. In addition, the increase
of the reactants availability in the catalytic active sites leads to an
increase in the reaction rates which permit to attain higher wall
operating temperatures. As a consequence, the reaction time within
the catalytic layer decreases contributing to increase the reactants
conversion.

Figs. 12 and 13 also demonstrate that the improvements in the
TWC conversions using washcoat structures that provide higher
effective diffusivities depend on the space velocity. It is interest-
ing to note that for the inlet gas temperature of 595K (see Fig. 12)
the improvements in the TWC conversions attain the maximum
effect at intermediate space velocities. However, as the inlet gas
temperature increases the maximum effect of the effective diffu-
sivities in the TWC conversions occurs for higher space velocities.
In addition, the TWC conversions depend also on the reaction time
of the catalytic layer which decreases as the inlet gas temperature
increases. Because of this, at low inlet gas temperatures (e.g., 595 K),
the influence of the external mass transport in the TWC conversions
is noticeable at lower space velocities owing to the higher reaction
time of the catalytic layer as compared to the reaction time at higher
inlet gas temperatures.

In light of the results presented above, it can be concluded that
increasing effective diffusivities has a more significant impact on
TWC conversions than increasing the transport coefficients. There-
fore, improvements in the transport properties of the washcoat
structure is the most critical design challenge to augment TWC
conversions above the light-off temperature.

The design options also depend on thermal and mechanical con-
strains. In this context, the increase in the transport coefficients
contributes to decrease the maximum wall operating temperature
of the TWC. In contrast, the increase in the effective diffusivities
contributes to increase the maximum wall operating temperature
of the TWC. Because of this, the formation of hot-spots and thus the
thermal deactivation is critical when the percentage of macro pores
in the washcoat structure increases. In addition, the increase in the
macro pore volume generally reduces the mechanical resistance of
the porous structure [11]. For this reason, the use of macro pore
washcoat structures in TWC installed closer to the engine needs to
be careful analyzed.

5. Conclusions

A single channel model accounting for the species diffusion
inside the washcoat using the effectiveness factor was developed.
Validation and calibration of the model was achieved by comparing
predictions against experimental data. Predictions of gas and solid
temperature profiles as well as of TWC conversions demonstrate the
adequacy of the 1D PFM with the effectiveness factor implemented.
The model was then applied to study the importance of both tur-
bulent monolith structures and controlled washcoat structures on
TWC conversions being the main conclusions as follows:

(i) increasing the transport coefficients using turbulent monolith
structures can produce either positive or negative effects on the
TWC conversions;

(ii) overall, the net effect of increasing the transport coefficients on
the TWC conversions is positive;

(iii) at high inlet gas temperatures and high space velocities the tur-
bulent monolith structures present important improvements in
the TWC conversions;

(iv) the TWC conversions can be significantly improved enhancing
the transport properties of the porous washcoat structure;

(v) enhancements in the transport properties of the washcoat
structure have deeper impacts on the TWC conversions than
improvements in the monolith channel structure.
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Appendix A. Transport phenomena
External mass transfer — transport coefficients

The external transport phenomena between the gas and the
gas-solid interface in the 1D PFM is accounted for through the heat
and mass transfer transport coefficients. It is well known that the
development of thermal and concentration boundary layers is com-
pleted near the entrance of the TWC channels and a fully developed
laminar boundary layer is thus formed in most part of the reactor.
In order to take into account the enhanced transfer rates found in
the entrance region, the 1D PFM used in this study uses a simulta-
neously developing velocity, concentration and thermal boundary
layer, with heat and mass transfer coefficients dependent of the
position and velocity, without solving the Navier—Stokes equations.
As shown by Balakotaiah and West [31], the solution of momentum
balance can be avoided in laminar boundary layers by using heat
and mass transfer correlations.

For the case of developing velocity, concentration and thermal
boundary layers, Ramanathan et al. [32] presented the following
expressions to give the Sherwood and Nusselt numbers along the

channel:
1/2
14 (Ruu;\" RRu; 1 (14 )
0<z<
scl/® \ ZDg; , Dgj sc!/3 \ Shroo
Shi(z)={ ) L
Sy, 2 Rt 1 1.4
T T Dy Scj”3 Shr,
(A1)
1/2
14 (R 0o, R 1 (14 2
Nu(z) = 3 Pr/e\ 2 ’ ag Pri/3 \ Nup
- 2
N Lo Rou; 1 1.4
Teor 2= gy Pri/3 \ Nur.o

(A.2)

Internal mass transfer - effectiveness factor

As of today, the approach of neglecting the internal mass trans-
fer has been usually preferred in the TWC numerical modelling
for its simplicity. Modelling studies on mass transport within the
porous washcoat (e.g., [5,6,33-35]) demonstrate that under certain
circumstances the internal mass transfer can be successfully incor-
porated using the effectiveness factor model, so that the model is
maintained simple and its needs in terms of computational time
low. When the effectiveness factor model is used, the reaction rate
constant, kyy, is evaluated using the following equation:

Tk
kV, k= C
ref

(A3)

For kinetic laws, others than first-order, the generalized Thiele
modulus may be used [35]. After evaluated ky, using Eq. (A.3), the
generalized Thiele modulus can be defined as:

kV k
¢L,k = 8(: -

A4
Def (A4)

This method assumes a homogeneous porous medium that con-
siderers D, constant and uses a geometric characteristic length,
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8¢, for any geometry as the ratio of the catalyst volume to the exter-
nal surface area. The thickness of the catalytic layer of the present
ceramic TWC is very small (25 wm) so that the washcoat may be
viewed as an infinite slab (flat-plate) with a geometric character-
istic length §. (see Fig. 1). Given that, the generic solution for the
effectiveness factor can be approximated by [36]:

tanh(¢y x)
Nk = o
L,k

The above analysis is exact for a chemical species that dissoci-
ates isothermally in the catalytic washcoat, following a first order
reaction rate. Zygourakis and Aris [5] observed the validity of the
isothermal washcoat assumption using the Prater relation. They
concluded that for reactant concentrations encountered in auto-
motive TWC, the temperature change within the washcoat is less
than 1K.

In the case of other kinetic laws (e.g.,, LHHW), Eq. (A.5) may also
give a good approximation if the generalized Thiele modulus Eq.
(A.4) is used [35]. Examples of LHHW behavior can be found in
Leung et al. [33], Papadias et al. [35] and Hayes et al. [37,38], among
others.

At the highest temperatures, where most of the reaction takes
place near the exposed surface of the washcoat, the effectiveness
factors converge to the exact asymptotic expression, np=1/¢,
and therefore there is no differences between 1D effectiveness fac-
tor model and 2D detailed models. Papadias et al. [35] used LHHW
kinetics for the CO oxidation reaction to show that in the asymptotic
region, with temperatures above 500K, the agreement between 1D
and 2D methods for calculating effectiveness factors is very good.

Zygourakis and Aris [5] and Wanker et al. [6] also showed that
the 1D effectiveness factor model is adequate for temperatures
above light-off and low reactants concentrations, typical of exhaust
aftertreatment systems such as TWC. Note that, for the operating
conditions studied in the present work, the temperature is always
above 595 K, and the reactants concentration of CO at the TWC inlet
are in between 0.58% and 0.97% (the inlet concentrations of HC and

(A.5)

Table B.1
Reaction scheme and rate expressions used in the present study.

NOy are lower than those of the CO). Thus for the present mod-
elling study, one can conclude that the effectiveness factor model
is adequate even with LHHW kinetics.

Appendix B. Chemical reactions

The reaction scheme used in the present study is based on four
dominant reactions that correspond to the oxidation of CO, H, and
HCand to the NO reduction by CO. H, oxidation is taken into account
due to the substantial heat production associated with it; its reac-
tion kinetics may be handled with no difficulty since they are closely
related to CO oxidation kinetics [39]. Regarding the HC oxidation,
the usual approach is to assume two species, the fast and the slow
oxidizing ones [39]: 86% of fast oxidizing hydrocarbons (C3Hg) and
14% of slow oxidizing hydrocarbons (CH,4). In order to avoid any
superfluous complexity, it was decided to model here the HC only
as C3H5. This approach reproduces accurately the HC oxidation, as
verified by Konstantas [40]. The reduction of NO is due to its reac-
tions with reducing agents such as CO, H, and HC. In the TWC, CO
is considered to be the main species participating in NO reduction
[13,39,40].

It is assumed that the reactions above are dominant. Several
other catalytic reactions occur inside the TWC washcoat, depending
on the exhaust gas composition, temperature and washcoat com-
position of the catalyst [41]. But they seem to have negligible effects
or are too slow to compete with the dominant reactions [25]. Sin-
gle step global rate equations favor the simplification of the reaction
scheme. Note that above the light-off temperature the TWC conver-
sion is dominated by transport phenomena, thus the global kinetic
rates should fulfill the requirement of the study, being the surface
adsorption-desorption and the intrinsic reaction included in the
global kinetic rate expressions. A common practice in the literature
is also to lump the internal mass transfer in these global kinetic rate
expressions.

The chemical reactions take place in many complicated steps
[42]. However, most of the existing models rely on LHHW type

Reaction Rate expression
Oxidation reactions Y

Aqe\—Ltal/Rgls)CqC,

1 CO + 0.50, — CO, = %
A,e(~Eax2/ReTs) ., C,

2 Hy +0.50, — Hy0 = %
Ase(~Ea/ReTs)Ce 1y C

3 C3Hy +4.750, — 3C0; +3.5H,0 ry = %

Inhibition term

AHa;
G = Ts(1 + K1 Cco + Ko Ceym, (1 +1<3cgocggH7 (1 +KaC0): Ki = kie (7 L )

R

k1 =65.5, ky = 2080, ks =3.98, ks =479000
AHay = 7990, AHa, = —3000, AHas = —96534, AHa, = 31036

Reduction reaction
4 CO + NO — CO; +0.5N,

Inhibition term

Agel~Eaa/ReT5) Ceo Cno
Ty = —G

AHa;
G = Ts(1 + K1 Cco + Ko Cymy )2(1 + 1(3c§0cg3ﬁ7 (1 +KaCoT): K; = kie ( i )

" ReTs

k1 =400, ky =200, k3 =3.98, ks =200000
AHa; =—7990, AHay = —3000, AHas = —96534, AHay =31036

Table B.2
Reaction parameters.

Reaction Pre-exponential factor Activation energy
(molKm—3s-1) (Jmol=1)
1 CO+0.50; — CO, A;=134x10'8 Eqq =84000
2 H, +0.50, — H,0 Ay=134x10'8 Eqp =84000
3 C3H7 +4.750, — 3C0, +3.5H,0 A3=6.9 x 1018 Eq3=94000
4 CO+NO— CO, +0.5N, Ag=118 x 1019 Eq4=90000
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kinetic rate expressions presented originally by Voltz et al. [25]
with modified kinetic constants and activation energies. The reac-
tion scheme and the rate expressions used here are presented in
Table B.1 and the reaction parameters in Table B.2. The inhibition
terms used in the present study are those used by Tsinoglou et al.
[43] for a similar TWC.
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