Mathematical Modeling of Catalytic
Converter Lightoff: Single-Pellet Studies

A detailed mathematical model of a single catalyst pellet has been developed to
describe its behavior under transient conditions encountered during the warmup
period of automobile exhaust catalytic converters. In contrast to the converter
models previously reported in the literature, this model is capable of describing
the time-dependent behavior of a composite catalyst pellet, and thus provides a
convenient means of examining the effects of poison penetration and various noble
metal impregnation strategies in the activity-time (rather than activity-
temperature) domain.

Extensive calculations were carried out to investigate the effects of various
catalyst design parameters and converter operating conditions on the lightoff
behavior of a spherical, platinum-alumina catalyst pellet. Due to the complex
kinetics of the CO and hydrocarbon oxidation reactions, catalyst lightoff was found
to exhibit interesting behavior with respect to variations of the system’s design
parameters and operating conditions. Graphs are presented to illustrate the
parametric sensitivity of these effects.
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It has been widely recognized that a substantial fraction of
the carbon monoxide and hydrocarbon emissions occurs during
the first few minutes (i.e., warmup period) of the Federal Test
Procedure (FTP) driving cycle. Therefore, it is crucial to im-
prove converter warmup performance in order to meet au-
tomotive emission standards which mandate more stringent
emission control. Since converter performance is a complex
function of operating conditions, converter geometries, and
catalyst properties, an empirical approach to the problem can
be very costly and time-consuming; thus, mathematical model-
ing promises to be helpful in the development of catalytic
converters with improved warmup performance.

There are some important design parameters associated
with catalyst pellets used in automobile catalytic converters.
For example, the relative locations of noble metals (Summers
and Hegedus, 1978, Hegedus et al., 1979) and their impregna-
tion depths (Hegedus and Summers, 1977) have been shown to
have a strong influence on the performance and durability
characteristics of automotive catalysts. Converter models pre-
viously developed (e.g., Kuo et al., 1971; Ferguson and Fin-
layson, 1974), however, were not designed to study the effects
of the parameters associated with the design of the catalyst
pellet.

Recently, Becker and Wei (1976, 1977a) investigated the
effects of the location of the active layer on the catalyst’s

activity for negative-order reaction systems, such as the oxida-
tion of carbon monoxide over platinum. They used the
isothermal effectiveness factor vs. Thiele modulus plot to com-
pare the lightoff characteristics of catalysts with various im-
pregnation patterns. Although this approach is useful in gain-
ing insight into the change in catalysts’ activity as temperature
varies, it does not provide information about the time scale of
catalyst lightoff. Such information is necessary for estimating
time-integrated emissions. For this reason, we decided to
explore the time-dependent behavior of a catalyst pellet during
the converter warmup process.

In this work a detailed transient single-pellet model has been
developed to describe the time-dependent behavior of a
catalyst pellet which is composed of concentric shells of differ-
ing physical and chemical properties. Such multilayered
configuration, though an idealization of reality, has been used
successfully for the modeling of automotive catalysts (Hegedus
and Cavendish, 1977; Hegedus et al., 1977; Oh et al., 1978),
and, as we will see, provides a convenient means of examining
the effects of poison penetration and various noble metal
impregnation strategies. This single-pellet model was then
used to investigate the effects of catalyst properties and conver-
ter operating conditions on the lightoff characteristics of a
spherical, alumina-supported platinum catalyst pellet for the
oxidation of CO and propylene.

CONCLUSIONS AND SIGNIFICANCE

Some of the important findings are summarized below:

1. Under typical converter operating conditions, the lightoff
behavior of a fresh catalyst pellet can be improved either by
subsurface impregnation of the noble metal or by increasing its
impregnation depth. However, the activity in the later portions
of the warmup process is. inferior to that of a surface-
impregnated catalyst pellet with a shallow Pt band. In actual
catalyst design, therefore, the beneficial effects of placing Pt
subsurface or increasing the width of the Pt-impregnated shell
on lightoff activity should be carefully weighed against possible
detrimental effects on the catalyst’s activity in the later stages
of the warmup.
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2. The beneficial effect of subsurface impregnation on
catalyst lightoff was found to diminish at low CO concentrations
or at high exhaust gas temperatures.

3. The poison-resistance of a catalyst can be improved
either by increasing the noble metal impregnation depth or by
placing Pt subsurface. However, if the Pt bandwidth is too
large or if its location is too far away from the pellet’s external
surface, the fresh activity may be unacceptably low. Thus, a
tradeoff must be made between fresh activity and poison re-
sistance in selecting the location and width of the Pt band.

4. Rapid catalyst lightoff is favored by low pellet density.
Plots are shown to quantify this effect.

5. Early activity can be improved slightly by decreasing the
effective diffusivity in the pellet, but the catalyst’s activity in
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the later stages of the warmup process may be significantly
degraded.

6. Catalyst lightoff is delayed with increasing CO or C;Hg
concentrations in the exhaust gas, whereas increasing the O,
concentration improves both lightoff and steady-state activity.
Again, plots are shown to quantify these effects.

7. Faster lightoff occurs when a catalyst pelletis exposed toa
higher exhaust gas flow rate.

8. At the early portions of the converter warmup process,

significant temperature gradients are established inside the
catalyst pellet. However, the intrapellet temperature profile
becomes reasonably flat by the time the catalyst reaches its
reaction temperature; thus, the assumption of uniform pellet
temperature can be safely invoked in the modeling of catalytic
converter lightoff.

The extension of the single-pellet model to a full-converter
model is underway, and the results will be reported later.

INTRODUCTION

Several attempts have been made to develop mathematical
models for pellet-type catalytic converters. Kuo et al. (1971)
developed a cell model for the oxidation of carbon monoxide and
hydrocarbons over a copper chromite catalyst, and the model
predictions were successfully compared with converter per-
formance data during the FTP driving cycle. Harned (1972) used
a one-dimensional plug flow model to investigate the effects of
various converter design parameters and operating conditions
on the steady-state and warmup performance of a catalytic con-
verter. In his work, the oxidation of CO and propylene was
considered, and the conversion of propylene was assumed to be
the same as CO conversion. Bauerle and Nobe (1973) presented
a model describing the transient operation of a dual-bed catalyt-
ic converter (NO-CO reaction over copper chromite in the first
bed and CO-0O; reaction over copper oxide in the second bed).
Recently Ferguson and Finlayson (1974) developed a transient
converter model for the reduction of nitric oxide with CO and H,
by employing a mixing cell scheme. The problem of diffusion-
reaction interactions inside the catalyst pellet was solved
efficiently by means of the orthogonal collocation method.

It has been shown (Becker and Wei, 1977a, 1977b; Hegedus
and Summers, 1977; Summers and Hegedus, 1978; Hegedus et
al., 1979) that the performance and durability characteristics of
automobile catalytic converters can be significantly influenced
by such catalyst design parameters as the relative location of
noble metals and their impregnation depths. The previous con-
verter models mentioned above, however, were not designed to
include such details about the catalyst pellets, and thus are not
well suited for studying the effects of the parameters associated
with catalyst design.

In an attempt to provide useful guidance in the design of
better catalysts and catalytic converters, we set out to develop a
converter warmup model which includes some of the important
design parameters of the catalyst pellets. As a first step toward
this goal, a detailed transient single-pellet model has been de-
veloped, and extensive calculations were carried out to investi-
gate the effects of catalyst properties and converter operating
conditions on the warmup characteristics of the catalyst pellet.

This paper, the first part of our converter modeling studies,
reports the results of these calculations based on the single-
pellet model. In the second part to be published later, the
single-pellet model will be extended to a full-converter model
using a mixing cell scheme (Kuo et al., 1971; Ferguson and
Finlayson, 1974), and the results of computations for converter
warmup performance will be discussed. The present results are
worth disclosing because, as the results of the full-converter
model will show, the single-pellet model provides useful insight
into the behavior of catalytic converter systems and points ways
toward possible improvements in converter performance.

This work considers the lightoff behavior of a spherical,
alumina-supported Pt catalyst for the oxidation of CO and pro-
pylene. The catalyst pellet is visualized as a multilayered com-
posite porous medium. This approximation permits one to
examine the effects of poison penetration and various noble
metal impregnation strategies (i.e., the location and width of the
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Pt band) simply by assigning appropriate physical and chemical
properties to the individual layers.

DEVELOPMENT OF MATHEMATICAL MODEL

Our model considers the following two representative oxida-
tion reactions over Pt:

CO + 1/2 0, —» CO,
CsHg + 9/2 0, — 3CO, + 3H,0

Here the oxidation of “slow-oxidizing hydrocarbons,” such as
methane, is not included because these species are expected to
have little influence on the catalyst’s lightoff behavior as a result
of their low reactivity. The effects of including H, in the simula-
tion will be discussed later. Also note that the consideration of
only oxidation reactions does not limit the applicability of our
model, since oxidizing, three-way, and dual-bed converters all
may warm up in the oxidizing mode.

The specific reaction rate expressions (that is, rates per unit Pt
surface area) for carbon monoxide and propylene oxidation were
obtained by calibrating the rate equations of Voltz et al. (1973)
with our recycle reactor data. In this calibration, only the pre-
exponential factors of the rate constants were adjusted, without
changing the activation energies and adsorption equilibrium
constants given by Voltz et al. The rate expressions used in our
model are:

R = kcoccoco, mol CO M
7 (¥ Keoteo + Kegnglesig) cm® Pt - s
ﬁ — kC3H60C3H6002 mol C3H3 (2)
Catie (1 + Keotco + Kegugesng)” em?Pt - s
where

keo = 6.802 X 10 exp(—13108/T)
kegg = 1.416 X 108 exp(~ 15109/T) o
Keo = 8.099 x 108 exp(409/T)

Kegg = 2.579 % 10% exp(—191/T)

From the stoichiometry, the reaction rate for oxygen is given by:

mol O,

Roy = 12 Reo + 9/2 Ry —p =

@

It may be worth mentioning that although the pre-
exponential factors of the kinetic parameters in Eqs. 1 and 2
become linearly dependent on T upon conversion of concentra-
tion units (from mol fraction used by Voltz et al. to mol/cm®), the
temperature dependence of the rate constants and adsorption
equilibrium constants was found to be well approximated by the
simple Arrhenius expressions with the constant pre-exponential
factors given in Eq. 3.

Although only Pt catalysts are considered here, the essential
features of our calculations are expected to carry over to other
noble metals which exhibit negative-order kinetics.

AIChE Journal (Vol. 26, No. 6)



Basic Equations

The conservation of reactive species i in a spherical catalyst
pellet is described by:

o¢; 1 9
&,(r) 9% _

a7 or [DUf,—] - a(nR(E, T
5)
i = 1{CO), 2(C3Hg), 3(0y)

where ¢ is the vector whose elements are species concentrations
¢y, ¢z, and ¢3. The boundary conditions are:

S 0=0 ©
Bc,» = km,i _
ar Rt = D, (R [Ce.it) — c(R, )] ]

The radial dependence of the catalyst properties is explicitly
shown in Eq. 5 to stress the fact that each layer of the catalyst
pellet is permitted to have differing physical and chemical prop-
erties. In addition, we impose the continuity of both the concen-
tration and the flux of the reacting species at the zone interfaces
(r=r)foral¢=0:

cilrs—. 1) = cilrs, t) ®)

Ci
ar

Deri) (s, ) = Dedri) (e ) )

The energy balance equation on the catalyst pellet is:

e R N

+an 3 R T(-8H),  (10)

with the boundary conditions:
aT

oT h
s (R, t) = BWInR [T(t) — T(R. t)] (12)
and the initial condition,
T(r, 0) = T°(r) (13)

Also, continuity conditions for T similar to Eqs. 8 and 9 are
imposed at the zone interfaces.

In Eqs. 7 and 12, ¢,,; and T represent the concentration and
temperature of the bulk gas phase surrounding the catalyst
pellet, respectively. When the operation is carried out in a
differential mode (e.g., a single catalyst pellet suspended in an
infinite reservoir of gas), these values can be taken to be the
same as the concentration and temperature of the incoming gas
stream. However, the pellets in automotive catalytic converters
typically operate in an integral mode, and their behavior has
been shown to be well approximated by a mixing cell scheme
(Kuo et al., 1971). In the mixing cell scheme, all the catalyst
pellets in one cell are assumed to be exposed to a uniform (but
different from the incoming stream) bulk gas phase condition. In
the light of this observation, we were interested in investigating
the behavior of the individual catalyst pellets in the mixing cell
environment (rather than that of an isolated single catalyst pel-
let).

For a mixing cell of size V., the boundary conditions at the
pellet external surface (Eqs. 7 and 12) can be recast into the
following more convenient form:

km,i

aCi
Tor D.(R)(1 + a)

or (R, 1) =

[enst) — ciR, 1)] (14)
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aT h
o R,y = ST [Tin(t) — T(R, 8)] (1)
where 3k, (1 W
_ m,itl = €)Veen
o = — O0R (16}
_ 3h(1l ~ &Vean
f T ORRC w7

The detailed derivation of Eqs. 14 and 15 can be found
elsewhere (Ferguson and Finlayson, 1974). This rearrangement
allows us to express the boundary conditions in terms of known
inlet gas conditions, ¢ip,; and Tiy.

This study simulates the transient response of a catalyst pel-
let, initially at room temperature, following a step flow of
stabilized exhaust gas at an elevated temperature. Although
surface phenomena (i.e., adsorption, desorption, and surface
reaction) have been shown to be important in determining the
transient response of supported catalysts under isothermal con-
ditions (Oh et al., 1978), such processes are not included in our
model since the thermal response of the pellet is expected to
dominate the dynamic behavior of the whole system.

Note that for our calculations the accumulation of mass in the
catalyst pellet was neglected (i.e., d¢/3t = 0in Eq. 5; quasistatic
approximation), since its time constant is typically much smaller
than that of the pellet thermal response (Kuo et al., 1971;
Ferguson and Finlayson, 1974) and consequently the intrapellet
concentration profiles would quickly approach an asymptotic
equilibrium with respect to the pellet temperature. We also
assume that the physical and chemical properties of the catalyst
pellet are piecewise constant; that is, they are constant within
each layer of the pellet, but these constants are allowed to vary
from layer to layer.

‘Once the quasistatic approximation is invoked for the mass
balance equations on the catalyst pellet, one would be tempted
to use the steady-state effectiveness factor vs. Thiele modulus
curve to obtain the reaction rates under the influences of intra-
and interpellet diffusion resistances, as was done by Kuo et al.
(1971) and by Harned (1972). This would greatly reduce the
computation time. In our case, however, this approach cannot
be used even in the presence of excess oxygen, because of the
coupling between CO and C;H, in the kinetic expressions (Egs.
1 and 2); that is, the effectiveness factor for the CO-Q, reaction
depends on the extent of the C3Hg-O, reaction and vice versa.
Consequently, the single-pellet equations (two-point boundary
value problem) must be solved repeatedly.

Parameter Evaluation

The effective diffusivities of CO, C3Hg, and O, were calcu-
lated from the random pore model of Wakao and Smith (Smith,
1970) using the pore size distribution data of a typical automo-
tive catalyst pellet. The effective diffusivities were assumed to
increase with the 1.4th power of temperature. The molecular
diffusivity of the reactants in the reaction mixture was approxi-
mated by estimating the bimolecular diffusivity of the species in
N, using the Slattery-Bird formula (Bird et al., 1960). The
correlation of De Acetis and Thodos (1960) was used to calculate
the external heat and mass transfer coefficients.

The size of a mixing cell is generally a function of the degree of
axial dispersion in the bed and converter geometry. In our
calculations, the mixing cell volume was taken to be 1065 cm?,
which amounts to approximating a type 260 production conver-
ter by four mixing cells. This choice of cell size seems reasonable
in view of the analysis and experiment described by Wei (1975),
which suggests three to four pellet layers for one mixing cell.

The local Pt surface area, a(r), in Eqs. 5 and 10 can be
calculated from known values of Pt wt % and dispersion as:

R® disp. % \{ wt %
= 26 % 10 ) () (oo
@ =2.6 X 100—"—> 100 100 /P
cm? Pt

~om? pellet
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where ry and r, represent the outer and inner boundaries of the
impregnated zone, respectively.

Numerical Solution of the Equations

In the quasistatic model we seek numerical approximations to
the coupled equations (Eqs. 5 and 10):

C 1 d dC,‘
R, [c T, r] =z [De.i(r)rz - ]
- a(r)ﬁ,»(E, T) =0 (18)
(1§i53,0<r<ﬂ)

_ 109 oT
Redc, T, r, t]= o [ Ao(r)r? —r]

M""

+a(r) Y R(E, T(-AH),

1l

i=1

- PICu(r) S =0 (19)

0<t 0<r<R)

subject to the boundary conditions given by Egs. 6, 11, 14, and
15; initial condition for T by Eq. 13; interface conditions for ¢; by
Egs. 8 and 9; and similar interface conditions for T. While Eq. 18
is a steady-state two-point boundary value problem, Eq. 19is a
transient two-point boundary value problem. In Egs. 18 and 19,
both physical [D, (1), A(7), py(r), and Cps(r)] and chemical [a(r)]
propertles are permitted to vary discontinuously from region to
region in the catalyst pellet. Galerkin’s method with piecewise
analytic trial functions has proven to be an effective technique
for solving such composite material problems (Hegedus and
Cavendish, 1977; Oh et al., 1978).

Galerkin's method is one of several methods of weighted
residuals (Finlayson, 1972). In the Galerkin formulation, the
unknown solution (¢; and T) is first represented as a sum of
known basis functions w;(r) with arbitrary expansion coefficients

ai(t) and b(1):

Sahwr (1=i=3 @0

i=1

ofr, t) =8(r, t) =

T(r, t) =Tr, 1) = 2 P(t) wi(r) (21)
Here &(r, t) and T(r, t) are the Galerkin approximations to the
solution of the problem, and the time-dependent expansion
coefficients ai(t) and b¥(t) are to be determined such that &(r, ¢)
and T(r, ) given by Egs. 20 and 21 are accurate approximations
togr,t)and T(r, t) forall 0= r<R, 0=t If&=(C,, &,, &), the
expansion coefficients are determined by the conditions that the
residuals given by Eqs. 18 and 19 be orthogonal to the basis
function wy(r) forj = 1,2, . . ., M:

R
[ R.jfe T, rhwr)yrtdr =0 1<i<3
: } (22)

R
f Rode T r, thonr?dr =02 1 < i=M
o

In the Appendix we develop the Galerkin’s method in detail,
focusing on practical questions regarding the choice of basis
functions, numerical evaluation of integrals arising from the
method, and the techniques used to integrate the coupled trans-
ient and steady-state equations.

RESULTS AND DISCUSSION

Table 1 shows a standard set of parameter values used for the
calculations. We will perturb these parameters separately and in
combination to investigate the lightoff behavior of a catalyst
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TABLE 1. STANDARD SET OF PARAMETER VALUES

Catalyst Pellet

0.05 wt % Pt (80% dispersion when fresh)
py = 1.0 g/em®

R = 0.1750 cm

De,.co = 0.0487 cm¥s |

De.c3ng = 0.0360 cm¥s fat 838 K, 101.3 kPa
Deo, = 0.0469 cm?¥s

Cye = 0.8374 /g - K

A, =18 x 10~ J/em - s - K

T° = 300 K

Converter

Volume = 4261 cm® (Type 260)
Frontal Area = 838.7 cm® (=130 in.?)
€=04

Exhaust Gas

0.05 vol % C3Hg (=500 ppm)
3 vol % O,
= 550 K
Q = 33 000 cm¥s (at 295 K, 101.3 kPa)
P = 101.3 kPa '
Cpe = 1046 J/g - K

2 vol % CO
Clnl

pellet as a function of converter operating conditions and
catalyst design parameters. The exhaust gas composition and
flow rate listed in Table 1 are similar to the test conditions of an
engine dynamometer system developed for the evaluation of
converter lightoff (Herod et al., 1973); however, a somewhat
lower exhaust temperature was chosen here so that differences
in the lightoff behavior of various catalysts would be more pro-
nounced and thus easier to observe. This aspect will become
more apparent later. Also, the catalyst pellet is assumed to be

500
1=28.33s
t=2333s
450 +~
T(K) t=13.33s
400
250 um Pt Band
350
300 Ll I } 1 1 /l 1 1
0

1
.6 08 t.0

o 0.2 0.4
r/R - ~
Impregnated
Layer

Figure 1. Time variation of intrapellet temperature profile; parameter
values are listed in Table 1.

AIChE Journal (Vol. 26, No. 6)



1.0
0.8
I 2% CO Ui
500 ppm CzHg | niform
0.6 3% 0y mpregnation
Cco (R
¢in,cO
04r Pt Band
i 50 um
0.2+ Pt Band
0 L L L L 1 I .
0O 10 20 30 40 50 60 70 80 90 100

Time (s)

Figure 2. Effects of impregnation depth for surface-impregnated catalysts
at the standard conditions listed in Table 1.

initially at roorn temperature (i.e., T° = 300K) in view of the
FTP test procedure.

Before discussing the results of our parametric study, it may
be instructive to observe the typical concentration and tempera-
ture profiles in the catalyst pellet as a function of time, after a
cold pellet has been subjected to a step flow of hot exhaust gas at
t = 0. Figure 1 shows the time variation of the intrapellet
temperature profile for a surface-impregnated catalyst (250 pm
thick Pt band). Other parameter values were taken to be the
same as those listed in Table 1. Figure 1 shows that at early
times, significant temperature gradients (about 30 K for t < 3 5)
are established in the catalyst pellet. However, due to heat
conduction inside the pellet, the temperature gradient tends to
diminish with increasing time, and consequently by the time the
pellet is heated up to the reaction temperature (say, t > 30 s),
the intrapellet temperature profile becomes relatively flat. This
aspect has useful implications in simplifying the model, and will
be discussed in more detail later. -

The corresponding computed intrapellet concentration pro-
files show that the CO and C;Hg concentration levels in the
inner (inert) core of the pellet decrease as the catalyst pellet is
warming up, and their gradients near the pellet’s outer edge
become increasingly steep with increasing time. Itis interesting
to note that although the lightoff of C3H, is slightly slower than
that of CO, the time scales of lightoff for both species are
predicted to be very similar, presumably due to their kinetic
coupling effects. Because of this similarity between CO and
CsHg and since the concentration at the pellet’s external surface
is a direct measure of the reaction rate within a catalyst pellet
{that is, the rate per one péllet is proportional to [cin; — &(R)]),
we will use a plot of cco(R)/cin,co vs. time in subsequent figures

1.0
| 2% CO
500 ppm C3Hg
o8t 3% O2
Exhaust Temp. = 650 K
06} 50 um Pt Band
SCOR) 100 um Below Surface
Cin,CO
0.4+
| 50 um Below Surface
0.2
i Welow Surface
(o]

0 10 20 30 40 50 60 70 80 90 100
Time (s)

Figure 4. Effects of the location of Pt band (50 m thick) at Ty, = 650 K;
aother parameter values are listed in Table 1.
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1.0

08t
i 2% CO 100 zm Below Surface
06 500 ppm CoH
cco® | 3% 023 8
Sin,CO Exhaust Temp. = 550 K
04}
L 50 um Below Surface
02

r 50 »m Pt Band Just Below Surface

1 1 1 1 1 L L i
00 10 20 30 40 50 60 70 80 90 100
Time (s)
Figure 3. Effects of the location of Pt band (50 11m thick) at the standard
conditions listed in Table 1.

in order to illustrate the transient response of the catalyst pellet
after a step change in the bulk gas phase condition.

Figure 2 compares the step responses of fresh, surface-
impregnated catalysts. Here the Pt band is located near the
pellet’s external surface, and a fixed amount of Pt (0.05 wt %) is
distributed over three different band widths. It can be seen that
upon increasing the impregnation depth, some improvement in
early activity is obtained, but the catalyst activity in the later
portions of the warmup process is inferior to that of a catalyst
with a shallow Pt band. It is of interest to note that at the steady
state (e.g., t > 100 s) the effect of impregnation depth variation
disappears and the catalysts’ activity is limited by external mass
transfer, due to the high pellet temperature attained as a result
of the reaction exotherm.

Figure 3 shows the effects of the location of the Pt band on the
transient behavior of fresh catalysts. Here both the Pt content
(0.05 wt %) and the Pt band width (50 pm) are kept constant. The
calculations show that placing Pt away from the pellet’s outer
edge benefits catalyst lightoff, but only at the expense of de-
teriorating steady-state activity, because of the diffusion resist-
ances of the outer inert shell. In actual catalyst design, there-
fore, the possible beneficial effect of subsurface impregnation on
catalyst lightoff must be balanced against its detrimental effect
on the steady-state activity.

The improvement in early-time activity, predicted for the
cases of subsurface impregnation (Figure 3) and a thick Pt band
(Figure 2), is the result of the interaction between the negative-
order kinetics and intrapellet diffusion resistances (Becker and
Wei, 1976, 1977a). Accordingly, such improvement is expected
to diminish when the catalyst’s operating conditions are shifted
away from the regime of negative-order kinetics. For example,

1.0

ogl 03%co

06 I Varied CO

-8 600 ppm C3Hg 4% CO

ccolR) i 3% O
e 2% CO
¢in,CO

0.4 100 um Pt Band

0.2 }

0 i A 1 1 i ! Fl
0 10 20 30 40 650 60 70 80 90 100
Time (s)

Figure 5. Effects of CO concentration in the exhaust; other parameter
values are listed in Table 1.
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1.0

2% CO N
0.8 [ 500 ppm C3Hg \ 3
varied O3 || A\
I \
o6l 6% 02_j| | 3% 021\ 16%02
ccoR) | — Without HpY| | \
Cin,CO ---~With Ha ! 1 \\
04 100 um PtBandy| | \
L ‘\ “ \\\
\ \ N
0.2 T~ \\ \ ~
A ~ -
- \\ \ )
\ \\
0 1 1 1 AN T~ I
0O 10 20 30 40 50 60 70 80 90 100
Time (s)

Figure 6. Predicted transient behavior with and without H;, for various O,
concentration levels; other parameter values are listed in Table 1.

when the CO concentration in the exhaust is reduced to 0.3
vol%, the calculations show that the benefit of the subsurface
impregnation disappears.

In actual converter operation, the converter inlet CO concen-
tration is a function of the choke schedule of the particular
vehicle system. A fast choke schedule, for example, may result
in relatively low CO concentrations at the time of catalyst light-
off. On the other hand, catalytic converters which warm up
quickly may face higher CO concentrations during catalyst
lightoff. Therefore, the proper catalyst impregnation strategy
depends, to a certain extent, on the choke schedule of the
particular vehicle system under consideration.

The effect of the exhaust gas temperature is also interesting in
this regard. Comparison of Figures 3 and 4 shows that increasing
the exhaust temperature gives the expected benefit of earlier
catalyst lightoff for all the impregnation patterns considered
here. More interestingly, however, the advantage of placing the
Pt band subsurface diminishes when the exhaust temperature is
increased to 650 K (Figure 4), which represents a typical conver-
ter inlet temperature encountered during the converter warm-
up process (Herod et al., 1973). The latter effect can be attrib-
uted to the fact that with increasing the exhaust temperature,
the catalyst’s lightoff behavior is increasingly dominated by the
process of pellet warmup due to convective heat transfer be-
tween the exhaust gas and the pellets, and consequently be-
comes less sensitive to the noble metal impregnation patterns.

Figure 5 shows the effects of the CO concentration in the
exhaust for a fresh, surface-impregnated catalyst (100 m thick
Pt band). The catalyst lightoff is delayed substantially (and be-
comes sharper) upon increasing the CO concentration, as can be
anticipated from the negative-order kinetics of the CO oxida-

1.0
2% CO
600 ppm C3Hg
o6 80%
Disp.
@(R—) (Fresh)

Gin,CO
0.4 100 um Pt Band

02r

1 i i i

0 n 1 i
0 10 20 30 40 50 60 70 80 90 100
Time (s)

Figure 8. Effects of noble metal dispersion; other parameter values are
listed in Table 1.
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1.0
o8r 50000 cm3/s 20 000 em3/s
i 3
"2 T 500 ppm CqH
cco®) | T 350, ©
Cin,CO

0.4 100 um Pt Band

-

02r

-

0 1 1 1 1 " =
0 10 20 30 40 50 60 70 80 80 100
Time (s)
Figure 7. Effects of exhaust gas flow rate (flow rates shown here at 295K,
101.3 kPa); other parameter values are listed in Table 1.

tion. Notice, however, that after-lightoff, the intrapellet CO
concentration drops to a lower level with higher CO concentra-
tion, due to the associated stronger reaction exotherm. It should
also be noted that variations in C;Hg concentration affect the
catalyst’s lightoff behavior in a similar fashion: the lightoff is
delayed with increasing C3H, concentrations.

The computational results for various O, concentrations (Fig-
ure 6) show that both lightoff and steady-state oxidation per-
formance can be improved by increasing the O, concentration in
the exhaust. Injecting additional air into the exhaust upstream of
the converter using an air pump appears to be a convenient way
of increasing the O, concentration; however, converter cooling
effects arising from the additional cold air injected must be
considered. It is worth mentioning that, as Figure 6 indicates,
the catalyst’s activity is particularly sensitive to the O, concen-
tration variation in the presence of a near-stoichiometric amount
of O, (compare 1.5% O, with 3% 0,); however, the benefit from
a further increase in O, concentration is predicted to be small,
even without considering the cooling effects mentioned above
(compare 3% O, with 6% O,).

Figure 6 also shows the comparison of predicted transient
response with and without H, for three different O, concentra-
tion levels. The effect of H, is particularly interesting because of
its heat of reaction and its demand for O,. It has often been
assumed that the concentration of H; is one-third of that of CO
everywhere in the converter (Kuo et al., 1971; Young and Fin-
layson, 1976). The computational results based on this assump-
‘tion (dotted lines) are shown in Figure 6, along with the results
for the case of no H, (solid lines). It is of interest to see that
including H in the simulation does not significantly change the
predictions of catalyst lightoff, over a wide range of O, concen-
trations considered here. This can be attributed to the fact that

1.0————wms=—c———— T
2% CO N
0.8+ 500 ppm C3Hg \\ 75um
3% 09 \, Poison
! Depth
06 " R ' 50 um
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100 um Pt Band N
0.2} {(When Fresh) \ = \—— 777
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r Fresh Depth
0 | 1 i Il 1 L
0 10 20 30 40 50 60 70 80 90 100
Time (s)

Figure 9. Effects of the depth of poison penetration with and without
residual activity; other parameter values are listed in Table 1.
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Figure 10. Lightoff behavior ofter 50 m poison penetration for various
impregnation strategies; other parameter values are listed in Table 1.

the increased heat of reaction is counterbalanced, to a certain
extent, by the decreased O, availability to oxidize CO.

Figure 7 shows the effect of exhaust gas flow rate. Catalyst
lightoff is seen to be enhanced by high flow rates, largely due to
the attendant increase in the gas-particle heat transfer
coefficient and thus faster catalyst pellet warmup. Note, how-
ever, that this effect does not necessarily translate into a reduc-
tion in the emissions of CO and C3H,, because their amounts
introduced into the converter per unit time are directly propor-
tional to the exhaust flow rate.

It is well known that high-temperature exposure of the
catalyst promotes the sintering of Pt which reduces the amount
of the noble metal available for catalytic reactions (i.e., de-
creased dispersion). Figure 8 shows that both lightoff and
steady-state performance deteriorate upon sintering. The re-
duction of the noble metal loading is expected to show a similar
effect.

Another item of practical interest is the effect of catalyst
poisoning. Under typical converter operating conditions, the
poisonous species in the engine exhaust (e.g., P) penetrate the
pellets in the form of a reasonably sharp front, without plugging
the pores. As shown in Figure 9, the catalyst’s activity is, of
course, impaired by the poison penetration. In the calculations,
the intrapellet effective diffusivities were assumed to remain
unchanged upon poisoning, and one-twentieth of the fresh ac-
tivity was assigned to the poisoned Pt layer for both CO and
C,H; oxidation (solid lines in Figure 9), in view of independent
experiments with phosphorus-poisoned platinum catalysts
(Hegedus and Summers, 1975; Schlatter, 1976). The computa-
tional results based on the assumption of zero residual activity in
the poisoned shell are also included in Figure 9 (dotted lines) to

1.0
@ 2De
@ De {Standard)
08| 2% CO (3 0.5Dg
500 ppm C3H
- 3% 0,0 @ 0.25 De
0.6
ccolR) Pp=19/ecm3
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O 10 20 30 40 50 60 70 80 90 100
Time (s)

Figure 12. Effects of effective diffusivities (p, fixed at 1 g/cm®) on the
lightoff behavior of a catalyst; other parameter values are listed in Table 1.
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Figure 11. Effects of pellet density (and associoted effective diffusivity) on
the lightoff behavior of a catalyst; other parameter values are listed in
Table 1.

allow a direct comparison. It can be seen that the contribution of
the residual activity becomes more pronounced with increasing
poison penetration depth; for the poison depth of 75 um, for
example, the model predicts considerably higher catalyst ac-
tivity (especially at the steady state) when the residual activity is
accounted for.

Figure 10 compares the transient response of a single catalyst
pellet after 50 wm poison penetration for four different Pt im-
pregnation patterns. Here again, it was assumed that one-
twentieth of the original activity was retained in the poisoned
layer. The results of Figure 10 indicate that the activity of
partially poisoned catalysts can be improved either by placing Pt
subsurface or by increasing the Pt impregnation depth (compare
the cases of 100 um Pt and 250 um Pt). Notice, however, that if
the impregnation depth is too large (the curve for uniform
impregnation), the catalyst lightoff becomes sluggish, resulting
in the deterioration of overall performance.

The poison resistance of supported catalysts can also, of
course, be improved by reducing the rate of poison penetration.
This can be achieved, for example, by a proper choice of the pore
structure and support surface area, as discussed in a recent
paper by Hegedus and Summers (1977).

The density of catalyst pellets is an important design param-
eter in developing a catalyst which warms up quickly. As shown
in Figure 11, the lightoff characteristics of the catalyst are im-
proved as the pellet density is decreased. Since a convenient
way of varying pellet density is to modify the pore structure of
the catalyst support, the associated change in the effective dif-
fusivities was also incorporated in the calculations. (The effec-
tive diffusivities were calculated to increase by 8% when the
pellet density was reduced from 1 to 0.8 g/cm®, assuming that

1.0
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Figure 13. Comparison .of the approximate model’s prediction with.the
exact solution; parameter values are listed in Table 1.
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the effective diffusivity is proportional to the void fraction of the
pellet.) The product of the pellet density and Pt wt% (and thus
the Pt content in one pellet) was kept constant at the standard
value in these calculations.

It is of interest to investigate the effect of effective dif-
fusivities, in view of their importance in determining the
warmed-up performance. Figure 12 shows the computational
results obtained when the effective diffusivities of the reactants
are perturbed around their standard values listed in Table 1,
while maintaining the pellet density constant at 1 g/em® As
might be expected, decreasing the effective diffusivity tends to
improve early activity; however, when the effective diffusivity is
too low, the catalyst's activity at later times is significantly
sacrificed, resulting in the deterioration of the overall perform-
ance [compare curves (2) and (4)]. This detrimental effect of the
sluggish lightoff, depicted by curve (4), can be minimized by
increasing the effective diffusivity. Notice, however, that the
performance of the catalyst becomes relatively insensitive to the
variation of the effective diffusivity when it is increased beyond a
certain value [compare curves (1) and (2)].

The behavior of subsurface-impregnated catalysts is similarly
affected by the variation of the effective diffusivity; that is, as the
effective diffusivity increases (decreases), a tradeoff again exists
between improving (impairing) the steady-state performance
and impairing (improving) the lightoff behavior.

It is recalled that all the computational results shown here
were obtained based on a model which allows for radial tempera-
ture gradients inside the catalyst pellet. Although the assump-
tion of uniform temperature throughout the pellet has been
widely used for steady-state modeling (e.g., McGreavy and
Cresswell, 1969; Smith, 1977), its validity in transient modeling
has rarely been examined. Therefore, it is of interest to investi-
gate the effect of the uniform pellet temperature approximation
on the predicted transient behavior of the catalyst.

Figure 13 compares the results of the approximate model
(i.e., the model with the uniform pellet temperature assump-
tion) with the exact solution, and a good agreement is noted.
[The computational results for the approximate model were
obtained by assigning a sufficiently large value of A, (e.g., A, = 1)
in the pellet energy balance equation so that the temperature
inside the pellet is essentially uniform at all times.} This agree-
ment provided by the approximate model can be attributed to
the fact that although the temperature gradient inside the pellet
is significant at early times, the intrapellet temperature profile
becomes reasonably flat by the time the catalyst reaches its
reaction temperatures (Figure 1). Similar agreement was also
obtained for various other impregnation patterns and converter
operating conditions of practical interest. The validity of the
uniform pellet temperature approximation has useful implica-
tions in the simplification of a converter model; that s, it permits
one to replace the energy balance on the catalyst pellet (a partial
differential equation as given by Eqgs. 10 to 12) by a smgle
ordinary differential equation in the time-domain.

The single-pellet model presented here, though useful in
gaining insight into catalyst lightoff, cannot be directly used to
predict the actual warm-up performance of a converter, because
individual pellets in the converter are exposed to different bulk
gas conditions, depending on their axial location and time. For
this reason, the single-pellet model has been extended to a
full-converter model using a mixing cell scheme. The resulting
computational results will be published later.

APPENDIX
Determination of Expansion Coefficients

The time-dependent expansion coefficients af and b’ of the Galerkin
approximations (Eqs. 20 and 21) are determined by the conditions given
by Eq. 22. Upon integration by parts, using the associated interface
conditions and the boundary conditions, Eq. 22 becomes:

R 13 ~
j D, (r)r* d—”%d + f a(NrRy(&, Dwyr)dr
L] 0
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—R%ai{cini(t) — &(R, )Iwy(R) = 0 (A1)
(1=is3, 1=j=M)

R R’ .
pr(T)Cps(r)rzi? wyrydr = —f Ae(r)fziiiw—] dr
o at o or or

2 R .
+ 2 (-AH)I:/ a(r)r*Ryf€, f)wj(r)dr
=1 0

+ R2y[Ti(t) — TR, O]w(R) (I=i=M) (A2)
where {see Egs. 14 and 15),
ko h

DR +a = MNBA+E

a; =

If we define the time-dependent vectors @(t) and b(t) by:
a(t) =[al(t), a¥t), . . ., 2T (1=i=3)
b(t) =[b'(t), B*(t) ., BT,

then the coupled nonlinear Eqgs. Al and A2 can be expressed in terms of
@(t) and b(f) by the matrix equations:

A T + GLa,(t), T(t), F(t). b(H)] + 5(H) = 0 (A3)
(1=i<3)
b - - _
BE = Kb(t) + Fla,(t), &(t). &(1), b(t)] + v(t) (A4)

where A;, B, and K are M XM matrices with entries defined by:

& dw; dwy,
[Ai]jk = ] et( ) 2 d ——dr + Rzmw,(R)wk(H) (AS)
[B]jk = fpp(r)Cps(r)rzwj(r)wk(r)dr (AG)

[Klx = f A(OF 2‘1"” d“"‘ S dr

G;, 5., F, and ©are M X lvectors \mth] entry given by:

Rovo(R)wi(R) (A7)

R ~—
[Gl; = f a(Nr*R(&, Duy(rdr (A8)
[Fl; = 2(—AH);[G,-]j (A9)
[5(8)]; = —R’icimi(t)wy(R) (A10)
[0 = RWT(t)wiR) (A1)

In Eqgs. A5 to All, the indices i, j, k range over 1=i<3, 1=j,k=M.

Choice of Basis Functions

We predicate our choice of basis functions upon the desire to arrive at

a well-structured algebraic/initial value problem in Eqs. A3 and A4.

That is, we use basis functions w;(r) which lead to sparse band matrices

A;, B, and Kin Eqgs. A5 to A7. To that end, let 7y denote a partition of the

interval [0, R] into mesh points 0 = x;<x,< . . . <xjy = R such that the

interface points r; (Eqs. 8 and 9) form a subset of . Then, for j=1,2,
. M. define basis functions w;(r) by:

x(r — x_Mrhimy, x_<r=x,
wir) = {x{xje — ik, m=r=ux, (A12)
0, otherwise
where h; = x4 — x5, 15j=M — 1. When wjr) of Eq. A12 is used to
derive Eqs. A3 and A4, it can be verified that A;, B, and K of Egs. ASto
A7 are tridiagonal matrices. Finally, since we assume that D, (r),
Pp(rC,(r), and A (r) are piecewise constant, the entries of A;, B, and K
can be easily evaluated by exact integration. The vectors G; and F in
Egs. A8 and A9 must be evaluated by numerical quadrature. The
consistent quadrature scheme used here was based on representing the

nonlinear term R; in G; (Eq. A8) by their interpolants in span [w;(r)}*-,
(Cavendish and Oh, 1979).

Solving the System (Eqs. A3 and A4)

Eg. A3 is a nonlinear system of algebraic equations (with time as a
parameter), while Eq. A4 represents a nonlinear matrix differential
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equation. These coupled equations were solved as follows. A tempera-
ture profile T*(r, ) in Eq. 21 at a given time " is known. (T is an
approximation to the initial condition given by Eq. 13.) This (piecewise
rational) temperature profile is used in Eq. A3 to find the corresponding
concentration profiles in the catalyst. Using these concentration pro-
files, Eq. A4 is then integrated through a single time step to find the
temperature T"** (r, t) at the next time level #"**. To accomplish the
time integration, the GEARIB (Hindmarsh, 1976) Fortran subroutine
code was used. The basic methods used in GEARIB are of the implicit
linear multistep type. High numerical accuracy is achieved at minimal
computer cost by permitting both the time step and the order of the
multistep method to vary in a dynamic way throughout the time evolu-
tion of the problem. Time steps were controlled such that concentration
profiles at consecutive time steps differed by no more than 3%. Pellet
concentrations at a given time level were determined by solving Eq. A3
using Newton's method. Finally, initial guesses for Newton’s method
were provided by the concentration profiles found from the previous
time step.

NOTATION

a = local platinum surface area (em? Pt/cm? pellet)

Ci = concentration of species i in the catalyst pellet (mol/
cm?)

¢ = vector whose entries are species concentrations

Cooi = concentration of species i in the bulk gas phase sur-
rounding the catalyst pellet (mol/em?

Cin,i = concentration of species i in the incoming gas stream
(mol/em?)

Cog = heat capacity of gas (J/g - K)

Cps = heat capacity of catalyst pellet (J/g - K)

D.,; = effective diffusivity of species i in the catalyst pellet
(cm?s)

h = heat transfer coefficient (J/cm® - s - K)

{(—AH); = heat of combustion of species i (J/mol)

k; = rate constant for reaction i (cm*s - mol)

koni = mass transfer coefficient of species i (cm/s)

K; = adsorption equilibrium constant for species i (cm¥
mol)

p = pressure (kPa)

Q = gas volumetric flow rate (cm?¥s)

r = pellet radial coordinate (cm)

T = radial location of the zone boundary in the catalyst
pellet (cm)

R = radius of a spherical catalyst pellet (cm)

R = specific reaction rate for species i (mol/cm? Pt - s)

t = time (s)

T = temperature in the catalyst pellet (K)

T° = initial temperature in the catalyst pellet (K}

T. = temperature of the bulk gas phase surrounding the
catalyst pellet (K)

Tin = temperature of the incoming gas stream (K)

Veen = volume of a mixing cell (cm®)

Greek Letters

a; = dimensionless quantity defined by Eq. 16

B = dimensionless quantity defined by Eq. 17

€ = bed void fraction

€ = pellet void fraction

Po = gas density (g/em®)

Py = pellet density {(g/cm®)

A, = effective thermal conductivity in the catalyst pellet
(J/em - s - K)
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