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( )Mathematical modeling of three-way catalytic con®erter 3WCC operation is used
increasingly in automoti®e catalyst and con®erter systems optimization. The majority of
these models employ a ‘‘quasi-steady’’ approach in the reaction kinetics computations,
which is useful in predicting real-world performance of the catalyst. Howe®er, certain
impro®ements produced by the application of specially tuned redox oscillations cannot
be predicted. The approach presented embodies certain types of dynamic phenomena in
an existing 3-WCC quasi-steady model. The dynamic model based on this approach is
®alidated against data in the literature and experimental results. It is confirmed that the
catalyst beha®ior under dynamic exhaust composition conditions significantly differs
from predictions under the quasi-steady-state assumption. Oxygen storage and the tran-
sient character of water gas shift reaction affect dynamic beha®ior. The results of this
in®estigation encourage further application of mathematical modeling in such areas as
lambda control strategy optimization that lie beyond the scope of traditional 3WCC
models.

Introduction

Ž .The three-way catalytic converter 3WCC , an indispens-
able device for the control of CO, HC, and NO emissions ofx
gasoline engines, is a chemical reactor operating at highly
transient conditions. The temperature, flow rate, and com-
position of the exhaust gas flowing through the converter
honeycomb monolith change significantly according to the
driving mode, with a typical time scale of several seconds. At
the same time, the closed-loop control of the fuel-manage-
ment system induces further, more severe, transients of the
feed gas composition with a typical time scale of less than a
second. The latter effect is attributed to the interaction be-

Ž .tween the engine and the lambda sensor Bozek et al., 1992 ,
which is used as a feedback control signal for the fuel injec-
tion system in order to ensure that a stoichiometric fuel-air
mixture is supplied in the engine cylinders. However, the sys-

Žtem’s response lag mainly attributable to the exhaust-gas
.travel time and the sensor’s response delay causes the air-

Ž .to-fuel ArF ratio to oscillate around the stoichiometric
value with the limit-cycle frequency of the control system.

Correspondence concerning this article should be addressed to A. M. Stamatelos.

The behavior of the 3WCC under such dynamic conditions
therefore presents a great deal of practical interest. Since the
beginning of the previous decade, it has been recognized that
the 3-way catalyst efficiency is significantly affected when the
composition of the feed gas is oscillating with different am-

Žplitudes and frequencies Shulman et al., 1982; Herz et al.,
1983; Taylor and Sinkevitch, 1983; Schlatter et al., 1983; Bar-

.shad and Gulari, 1985; Matsunaga et al., 1987 . This behavior
is mainly attributed to the ability of some washcoat compo-
nents to be periodically oxidized and reduced, depending on
the exhaust-gas redox environment. For example, the activity
of the noble metals Pt, Pd, and Rh depends on their oxida-

Žtion state, and is lowered for higher oxidation levels Diwell
.et al., 1991; Nunan et al., 1991 .

The advent of stricter U.S. and European emission stan-
dards has increased the need for reliable 3WCC models that
support the design of demanding exhaust systems. A number
of mathematical models working in this direction are already
presented in the literature and employed in optimization pro-

Žcedures Oh and Cavendish, 1985; Pattas et al., 1994; Siemund
.et al., 1996 . On the other hand, the research on the effect of

oscillating ArF has been restricted mainly to experimental
testing and empirical explanations of results. In a number of
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previous articles, a mathematical modeling approach was
presented, aiming at the simulation of the transient adsorp-
tion, desorption, and surface reactions occurring in a 3-way
catalyst under oscillating ArF conditions with simple gas

Žmixtures Herz and Marin, 1980; Racine and Herz, 1992;
.Hoebink et al., 1997 . Such models are considered difficult to

apply in realistic automotive conditions, where many interact-
ing exhaust species are present and participating in many
heterogeneous reactions.

In this work, an alternative approach to model highly tran-
sient phenomena in catalytic converters is presented. First,
the most important dynamic phenomena are recognized based
on research in the literature. Simple, tunable models are de-
veloped to describe these phenomena, which are then em-
bodied in a ‘‘quasi-steady’’ model. A series of simple pub-
lished experimental tests are employed to support the validity
of the approach and tune the basic kinetic parameters in-
volved.

Having established the mathematical model, the transient
behavior of the 3WCC is studied during ArF scanning from
lean-to-rich exhaust environment and vice versa. The effect
of ArF oscillations superimposed on the ArF scan is also
studied using experimental measurements and model compu-
tations. The model predictions are also compared to those
computed with the ‘‘quasi-steady’’ assumption. The ability of
the model to predict catalyst behavior under oscillating ArF
conditions is discussed.

Transient 3 WCC Model
As mentioned in the Introduction, a previously developed

3WCC mathematical model will be extended and equipped
with submodels of the main dynamic phenomena. A detailed
description of the basic model can be found in Koltsakis et

Ž .al. 1997 . The basic features of the ‘‘quasi-steady’’ mathemat-
ical model can be summarized as follows:

v Computation of the convective heat and mass transfer
from the exhaust gas to the catalytic surface. A ‘‘film ap-
proach’’ is adopted employing mean bulk values for the gas-
phase and solid]gas interface values for the solid-phase
species concentrations.

v Computation of the heterogeneous chemical reactions
taking place on the catalytic surface based on Langmuir]
Hinshelwood-based rate expressions. ‘‘Lumping’’ of surface
adsorptionrdesorption and pore diffusion phenomena in the
kinetic-rate expressions.

v Ž .The two-dimensional 2-D transient temperature field
in the cylindrical converter is computed taking the heat con-
duction in the substrate and the surrounding insulation, and
the heat losses to the surroundings via convection and radia-
tion into account.

Detailed formulation of the energy and mass balance equa-
tions, as well as the solution procedure followed, are de-

Ž .scribed in detail by Koltsakis et al. 1997 . As with all quasi-
steady models the computation of the species concentrations
and the reaction rates is based on the equation of the diffu-
sion and reaction rates for each species j:

n c , c s R c , T . 1Ž . Ž .Ž .˙i , j g , i , j s , i , j i , j s , i s , i

The lefthand side of the equation concerns the mass diffu-
sion rate resulting from the concentration gradient between

Žthe gas bulk phase and wall. The reaction rates R righthandj
.side are nonlinear functions of the local temperature and

composition at the gas]solid interface. The reactions, kinetic
expressions, and kinetic constants used in the present model

Ž .are listed in Appendix A Koltsakis et al., 1998 .
According to Eq. 1, the rates of reaction and mass transfer

to the catalytic surface are always in equilibrium, implying
that there is no species accumulation phenomena on the solid
catalytic surface. This assumption is realistic for steady-state
operation, but not necessarily so for an operation under highly
transient temperature and composition conditions. In the lat-
ter case, employment of Eq. 1 with Langmuir]Hinshelwood-
type expressions for the reaction rates, would probably not
be sufficient. In order to account for the effects of transient
adsorption]desorption and heterogeneous reaction phenom-
ena, the kinetic model should include the detailed computa-
tion of the time-dependent surface coverage of each species
on the active sites. Such models have been presented by a

Žnumber of researchers Oh et al., 1986; Nievergeld et al.,
.1994 for the case of a 1-D isothermal reactor with simple gas

Ž .mixtures up to three reacting species . These models aimed
at studying the effects of the oscillatory equivalence ratio on
catalyst performance. However, the number of kinetic pa-
rameters needed for such a task are numerous and very diffi-
cult to estimate.

In our model, the quasi-steady approach expressed by Eq.
1 is retained, while highly transient effects, which are proba-
bly the most dominant for practical application cases, are
taken into account. Specifically, the phenomena considered

Žto be of major importance are Herz and Sell, 1985; Su and
.Rothchild, 1986; Koltsakis, 1996 :

v The oxygen storage and release phenomena in the wash-
coat are described by the dynamic redox activity of the cerium
oxides present in the catalytic layer. Tunable kinetic rate ex-
pressions are employed to represent catalyst performance in
a wide range of temperature and redox environments.

v Rh activity dependence on Rh oxidation state, as regards
the water]gas reaction, is considered with a dynamic oxida-
tion]reduction model.

This aims at keeping model complexity, and thus flexibility,
to acceptable levels, while at the same time profiting from
the available experience regarding Langmuir]Hinshelwood
kinetic rate expressions for three-way catalysts.

Oxygen Storage Submodel
The washcoat component, that seems to play the most im-

portant role in such dynamic oxidation]reduction phenom-
ena is ceria. Ceria is normally present in large quantities in

w 3 Ž 3.xthe washcoat order of 30% weight or 1,000 grft 35 kgrm
and has multiple functions: stabilization of the washcoat layer
and improvement of thermal resistance, enhancement of pre-
cious-metal catalytic activity, and functions as an oxygen stor-
age component.

The function of cerium as an oxygen storage component is
based on its ability to form both three and four-valent oxides
Ž .Herz, 1981 . Under net oxidizing conditions, the following
Ce oxide reaction is the most representative for the realiza-
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tion of oxygen storage:

Ce O q1r2 O ™2CeO . 2Ž .2 3 2 2

This reaction represents the storage of an oxygen atom by
increasing the oxidation state of Ce O .2 3

On the other hand, the CeO may function as an oxidizing2
agent of the exhaust-gas species under net reducing condi-
tions according to the following reactions:

COq2CeO ™Ce O qCO 3Ž .2 2 3 2

y y y
C H q2 xq CeO ™ xq Ce O q xCOq H O.x y 2 2 3 2ž / ž /2 2 2

4Ž .

Each of the preceding reactions denotes the release of an
oxygen atom, which is made available to react with a reduc-

Ž .ing species of the exhaust gas CO or HC . We define the
auxiliary number c as

2=mol CeO2
c s , 5Ž .

2=mol CeO qmol Ce O2 2 3

which can be considered as the fractional extent of the oxida-
tion of the oxygen storage component. The extent of oxida-
tion is changing continuously during transient converter op-
eration and is affected by the relative reaction rates of the
reactions expressed in Eqs. 2]4.

Ž .The rate of the reaction in Eq. 2 oxidation rate is ex-
pected to be proportional to the available active sites of ‘‘re-
duced-state’’ cerium oxides, which is expressed by the factor

Ž .C 1yc . The rate also should be dependent on the pre-cap
vailing oxygen concentration at the gas]solid interface. The
linear dependence on O concentration is considered as a2
realistic assumption. The oxidation reaction rate is thus

R s k T c C 1yc , 6Ž . Ž . Ž .ox ox s , O cap2

where k is a characteristic rate constant, which exhibits anox
Arrhenius-type dependence on temperature:

k s A ? eyEoxrRT . 7Ž .ox ox

Analogous considerations are made for the reduction reac-
tions rates. Here, the rates are expected to be directly pro-
portional to C c , and should exhibit a dependence on thecap

Ž . Ž .local carbon oxide CO and hydrocarbon HC concentra-
tion, respectively:

R s k T c C c 8Ž . Ž .red, CO red, CO CO cap

R s k T c C c 9Ž . Ž .red, HC red, HC HC cap

R s R q R , 10Ž .red red, CO red, HC

with

k s A ? eyEredrRT 11Ž .red, CO red, CO

k s A ? eyEredrRT . 12Ž .red, HC red, HC

The variation of the oxidation extent c should be computed
at each location by the following differential equation:

dc 1
sy R y R , 13Ž .Ž .red oxdt Ccap

which is solved numerically by the implicit Euler method for
each node, along the catalyst channels.

Rh Redox Submodel
The water]gas shift reaction

COqH O™CO qH2 2 2

consumes further CO, leaving more oxygen available for hy-
drocarbon oxidation. According to findings from other re-
search works, this reaction can be catalyzed by Rh or Pd,
provided that the catalyst surface has undergone some extent

Žof oxidation Schlatter and Mitchell, 1980; Herz and Sell,
.1985; Dictor, 1987; Barbier and Duprez, 1992 .

The reversible oxidation]reduction process of the active
catalyst is taken into account in the mathematical model by a
submodel for the computation of active metal oxidation state.
Assuming that the active metal for the water]gas reaction is
Rh, we define u as the fraction of the Rh sites that areRh

Ž .oxidized active . We consider that the Rh oxidation and re-
duction rates can be expressed by the following general rela-
tions:

R s 1yu ? k ? f c 14Ž .Ž . Ž .ox Rh Rh, ox ox j

R su ? k ? f c . 15Ž .Ž .red Rh Rh, red red j

The parameters k k are exponential functions ofRh, ox Rh, red
Žtemperature an Arrhenius-type dependence on temperature

. Ž . Ž .is assumed . The functions f c , f c denote theox j red j
dependence of the reaction rates on the availability of oxidiz-
ing]reducing species. We can accept that the reaction rates
are proportional to the oxygen atom equivalents of each
species. Therefore;

f c s2c qc 16Ž .Ž .ox j O NO2

f c sc qc q a c q a c . 17Ž .Ž .red j CO H f ŽHC . s ŽHC .2 f s

Having defined the oxidation and reaction rates, the tem-
poral evolution of u is given by the following first-orderRh
differential equation:

duRh
s R y R ,ox reddt

which is solved by the implicit Euler method.
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Step-Composition Changes
In this section, we examine the ability of the dynamic model

to simulate transient phenomena dealing with oxygen storage
and water]gas reaction during step feed gas composition
changes. For this purpose, the published experimental find-

Ž .ings of Herz and Sell 1985 are exploited. The experiments
3 Ž .were conducted with a 2,620-cm 1,370-g catalyst installed

in a 5.7-L engine. The GHSV was 50,000 hy1, and the ex-
haust-gas temperature entering the converter between 740
and 750 K. The exhaust-gas composition as a function of the
ArF ratio is given in Table 1. Stoichiometry corresponds to
an ArF value of 14.75.

As is described below, two different sets of experiments
are conducted, each with three different catalysts. The first
catalyst contains Pt and Rh as the catalytically active noble
metals and Ce as an oxygen storage component. The second
catalyst, which contains only PtrCe is expected to show good
oxygen storage properties and negligible potential for
water]gas reaction catalysis. On the contrary, the third cata-
lyst, which contains only PtrRh, is expected to be active for
water]gas reaction, but without oxygen storage abilities. All
catalysts contained 2.6 mmolrg Pt; Rh concentration in the
PtrRh and the PtrRhrCe catalysts was 0.5 mmolrg; and Ce
concentration in the PtrCe and the PtrRhrCe catalysts was
143 mmolrg.

Ž .In the first experiment, a step ArF change from 15.1 lean
Ž .to 14.1 rich was imposed and the CO concentration at the

catalyst exit was recorded as a function of time. The mea-
sured responses are presented in Figure 1a. The expected
CO response, assuming quasi-steady catalyst behavior, is in-
dicated by dotted lines. During the first 20 s after the step-
composition change, an increased CO conversion compared
with the steady-state case was observed for all three catalysts.
Differences in the CO response between the three catalysts
are clear. The number in parentheses on each plot in Figure

Ž .1a is the maximum amount of CO mmolrg catalyst that
could be removed by storagerrelease processes on the noble
metals and ceria. The number above the parentheses denotes
the actually removed amount of CO. The discrepancy be-
tween these two numbers demonstrates an enhanced CO re-
moval, which is attributed to the water]gas shift reaction.

According to the previous discussion, the PtrRh catalyst is
simulated with no oxygen storage capabilities. Based on the

Ž .results of the step ArF change experiment Figure 1a , the
kinetics of the Rh redox reactions are tuned by trial and er-
ror in order to get an acceptable match between experiment
and simulation. Similarly, the measurement of the PtrCe cat-

Ž .alyst no activity regarding the water]gas reaction is em-

Table 1. Exhaust Gas Composition for the
Experiments and Simulations for the Dynamic

Behavior Study under Step Composition Changes

Vol. % ArF s14.1 ArF s15.1

CO 1.3 0.28
HC 0.062 0.04
NO 0.099 0.1
O 0.28 1.12
H 0.43 0.0932

Ž .Source: Herz and Sell 1985 .

ployed to tune the oxygen storage submodel kinetics. The val-
ues estimated from the tuning process are given in the table
in Appendix A. It can be seen from the preexponential fac-
tors in the table that for both phenomena the oxidation rates
are higher than the respective reduction rates. This is in

Ž .agreement with earlier findings in the literature Herz, 1987 .
The PtrRhrCe catalyst is modeled using the estimated ki-

netic constants for both phenomena. The results of the com-
putational simulation for all three catalysts are presented in
Figure 1b. The model ability to simulate the transient behav-
ior of CO conversion in these cases is quite satisfactory.

In order to interpret the results, the stored oxygen and the
Ž .Rh oxidation extent averaged over the converter are pre-

sented as functions of time for the three test cases in Figure
1c. It can be initially observed that the time constants in-
volved with these phenomena are of the same order of mag-
nitude.

In the second experiment, the engine runs at a constant
Žoperation point with ArF s14.1. A lean excursion ArF s

.15.1 is imposed for 1 s, and the engine returns to the previ-
ous rich operating point. The experimental results are pre-
sented in Figure 2a. The high oxygen availability after the
onset of lean explains the resulting sudden drop in CO con-
centration. Hence, a quasi-steady catalyst behavior would
show a sudden increase in CO concentration after switching

Ž .again to rich dashed lines .
The catalyst response is simulated based on the kinetics

acquired from the previous experimental test case, and the
results are presented in Figure 2b. For the PtrCe catalyst the
CO response at catalyst exit presents only minor differences
compared to the expected quasi-steady behavior. This indi-
cates that the relatively short duration of the lean excursion
was not enough for the catalyst to store sufficient oxygen,
which would contribute after switching to the rich operating
mode. The relevant calculation shows that only 20% of the

Žoxygen storage capacity is activated during the test Figure
.2c .
On the other hand, the PtrRh catalyst shows significant

activity after the ArF switch to its initial rich value. This im-
plies that the 1-s duration of the lean excursion was enough
to bring Rh to a substantial oxidation level. This is confirmed
by the respective computation, which predicts a maximum
value for the Rh oxidation fraction of 80%.

If we examine the experimental results gained by using
the PtrRhrCe catalyst, we can initially conclude that the co-
existence of Rh and Ce does not have a cumulative effect as
regards CO conversion after step composition changes. It is
interesting to note that this behavior is also predicted by the
mathematical model. In fact, Rh oxidation and oxygen stor-
age reactions compete to consume the oxygen surplus during
the short lean excursion. Due to the much higher quantity of
Ce compared to Rh, Rh is more affected by this competence
than is Ce. This results in a maximum Rh oxidation fraction

Ž .of about 60% compared to the 80% in the previous case .

A/////F Scan
Results from selected laboratory tests are presented in this

section, together with individual mathematical model runs to
illustrate some aspects of catalyst behavior during composi-
tion changes.
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Figure 1. Step composition change response.
The ArF ratio is changed from 15.1 to 14.1. The dotted lines correspond to the expected responses if no dynamic effects were present
Ž . Ž . Ž . Ž . Ž .quasi steady state . a Measurements of Herz and Sell 1985 ; b and c computed model results.

The ArF scan test examines catalyst efficiency as a func-
tion of the ArF ratio of the feed gas at a given temperature.
In this test, variations in the ArF ratio are produced by slowly

changing the oxygen content of the simulated exhaust gas. In
the specific test the ArF is changed from 14.5 to 15.2 in a
120-s time period. The scan is realized in both directions,
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Figure 2. Lean excursion experiment.
Ž .The engine runs at a constant operation point with ArF s14.1. A lean excursion ArF s15.1 is imposed for 1 s, and the engine returns to

Žthe previous rich operating point. The dotted lines correspond to the expected responses if no dynamic effects were present quasi steady
. Ž . Ž . Ž . Ž .state . a Measurements of Herz and Sell 1985 ; b and c computed model results.

from rich to lean and vice versa. The feed-gas inlet tempera-
ture is kept constant at 4008C and the space velocity is 75,000
hy1. Exhaust-gas composition for different ArF values in this

test are given in Table 2. The geometrical and thermophysi-
cal properties of the catalytic converter are given in Ap-
pendix B.
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Table 2. Exhaust Gas Composition for Selected ArrrrrF
Values in the ArrrrrF Scan Experiments and Simulations

Ž .Concentration vol. %

Species ArF s14.5 ArF s14.7 ArF s15.2

CO 1 1.1 1
H 0.33 0.37 0.332
O 0.45 0.37 1.382
C H 0.05 0.05 0.053 6
C H 0.025 0.025 0.0253 8
NO 0.1 0.1 0.1
H O 10 10 102
CO 14 14 142

The measured catalyst efficiency as a function of ArF for
the three species of interest is presented in Figure 3. It is
interesting to note that the efficiency curves are all depend-
ent on the direction to which the ArF scan is performed.
Specifically, the ArF ‘‘window’’ is wider for CO and HC when
shifting from a lean to a rich environment, whereas the oppo-
site is observed for NO. During the transition from a lean to
a rich environment, the catalyst maintains a higher activity
for CO and HC, which can be attributed to the previously
stored oxygen. At the same time, the lower availability of CO
and HC limits the NO conversion capability.

The dynamic mathematical model was employed to simu-
late the preceding phenomena. Figure 4 presents the com-
puted results of the simulation of the previously described
ArF scan test. It can be observed that the model can success-
fully describe the catalyst efficiency as a function of the ArF.
Furthermore, the model predicts the dependence of catalyst
efficiency on the direction of the ArF scanning. This is ap-
parently due to the successful simulation of the dynamic phe-

Ž .nomena oxygen storage and water]gas reaction .
Figure 5 presents the quantity of stored oxygen and the Rh

oxidation fraction during the ArF scan test, as computed by
the mathematical model. After an extensive lean operation,

Žthe amount of stored oxygen is the maximum possible 60
3 .molrm in our case . During the transition from a lean to a

rich region, the stored oxygen is gradually consumed, while
the storage rate is decreased. After the stored oxygen reaches
a minimum value, it then starts to increase, as we move to-
ward the lean region. The storage rate is actually higher than
the release rate, which agrees with previous relative findings
Ž .Herz, 1987 .

Oscillating A/////F Scan
As mentioned in the Introduction, in conventional gasoline

cars the catalytic converter operates at periodically oscillating
ArF. The frequency and the width of the oscillation are de-
termined by the response characteristics of the fuel-manage-
ment control loop. Several often contradicting views regard-
ing the effect of the oscillation on catalyst efficiency were

Žexpressed in the past Cho, 1988; Muraki et al., 1985; Shinjoh
.et al., 1989; Cho and West, 1986 . In the interesting review of

Ž .Silveston 1996 it is concluded that the periodic oscillations
are beneficial during the cold-start phase, when the catalyst
operates at low temperatures, but they can be unfavorable at
high-temperature operation. We cannot consider the preced-
ing statement as a general rule, however, since the operating

Figure 3. Measured catalyst conversion efficiency as
function of A/////F during transition from lean to
rich environment and vice versa.
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Figure 4. Computed catalyst conversion efficiency as
function of A/////F during transition from lean to
rich environment and vice versa.

( )Figure 5. Computed quantity of a stored oxygen and
( )b Rh oxidation fraction during the A/////F scan
test.

parameters that determine the final effect are numerous and
sometimes interacting with each other. These parameters are:

v Catalyst precious-metal loading and composition;
v Loading and dispersion of oxygen storage components;
v Catalyst temperature;
v Feed-gas flow rate;
v ArF oscillation frequency;
v ArF oscillation amplitude;
v Mean value of ArF oscillation.
The number of these parameters can be even larger if we

consider other possible forms of oscillation, for example, with
different times in the lean and rich regions. The large num-
ber of possible combinations renders the problem of optimiz-
ing fuel management very difficult to solve. In practice, most
of modern fuel-management systems try to keep ArF as close
as possible to stoichiometry. Given the capabilities offered by
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modern electronic control units, however, it is believed that
there is a significant margin to optimize such systems by ex-
ploiting ArF oscillations.

In the following, the catalyst behavior is studied experi-
mentally and computationally in a single ArF scan test, dur-

Žing which an ArF oscillation is superimposed amplitude 0.9
.ArF, frequency 0.5 Hz . The measured conversion efficien-

cies for the three species as functions of the mean ArF value
are presented in Figure 6. We can note the following:

v As in the case with no oscillation, the efficiency depends
on the direction to which the scan is realized, although the
‘‘lag’’ here is smaller.

v ArF oscillations result in higher CO and HC efficiencies
for substoichiometric ArF; these efficiencies remain high in
stoichiometry and oxygen abundance conditions. HCs espe-
cially are practically 100% converted in the whole scan range.
CO efficiency at stoichiometry is 85]95%, however, com-
pared to 100% of the no oscillation case.

v The ArF oscillation is clearly beneficial for NO conver-
sion at lean operation and remains high in the rich region. At
stoichiometry, the efficiency is significantly lower than 100%.

The results of the mathematical model in the case of the
preceding experiment are given in Figure 7. In the same fig-
ure, we present the results of a simulation, without consider-

Žing the dynamic submodels oxygen storage and water]gas
.reaction . In fact, the latter results describe the quasi-steady

behavior of the catalyst. It is obvious that the effects of the
dynamic phenomena in this test are very important and actu-
ally favorable for catalyst efficiency. At the same time, we
can observe that the model results compare well with the re-
spective experimentally measured data. Of course, an exact
quantitative prediction was not expected, taking into account
that:

v The assumptions underlying the dynamic submodels are
fairly simplistic, due to lack of sufficient kinetic studies in the
field;

v To our knowledge, this is the first trial presented in the
literature to predict such aspects of catalyst behavior;

v The basic aim of the work in this phase is to recognize
and explain the phenomena in a qualitative way.

Figure 8 presents the stored oxygen and the Rh oxidation
fraction during ArF scan with oscillation, as computed by the
mathematical model. The plot refers to the computed mean
values averaged over the reactor length and over a time pe-
riod equal to the oscillation period. We can observe that both
the stored oxygen and the Rh oxidation fraction are higher
compared to the respective ones for the case with no oscilla-
tion, resulting in high oxygen availability and water]gas shift
activity under rich conditions. This is explained by taking into
account that the oxidation rates for the involved reactions
are higher than the respective rates for the reduction reac-
tions.

Concluding Remarks
Three-way catalytic converter operation under highly tran-

sient exhaust-gas composition changes cannot be sufficiently
predicted using ‘‘quasi-steady’’ approaches, which are used by
the majority of models presented in the literature. Mathe-
matical models, which simulate transient adsorption]desorp-
tion phenomena, could be employed to solve the problem,

Figure 6. Measured catalyst efficiencies as functions of
mean A/////F value during A/////F scan with superim-
posed oscillation.
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Figure 7. Computed catalyst conversion efficiencies as
functions of A/////F during A/////F scan with oscilla-
tion; results of quasi-steady simulations are
also presented.

( )Figure 8. Computed quantity of a stored oxygen and
( )b Rh oxidation fraction during A/////F scan with
oscillation.

but they are extremely demanding in terms of input data.
Furthermore, the theoretical assumptions of such models are
probably questionable in the automotive exhaust environ-
ment.

In this work, a quasi-steady model was equipped with dy-
namic submodels of the basic dynamic phenomena. Follow-
ing experience cited in the literature, as well as related com-
putational investigations, oxygen storage and transient wa-
ter]gas shift activity are recognized as important dynamic
phenomena and modeled with simple reaction schemes. It
was concluded that the submodels offered good prediction
capabilities, at least qualitatively, for a wide operating range.

A set of experimental tests and the respective model runs
were used to investigate the critical aspects of 3-way catalyst
transient behavior in realistic operating conditions. In the
ArF scan test, a significant dependence on the scan direction
was found. This was attributed to the combined action of the
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dynamic phenomena and quantitatively explained by the
mathematical model.

The ArF oscillation, which is of great practical interest,
was investigated experimentally and computationally in a se-
lected test case during an ArF scan. In the specific test, it
was found that the oscillation was beneficial for CO and HC
at rich conditions, as well as for NO at lean conditions. At
stoichiometry, the conversion efficiency for all three species
is slightly lower. The effects of ArF oscillations were recog-
nized and explained with the aid of model simulations. The
beneficial effect of ArF oscillations was attributed to the
higher oxidation rates observed in the oxygen storage and Rh
redox reactions compared to the respective reduction rates.
This results in a higher level of Rh oxidation fraction as well
as higher stored oxygen availability, compared to the case with
no ArF oscillation.

The main objective of this work was to illustrate an alter-
native approach to the study and modeling of the 3WCC op-
eration under severe transients, presenting some initial re-
sults. Further work to validate the approach in a wider field
of application is scheduled. This would allow an efficient
parametric analysis, whose objective would be to fine-tune
the engine]converter system with optimum emission control.

Notation
Asreaction rate constant
cs vector of species concentrations, mole fraction
csspecies concentration, mole fraction

C sspecific heat capacity, Jrkg ?Kp
D Hsheat of adsorption, Jrmol
G s inhibition factor due to C H and NO, K1 3 6
G s inhibition factor due to CO, K1.83

2
G s inhibition factor due to C H3 2 2

Ksadsorption equilibrium constant
K schemical equilibrium constantp

nsmolecular flux, molrm3? s˙
Rsgas constant, Jrmol ?K
ts time, s

Ts temperature, K
xscarbon atoms in the hydrocarbon molecule
yshydrogen atoms in the hydrocarbon molecule

C soxygen storage capacitycap
csoxidation fraction

Subscripts
fs fast
gsexhaust gas
isspace node index
ks indication of reaction k
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Appendix A
Reactions considered in the mathematical model:

1. COq1r2 O ™CO2 2

2. H q1r2 O ™H O2 2 2

3. C H q xf q yfr4 O ™ xfCOŽ .x f y f 2 2

q yfr2 H O}fast HCŽ . 2

4. C H q xsq ysr4 O ™ xsCOŽ .xs ys 2 2

q ysr2 H O}slow HCŽ . 2

5. COqH O™CO qH2 2 2

6. 2 COq2NO™2 CO qN2 2

The rate expressions employed in the preceding reactions
are the following:

A ? eyE1rRT? c ? c1 CO O2R s1 G T , c ? G T , cŽ . Ž .1 s 3 s C H2 2

A ? eyE2rRT? c ? c2 H O2 2R s2 G T , c ? G T , cŽ . Ž .1 s 3 s C H2 2

A ? eyE3rRT? c ? c3 C H Ox f y f 2
R s3 G T , c ? G T , cŽ . Ž .1 s 3 s C H2 2

A ? eyE4rRT? c ? c4 C H Ox s y s 2
R s4 G T , c ? G T , cŽ . Ž .1 s 3 s C H2 2

A ? eyE5rRT? c ? c5 CO H O2R su Eq5 R h 5G T , c ? G T , cŽ . Ž .1 s 3 s C H2 2

A ?eyE 6rRT?cy0.2 ?c0.5
6 CO NO

R s ,6 G T , c ?G T , cŽ . Ž .2 s 3 s C H2 2

with the following expressions accounting for the inhibition
terms:

2
G sT 1q K c q K cŽ .1 s a1 CO a2 C H3 6

= 1q K c2 c2 1q K c0.7Ž .Ž .a3 CO C H a4 NO3 6

2y0.17G sT T q K cŽ .2 s s a5 CO

G s1q K ? c .3 a6 C H2 2

To account for the chemical equilibrium of the water]gas
shift reaction, an additional factor is considered in the re-
spective reaction-rate expression:

c ? cCO H2 2Eq s1y5 c ? c ? K TŽ .CO H O p2

The following expressions are used for the adsorption equi-
librium constants:

k s k exp yD H rRT ; js1 to 6.a j a j a j s0

Adsorption

Ž .Constant Heat Jrmol Factor ka j0

K y7990 65.5a1
5 3K y3=10 2.08=10a2
4K y9.65=10 3.98a3
4 5K 3.1=10 4.79=10a4
3 5 w xK y5.43=10 1.2028=10 Ka5
4K y7.145=10 20a6

Activation Energy Ei
w xReaction Jrmol Activity Factor Ai

13 2w x1 95,000 2=10 mol ?Krm ? s
13 2w x2 95,000 2=10 mol ?Krm ? s
14 2w x3 105,000 3=10 mol ?Krm ? s
14 2w x4 125,000 4=10 mol ?Krm ? s
8 1.83 2w x5 105,000 6=10 mol ?K rm ? s
6 2w x6 70,000 5=10 mol ?Krm ? s

Kinetic constants of dynamic submodels:

Preexponential Factors Activation Energies
2w x w xmolrm ? s Jrmol

5A s3=10 E s90,000xo ox
5A s1.5=10 E s90,000red, CO red, CO
5A s2.6=10 E s90,000red, HC red, HC
4A s3.5=10 E s80,000Rh, ox Rh, ox

4A s2=10 E s80,000Rh, red Rh, red

Appendix B
Geometric and thermophysical properties of the 3WCC

employed in the experiments and computations:

Noble metal composition PtrPdrRh
3Noble-metal loading 110 grft

y4 2Monolith frontal area 5.067=10 m
Monolith length 0.076 m

2Channel density 400 channelsrin
y3Substrate thickness 0.154=10 m
y3Washcoat-layer thickness 0.025=10 m

3Substrate density 1,800 kgrm
3Washcoat density 1,000 kgrm

Monolith conductivity 1.5 Wrm ?K
Monolith specific thermal capacity 1,020 Jrkg ?K

3Oxygen storage capacity 60 molrm
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