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Mathematical modelling of catalytic exhaust systems
for EURO-3 and EURO-4 emissions standards

G Pontikakis and A Stamatelos*
Department of Mechanical and Industrial Engineering, University of Thessaly, Volos, Greece

Abstract: The application of computer simulation in the development of catalytic exhaust aftertreat-
ment systems for cars is over thirty years old. However, ever-increasingly stringent exhaust emissions
legislation requires an ever-increasing degree of accuracy and complexity in the mathematical models
applied. Traditionally, the Langmuir–Hinshelwood kinetics were applied in the majority of the models
available, with a small number of representative chemical reactions. In this paper it is proved, by
means of typical case studies, that the above modelling approach, with the necessary re� ning, can be
brought to the level of accurately predicting the behaviour of advanced catalyst systems employed
in EURO-3 and EURO-4 emissions homologation. An essential characteristic that was introduced
to this end is the computer-aided selection (best � t) of the tunable parameters representing the
apparent chemical kinetics and oxygen storage and release properties of each diVerent catalyst–
washcoat combination. Other modelling improvements are also discussed in the present paper, setting
the scene for high accuracy simulations in view of the current and future emissions standards for
spark-ignited, diesel and gasoline direct injection (GDI)-engined vehicles. These include the modelling
of the aged catalyst, as well as taking into account the eVect of precious metal loading variation on
the apparent kinetics.

Keywords: automotive exhaust emissions, emissions standards, three-way catalytic converters,
mathematical modelling, parameter estimation

NOTATION r radial distance from monolith’s axis (m)
r
k

rate of reaction k (mol/m3 s)
P computed responsea

j,k
mass action coeYcient of species j in

P̂ measured responsereaction k
R reaction rate (m/s)A

k
pre-exponential factor of reaction rate

R
g

universal gas constant=8.314 J/mol Kexpression (mol K/m3 s)
S geometric speci� c surface (m2/m3)c

p
speci� c heat capacity (J/kg K)

t time (s)e error between measurement and computation
T temperature (K)E

k
activation energy of reaction rate expression

u
z

exhaust gas velocity (m/s)(J )
w weight factorG inhibition term (Table 2)

h convection coeYcient (W/m2 s) x concentration in the gas phase
k thermal conductivity (W/m K) xs concentration in the gas phase at solid–gas
k
m

mass transfer coeYcient (m/s) interface
K inhibition term (Table 2) z distance from the monolith inlet (m)
M molecular mass (kg/mol )

á number of carbon atoms in hydrocarbonN
exp

number of experiments [equation (2)]
moleculeNR number of reactions

â number of hydrogen atoms in hydrogenNres number of responses per experiment
molecule[equation (2)]

å emissivity factor (radiation)
õ tunable parameters vectorThe MS was received on 5 February 2001 and was accepted after revision

for publication on 1 June 2001. ó Stefan–Boltzmann constant (W/m2 K4)
* Corresponding author: Laboratory of Thermodynamics and Thermal ô duration of an experiment [equation (2)] (s)Engines, Department of Mechanical and Industrial Engineering,
University of Thessaly, Pedio Areos, 383 34 Volos, Greece. æ transformed tunable parameter vector
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Subscripts Later, Siemund et al. [5 ] published a well-documented
3WCC model based on the kinetics of Voltz et al. [6 ]

g gas for the oxidation reactions and on that of Subramanian
j species j and Varma [7 ] for NO reduction kinetics and compared
k reaction k it with engine bench experiments. This model lacked an
r radial direction oxygen storage submodel, however, and this was also
s 1, solid; 2, solid–gas interface true for the subsequent model of Dubien et al. [8 ]. At
z axial direction this stage of development, it was adequate for the models

to predict cumulative driving cycle emissions satisfac-
torily, even if they failed to simulate instantaneous
emissions within an acceptable level of accuracy [9 ].

1 INTRODUCTION Exhaust system design for EURO-2 emission stan-
dards called for more accurate model predictions. Focus
was shifted to the instantaneous emissions of the cata-Since the introduction of automotive emission standards

in the USA and Europe, legislation is becoming increas- lytic converter, especially regarding the CO and hydro-
carbons (HCs). NO

x
emissions continued to be diYcultingly stringent, following the ever-increasing need to

control automobile air pollution in urban areas. This to model. The two-dimensional model presented by
Koltsakis et al. [10, 11 ], featuring an oxygen storage sub-trend requires the manufacturers of exhaust systems to

improve their components and systems design constantly model and incorporating steam-reforming reactions, was
linked to a transient heat transfer model for the exhaustin order to conform to the emissions standards.

Mathematical modelling of the various parts and com- manifold and piping [12 ]. This was the � rst time that
a uni� ed computer-aided engineering methodologyponents of an exhaust system is usually employed as a

tool for eYcient system design and development. Of fore- [13–15 ] had been targeted to the design and optimization
of exhaust systems comprising exhaust piping, start andmost importance is the modelling of the catalytic con-

verter, the latter being the most crucial part of the main catalysts, as well as possible catalyst fast light-oV
techniques [16 ].exhaust system with regard to the emissions behaviour.

As emission standards diminish the allowable CO, HC Regardless of the particular model or catalytic con-
verter under study, a reaction rate must be provided forand NO

x
tailpipe emissions, catalytic converter technol-

ogy is pushed to its limits and the gap between feasible every reaction taken into account in the model. All the
above-mentioned models are lumped-parameter modelsand legislated emission levels narrows. Increased accu-

racy of mathematical modelling is therefore needed, in that employ rate expressions based on the Langmuir–
Hinselwood formalism. This approach lumps into theorder to enable reliable prediction of the catalyst’s

eYciency. Through the years, many models have tunable parameters all phenomena (washcoat formu-
lation, catalyst ageing and deactivation, inhibitionappeared in the literature; focusing, with varying detail

or complexity, on the physical and chemical phenomena eVects, etc.) that are not explicitly taken into account by
the model.involved in catalytic converter operation.

Early modelling work concentrated mainly on the heat Practically, in order to assess and model the behaviour
of a catalytic converter, only the pre-exponential factorand mass transfer phenomena in the catalytic converter.

The models basically aimed to predict the point that the A and the activation energy E of the rate expression are
tuned. For the inhibition terms, expressions from thecatalyst’s light-oV occurs. Therefore, only simpli� ed oxi-

dation reaction schemes were incorporated in these literature are used without or with minor modi� cations.
Although this greatly simpli� es the problem of param-models. Young and Finlayson [1 ] developed a two-

dimensional channel model for a monolith and discussed eter estimation, it is still diYcult to tune the model
reliably. Moreover, the model’s tunable parameters mustin detail the applicability of the quasi-static assumption

for the gas phase or transient catalyst operation. Heck be estimated using data from an engine bench test or a
driving cycle test. Synthetic gas bench experiments areet al. [2 ] showed that a one-dimensional model is

adequate for the prediction of monolith behaviour. Chen useful for the preliminary assessment of a catalyst but
cannot be used to simulate a catalyst’s operation underet al. [3 ] presented a three-dimensional model of mono-

lithic catalytic converters, again including only oxidation realistic conditions, owing to the complexity of the real
exhaust gas. Thus, the reactions cannot be decoupledreactions.

The introduction of EURO-1 emission standards and it is necessary to tune for all parameters
simultaneously.motivated the inclusion of more complicated reaction

schemes in the models. Pattas et al. [4 ] were the � rst to The situation is further complicated for the case of
the 3WCC, because there is not enough experience eitherprovide a comparison between measurement and com-

putation for a three-way catalytic converter (3WCC) with the CO–NO reaction or with oxygen storage model-
ling [10, 11 ]. Although the eVects of diVerent rateunder driving cycle operating conditions. Their model

featured an early form of an oxygen storage submodel. expressions for CO and HC oxidation reactions have
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been reported in the literature [17 ], no such comparisons FTP-75 test. To perform the tuning, a conjugate gra-
dients optimization scheme is employed, aiming athave been published for the CO–NO reaction. The

oxygen concentration of the exhaust gas mixture con- minimization of the error between computation and
measurement. A comparison of the simulation resultsstantly � uctuates around stoichiometry, and the CO–NO

reaction is strongly dependent on this behaviour, making with the corresponding results of the manual tuning pro-
cedure is discussed and some plausible explanations arethe determination of a successful rate expression even

more diYcult. Similarly, the correct estimation of the attempted for the observed diVerences.
oxygen storage submodel is crucial for successful model-
ling, and only a few quantitative works have been
published. 2 MODEL DESCRIPTION

Today, EURO-3 level emission standards have to be
met, posing a new challenge for catalytic converter mod- 2.1 Modelling of physical and chemical phenomena
elling. Good prediction of instantaneous emissions,
including NO

x
, is necessary if the model is to be The 3WCC model employed in this work is a one-dimen-

sional, single-channel model [11 ]. Models of this typeexploited in modern exhaust system design optimization.
Therefore, parameter estimation has to be done more are widely employed today in the design of automotive

exhaust aftertreatment systems. This includes 3WCC,precisely, and the need for a well-de� ned procedure
for parameter estimation is emerging. To achieve this, diesel oxidation catalysts, NO

x
traps or even diesel par-

ticulate � lters.computer-aided parameter estimation is desirable,
possibly coupled with customized engine bench tests. The physical phenomena (heat and mass transfer in

both gaseous and solid phases) are described by a sys-EURO-4 emission standards will probably render the
above methodologies absolutely necessary. Moreover, tem of balance equations. A detailed presentation of

the system of equations has been given elsewherefor the eYcient utilization of modelling in exhaust sys-
tems design, even more complicated issues must be [10, 11, 14 ]. Here, they are summarized in Table 1. The

present work focuses on the reaction scheme for theaddressed, such as catalyst ageing and deactivation and
the eVect of precious metal loading. 3WCC.

A limited number of apparent kinetic rate expressionsIn this work, an attempt is made to address the prob-
lem of precise model tuning, in view of the EURO-3 have appeared in the literature for this type of reactor.

Probably the most acclaimed kinetics are those deter-legislation, now eVective in Europe. Focus is laid on the
prediction of NO

x
emissions, which is the weak point of mined by Voltz et al. [6 ] for the oxidation of CO and

HCs on pellet-type Pt catalysts. They have been success-most 3WCC models. Tuning of the model parameters is
done directly on the basis of the measured results in an fully used for the modelling of monolithic catalytic

Table 1 Model equations and tunable parameters

Model equations Tunable parameters

Mass transfer
ÕBalance

equation rg
qx

j
qt

+rguz
qx

j
qz

=rgkm,jS(xj Õ xs,j )

ÕBoundary
condition

rg
Mg

k
m,j

S(x
j Õ

x
j,s

)=R
j

Heat transfer
Õ

r
s
c
p
u
z

qTg
qz

=hS(T
s Õ

Tg)
Balance

equation
(gas phase)

ÕBalance
equation
(solid phase)

rscp,s
qTs
qt

=ks,z
q2T
qz2

+ks,r
1

r

q
qr Ar

qT
qr B

+hS (Tg Õ Ts)+ ~
NR

k=1
(Õ ¢Hk)rk

ÕBoundary
conditions kr

qTs
qr

=hamb (Ts Õ Tamb )+åó(T4
s Õ T4amb ), at r=Rmon

qT
s

qr
=0, at r=0

Reactions
A

k
and E

k
, k=1, . . ., NRReaction

rates R
j
= ~

NR

k=1
a
j,k

r
k
, rrea,k=

A
k
e Õ Ek/RgTxAxB

G1
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converters with more complicated washcoat formu- oxidation is also included in the model, because of
its signi� cant exothermy. CO, H2 and HC oxidationlations. For the 3WCC, Subramanian and Varma [7 ]

provided the � rst expression for the CO–NO reaction. reactions along with their rate expressions are given in
Table 2.Pattas et al. [4 ] also mention an empirical rate expression

for the CO–NO reaction, with variable order of reaction. Most catalysts contain an oxygen storage component
in their washcoat, i.e. a component that can undergoMontreuil et al. [18 ] also presented an extended reac-

tion scheme for the modelling of Pt–Rh and Pd–Rh successive reductions and oxidations, depending on the
prevailing conditions in the gas–catalyst interface. Thecatalysts.

In the present model, the oxidation reaction rates of most important component that plays such a role is
ceria, usually combined with zirconia. Under net oxidiz-CO, H2 and HCs are based on the expressions by Voltz

et al. [6 ]. Two HC species are accounted for in the reac- ing conditions, three-valent Ce oxide (Ce2O3) may react
with O

2
, NO or H

2
O and oxidize to its four-valent statetion scheme, because the real exhaust gas contains a very

complicated mixture of hydrocarbons. Every hydro- (CeO
2
). Under net reducing conditions, CeO

2
may func-

tion as an oxidizing agent for CO, HC and H2 . Thecarbon species is oxidized at a diVerent temperature. In
practice, the diversity of the HC mixture is usually taken model allows for Ce2O3 oxidation by O2 and CeO2

reduction by CO and HCs (reactions 5, 6 and 7 ininto account by considering two kinds of HCs being
present in the exhaust gas, an easily oxidizing HC (‘fast’ Table 2). The auxiliary quantity ã along with its rate of

variation, which is also de� ned in Table 2, express theHC ), and a less easily oxidizing HC (‘slow’ HC ) [10 ].
This practice usually allows for suYcient degrees of fractional extent of oxidation of the oxygen storage

component.freedom to simulate real exhaust behaviour. Hydrogen

Table 2 Reaction scheme and rate expressions

Reaction Rate expression

Oxidation reactions

1 CO+Æ O2 � CO2 r1=
A1e Õ E1/RgTxCOxO2

G

2 H2+ Æ O2 � H2O r2=
A2e Õ E2/RgTxH2

xO2
G

3, 4 Cá Hâ +(á+0.25â)O2 � áCO2+0.5âH2O r
k
=

A
k
e Õ Ek/RgTxCxHy

xO2
G

, k=3, 4

Oxygen storage
r5=A5e Õ E5/RgTxO2

(1 Õ ã)¾cap5 Ce2O3+ Æ O2 � 2CeO2

r6=A6e Õ E6/RgTxCOã¾cap6 2CeO2+CO � Ce2O3+CO2

r7=A7e Õ E7/RgT(xC3H6
+xC3H8

)ã¾cap7 CáHâ +(2á+â)CeO2
� (á+0.5â)Ce2O3+áCO+0.5âH2O

NO reduction and steam reforming

8 2CO+2NO � 2CO2+N2 r8=A8e Õ E8/RgTxmCOx0.5NO

9, 10 Cá Hâ +áH2O � áCO+(á+0.5â)H2 r
k
=

A
k
e Õ Ek/RgTxC3H6

xO2
G

Eqk
, k=9, 10

Inhibition term

G=T(1+K1xCO+K2xCxHy
)2(1+K3x2COx2CxHy

)(1+K4x0.7NO), K
i
=k

i
exp(Õ E

i
/RgT )

k1=65.5, k2=2080, k3=3.98, k4=4.796105

E1=Õ 7990, E2=Õ 3000, E3=Õ 96 534, E4=31 036

Auxiliary quantities

ã=
26moles CeO2

26moles CeO2+moles Ce2O3
,

dã
dt

=Õ
r6

¾cap
+

r5
¾cap

m=Õ 0.19[ 1 Õ 4.5 exp(Õ 10 000xCO)]

Eqj
=

xá
COxá+0.5âH2

xC H xH2O
K

p
(T )

, if Eqj
>1 then r

j
=0
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The reduction of NO is mainly accomplished via reac- point suggested by previous experience and adjusting the
pre-exponential factor of each reaction and, to a lessertion with CO, although other species may contribute to

NO conversion (e.g. H2 or HCs). In this work, the reac- extent, the activation energy.
Montreuil et al. [18 ] were the � rst to present a system-tion between CO and NO is modelled using an empirical

reaction rate adopted from Pattas et al. [4 ], which atic attempt for the tuning of the parameters of their
steady state 3WCC model. They proceeded with a com-predicts a variable order of reaction for the CO oxida-

tion from NO, depending on CO concentration. The pilation of an experimental database of steady state
eYciencies for two catalyst formulations. Then, theyexpression is qualitatively consistent with the results of

Koberstein and Wannemacher [19 ], which predict that � tted the parameters of their model against these data.
In their work, they adjusted not only the pre-exponentialthe reaction order for CO in the CO–NO reaction tends

to unity as the reactants’ concentrations tend to vanish. factor and activation energy terms but tunable param-
eters contained in the inhibition terms as well.The high HC conversion eYciency observed in fresh

catalysts during operation in rich conditions has been Dubien and Schweich [23 ] also published a method-
ology to determine the pre-exponential factor and theattributed to the steam-reforming reaction [20 ]. This

reaction, also promoted by CeO2 , generates H2 which activation energy of simple rate expressions from light-
oV experiments. They provided an initial estimation ofmay reduce NO

x
to N2 [21 ]. Thus, steam reforming for

the hydrocarbons should also be incorporated in the the tunable parameters using theoretical calculations.
Their approach was successful but of limited practicalmodel (reactions 9 and 10 of Table 2). In the rate

expression for the steam-reforming reaction, the same value, because it was applicable only to non-competing
reactions. Thus, the methodology reported could not beinhibition factor as in the oxidation reactions is used,

because of the absence of further kinetic data. A factor used for the parameter estimation of a realistic reaction
scheme using data from engine exhaust gas emissionsEq is introduced into the rate expression to allow for the

chemical equilibrium of the steam-reforming reaction. A measurements.
In this work, tuning of the 3WCC model was baseddetailed discussion of the solution procedure and the

model kinetics is given in reference [22 ]. on the results of an FTP 75 test (mainly bag 1 emissions).
The procedure followed in order to tune the model is
detailed below. Then, the simulation results are pre-

2.2 Tunable parameters sented and compared with previous manual tuning
results.As is evident from Table 1, the heat and mass transfer

balance equations do not contain any tunable param-
eters. All tunable parameters are introduced by the

3.2 Formulation of the optimization problemchemical description of the catalyst, because this type
of modelling relies on simpli� ed rate expressions for In order to tune the parameters of the model, one or
apparent chemical kinetics.

more diVerent experiments or tests available may be
The parameters of the inhibition term G are also not

employed. Moreover, for each experiment or test, there
allowed to vary. Instead, the values speci� ed in the work are usually multiple measurements (responses) , e.g.
of Voltz et al. [6 ] are used and are given in Table 2. measurements of various species’ concentrations at the
Thus, every reaction j introduces only two tunable par- catalyst’s outlet, temperature at several points of the
ameters, its pre-exponential factor A

j
and its activation

monolithic converter, etc. Model tuning requires the esti-
energy E

j
. It must be noted that the H

2
oxidation is not

mation of all tunable parameters in order to minimize
tuned. The values for A2 and E2 are set equal to those

the error between available measurements and the
for CO oxidation (A1 and E1 respectively). computations.

As a general remark, it may be stated that the number Thus, a performance measure has to be de� ned which
of tunable parameters is kept to the minimum � gure that assesses the quality of the parameter estimation, i.e. it
is capable of supplying the degrees of freedom recog-

assesses the error between measured and computed
nized in real-world catalytic converter operation.

responses. Let x be the vector of tunable parameters.
Let also P̂(t) be the matrix of the measured responses
for each experimental run as a function of time and3 MODEL TUNING
P(t, x) be the corresponding matrix of computed
responses—which is a function of both t and x. Then,3.1 Current tuning practice
the residual error between measurement and compu-
tation for the ith response from the rth experiment mayAlthough lumped-parameter models have been exten-
be expressed as follows:sively used for the prediction of catalytic converter

eYciency, not much work has been done on correct tun- Z
i,r

(x, t )=P
i,r

(x, t) Õ P̂
i,r

(t ) (1)
able parameter estimation. The usual practice has been
the manual tuning of the parameters, using a starting A performance measure may be de� ned as the weighted
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sum of the squared individual errors, over time, over all cycle. Data from the rest of the cycle are not used in this
case study, owing to the excessive computational timeresponses and over all experiments, in the form of the

following expression: needed for the full FTP cycle optimization. The validity
of this approach was tested by comparing the measured
and computed results for the hot start phase of the FTPs(x)=

åNexpr=1
åNresi=1

åô
rt=1

w
i,r

(P
t,i,r

Õ P̂
t,i,r

)2
åNexpr=1

åNresi=1
åô

rt=1
w

i,r
P̂2

t,i,r
(2)

cycle after the determination of the tunable parameters.
Initially, CO and NO

x
measurements were used toThe weights w

i,r
scale the contribution of each residual

optimize the parameters corresponding to reactions 1, 5,error Z
i,r

in the performance measure. The responses
6 and 8 (Table 2). This was done to investigate the sensi-P

t,i,r
and P̂

t,i,r
are considered at times t=k ¢t, with ¢t

tivity of the model to the tunable parameters and tobeing a discretization interval.
identify the interrelation between the CO consumptionThe tunable parameters of the model cannot be
by O

2
and by NO. The simulations were satisfactory forallowed to vary without limits. They have to be restricted

both the CO and the NO
x

measurements, implying thatto regions that make sense scienti� cally. If a parameter
the model is capable of good NO

x
prediction, providedõ must be restricted between a minimum and a maximum

that it is tuned correctly.value (õmin
and õmax

respectively) , then, following
Subsequently, the model was tuned only against theBates and Watts [24 ], a logistic transformation of the

CO and HC measurements. At this stage, the parametersparameter õ, of the form
of reactions 1, 3–5, 7, 9 and 10 were tuned, while the
CO–NO reaction was disabled (14 parameters in total ).õ=õmin+

õmax Õ õmin
1+e Õ Q

(3)
The optimizations revealed a lack of sensitivity to the
parameters corresponding to the steam-reforming reac-is performed or, equivalently,
tions and to ‘slow’ hydrocarbon oxidation. The relative
lack of sensitivity to the steam-reforming kinetics was

Q=lnAõ Õ õmin
õmax Õ õB (4)

attributed to the speci� c tuning of the exhaust gas air–-
fuel ratio characteristics. As regards the ‘slow’ hydro-

The problem of parameter vector õ estimation can now carbon kinetics insensitivity, this is attributed to the
be expressed as the following problem of unconstrained relatively low exhaust gas temperatures during this part
function minimization: of the cycle, that do not fully activate slow HC oxidation.

On the basis of the observed behaviour, the kinetics ofMinimize s(æ), æ×Rn (5)
these reactions were not further adjusted but set to

where the elements of the transformed parameters vector
previously known values.

æ are de� ned by the transformation (4) (given the
constraint vectors õmin and õmax).

It must be noted that, using equation (4), a con-
strained minimization problem has been transformed

3.4 Simultaneous tuning of all parametersinto an unconstrained minimization problem. This work
employs the implementation of the conjugate gradients

The next step was made with the simultaneous tuning
algorithm that is given in the book of Press et al. [25 ]

of all parameters involved in the reactions 1, 3, 5, 6, 7
to solve the unconstrained minimization problem. The

and 8, simultaneously using the measurements of CO,
algorithm is slightly modi� ed according to Luenberger

HC and NO
x
. Here, another issue appeared: the optimiz-

[26 ] to include algorithm restarts.
ation algorithm converged to local minima of the per-
formance measure, which gave a very bad � t especially
for the NO

x
curve.3.3 Tuning procedure

This behaviour can be attributed to the type of optim-
ization algorithm employed. The family of descent direc-In order to support the tuning procedure, test results for

a close-coupled converter of 0.75 l volume installed on tions algorithms (such as quasi-Newton or conjugate
gradients) may be deceived by a strong local minimuma EURO-3 homologated, 1.8 l engined car, according to

the FTP-75 test procedure, were employed. The results of the minimized function. The behaviour depends on
the initial guess supplied. In order to circumvent thecomprised a second-by-second recording of exhaust gas

mass � owrate, exhaust temperature at converter inlet, problem, another algorithm could be employed, such as
a simulated annealing or a genetic algorithm.exhaust pollutant concentration (dry CO, NO

x
emis-

sions, wet THC emissions) at catalytic converter inlet In the present case study, this diYculty was bypassed
by � xing the activation energy of CO oxidation at aand exit, CO

2
and O

2
emissions as well as A/F as meas-

ured by an UEGO sensor, at catalytic converter inlet. constant value and then tuning the rest of the param-
eters. This was repeated for several values of the acti-In all stages of the tuning procedure, optimization was

performed against data from the � rst 505 s of the FTP vation energy of CO oxidation. In this way, convergence
problems were eliminated. Comparing the results forcycle, which corresponds to the cold start phase of the

D01901 © IMechE 2001Proc Instn Mech Engrs Vol 215 Part D



1011MATHEMATICAL MODELLING OF CATALYTIC EXHAUST SYSTEMS

each case, the simulations were shown to be optimum disagreement between computation and experiment
regarding NO

x
emissions, with the model over-predictingfor E1=90 000.

at about 30, 60, 200 and 270 s and under-predicting at
about 70 and 350 s.

In order to check whether the parameter estimation4 RESULTS AND DISCUSSION
was valid for other regions of the FTP cycle, the esti-
mated parameters based on the � rst 505 s were employedThe computed instantaneous CO, HC and NO

x
concen-

to simulate catalyst performance over the whole FTPtrations at catalyst exit are compared with their meas-
75 cycle. Figures 4 to 6 show the calculation for theured counterparts in Figs 1 to 3 respectively for the � rst
hot start phase. These � gures indicate a certain over-200 s (CO), 250 s (HC) and 500 s (NO

x
) of the FTP 75

prediction for CO and HC emissions overall, with (atcycle. It is evident that there is very good agreement
least) the latter being attributed to the lack of optimiz-between measurement and computation for all curves,
ation of the ‘slow’ hydrocarbon kinetics mentioned incompared with what has been previously published for
Section 3.3. As regards the NO

x
emissions, a closer lookanalogous cases. The improved quality of computational

reveals some (minor) events at 2070, 2200, 2250 andresults allows speci� c points of signi� cant diVerence
2380 s that are predicted by the model but not measured,between experiment and computation to be spotted, e.g.
whereas at 2090, 2160 and 2320 s the model appears tothe computed CO spike at 25 s or the characteristic
miss some clearly observable events. As previously men-hydrocarbon adsorption–desorption pattern during the
tioned, it is not, at present, possible to explain these� rst 25 s (this phenomenon is not included in the speci� c
minor discrepancies, but the continuous development ofreaction scheme), and further improvement in the pre-
model and experimental quality control is expected todiction to be tried or possibly errors in the experiment
improve future predictions further. Again, the overallto be found. Similarly, there are only a few points of
computation quality can be judged as satisfactory, par-
ticularly since the model was tuned based on information
from the cold start phase only.

It is interesting to compare the results of the computer
aided tuning procedure with those obtained by the pre-
viously applied manual tuning procedure. In Figs 7 to
9, the outlet concentrations of CO, HC and NO

x
that

correspond to manual model tuning are presented.
Again, the results refer to the cold start phase of the
FTP 75 cycle. It is obvious that the manual tuning of
the model fails to simulate correctly the NO

x
emissions

of the catalyst, although the CO and HC predictions are
suYciently accurate. In speci� c parts of the cycle, for
example in the period from 50 to 100 s, and also between
70 and 200 s, the manually tuned model performed
better, presumably because the manual tuning has been

Fig. 1 CO computed versus measured, computer aided implicitly aimed at good cold start HC prediction with
tuning, 0–200 s of FTP cycle a higher weight factor.

The reason for the superior overall performance of
the computer aided tuning model is highlighted by a
comparison of the manually tuned values of the param-
eters with those calculated by the above optimization
procedure. The values are given in Table 3. Apparently,
the direct oxidation of CO by O2 is overestimated. In
contrast, the optimized parameter estimation sets a much
lower pre-exponential factor to this reaction, allowing
for more CO oxidation by stored O2 and by NO. The
CO–NO reaction is responsible for the consumption
of a larger percentage of the available CO and the
� uctuations in the NO

x
computation are avoided.

The above comparison may explain why sometimes
the mathematical modelling with manual parameter esti-
mation failed to produce accurate results to support real
exhaust system design optimization.Fig. 2 HC computed versus measured, computer aided

tuning, 0–250 s of FTP cycle Obviously, the speci� c set of tunable parameter values
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Fig. 3 NO
x

computed versus measured, computer aided tuning, 0–500 s of FTP cycle

be produced if the set of parameters that are allowed to
vary during the optimization procedure is changed. This
is an important area of future research that will further
enhance the applicability of this type of computational
tool.

Once the model is tuned to represent the measured
test cycle behaviour of Figs 1 to 3, it may be employed
to support optimization of the exhaust system by pre-
dicting system performance for the following design
modi� cations:

(a) converter size;
(b) converter position;
(c) combination with an under� oor converter for

further emissions reduction;
Fig. 4 CO computed versus measured, computer aided (d) change of precious metal loading;

tuning, 2000–2400 s (hot start) of FTP cycle (e) change of washcoat loading;
(f ) change of substrate (shift to thin-walled substrates

or metallic substrates) .

Although in this type of model it is not possible to simu-
late the eVect of precious metal loading directly (because
catalytic activity is not expressed per catalyst loading as
happens with true kinetic modelling), it is possible to
predict the variation in activity, as expressed by a vari-
ation in the frequency factors A

i
, on the basis of a semi-

empirical relation that has been successfully tested in a
number of case studies [22 ]. This further enhances the
model’s capacity to study tailpipe emissions optimization
by the use of diVerent versions of thin-walled substrates.
The fundamental capacity of the model to study thin-
walled substrate eVects has already been demonstrated
in the past [27 ].

Fig. 5 HC computed versus measured, computer aided Catalyst ageing is another important issue that can
tuning, 2000–2400 s (hot start) of FTP cycle only indirectly be addressed by modelling in general. As

regards ageing, the speci� c class of tunable parameter
models is superior to any other category of models, sinceis by no means unique. As expected, the use of diVerent

optimization strategies with the same technique and the they may be readily tuned to represent the phenomeno-
logical behaviour of an aged catalytic converter withsame set of tunable parameters, or even the use of diVer-

ent optimization techniques, can produce signi� cantly reduced oxidation, reduction or storage activity [22 ].
Naturally, signi� cant re� ning of the computer aideddiVerent results. Signi� cantly diVerent results can also
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Fig. 6 NOx computed versus measured, computer aided tuning, 2000–2400 s (hot start) of FTP cycle

straightforward way by regular users in exhaust system
design optimization.

However, the results shown in Figs 4 to 6 demonstrate
that high accuracy can be attained by this type of model-
ling in matching and predicting real-world catalytic con-
verter operation. Such an accuracy level is suYcient to
support the design of catalytic exhaust systems, not only
for EURO-3 but also for EURO-4 emissions standards.

5 CONCLUSIONS

Current and oncoming automotive exhaust emissions
legislation sets a quite demanding situation for the
catalytic converter, with overall conversion eYciency

Fig. 7 CO computed versus measured, manual tuning,
exceeding 95 per cent for all three main pollutants.0–200 s of FTP cycle

Under these circumstances, very accurate mathemat-
ical modelling of transient catalytic converter operation
is necessary in order for the modelling to continue to
play a role in the design optimization of real exhaust
aftertreatment systems.

This paper has demonstrated the capabilities of a
popular class of mathematical models with tunable par-
ameters, which are based on the Langmuir–Hinshelwood
kinetics assumptions.

In order to attain the maximum possible accuracy, a
computer aided parameter estimation methodology was
developed that is demonstrated to determine the appar-
ent kinetics parameters eYciently, exploiting second-by-
second results from routine emissions testing.

An application case study is employed in this paper
to demonstrate the high accuracy attainable with such

Fig. 8 HC computed versus measured, manual tuning, a methodology and compared with typical accuracy
0–250 s of FTP cycle levels obtainable with previously applied, manual tuning

procedures.
Finally, focusing on the maximization of model appli-parameter estimation procedure presented in this paper

will be necessary in order to � nalize a reliable compu- cability, an integrated methodology that also takes into
account precious metal loading variation and catalysttational tool that will not require exceptional skills and

experience from its user. Only when this has been done ageing is discussed.
The modelling methodology presented is already beingwill it be possible to employ the model in a simple and
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Fig. 9 NO
x

computed versus measured, manual tuning, 0–500 s of FTP cycle
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