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ABSTRACT
The need to deliver ultra low emitting vehicles at a reasonable cost is driving the automotive
industry to invest significant manpower in the computer-aided design and optimization of
exhaust treatment systems. The significant fluctuations in the stock exchange market values
of the precious metals employed in the manufacturing of automotive catalytic converters, has
increased interest in the possibility of assisting precious metal loading optimization by means
of mathematical modeling. Currently employed models of real world performance of catalytic
converters could not predict this effect. Recent improvements in the core chemical reaction
modeling of CATRAN code, reported in this paper, allow a good correlation of precious metal
loading with apparent kinetics, at least in the case of Pt-Rh catalysts. This may open new
frontiers to the use of mathematical modelling in automotive exhaust after-treatment systems
optimization.
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INTRODUCTION
The continuing trends towards stricter emissions regulations, pushes exhaust systems
to become increasingly complex and expensive. In addition to being cleaner, the
systems must achieve demanding packaging and NVH requirements. This extra
complexity stresses the product development cycles, and often forces decisions to be
made outside of the “comfort” zone. Mathematical modeling and associated
simulation tools play an increasing role in this process of integration of exhaust
components into complete systems. Mathematical models have been in use for
gasoline engine exhaust treatment, during the last 30 years. Nowadays, the application
of CAE is extended to assist the design of NOx and particulate reduction systems.
Numerous models with different features have been developed. A critical review can
be found elsewhere [1]. However, if one looks at the most popular mathematical
modeling approaches for engineering design of three-way catalytic converters, the
following features are most frequently met:
- The gas entering the converter interacts with the solid phase through heat and mass
transfer.
- The extent of these interactions is defined by the diffusion or chemical reaction
limitations that vary in respect to the dynamics of the exhaust gas and the catalytic
converter.

- The modeling of diffusion and/or reaction is made with simplified global
mathematical equations and/or complex kinetic submodels based in both cases on
valid assumptions.
- Models are using tunable parameters to fit specific system peculiarities.
In this work we report recent improvements in the core chemical reaction models of
in-house catalytic converter modelling software [2], which allow the prediction of the
effect of precious metal loading on the kinetics parameters, at least in the case of PtRh catalysts.
The basic features of the model are listed below [3]:
— Transient, one-dimensional temperature profile for the solid phase of the converter.
— Quasi-steady, 1D computation of temperature and concentration axial distributions
for the gaseous phase
— Simplified reaction scheme featuring a minimum set of redox reactions
— Use of simple submodels for oxygen and NOx storage processes.
In a previous publication [4] that is employed as a reference point, the basic model
was employed to successfully fit the behavior of three commercial three way catalytic
converters tested on the NEDC and FTP-75 driving cycles. This reference model
employed 10 tunable kinetic parameters that were tuned with the aid of an
optimization algorithm.
In this work, in addition to the improvements in the core model, a systematic
approach towards the minimization of the tunable parameters is presented, aiming at
improving the model robustness and flexibility in engineering applications. The
model’s kinetic parameters are tuned with the aid of an optimization algorithm to fit
the transient behavior of five catalytic converters over the NEDC. An improved
objective function formulation is employed which enhances very much the tuning
success and speed. The results will be crosschecked and validated with the literature.
THEORETICAL BACKGROUND
In theory, heterogeneous catalysis can be described as a seven-step process:
Step 1: Transport of reactants from the bulk fluid to the fluid-solid interface.
Step 2: Intraparticle transport of reactants into the catalyst particle.
Step 3: Adsorption of reactants at interior of the catalyst particle

Step 4: Chemical reaction of adsorbed reactants to adsorbed products
Step 5: Desorption of adsorbed products
Step 6: Transport of products from the interior sites to the other surface of the catalyst
particle
Step 7: Transport of products from the fluid-solid interface to the bulk fluid stream
However, this fundamental mechanism, of inherently transient nature, is very
difficult to be modelled accurately. This is due to several reasons correlated with the
characteristics of both the specific catalyst and washcoat employed and the dynamic
characteristics of the gas flow. In general, each automotive catalytic converter is
tailor-made to fit the specific characteristics of the associated engine and its position
in the exhaust line [5]. The system comprising engine, catalytic converter and
electronic control has to be optimised so as to minimize negative effects to the engine
performance and maximise converter’s efficiency [6].
Regarding catalytic converter technologies, several theoretical aspects and design
features have to be taken into account in order to model the catalyst operation in
detail.
1) The mechanism of adsorption (direct or precursor- mediated), adsorbed
molecules characteristics like translation, vibration and rotation and
probability of reaction completeness
2) Metal-support interactions, catalytic surface orientation, elementary steps of
reactions and their relative importance
3) Precious metal content, type and ratio, catalyst dispersion into the washcoat.
4) Washcoat characteristics like non-uniformities, impurities, the exposed area
percentage of the impregnated catalyst, type and history of ageing and special
manufacturing techniques.
5) Oxygen storage characteristics and the role of the promoters implemented into
the catalytic washcoat
Most of these aspects are either covered by industrial secrecy (e.g. the exact washcoat
formulation of commercial catalysts), or are very difficult to be estimated because of
ignorance of the history of catalyst operation (Olsson et. al. [1]).

Taking the above into account, an engineering model of catalytic converters
should aim at the prediction of their operation under real conditions in a simple, fast
and accurate way. Conforming to the engineering model features’ wish list reported
by Pontikakis [3] is essential in order to provide the necessary robustness and
flexibility of the model. A common approach to achieve these characteristics in this
type of engineering models is the use of tunable kinetics parameters.
Model Description
Below, we summarize the main improvements in the core model of the CATRAN
catalytic converter model. The detailed description of this model can be found
elsewhere (7,4). CATRAN uses the “film model” approach and is based on the “quasisteady” approximation that assumes equilibrium between reaction rates and mass
transfer to the catalytic washcoat. These assumptions lead to a system of non-linear
equations of the form

Wi , j  x g ,i , j  x s ,i , j   Rˆ i , j x s ,i , Ts ,i 
which is solved numerically for the “surface concentrations” of the species. The
“surface concentrations” can be compared to the average surface coverage of
chemical species. The terms Wi,j is a function of the mass transfer resistance, gas flow
and channel characteristics, while the terms Ri,j are simple Arrhenius type kinetic rate
expressions that compensate adsorption, reaction and desorption of the reactants at the
catalyst particles.
The operation of the catalytic converter can be addressed into three stages in
regards to the temperature of the monolith.
a) The cold and light-off stage, when the inactive catalyst, due to low solid
temperature, heats-up and operates at higher than its 50% efficiency. At this stage,
transient heat transfer phenomena dominate.
b) The warmed-up phase at moderate temperatures, when the efficient operation of
the catalytic converter is determined primarily by the catalytic reactions.
c) Operation at elevated temperatures, that are usually are accompanied by increased
mass flowrates and the catalytic efficiency is mass transfer limited.
The major improvements made in the model in this work, include the updated
calculations of the gas properties, extended mass transfer submodel in order to

account for effective diffusion at the solid phase and a new approach to the definition
of kinetic expressions. This enabled the reduction of the tunable parameters from nine
to three, with simultaneous improvement of the modelling results.
Analytical expressions for gas properties from kinetic theory of gases
The use of semi-empirical, temperature-dependent expressions for gas properties
may introduce significant errors, taking into account the dynamic variation of the gas
composition at the catalyst inlet, as well as variations along the catalytic converter due
to chemical reactions. The equations used in the updated model are based on
temperature, pressure and gas composition at each node and are coming from the well
known kinetic theory of gases [8].
For specie’s i diffusion in a gas mixture, the effective diffusivity can be
calculated from a knowledge of all of the relevant binary diffusion coefficients Dij
governing encounters with species j (j≠i), where
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Analogous improvements were made as regards the dynamic viscosity, specific heat
capacity and thermal conductivity (based on the kinetic theory of gases).
Analytical description of the diffusion problem
The problem of diffusion of gas phase in catalytically active washcoats has been
extensively discussed [9,10]. Several approaches vary from the development of more
complex, but precise diffusion models [11], to the omitting of the diffusion into the
washcoat [12], considering the small washcoat thickness compared to the channel
radius.

For a gas mixture flowing through a channel, the mass transport from the bulk
phase to the solid is described by the following mechanisms:
a) External mass transfer through boundary layer from gas phase to the solid-gas
interface
b) Intraphase diffusion of species into the porous solid that includes macropore,
mesopore and micropore diffusion.
1. Micropore diffusion or surface diffusion occurs for pore diameter less than
2nm and has exponential temperature dependence.
2. Mesopore diffusion occurs for pore diameters 2<dp<50nm and is described by
Knudsen diffusion through porous solids.
3. Macropore diffusion occurs in large pores typically greater than 50nm and is
described by the same principles as bulk diffusion.

Dbulk,g

Gas phase

Dknudsen

interphase

Dbulk,s

Boundary layer
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Figure 1 Schematic representation of the modes of gas diffusion in the solid phase for commercial
3WCC.

Typical sizes of pore diameter in commercial 3WCC are ranging from 6.5nm to
200nm [13], thus micropore diffusion may be neglected. Macropore and mesopore
diffusion can be assumed as parallel mechanisms weighted by the pore diameter
distribution of the washcoat. This can be described by an electrical equivalent of one
resistance for the convective mass transfer from gas to solid-gas interface connected
in series with a system of parallel resistances for macropore and mesopore diffusion
into solid phase.
The overall resistance per specie j of the circuit is equal to

Rtot , j  Rbulk , j 

Rmacro, j  Rmeso, j
Rmacro, j Rmeso , j

The diffusion resistances in each case are defined as shown in Table 1 (using the heat
transfer analogy that stands for our quasi static model)
Table 1 Definition of the diffusion resistances for each mode of diffusion

Ri

Bulk

macroporous

mesoporous

d ch
Shi  Di ,eff

s wash
Di ,eff

dp
Di ,eff

where i=1,2,…15 stands for the exhaust gas chemical species assumed in the model
It is definitely clear that the solid phase diffusion becomes important when
compared to the bulk diffusion, when the washcoat thickness is close to the channel
internal diameter. This stands for two cases; the case of intraphase diffusion to the
corners of the channel and the case of high channel density (thin-walled catalytic
converters). The relationship of Hawthorn defines an average Sherwood number for
the entire converter’s length and is not recommended for the estimation of local
Sherwood number [14]. The model presented here employs a more accurate local
Sherwood number calculation. The local Sherwood number can be expressed
explicitly as function of the transverse Peclet number and the channel shape [15].
Considering that the researchers are giving shape constants for the two limiting cases
of Sc=0 and Sc=∞ [16], local Sherwood number is calculated by linear interpolation
between these two cases.
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where a i and i are constants for fully developed laminar in respect to the channel
shape. This correlation shows good agreement with experimental results of several
researchers and is more flexible for other channel geometries compared to the
previously used correlation of Hawthorn [17]
Arrhenius type kinetic expressions derived from transition state theory

In the present model we define kinetic expressions for the apparent chemical
reactions as a function of temperature that is a result of both the Eyring- and the
collision theory. Eyring theory states that the reaction of adsorbed species on a
catalytic surface occurs via the production of an activated complex. The reaction
proceeds only in the forward direction over the energy barrier and the step of the
activated complex production can be assumed as the rate determining step. The rate of
the reaction is a function of the temperature and the partition functions of molecular
characteristics (translation, vibration, rotation)
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This rate equation can be rewritten in Arrhenius type form with apparent preexponential factor and apparent activation energy as
R  AT e  E / RT

The apparent pre-exponential factor lumps all the molecular characteristics. In
this apparent rate definition there exist two unknown adjustable variables; namely, the
apparent pre-exponential factor A and the apparent activation energy E. These factors
are tuned to fit the behavior of the catalyst modeled.
In our approach the washcoat is treated as a black-box with complete ignorance
of the special characteristics and the details of the phenomena taking place there. All
the unknown characteristics are lumped into the parameters A and E.
As a principle, we assume that the apparent catalytic reaction rates lump the
kinetics of the adsorption – reaction - desorption process, thus they are related to the
washcoat characteristics and the type of catalyst. If one takes into account that the
washcoat is the same for all the reactants but the reactions are taking place over
specific catalysts, we can separate the reaction scheme into groups of reactions with
similar characteristics. Such characteristics are (i) the type of catalyst over which they
occur and (ii) the individual reaction mechanism (for example oxidation reactions
over Platinum or Palladium). Certainly, there are several side effects and side
reactions of minor importance, which are neglected in order to reduce any superfluous
complexity. These groups of reaction will share the same tunable parameters,

considering that they share the same washcoat characteristics per type of catalyst
(PML, dispersion, metal support interactions, etc.).
According to the principle of Sabatier, the metal – adsorbate bond strength must
be neither too strong nor too weak to allow the catalytic reaction to proceed. Catalysis
by transition-metal surfaces exhibit trends across the periodic table, resulting to
volcano type curves for specific reactions over a range of catalysts [18]. Taking into
account that the catalysts used in TWC applications (Pt, Pd, Rh) are positioned in the
periodic table to the Platinum Metal Group, and the Ceria belongs to Lanthanides, we
assume that the activation energies of the reactions taking place over them can be
sorted in an ascending order.
E Pd  E Pt  E Rh  ECe
The subject in this approach is not the absolute definition of activation energies, but
the correct sorting and the estimation of the correct order of magnitude. Additionally,
the specific order is just proposed for convenience in engineering modeling of 3WCC
according to the assumptions made in this paper. Any inaccuracies in the assumptions
made will be compensated in the Arrhenius type expressions, because of the existing,
logarithmic correlation between A and E [19,

20

]. Thus, we can assume standard

apparent activation energy for each group of reactions and just tune the apparent preexponential factor, for a relatively narrow temperature window that corresponds to the
warmed-up catalyst operation at moderate temperatures, when catalytic reactions are
the limiting step in the process. This effect strengthens the approach of a group of
reactions per catalyst type, as any real deviations at the kinetic terms of each reaction
can be compensated without significant error over the temperature range of the
catalyst operation.
The objective here is not to define explicitly the values of the tunable parameters
but to indicate robust ranges of values that will return similar quality of good
modeling results over a range of catalytic converters and to be able to predict the
trends of the design characteristics of the catalysts. Small deviations in these ranges of
parameters are reasonable, considering that even between catalysts that share the same
washcoat technology and manufacturing process, small differences in the special
characteristics (e.g. PME) may still exist.

At this point, we have to note that according to the Eyring theory, each reaction
has its own rate depended primarily on the reactants properties, a fact that adds extra
complexity without any significant benefit for the engineering scope of modeling. The
calculation of the relative differences in the reaction rates of the same reaction group
over specific catalyst type is a subject of fundamental research and beyond the
purpose of engineering modeling.
Adsorption and desorption of chemical species in the catalytic surface are related
to the surface coverage, that can be either promoting or inhibiting for the reaction.
This effect is modeled in a simple way by the inhibition factors of Voltz [21], that are
derived from experimental data on Pt – alumina catalysts that were prepared in such a
way to minimize intraparticle diffusion. Due to the lack of similar data for the case of
Rh or Pd, we do not employ any inhibition terms for the reactions on these noble
metals.
As regards as oxygen storage dynamics (reactions on Ceria) we use a first order
differential equation defined by Pontikakis [3] with updated kinetic terms for reactions

d
 aox1     ared
dt
This approximation is valid if we assume that the role of the bulk layers is negligible
in oxygen storage compared to the surface layer [22]. Recent researches have shown
the importance of the oxygen diffusion in ceria lattice from the surface to the solid
bulk under several cases [23,24]. Evidence of this has been reported in the past by
expressing the total oxygen capacity as function of temperature [e.g.25,26]. There are
also strong indications that the activity of the ceria is strongly affected by the position
of ceria particles in relevance to the PGM particles [27,28].
Methodology Overview
The modelling methodology employed, follows four steps.
1) Preprocessing of the experimental data through a quality assurance system [6].
At this step the experimental data is checked for consistency and validity. The
data is cross-checked and the model input files are prepared using a minimum
set of experimental data that is commonly acquired in routine experiments of
legislated driving cycles.

2) Selection of a proper reaction scheme for the specific application: Depending
on the catalytic converter characteristics, the catalyst properties, the gas
properties and cross-checks with mass balances of chemical species.
3) Tuning of the model variables with an optimisation algorithm [3,29] that will be
discussed in the following.
4) Post processing and analysis of the results
The minimum possible number of parameters is essential both for the fast and
accurate convergence of the optimisation algorithm and for increasing model
flexibility. In the following we demonstrated this methodology in a case study with a
set of catalytic converters tested in legislated cycles.
Optimization
The variables of the model are tuned with GenOpt, a general purpose, public
domain optimization algorithm developed by researchers at Berkeley. Our case is
considered as an optimization problem with independent continuous variables (n=3),
without any constraints, where the objective function is been calculated by CATRAN
and is not continuously differentiated. According to the GenOpt documentation, the
Hybrid Generalised Pattern Search with Particle Swarm Optimisation algorithm is a
good choice for this case. This hybrid global optimization algorithm starts by doing a
Particle Swarm Optimization (PSO) on a mesh for a user specified number of
generations. Afterwards, it initializes the Hooke-Jeeves Generalized Pattern Search
(GPS) algorithm, using the continuous independent variables of the particle with the
lowest cost function value. The algorithm can be used with both discrete and
continuous variables and there is no need of knowledge regarding the properties of the
objective function [30]. The characteristics of the algorithm are summarised in Table 2
and the optimisation parameters data is shown in Table 3.
Table 2 Hybrid Particle Swarm Optimization – Generalized Pattern Search optimization
algorithm characteristics

NeighborhoodTopology

vonNeumann

NeighborhoodSize

1

NumberOfParticle

50

NumberOfGeneration

30

Seed

0

CognitiveAcceleration

2.8

SocialAcceleration

1.3

MaxVelocityGainContinuous

0.5

MaxVelocityDiscrete

4

ConstrictionGain

0.5

MeshSizeDivider

5

InitialMeshSizeExponent

0

MeshSizeExponentIncrement

1

NumberOfStepReduction

3

The hybrid algorithm needs less than one hour to converge on a PC Pentium 4 /
3.0GHz with 1.0 GB RAM,. The global search algorithm (PSO) needs about 10
generations and 100 simulations and the local search algorithm (GPS) about 40
simulations to complete three step reductions search.
Table 3 Optimization Parameters characteristics

Parameter

MIN

MAX

Step

Type

A_Ox

1e10

1e14

10

CONTINUOUS;

A_Red

1e10

1e14

10

CONTINUOUS;

A_Ce

1e6

1e12

10

CONTINUOUS;

Objective function formulation
The quality of the computed aided tuning of variables with an optimization
algorithm is highly dependent on the formulation of a suitable objective function
[Error! Bookmark not defined.]. A simple implementation of common cost
functions, such as the absolute or relative differences between experimental and
computed data, is not proper. What we need is a custom cost function, tailored for the
specific problem, as discussed in [Error! Bookmark not defined.]: the objective
function should be normalized, lie in a range between two extreme values, incorporate
as much information as possible, be proper for use in optimization procedures and
focus on regions where the measurement is not near extreme values. The last property
of the cost function is the most important for achieving “good conversion” of the
optimisation algorithm.
“Good conversion” here, means that the results of the optimisation should be as
close as possible to the expected ones by our physical sense. Previous in house

experience has shown that several optimisation algorithms tend to converge at local
minima in the specific applications frequently. This behaviour can be easily explained
by the coupled reactions inside the converter and the degrees of freedom (tunable
parameters) that are allowed by the model. In such cases, the tuned variables are very
sensitive to perturbations or usually lie far from reality and are not applicable in other
cases. The quality of the optimisation results has to be checked out extensively and be
validated with other cases qualitatively.
The correct definition of the objective function has to be based upon the
characteristics of the application; in this case, the behaviour of the measured
conversion efficiency during the legislated driving cycle, which is applicable to any
similar case. The operation of the automotive catalytic converters is characterized by
two periods; a short, initial period when the catalytic converter has not been warmed
up and is inactive (0% conversion efficiency) and the period after the light-off when
the catalyst temperature has risen and the conversion efficiency of the catalyst is close
to 100%. Taking into account the fact that the tunable parameters are the kinetic terms
of chemical reactions, there is a range of values below a low limit for the first case,
where any value results 0% conversion. On the other hand, there is a range of values
above a high limit where any value results 100% efficiency.
This type of behaviour is shown in Figure 2 which presents the measured THC
conversion efficiency of a typical catalytic converter over the NEDC. The catalytic
converter operates for about 35% of the total time at over 99% conversion efficiency
and for about 23% of the time at less than 90%. Although it is possible to define the
low limit theoretically, the way of definition of the apparent kinetic terms makes the
determination of a high limit for the tunable parameters depended on the catalyst
characteristics.
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Figure 2 Measured THC efficiency of a 50gr/ft3 Pt:Rh catalyst over the NEDC. For about 25%
of the operation time the conversion efficiency is less than 90% and for the 35% of the time is
higher than 99%.

Consequently, in addition to the previously discussed characteristics, an objective
function tailored for the specific application must be able:


to provide equally weighted calculations over the complete range of operation,



to avoid attraction by extreme values during tuning and



to focus very close to the measurement

In this work, a new objective function is defined for the cases of catalytic converters
test. It is extracted from the “lever” law. This objective function accounts for the
deviation between computation and measurement when one of them assumes extreme
values. It identifies two cases for the calculation; the case when computed efficiency
is lower than the measured one and the opposite case. In both cases the objective
function has a linear behaviour versus the absolute difference between computed and
measured efficiencies, but uses a different definition for the slope of the function in
each case. Each time the slope is defined as the difference between measured
efficiency and its respective extreme value (0 or 100%). For each chemical species
under investigation, it is defined as follows:
  j ,cmptd   j ,meas
 j ,meas   j ,cmptd
F j'  MAX 
;
 1  a   100  
j , meas  1  a    j , meas







where 0≤α<1 is a factor that tunes the slope and consequently weights the focus of the
objective function. For example, for α = 0, at regions close to 100% measured
efficiency and when the computed efficiency is higher than the measured one, the
objective function will returns higher value than in the case of α = 1. This is used in
the cases of very active catalytic converters when the overestimation of the tunable
parameters has little or no effect to the value of the objective function. In these cases
the optimization algorithm is attracted to converge to regions of wrong solutions, so it
is desirable to produce high costs for small deviations from the optimum solution. A
common value that we have concluded for catalysts with overall efficiency higher
than 90% that is met frequently in commercial applications is 0.8. Figure 3 shows a
plot of the objective function versus computed and measured efficiencies for the three
cases of α.
For the usual case where the responses of CO, THC and NOx are of concern, the
objective function is defined as
'
'
'
F '  wCO FCO
 wTHC FTHC
 wNOx FNOx

The three chemical species are equally weighted for simplicity, but in the case we
want to focus in one specific pollutant, for example in the case of NOx traps
modelling, we adjust properly the weight factors.
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Figure 3 Objective Function plot versus measured and computed efficiencies.

PRECIOUS METAL LOADING VARIATION CASE STUDY
In this section, the model’s kinetic parameters are tuned to fit the behavior of four
reference catalysts of equal size, (2.4 l), loaded with 10, 30, 50, 100 g/ft3 precious
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measured efficiency [-]

100
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0.3-0.4
0.2-0.3
0.1-0.2
0-0.1

metal respectively, 7:1 Pt to Rh ratio, installed on a 2 - liter displacement spark
ignition engine. The catalytic converters share the same washcoat formulation and
their performance is tested on the chassis dynamometer, according to the NEDC
legislated cycle. The main objective is to check the model’s accuracy and predictive
ability, and possibly draw a correlation of the kinetic performance of each converter
with its respective Precious Metal Loading level. The results will be extended to the
case of a smaller catalyst with the same washcoat formulation, a precious metal
loading of 50 g/ft3 and 0.6 l volume.
The experimental data is processed through an in-house quality assurance system
described in [6]. The engine operates in the slightly rich regime, in order to reduce
engine-out NOx emissions. The fuel management strategy enriches the mixture during
accelerations and cuts fuel during decelerations. During cold-start, the engine
management follows the common strategy of exhaust temperature increase by engine
advance modifications.
The catalytic converters are placed underfloor, about 1.5m away from the engine
exhaust ports. This results to an average inlet temperature in the converter of about
380oC for the most part of the driving cycle. The modal analysis of the emissions and
the mass balances at the catalytic converter inlet are presented in [6]. As expected, the
engine out emissions of the specific engine, are subject to a reasonable statistical
variation

[31]

, as shown in the first column of Table 4, also compared to current EU

and US standards. The differences in the performance of the catalytic converters can
be attributed to differences in engine- out emissions levels, but essentially to the
activity of their washcoats.
Table 4 Engine-out emissions for the specific engine and legislated emission standards

Engine out

Euro 4

ULEV

CO (g/km)

7.0 – 7.6

1.0

1.0

HC (g/km) (C1)

1.7 – 2

0.1

0.028

NOx (g/km)

2.8 – 3

0.08

0.117

Based on existing washcoat formulation data, the chemical environment and the
temperature range of catalyst operation, a proper reaction scheme consisting of eight

reactions is selected: four reactions account for the Redox chemical reactions with
exhaust gas species and another four reactions account for the oxygen storage
processes. We assume that these reactions are dominant. Although several other
catalytic reactions may still exist, as mentioned for example by Olsson [1], they seem
to have negligible effects or are too slow to compete with the dominant reactions. The
reactions and the definition of the respective rates, as already discussed in the
previous sections, are shown in Table 6. We also assume a constant value of 600
mol/m3 washcoat as the oxygen storage capacity of all of the converters in this study.
This value is consistent with the given values in literature [32].
The usual approach is to assume two species of hydrocarbons, the fast and the
slow oxidizing ones. In order to avoid any superfluous complexity, we decided to
model the THC with only one species (C3H7). This choice is not introducing
significant errors as we will show in what follows.
In this application we choose the values of activation energies that are shown in
Table 6 and tune only the three pre-exponential factors APt, ARh and ACe, one per each
precious metal implemented in the catalytic washcoat. In fact, the values of the
activation energies are selected in a somehow arbitrary way according to the previous
discussion, but it is well known that for heterogeneous catalysis over the Platinum
group metals the activation energies are of 100kJ/kmol order of magnitude.
Table 5 Overview of the results of the case study

DATA

I.1

1
2
3

PML [g/ft3]
Volume [lt]
Length [m]
Position

A_Ox
A_Red
A_Ce

F’ (current work)
F’ (Pontikakis et. al.[4])

Discussion

I.2
50

CASE
I.3
10

0.6
0.05

I.4
100

I.5
30

13.50
13.60
7.60

12.60
12.80
7.40

0.9005
0.9501

0.8173
0.9477

2.4
0.2
UF

Tuned parameters
13.00
13.00
11.60
13.30
13.30
11.90
7.60
7.60
6.90
Performance measure
0.7896
0.8136
0.8946
0.9236
0.9518
0.9421

Considering that all catalysts share the same washcoat formulation with different
PML, we expect that the tuned variables shall follow a trend versus the PML level.
The results of the tuning and the analysis of the experimental data are shown in Table
5. For space economy we present only the results of the 10g/ft3 catalyst loading
extensively (case I.3 according to Table 5), considering that the quality of the
computed data is similar for all the cases. For the rest of the cases we present only the
cumulative emissions. We choose this case as the most representative, considering
that it is the lowest precious metal content catalyst and the diffusion or reaction
limitations should be more intense.
The comparison of computed and measured cumulative as well as instantaneous
emissions curves are presented in Figure 4, Figure 5, Figure 6 and Figure 7 and show
a good fit between the model and the real behavior of the 3WCC.

Case I.3 Comparison of Cumulative Emissions

CO cumulative emissions [g]
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Figure 4 Computed and measured cumulative emissions of the 10g/ft3 Pt:Rh catalyst.

Apparently, the model successfully matches the light-off behaviour of the catalyst, as
well as subsequent breakthroughs during acceleration. The role of oxygen storage and
release reactions in matching the CO breakthrough behaviour is better assessed by
including in the graph the computed level of filling of the total washcoat’s oxygen
storage capacity. As shown in Figure 5, the model shows that CO breakthroughs are
ascribed to empty oxygen storage capacity. During the first 780s, cold start and urban

driving period, these breakthroughs are successfully predicted while during extraurban driving period (780-1180s) are outlined. It must be mentioned that the
maximum values of the CO breakthroughs (e.g. at 250, 515 and 600s) are not
predicted by the model, presumably due to an oxygen storage submodel weakness.

O2 storage
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0
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time (s)
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O2 storage [-]

CO fraction [-]

Case I.3 comparison of instant CO emissions
CO outlet measured
CO inlet measured
CO outlet computed
3.0E-03

0.0
1200

Figure 5 Computed and measured instantaneous CO emissions of the 10g/ft3 Pt:Rh catalyst.

The same situation appears in Figure 6, where the computed and measured
instantaneous THC emissions at converter inlet and exit during the NEDC are given.
The connection between HC breakthroughs and oxygen storage phenomena in the
washcoat is apparent also here. The model results are of the same quality as in the
previous figures, since the model predicts the events (HC breakthroughs) of the urban
part of the cycle, not only qualitatively, but also quantitatively, in a certain extent. HC
light-off behaviour is also matched with a good accuracy. In HC comparison graphs
must be taken into that in real exhaust gas there are thousands of HC species and
current modelling approach assumes only one of them. This could be a reason for the
failure of the model during the period from 90 to 210s. The shape of the computed
curves fits the experimental data in general and outlines the general behavior of the
specific catalytic converter concerning the hydrocarbons. As with the case of CO
instantaneous emissions, the model underestimates THC tailpipe emissions during the
extra-urban part of the cycle.
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Case I.3 comparison of instant HC emissions
HC outlet measured
HC outlet computed
HC inlet measured
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Figure 6 Computed and measured instantaneous THC emissions of the 10g/ft3 Pt:Rh catalyst.
The model assumes a single HC specie in the exhaust gas.

For the case of the NOx instantaneous emissions the model captures successfully the
light-off transition and outlines every NOx breakthrough as shown in Figure 7. In
certain periods, for example the periods 100-150s and extra urban part, the model
overestimates catalyst efficiency, while in others (like the period 300-500s) it predicts
instantaneous emissions successfully.
Case I.3 comparison of instant NOx emissions
NOx outlet measured
NOx inlet measured
NOx outlet computed
1.0E-03

O2 storage
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NOx fraction [-]
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Figure 7 Computed and measured instantaneous NOx emissions of the 10g/ft3 Pt:Rh catalyst.

O2 storage [-]

1.0

8.0E-04

It is evident from the comparison of the instantaneous emissions that the Ceria storage
function has a minor role during the light-off. The light-off temperature is determined
by the activity of the Redox chemical scheme and only after the catalytic converter
reaches a proper temperature the reactions in ceria are practically active, which is
shown also in Figure 10. It has been claimed that the Ceria reduces the light-off
temperature by enhancing Redox reactions, but this property is by definition
compensated into the pre-exponential factors of these reactions. In addition to that the
initial status of the oxygen storage is unknown which is probably the main reason for
the improper fit at a short period right after the light-off (about 80 – 100s). The model
decouples in a certain extent the double role of Ceria as a RedOx enhancer and an
oxygen storage component and enables a better view of the principle phenomena
occurring inside the catalytic converter. Figure 8 presents a comparison between
computed and measured temperatures. The model fits quite well the outlet
temperature response during the cycle. And this, despite the fact that this is a 1-D
model and the outlet temperature is measured behind the outlet cone while the
respective computed one is at the last node of the catalyst. The deviation during the
first seconds, when the catalyst is cold is attributed to flow maldistribution effects that
are discussed elsewhere [33]. After the light-off, it is well known that any 2-D or 3-D
temperature effects can be neglected, as the converter behaviour is close to an
adiabatic reactor.
Case I.3 Temperature Comparison
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Figure 8 Measured converter inlet and exit temperatures and computed exit temperature of the
10g/ft3 Pt:Rh catalyst.

Figure 9 and Figure 10 are used for cross-checking of the computed results. In Figure
9 computed fraction of oxygen stored/released in/from washcoat is compared to the
respective fraction that is calculated from experimental measurements according to
the formula derived by Theis [34].

O2 stored or released  

A F

eo

 





 A Ftp 12 xCO  xCO2  44 xTHC  2 xH 2  xH 2O 
4.32 MWair

Obviously the model captures the dynamic behaviour of the oxygen storage
qualitatively and in several cases quantitatively. In extra urban period it seems that
our oxygen storage model is insufficient, a fact that is attributed to the main
assumption of the ceria submodel that all of the processes are taking place in the
surface ceria and the contribution of the bulk layers is unconsiderable. During the
extra urban driving period, where the temperatures are elevated, the oxygen diffusion
in the ceria lattice becomes significant and is described by an exponential law versus
temperature [8]. Additionally, ceria model is not capable to match the maximum
values of the oxygen storage process that can be also ascribed to the same reason. Of
course the quality and the differences in the responses of the measured signals must
also be considered to introduce minor errors.
computed O2 stored/released

measured O2 stored/released (Theis formula)

0.5

O2 [mol]
<-- released stored -->

0.4
0.3
0.2
0.1
0
-0.1
-0.2
-0.3
-0.4
-0.5
0

200

400

600

Time [s]

800

1000

1200

Figure 9 Comparison of the computed and experimentally calculated O2 that is stored in the
washcoat or released from the washcoat of the 10g/ft3 Pt:Rh catalyst. The calculation from
experimental data was made according to the formula of Theis [34]

Figure 10 is a snapshot of the chemical processes inside the catalytic converter. The
simplified approach of the reduced reaction scheme enables the investigation of the
relative reaction contribution in the consumption of each chemical specie. It can be
seen that the results of the tuned model are consistent with the physical sense that we
have for the chemical processes. The majority of the reactants (CO, THC and NOx)
are consumed by the RedOx reactions that are taking place over the PGM. Ceria has a
secondary regulative role as it contributes about 15% on average for CO and THC and
less than 5% for NOx. Especially in the case of NOx, it can be seen that the reaction
of ceria oxides with NO becomes important only at the transient phase of deceleration
and possible neglection in the reaction scheme wouldn’t have a significant effect.
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Figure 10 Relative reaction contribution in the consumption of the pollutants CO, THC and NOx
inside the 10g/ft3 Pt:Rh catalyst.

The results from Figures Figure 4 to Figure 10 show that the model is able to predict
the operation of a catalytic converter tested in a legislated driving cycle within a
certain accuracy. Additionally, the crosschecks of the Figures Figure 9 and Figure 10
reveal the robustness of the current modelling status. The minimum tunable
parameters approach enables easy application to other cases. In what follows, we will
present the tuning results of the rest of the cases.

Figure 11 to Figure 13, show the comparison of the cumulative computed and
measured emissions for the cases of the 50g/ft3, 100g/ft3 and 30g/ft3 respectively.
Similarly to the case of 10g/ft3, the model captures the cold start and the light-off
transition (period 60 to 80s) for CO, THC and NOx in all cases. The deviations at the
period from 80 to 120s can be attributed to the initial status of the oxygen storage
capacity in these cases also. The model’s accuracy suffers again during extra-urban
driving. This is acceptable for the specific use of the model, where a good estimation
of the overall converter performance in respect to a reference case is needed.
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Figure 11 Computed and measured cumulative emissions of the 50g/ft3 Pt:Rh catalyst
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Figure 12 Computed and measured cumulative emissions of the 100g/ft3 Pt:Rh catalyst
Case I.5 Comparison of Cumulative Emissions
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Figure 13 Computed and measured cumulative emissions of the 100g/ft3 Pt:Rh catalyst

The tuned data of the 2.4 l, 50g/ft3 converter (Case I.2) where tested in the 0.6l
catalytic converter of the same washcoat and the same level of precious metal loading
(Case I.1) and the results are shown in Figure 14. The model has a similar behaviour
in this case and the tuned variables of the Case I.2 fit well the operation of this
catalytic converter.

Case I.1 Comparison of Cumulative Emissions
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Figure 14 Computed and measured cumulative emissions of the smaller catalytic converter (0.6l)
with 50g/ft3 Pt:Rh catalyst loading.

A principal concept in optimum catalytic converter design is the determination of
limiting step of catalysis between reaction rate and bulk diffusion. Although the
calculation for steady state applications is trivial, in time varying applications it is
more difficult to conclude to secure results. Common dimensionless numbers that
give a sense of these phenomena like the Thiele modulus do not have direct
application if we take into account the variations of exhaust gas composition,
temperature and mass flow rate, not only versus time but in the axial position also. If
we consider two efficiencies, one for diffusion from bulk gas to the solid and one for
reaction in the solid phase, both ranging from 0 to 1, a catalyst utilization factor,
ranging from -1 to 1, can be defined as
moles of specie i diffused in the washcoat
moles of specie i in the bulk flow
moles of specie i in the washcoat reacted
 reaction ,i 
moles of specie i diffused in the washcoat
cat ,i   diff ,i   reaction ,i

 diff , i 

Figure 15 shows the catalyst utilisation factor in correlation with the vehicle speed for
CO and NOx for three representative cases. We must mention that the THC response
follows CO response and O2 response follows the respective one of the NOx. These
curves are not shown for simplicity. It can be seen that all catalytic converters are

oscillating in the two limiting regions. As we move upward from reaction limiting
region ( cat ,i  0 ) to the diffusion limiting region (  cat ,i  0 ) we meet the weakest
catalyst (Case I.3 – 10g/ft3) firstly, the strongest catalyst (Case I.4 – 100g/ft3)
secondarily and at last the medium loaded short catalyst (Case I.1 – 50g/ft3, 0.6l).
Obviously, there is an optimum point for the PML where any further increase will not
result significant changes in the catalytic converter efficiency considering it will be
diffusion – limited [30]. An additional observation is that the NOx utilisation factor in
the cases I.1 and I.4 where the reaction rate is adequate is shifted towards the
diffusion limiting area, a fact that makes it sensitive to the increased mass flow rates
and decreased geometrical surface areas.
Figure 16 shows the tuned values of the three pre-exponential factors for the
oxidation, reduction and ceria reactions respectively. The pre-exponential factors of
the RedOx reactions are following a power law versus precious metal loading level,
while for ceria reactions there is a square root dependence. Of course the sample is
not statistically significant to extract a definite law, but the trend that comes up is

Veh. Speed [km/h]

<--Reaction
Diffusion-->

<--Reaction
Diffusion-->

helpful for the design of the catalytic converters.
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Figure 15 Model’s prediction of catalytic converters operation in the reaction or diffusion limited
region. Figure shows three representative case of 2.4l catalyst with 10g/ft3 PML (case I.3), 2.4l
catalyst with 100g/ft3 PML (case I.4) and 0.6l catalyst with 50g/ft3 PML versus driving pattern.
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Figure 16 Tuned values of the three tunable variables of the model. A_Ox for the oxidation
reactions, A_Red for the reduction reactions, A_Ce for the Ce reactions

Concluding remarks
An improved mathematical model of three-way catalytic converter operation was
employed in a case study with five commercial Pt:Rh catalytic converters of varying
precious metal loading and size. The process comprised the following steps:


the raw experimental data were pre-processed and checked through an
integrated quality assurance system



the catalytic converter ‘s characteristics were identified, with focus to the
washcoat chemical environment and a number of valid assumptions were
made for its unknown data,



the three tunable variables of the model were optimised with the aid of an
optimisation algorithm and



the modelling results were postprocessed, validated with experimental data
and crosschecked with literature references

The operation of all catalysts was modelled with only three tunable parameters that
correspond to eight dominant chemical reactions. It is evident from the results, that
the real world catalytic converter’s performance can be successfully modelled by an
1-D model with apparent global reactions.

It was found that catalytic converter operation during urban driving can be matched
within adequate accuracy with the assumption that Ceria reacts only at the surface
layer without any contribution of the bulk layers. On the other hand, more precise and
complex modeling would reduce the speed of the model that is essential in
engineering applications. This conclusion is been studied extensively in recent works
and remains an open issue for further investigation.
The extended case study with the five catalytic converters confirmed the following:


The OSC is essential for the increased efficiency of the catalytic converters and is
correlated with the precious metal implementation in the washcoat.



Increase in precious metal loading enhances catalytyst activity, which is limited
by the diffusion of gas species from the bulk flow to the washcoat. There is an
optimum between PML and catalyst design data (length, volume, cpsi).



NOx reduction is very sensitive to space velocity and/or geometric area effects.
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Table 6 Reaction scheme and rate expressions of the model

Oxygen storage reactions

Reduction - Oxidation reactions

Reaction

Rate expression

APt T e

 E Pt R g T

cCO cO2

1

 CO2
CO + 1 O 2 
2

2

 H 2 O
H2 + 1 O2 
2

3

C H    0.25 O2 
 CO2  0.5 H 2O

rPt 

4

2CO  2NO 
 2CO 2  N 2

rRh  ARhTe

 E Rh Rg T

cCO c NO

5

2CeΟ 2 + CΟ 
 Ce 2 Ο 3  C 2

rCe  ACe T e

 ECe Rg T

cCO  Ψcap

6

rPt 

rPt 

C H   2α  β CeO 2 


α  0.5 β Ce 2 O 3  α CO 2  0.5 β H 2 O

G
APt Te

 E Pt R g T

c H 2 c O2

G

APt Te

rCe  ACeT e

 E Pt Rg T

cC H cO2

G

 E Ce R g T

cC a H   Ψcap

7

 2CeO 2
Ce 2 O 3  1 O 2 
2

rCe  ACeT e

 ECe Rg T

cO2 1   Ψcap

 2CeO 2  1 N 2
Ce 2 O 3  NO 
2

rCe  ACeT e

 ECe R g T

8

c NO 1   Ψcap









2
2
0.7
G  T 1  K1cCO  K 2 cCxHy  1  K 3 cCO
cCxHy
1  K 4 c NO
, K i  k i exp  Ei R g T
2

I n h i bi t i o n
t erm

Auxiliary
quantities

k1 = 65.5

k2 = 2080

k3 = 3.98

k4 = 4.79∙105

E1 = −7990

E2 = −3000

E3 = −96534

E4 = 31036

 

2  moles CeO 2
,
2  moles CeO 2  moles Ce 2 O 3

r r r r
d
 5 6  7 8
dt
Ψ cap
Ψ cap

E Pt  90000 KJ / kmol , E Rh  95000 KJ / kmol , ECe  120000 KJ / kmol
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