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Résumé — La simulation 0D : une voie d’avenir pour traiter les problématiques de post-traitement
des véhicules automobiles modernes — Dans les véhicules automobiles modernes, les systemes de
post-traitement deviennent incontournables pour respecter les nouvelles normes de pollution. De ce fait,
les problématiques autour du post-traitement deviennent de plus en plus significatives sur le cofit de
développement des moteurs et des véhicules. A titre d’exemple, certains scenarii montrent que le systéme
de post-traitement d’un véhicule Diesel Euro 6 pourrait étre composé de 5 éléments différents. Cette
architecture complexe implique le développement d’outils sophistiqués pour aider a la conception de la
ligne de post-traitement et a la définition de stratégies de contrdle. Ce papier démontre que la simulation
zéro-dimension (0D) peut étre une approche pertinente pour développer des simulateurs d’organes de
post-traitement compatibles avec les exigences de précision et de temps de calculs demandées. Un
modele de monolithe original zéro-dimension est également décrit. L’approche est basée sur des éléments
résistifs et capacitifs comme définis dans la théorie bond-graph [Karnopp D.C., Margolis D.L.,
Rosenberg R.C. (1990) Systems dynamics: a unified approach, Second Edition, John Wiley & Sons,
New-York]. Le modele proposé prend en compte le comportement dynamique du fluide et le
comportement thermique du monolithe. Plusieurs modeles de catalyseurs sont construits en associant ce
modele de monolithe avec des schémas réactionnels simplifiés tirés de la littérature [Koltsakis G.C.,
Konstandinis P.A., Stamatelos A.M. (1997) Development and application range of mathematical models
for 3-way catalytic converters, Appl. Catal. B: Environ. 12, 161-191]. Diviser un modele de monolithe en
plusieurs blocs 0D élémentaires associés en série permet d’obtenir une bonne représentation de la
dynamique présente a I’intérieur d’un catalyseur et d’accéder a des informations locales comme dans les
modeles 1D avec des temps de calcul réduits [Depcik C., Assanis D. (2003) One-dimensional automotive
catalyst modeling, Prog. Energ. Combust. 31, 308-369]. Cette approche peut étre utilisée comme un
moyen de compréhension de phénomenes complexes qui régissent le catalyseur impliquant plusieurs
domaines de la physique. Elle représente aussi un outil de simulation pertinent dans la définition des
architectures de ligne de post-traitement et dans le contrdle des émissions polluantes. Le potentiel de
I’approche pour traiter ’ensemble des organes de post-traitement est illustré par des résultats sur un
catalyseur trois voies (3WC), un catalyseur d’oxydation Diesel (DOC), un piege a NOx (LNT), un
systeme de catalyse sélective des NOx (SCR) et un filtre a particules (DPF). Cette capacité a fournir avec
un bon compromis temps/précision des informations intéressantes pour aider au développement de
systemes de post-traitement de plus en plus complexes rend la simulation 0D particulierement attractive.
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ABBREVIATIONS RPM  Revolutions Per Minute
SCR  Selective Catalytic Reduction
0D Zero-Dimensional SI Spark Ignition
1D One-Dimensional SGTB Synthetic Gas Test Bench
3D Three-Dimensional
3WC  Three-Way Catalyst
CPU  Central Processing Unit LIST OF SYMBOLS
cpsi  Cells per square inch c Molar concentration of gases
DOC  Diesel Oxidation Catalyst C, Molar concentration of gas #i
DPF  Diesel Particulate Filter Cp Specific heat
GSHV  Gas Space Hourly Velocity Ga Density of external surface area in monolith
FAER  Fuel - Air Equivalent Ratio h Convective exchange coefficient
FTIR  Fourier Transform Infrared Spectroscopy hs Specific enthalpy
FTUV  Fourier Transform UltraViolet k, Mass transfer coefficient
HC HydroCarbons k;, Heat transfer coefficient
IMEP Indicated Mean Effective Pressure (bar) m Mass
LNT  Lean NOx Trap M Molar mass
NEDC New European Driving Cycle n Number of mole
ppm  Parts per million P Pressure
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Abstract — 0D Modelling: a Promising Means for After-treatment Issues in Modern Automotive
Applications — For modern automotive applications, after-treatment systems have become essential to
respect the new emission standards. All the automotive world’s attention is focused on catalysis systems
because they seem to be one of the best ways to reach the future standards. As a result, after-treatment
issues are more and more significant in the cost of the whole engine and vehicle development process.
For example, the Euro 6 Diesel after-treatment line might for some applications be composed of nothing
less than five distinct after-treatment bricks. This complex architecture implies developing advanced tools
to help the exhaust line conception and also the design of associated control strategies. The present
paper demonstrates that zero-dimensional (0D) simulation can be a relevant approach to develop
exhaust line simulators compatible with accuracy and CPU time required performances. This paper
proposes an original zero-dimensional model of the monolith. This approach is based on resistive and
capacitive elements according to the bond graph theory [Karnopp D.C., Margolis D.L., Rosenberg R.C.
(1990) Systems dynamics: a unified approach, Second Edition, John Wiley & Sons, New-York]. The
described dynamic model takes into account the pneumatic flow and the thermal behaviour of the
monolith. Models of several catalysts are built by plugging this monolith model with some well-known
simplified chemical reaction schemes [Koltsakis G.C., Konstandinis P.A., Stamatelos A.M. (1997)
Development and application range of mathematical models for 3-way catalytic converters, Appl. Catal.
B: Environ. 12, 161-191]. Splitting a monolith model into several elementary zero-dimensional blocks in
series allows having a good representation of the specific internal dynamic of one catalyst and to access
some local information as in conventional well-known one-dimensional models with low CPU time cost
[Koltsakis G.C., Konstandinis P.A., Stamatelos A.M. (1997) Development and application range of
mathematical models for 3-way catalytic converters, Appl. Catal. B: Environ. 12, 161-191]. Such an
approach can be used as a way to get a phenomenological understanding of the catalytic system, which
is known to be a very complex multi-physical system. It also represents a relevant simulation tool for the
definition of after-treatment line architecture and pollutant emission control. The approach’s potential to
deal with all modern after-treatment bodies is illustrated by results for a Three-Way Catalyst (3WC), a
Diesel Oxidation Catalyst (DOC), a Lean NOx Trap (LNT) system, a Selective Catalyst Reduction of
NOx (SCR) system and a Diesel Particulate Filter (DPF). This ability to give, with a good compromise
between accuracy/low CPU time cost, some interesting information to help the development of more and
more complex exhaust system makes zero-dimensional simulation relevant.
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r Perfect gas constant

R, Reaction rate

S Surface

T Temperature

u Local velocity

\% Volume

y Molar fraction

GREEK SYMBOLS

p Density

Papp Apparent density

g, Void fraction

£ Porosity of catalytic washcoat layer

Py Volume fraction of catalytic washcoat in entire solid
phase

A Heat conductivity

Y Isentropic coefficient

v, Relative surface concentration of stored component

Q,, Storage capacity

T, Residence time

T, Chemical characteristic time

T, Thermal characteristic time

T, Transport characteristic time

Vi Stoichiometric coefficients

® Mass reaction rate

SUBSCRIPTS

c Catalyst

cha Channel

g Bulk gas

i Species

J Reaction

m Monolith

S Solid/gas interface

SUPERSCRIPTS

in Inlet flow

out Outlet flow

INTRODUCTION

For modern automotive applications, after-treatment systems
have become essential to respect the new emission standards.
All the automotive world’s attention is focused on catalysis
systems because they seem to be one of the best ways to

reach the future standards. As a result, after-treatment issues
are more and more significant in the cost of the whole engine
and vehicle development process. For example, the Euro 6
Diesel after-treatment line might for some applications be
composed of nothing less than five distinct after-treatment
bricks. This complex architecture implies developing
advanced tools to help the exhaust line conception and also
the design of associated control strategies. The present paper
demonstrates that zero-dimensional (OD) simulation can be a
relevant approach to develop exhaust line simulators compat-
ible with accuracy and CPU time required performances.
This paper proposes an original zero-dimensional model of
monolith. This approach is based on resistive and capacitive
elements according to the bond graph theory [1]. The
described dynamic model takes into account the pneumatic
flow and the thermal behaviour of the monolith. Models of
several catalysts are built by plugging this monolith model
with some well-known simplified chemical reaction schemes
[2]. Splitting a monolith model into several elementary zero-
dimensional blocks in series allows having a good represen-
tation of the specific internal dynamic of one catalyst and to
access some local information as in conventional well-known
one-dimensional models [3] with low CPU time cost. Such
an approach can be used as a way to get a phenomenological
understanding of the catalytic system, which is known to be a
very complex multi-physical system. It also represents a rele-
vant simulation tool for the definition of after-treatment line
architecture and pollutant emission control. The approach’s
potential to deal with all modern after-treatment bodies is
illustrated by results for a Three-Way Catalyst (3WC), a
Diesel Oxidation Catalyst (DOC), a Lean NOx Trap (LNT)
system, a Selective Catalyst Reduction of NOx (SCR) system
and a Diesel Particulate Filter (DPF). This ability to give,
with a good compromise between accuracy/low CPU time
cost, some interesting information to help the development of
more and more complex exhaust systems makes zero-dimen-
sional simulation relevant.

1 OVERVIEW OF THE AFTER-TREATMENT ISSUES

For a long time now, emission regulations for mobile sources
have no longer been satisfied by only improving the combus-
tion process. In the early nineties, three-way catalytic (3WC)
after-treatment devices became mandatory for gasoline
fuelled vehicles in Europe. A few years later, oxidation
catalysts (DOC) were introduced at the exhaust of
Diesel-powered vehicles. More recently, in 2000, PSA
Peugeot-Citroén launched what is becoming a standard for
Diesel engines, the combination of a DOC and a particulate
filter (DPF) to remove soot from the exhaust gases. NOx
after-treatment systems, which only a few car manufacturers
have already implemented on serial applications, are awaited
for the upcoming years.
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1.1 After-treatment Motivations

Transport is one of the major contributors to the pollutant
concentration in the air. Catalytic converters allow the reduc-
tion of pollutant emissions down to a level that only combus-
tion optimisation alone does not permit for the moment.
Through these disposals, Diesel particulate emissions were
divided by ten between the Euro 3 regulation (2000) and
Euro 5 regulation (2009), while nitrogen oxides will be cut
by about six with the Euro 6 regulation (2014) compared
with the Euro 3 regulation (Fig. /). Meanwhile, gasoline
engine emissions have been more than halved. The remaining
emissions are much harder to reduce, which has led to contin-
uing research on after-treatment systems, control strategies to
manage them and new tools to help development.

1.2 The Different After-treatment Systems

Gasoline engines have made significant progress in reducing
their pollutant emissions by adopting the so-called three-way
catalysis. This kind of catalytic converter simultaneously oxi-
dises unburned hydrocarbons and carbon monoxide, and
reduces nitrogen oxides. This technology has been continu-
ously improved in order to confer faster light-off and increased
durability, while involving ever less precious metals.

Diesel engines were firstly only equipped with oxidation
catalysts, waiting for technologies dealing with particles and
NOx. In 2000, for the Euro 3 regulation, PSA was the first
car manufacturer in the world to produce a vehicle equipped
with a particulate filter. Nine years later, with the upcoming
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Figure 1
Pollutant emission standard evolution between Euro 3 and

Euro 6 concerning NOx and particles (PM) for Diesel vehicle
applications.

Euro 5 regulation, DPFs are about to be implemented in all
Diesel-powered vehicles. A catalyst is required to lower the
combustion temperature of trapped soot. This catalyst can
either be an oxide (rare earth or iron) added to the fuel or a
precious metal (most of the time platinum) deposited on DPF
walls. In both cases, a DOC is required in front of the DPF in
order to elevate the temperature by oxidising HC and CO
from exhaust gases.

The future Euro 6 regulation will probably urge manufac-
turers to implement a NOx after-treatment device to comply
with an emission target as low as 80 mg/km (Fig. 1). Two
technologies are expected to reach this level: lean NOXx trap
(LNT) and selective catalyst reduction (SCR) systems. The
first one traps nitrogen oxides on a basic oxide (mainly bar-
ium oxide) and releases trapped NOx in order to reduce them
to nitrogen in the presence of reducing species through peri-
odical stoichiometric engine operating conditions. The sec-
ond one consists of introducing some urea into exhaust gases,
which breaks up into ammonia to continuously reduce the
NOx.

LNT devices involve a large amount of precious metal
which makes them expensive, even if the latest developments
show that rhodium, the most expensive one, could no longer
be required [4]. SCR systems, based on zeolites, are much
cheaper as they do not require precious metal. Nevertheless,
the whole system cost is rather high due to the need for spe-
cific devices such as a tank for urea solution (called
AdBlue™), a pump to pressurise the fluid and an injector.

Moreover, LNT systems are poisoned by sulphur contained
in fuel and lubricant, while SCR devices may be clogged by
melamine complexes if the system does not run properly.
Both systems have the same weak point: a low efficiency at
low temperatures. At temperatures below 150-180°C, for
SCR systems, urea cannot be efficiently decomposed into
ammonia, which leads to poor conversions and undesirable
species to be created. Meanwhile, LNT cannot efficiently
store nitrogen oxides, and cannot be regenerated in such cold
conditions. Thus, temperature is the key factor to perform the
targeted efficiency on the European Driving Cycle.

1.3 Experimental Setup for After-treatment
Characterisation

The engine test bench and synthetic gas test bench (SGTB)
are the two experimental means used to characterise the
after-treatment devices and optimise their interactions with
the engine. Each after-treatment system has specific needs
concerning analysis setup linked to the diagnoses’ expected
accuracy. For instance, SCR systems may only be charac-
terised using NOx and ammonia analysers or sensors.
However; mass spectrometry appears useful to characterise
the efficiency of the thermolysis reaction to break up urea
into isocyanic acid and ammoniac entering the SCR.
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As LNT catalysts are poisoned by sulphate from sulphur
contained in fuel and lubricant, their accurate characterisation
requires specific analysis of SO,, H,S and COS during the
desulphation phases to measure their efficiency. Mass spec-
trometry is again involved here, but FTIR or FTUV analysers
may provide partial but useful information. Furthermore,
optimising the LNT deNOx efficiency means minimising the
NOx slip during short, rich purges (less than 5 seconds).
Analysers using chemiluminescence detectors located as
close as possible to the sampling point give a very fast
answer with a resolution time of about a few milliseconds.

These characterisations can be carried out either on the
engine test bench, which is very representative of the condi-
tions encountered in a vehicle, or on a SGTB that allows one
to study separately reactions taking place in the catalyst to
improve their understanding.

The data provided by these experimental means allow
understanding of the system but also improve model
calibration.

1.4 A Complex System...

As described above, NOx after-treatment devices developed
for the Euro 6 emission regulation are much more complex
than simple oxidation or even three-way catalysts because
they need a specific management of the engine or the use of
additional injection devices. LNT purges by rich combustion
have to be managed accurately to optimise efficiency and
limit fuel consumption. Control of SCR systems and associ-
ated urea injection aims to optimise NOx reduction effi-
ciency while limiting NH; slip at the catalyst outlet. Control
strategies thus have to deal with NOx reduction depending on
temperature, NH; concentration and exhaust gas composition
(fraction of NO, in NOx), but also with NH; storage in the
catalyst, that strongly depends on temperature.

The same kind of statement also applies to the regeneration
of a particulate filter. Periodically, at a frequency depend-
ing on the mass of soot trapped in the DPF, a rise of the fil-
ter inlet temperature is generated in order to burn soot.
This temperature has to be high enough to burn soot as
quickly as possible for consumption purposes, but not too
high to prevent any destructive temperature overshoot. The
targeted temperature can be obtained by two means that
can be combined: delaying the combustion in the cylinder
to increase exhaust temperature or adding reducing species
to exhaust gases with a late post-injection or with an
exhaust port injector (EPI). Reducing species will be oxi-
dised on a DOC located upstream of the DPF which will
increase the DPF inlet temperature.

To reduce the cost and time duration of after-treatment
system control development, simulation tools are relevant.
They offer the possibility to access a virtual system to
design and validate control strategies but also to access
non-measurable variables to create observers for open-loop

strategy definition, a challenge as far as the very small
tolerances around the targeted values are concerned.

2 MODELLING IN AFTER-TREATMENT

2.1 State of the Art

Models for after-treatment purposes can be divided into

3 categories:

— simplified models dedicated to simulators for control
purposes;

— 1D models used to design the after-treatment line and to
test industrial solutions;

— 2D and 3D models used to study complex phenomena
inside the different exhaust line devices.

2.1.1 Models Used for Control Purposes

In this first category, the most important requirement is CPU
time performances of after-treatment models. In fact, control
engineers need simulators including a complete exhaust line
in some cases associated with an engine simulator in order to
develop their control strategies; particulate filter or lean NOx
trap regeneration, for instance. These simulators also have
the ability to operate at real time. In order to reach these
objectives, a lot of models have been proposed in the litera-
ture concerning all components of a modern exhaust line [5].

2.1.2 One-dimensional Models

Nowadays, designing an exhaust line associated with a modern
engine has become more and more expensive with the diver-
sity of solutions proposed for after-treatment purposes. In this
context, numerical tools are very useful to help engineers to
select the best configuration while minimising development
cost. To perform this work, one-dimensional (1D) models
seem to be the most relevant tools because they propose the
best compromise between physical modelling capability,
CPU time cost and user’s agreement. Several software envi-
ronments offer one- dimensional solutions in order to model
exhaust systems such as AVL BOOST [8], GASDYN [9]
and GT-POWER [10]. [3] propose a large review of existing
one-dimensional automotive catalyst models and their evolu-
tion. They are usually built from the same structure (monolith
model). The monolith is divided into three phases: the bulk
gas, the reactive surface and the solid phase.

A model of the monolith is described below to illustrate a
classical 1D approach. It is extracted from a software envi-
ronment called EXACT used at Daimler AG [11]. The bulk
gas temperature and the bulk gas species equations are written
as follows:

0 0Tk Ga
p.Cp, —E+p,Cpu—E==L (r,-1.) )
g
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<, , i(C,.) _*,Ga N o
at ax . T
with Ga, density of external surface area in monolith; & 22 void
fraction; y, molar fraction; ¢, molar concentration of gas; C a0
molar concentration of the species #i; k,, ;, corresponding
transport coefficient.
At the solid/gas interface, mass and energy balances are

solved:
oT. 9 T, k,Ga

qupSa—ts_xax2 = (T T) w(r,-T,,)

, g 3)
_CPSEAH r,jRj

Jj=1
iC;,  kGa RRE IR

ot es(l—sg)q)sc(y i) € Z]V R @

with A designates heat conductivity; v;;, stoichiometric
coefficients; k., mass transfer coefficient; k,, heat transfer
coefficient; €, porosity of catalytic washcoat layer; ¢,, volume
fraction of catalytic washcoat in entire solid phase; Rj,
reaction rate.

Finally, a mass balance on the catalyst surface is computed:

np 1 i R )
_m = — v

a Q &«
with 1, designates relative surface concentration of stored
component and €2, storage capacity.

2.1.3 Three-dimensional Models

The last category of models concerns 2D and 3D CFD models.
They are usually developed in order to optimise catalysts
geometry, exhaust pipe structure and injector flow properties.
Nowadays, there are commonly used in Diesel particulate fil-
ter [12] and Selective Catalytic Reduction [15] applications.
This kind of model is used to deal with heterogeneity issues
inside the exhaust line, to optimise fuel or urea injected
before entering the DPF or SCR devices or to locate reac-
tions inside the after-treatment bodies. As with all multi-
dimensional level models, CPU time makes them usable only
for design aspects and most of the time only a small part of
the exhaust line is simulated.

2.2 IFP-EXHAUST Library

The IFP-EXHAUST library (Fig. 2) has been developed in
the LMS.IMAGINE.Lab environment. This library is com-
posed of several elementary components allowing the repro-
duction of most of the existing modern exhaust lines. This
library includes pipes with several geometries, volumes, ele-
ments to simulate thermal transfers, sensors, pressure and
mass flow sources, several kinds of catalysts (LNT, DOC,
3WC and SCR), and DPF.

O
®-=
&
@

) A
- |inlet [~
= e @
- A
i N =
? 8 &
5 > A = < B
B 48 5 .
EEEeEE
= = — = =F +:\ H
DFF/ DOC 1 BETD, LM SCRS
_t] S
‘ri F1°
Figure 2

Composition of the IFP-EXHAUST library.

The 0D approach proposed in the IFP-EXHAUST library
has been developed in order to reach the best compromise
between CPU performances and physical accuracy model-
ling. The OD approach objective is to use the same platform
and the same models to make simulators for both control
design issues and exhaust line conception issues.

To reach these objectives, models are developed from
quite complex structures close to those used in 1D models
(described in the previous part) keeping the numerical advan-
tage of a classical zero-dimensional approach in order to
minimise CPU time cost.

3 OD MODELLING BASICS

3.1 A Complex Physical System

A catalyst could be first defined as a simple reactor with
several chemical functions to represent mainly pollutant
conversions. However, a catalyst inside an after-treatment
line is a very complex system. To fully understand how this
system operates, it is necessary to consider all the physical
processes inside the catalyst, and not only the chemical
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scheme. One way to describe the catalyst and to model it in a
simple way consists of listing the main physical characteristic
times defining such a system.

First, a residence time (t,) must be mentioned. This time is
defined from the open volume of the catalyst (V,), the mass
flow rate of exhaust gases (m,) and the corresponding density

(Py):

v
, pg g (6)

T = -
m
g

A chemical time (t,,) is associated with the main catalytic
reaction rate of species #i (@) and its corresponding concen-
tration (C)):

S )

A thermal characteristic time (t,;,) defines the thermal
behaviour of the monolith. It is defined from the monolith’s
apparent density (p,,,), its specific heat (Cp,,), the catalyst
volume (V,), the exterior surface of the monolith (S,,,), and
its corresponding convective exchange coefficient (4,,,):

- b e P ®)
hext ’ Sext

Finally, it is necessary to consider a transport time (t,) to
take into account the time for a molecule to reach a catalytic
site. This characteristic time depends on a transport coeffi-
cient associated with species #i (k; and a characteristic length
corresponding to the diameter of one channel (d,):

v - ©)

i

This list of characteristic times is limited. In fact, a lot of
existing phenomena are not taken into account. This list
could be widely extended to include specific mass transfer
inside the washcoat, for example. Nevertheless, the objective
is to take into account only the main axes of an operating cat-
alyst in order to set up a very simple model approach. As
illustrated in the next parts, such an approach allows repro-
ducing physical tendencies in several concrete applications.

In the following parts, the modelling approach and main
assumptions will be discussed.

3.2 Bond Graph Approach [1]

The modelling approach presented in this paper is based on
the bond graph theory [1]. In such an approach, multi-physi-
cal systems such as catalysts catalyst are modelled with asso-
ciation of capacitive elements (volume), resistive elements
(pressure drop) and eventually inertia elements. The main
assumption in the catalyst modelling is to consider only one
channel representative of the whole monolith. Figure 3 pre-
sents the model of a flow stream inside the channel in bond

(1) Pressure
and temperature
(2) Mass and enthalpy
flow rates

Figure 3

Basic model of a flow stream in one channel.

Text | (D)

A) Internal convective exchange
B) External convective exchange
C) Monolith temperature
D) External temperature

Figure 4

Model of one channel including monolith with thermal
aspects.

graph theory. It is composed of one capacitive element asso-
ciated with one resistive element. The volume (capacitive
element) is comparable with an open reactor where pressure
and temperature are deduced from mass and energy balances,
whereas the resistive element is used to compute mass and
enthalpy flow rates through a channel from the well-known
pressure drop law.

Figure 4 presents the complete bond graph model of a
catalyst including the solid phase (monolith) and thermal
transfers. The monolith is considered here as a thermal
capacity (Cs) where a solid temperature is computed from an
energy balance. This capacity is linked to the gaseous capac-
ity (C) with an internal convective exchange (A). Finally, an
external convective exchange (B) between the monolith and
ambient air (7,,,,) is computed.

Each model of catalyst is built with this general structure.
The only difference consists in their specific catalysis func-
tions. Catalytic reactions take place in the gaseous volume
and affect the gaseous composition, whereas the resulting
heat release is fully done in the solid capacity. This assump-
tion is discussed in the next part.

One element of the IFP-EXHAUST library has specific
bond graph causality. In fact, due to its original operating
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Figure 5

Basic structure of a DPF element.

conditions, the Diesel Particulate Filter element is composed
of a two-channel model. As shown in Figure 5, inlet and out-
let channels are linked with a resistive element (Ri) model-
ling the mass flow rate through a porous wall.

All models described below are only composed of zero-
dimensional components but it is possible to associate several
0D elements in series (Fig. 6) in order to represent some 1D
phenomena such as the repartition of chemical activities
through the monolith.

3.3 General Equations

3.3.1 Bulk

In a capacitive element of gas, the mass balance for species i
is computed as follows:

dm_ .
Dot g < 4 (10)

dt & 8
with mg,, mig; designate, respectively the inlet and the outlet
mass flow rate of the species #i in a volume and w, ; the
resulting reaction rate due to catalytic reactions.
The gaseous pressure (P,) is computed from an energy
balance:

—E=— £ 180 +MCT -—%+rnidh (11
dt mngTg ,in g P g dt

The inlet
channel is
closed at outlet

Inlet E g E ’;f E

<1
— {1 —E} - 1 J—X

;| |—£3 ]—§
I 1 =—T1 [
b

¢
l— = EL
x—; [.rr\—E wrr [U' DPF)— ‘&3’ DPF/—4_DF >

The outlet Qutlet
channel is
closed at inlet

Figure 6

Example of multi-0D model of one DPF system composed of
five basic elements.

with y designates the isentropic coefficient;

T,, the gas
temperature; Cp,, the gas specific heat; n,, the number of
mole in the gas;

M,, the gas molar mass; 6Q'm,m, the internal
heat transfer.

This term is computed with this equation:
6Q.fh,in = hmnv,in ’ Sr ’ (T'c - Tg) (12)

with T designates the monolith temperature and S, the
reactive surface.

The last term of Equation (11) corresponds to the impact
of composition evolution inside the volume:

tidh =y [(hs ~ hs,) it

i

.~ hs o ,»] (13)

hsi™ hs; designate, respectively, the specific enthalpy of the
income gas and the specific enthalpy of the gas inside the
volume. Finally, the term hs;®, ; corresponds to the impact of
catalytic reactions.

The gaseous temperature is deduced from perfect gas law:

P
T =—& (14)
pg rg
P, I are, respectively, the gas density and the perfect gas
constant.

In a resistive element, mass and enthalpy flow rates are
computed from a classical Poiseuille law inside a square
channel. They depend on the pressure drop (AP), the open
surface (S,), the dynamic viscosity (u), the upstream enthalpy
(h,,), the channel diameter (d,) and the channel length (L ):
AP-d*

mo=p S — 15
gpgg32ML (15)

dH =hs, -, (16)
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3.3.2 Monolith

The monolith is modelled from a capacitive element. Thus,
the monolith temperature (7) is computed from an energy
balance:

ﬂ _ 6th,ext - 6ch,in + 6QREAC

(17)
dt P, Cp,

with 80, ;,. corresponds to Equation (10). 8Q, .., designates
the external heat transfer:

6Q.th,ext = hconv,eerext (Text - Tg) (18)

80 reac» corresponds to the heat release due to catalytic
reactions

3.4 Main Assumptions

In this part, main assumptions are discussed. The main

objective is to underline the limitations of such an approach

in order to set up the application field of the numerical tool
previously described.

First, using a zero-dimensional approach implies having
some general assumptions:

— the monolith is assimilated with only one mean channel.
This is the fundamental assumption of 0D and 1D
approaches in the literature. This property leads to neglect-
ing radial heterogeneities of temperature and gas composi-
tion in the catalyst. This is a limitation to studying geo-
metrical aspects of an after-treatment device. For this
specific case, 3-dimensional modelling seems to be more
adequate;

— to take into account one-dimensional axial phenomena, it
is necessary to use a multi-OD model, as seen in Figure 6.
For after-treatment devices, this approach is a good
approximation of a one-dimensional model. In fact, using
a multi-OD approach implies only two main additional
assumptions in respect to the 1D model. First, axial diffu-
sion of mass and energy is neglected. Given the high
velocity of gases inside a catalyst (several metres per sec-
ond), this assumption is not a restrictive one. The second
assumption is that momentum balances are not solved in
the multi-OD approach. As a result, pressure waves are not
computed in such a model.

Some assumptions have been added in order to simplify
the system and to reach some high CPU performances:

— the bulk flow composition is supposed to be the same as
the surface composition. As a result, there is no specific
dynamic associated with the mass transfer from bulk to
the reactive sites. This transport process is directly linked
to reaction rates introducing an equivalent Damkohler

T . L
number Da = —< This assumption implies that processes
T

. . t . .
concerning radial mass transport and diffusion of molecules
inside the washcoat are not dissociated;

— the heat release due to catalysed reactions is assumed to be
inside the solid phase (monolith). A part of this energy is
transferred to the bulk flow thanks to the internal convec-
tive transfer with the monolith.

Finally, this 0D modelling approach seems to be very
relevant to deal with all modern after-treatment issues. As
illustrations, different applications are treated in the fol-
lowing parts by showing results of a 3WC, a DOC, a LNT
system, a SCR device and a DPF.

4 THREE-WAY CATALYST (3WC)

The three-way catalyst (3WC) is the widespread solution for
after-treatment on gasoline engines. Its performances in
terms of emission conversions are excellent for the standard
pollutants (CO, HC and NOx). Nevertheless, to reach these
performances, the engine has to work as close to the stoichio-
metric fuel - air equivalent ratio (FAER) as possible. One of
the main objectives of the control system is to manage the
engine performances while keeping the FAER close to one to
optimize pollutant conversion in the 3WCC when light-off
temperature is reached. Nevertheless, because of transient
engine operating conditions during driving cycles, FAER
might take lean and rich values around the stoichiometric
point. This is the reason why generally 3WC tests are per-
formed between 0.98 and 1.02 of FAER.

To optimise the 3WC operation, modern catalysts (notably
with ceria) have the particularity of enlarging the window of
FAER with good efficiency. These performances are possible
by activation of reactions involving water, particularly in rich
conditions. When no oxidant species (O,, NOx) remain,
water has the possibility of oxidising unburnt hydrocarbons
and carbon monoxide.

In this context, a OD 3WC model was created and cali-
brated to represent the system behaviour for various FAER
and Gas Space Hourly Velocities (GSHV). 3WC simula-
tors were calibrated and validated with laboratory test
results as presented in this part of the paper.

4.1 Experimental Setup

All measurements were carried out an engine test bench
equipped with a 4-cylinder SI engine with a displacement of
2200 cm?. The catalytic converter used was a metallic mono-
lith of 1.1L with a density of 400 cpsi.

Tests consist of typical 3WC light-off experiments on two
sets of steady-state operating conditions, described in Table 1.
The objectives of these tests are notably the determination of
the light-off temperature for CO, NOx and HC (50% conver-
sion) for various equivalence ratios, and evolution of the pollutant
conversions as a function of time and temperature. For both
studied sets of operating conditions, 3 FAER were tested:
098, 1 and 1.02.
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TABLE 1
Engine operating conditions description
Operating Engine BMEP Total flow GSHV
conditions | speed (rpm) (bar) rate (kg/h) (h'h
No. 1 1300 55 48 40 000
No.2 2000 55 83 70 000

Gas temperature and composition were measured
upstream and downstream of the 3WC. Analysed gases
were total hydrocarbons (HC), CO, NOx, CO,, and O,. As
only one gas composition analyser was available during
the study, gas composition measurement was performed
two times: a first test for the upstream gas composition
measurement and a second one for the downstream side.
This measurement methodology explains the differences
noticed in the results between upstream and downstream
measurements when no conversion occurs (particularly for
low temperatures).

4.2 Reaction Scheme

The reactions taken into account in the 3WC model are those
presented in [16]. The hydrocarbon was written as C H,.

— oxidation reactions:

co+10, - co,
2
CH +(x+1)o2 —xCO,+2H,0
= 4 2

1
H, +502 —H,0

— NO reduction:

NO+CO—>1N2+CO2
2
1
NO+H, >N, +H,0
CH +(2)C+X)No—>xcoz+XH20+(X+X)N2
= 2 2 4

— water gas shift and steam reforming:
CO+H,0 2CO,+H,

CH +xH,0— xCO+2x%H2

To calibrate the parameters of these reactions, the
methodology consisted of using the values presented in [16]
(model calibrated on lab test results) and adjusting the differ-
ent parameters to improve the results on the engine test bed
configuration in the second step.

4.3 Simulation Results

The complete 3WC model is composed of 7 0D elements
(Fig. 7) to account for temperature and gas composition
evolution through the catalyst.

In this paper, 4 tests are presented with the following
characteristics in terms of GSHV and FAER:
— GSHV =70000 h', FAER = 0.98
— GSHV =70000h"!, FAER = 1
— GSHV =70000 h!, FAER = 1.02
— GSHV =40000h!, FAER = 1

For each set of operating conditions, pollutant emissions
(CO, HC and NOx) and temperature before and after the
catalyst are presented.

Figure 7
Sketch of the 3WC simulator.
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Instantaneous FAER from experimental results @ GSHV =
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FAER variation @ GSHV = 70 000 h'!

A comparison between the experiment and simulation is
presented in Figure 8 and Figure 9 for the following operat-
ing condition: GSHV = 70 000 h! and FAER = 0.98. In this
test, simulation behaviour is very correct. CO and HC con-
version dynamics are coherent with experimental results.
Moreover, light-off occurs at identical moments for the
experiment and simulation.

This coherent behaviour is confirmed by temperature
evolution at the catalyst outlet: experimental and simulation
results are quite identical, which means that thermal capacity,
heat exchanges between gases, monolith and ambient atmos-
phere and heat released by reactions are coherent.
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and simulation results @ GSHV =70 000 h"! and FAER = 1.00.

Some differences between the experiment and simulation
can be noticed in NOx evolution. In the experimental results,
NOx conversion occurs when FAR is globally higher than
0.98 (Fig. 10). This conversion also occurs in the simulation
but NOx conversion is too sharp in comparison with the
experimental results. This shows that the NOx conversion
model during lean operating conditions should be improved.
The principle of this reaction model is explained in [16].
Future work will consist of improving this model for lean
conditions.

Concerning the operating conditions of GSHV = 70000h"!
and FAER = 1.00 (Fig. 11 and 12), the results for pollutant
conversion and temperature evolution are also very correct
for the 3 pollutants CO, HC and NOx. For this FAER,
pollutant conversions are almost total. These good results
are also confirmed by simulation behaviour at a FAER of
1.02 (Fig. 13 and 14).

GSHV variation @ FAER = 1.00

From the operating conditions GSHV = 70 000 h'! and
FAER = 1.00 (Fig. 11 and 12), a variation of GSHV was
carried out to reduce GSHV to 40 000 h'! (Fig. 15 and 16).
In these last operating conditions, temperature increase at the
catalyst outlet is slower than in the previous operating condi-
tions at GSHV =70 000 h™! but the temperature of the begin-
ning of pollutant conversion is globally the same. This phe-
nomenon is well reproduced by the simulation: pollutant
conversion occurrence and dynamics are very coherent with
experimental results.
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4.4 Conclusion

As shown previously, simulation results are in good agreement
with experimental results for different operating conditions.
The 8-reaction scheme allows representing very well a 3SWC
behaviour for different fuel-air ratios and temperature
dynamics at the catalyst outlet.

5 DIESEL OXIDATION CATALYST (DOC)

5.1 Study Context

Technologies for exhaust gas after-treatment are different for
spark ignition (SI) and compression ignition (CI) engines.
Because of the globally lean combustion operating conditions
of Diesel engines, 3WC cannot be used for this kind of pow-
ertrain. A Diesel oxidation catalyst is used to convert HC and
CO in lean environments, whereas NOx and soot are treated
by SCR or LNT catalysts (see Sect. 6 and 7).

In this part, the development of a DOC simulator is
described. The objective is to prove that a OD simulator is
able to predict HC and CO oxidation well, with the associ-
ated consequences on downstream gas temperature. Test
bench experiments are required to calibrate and validate
numerical results.

5.2 Experimental Setup

The engine used is a 4-cylinder engine with a 2.2-L cylinder
displacement. The exhaust line is composed of a DOC (main
characteristics described in Tab. 2) and a DPF. The aim of
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TABLE 2
DOC main characteristics
Volume 08L
Substrate Cordierite
Precious metal load 110 g/f®

experimental tests is to measure gas temperature variations
due to heat release by HC oxidation. Tests consist of
performing steps of HC and measuring the associated gas
temperature increase downstream of catalyst.

Experimental measurements for DOC characterisation
were the following (Fig. 17):
— exhaust mass flow rate upstream of the catalyst;
— gas temperature upstream and downstream of the catalyst;

— gas composition upstream and downstream of the catalyst.
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Comparison of temperature evolution between experimental
and simulation results @ GSHV = 40 000 h"! and FAER = 1.00.
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Seven steady-state operating conditions were used to
calibrate the simulator. They correspond to various loads
(IMEP from 0.9 to 5.4 bar) at different engine speeds (from
975 to 3325 rpm). Table 3 summarises the operating points
with associated exhaust mass flow rate and gas temperature
upstream the catalyst.

Figure 18 shows the typical tests performed in the different
operating conditions. Several steps of HC quantities are
carried out at the DOC inlet. HC conversion (HC quantities
downstream of the catalyst are less than 2000 ppm) generates
an increase in DOC outlet temperature. The objectives are to
simulate in a coherent way the HC conversion and the
associated temperature increase.

TABLE 3
Engine steady-state operating conditions for DOC characterisation

Test Engine Engine Exhaust Temperature

number speed load mass flow upstream the

#) (rpm) (bar) rate (kg/h) catalyst (°C)
1 1500 3 61 565
2 2250 5 122 584
3 1375 09 49 437
4 975 1.6 31 310
5 2900 43 205 527
6 3325 54 273 532
7 1275 4.6 67 459

5.3 Reaction Scheme

The 0D DOC model is quite close to the 0D 3WC model (see
Sect. 4.2). It allows simulating catalytic reactions such as CO
and HC oxidation by O,, NO and H,0.

The main difference concerns the NO/NO, kinetic. A NO
into NO, reversible oxidation reaction was added:

1
NO+0, 2 NO,

In the application presented below, two different types of
hydrocarbons are considered in the exhaust gases (“slow and
fast hydrocarbons”).

5.4 Simulation Results

The main objective consists of predicting CO and HC
oxidation. This was done by minimising simulation error in
comparison with CO and HC experimental results measured
for each test. The catalyst model is composed of 10 0D basic
elements representing a good compromise between 1D phe-
nomena (repartition of temperatures and chemical activities
through the monolith) and CPU time. The set of parameters
used is unique for all tests. This part presents numerical
results obtained for test #3. Moreover, Table 4 summarises
the simulation error for each test.

Figure 19 compares numerical and experimental results
for test #3. They illustrate global simulator behaviour:

— gas temperature downstream of the catalyst is close to test
bed results. Absolute error is lower than 20°C. It shows
that calculation of heat released by HC and CO combus-
tion is coherent;
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— CO and HC oxidation efficiency never reach 100% due to 100
a small residence time in the catalyst (corresponding to a D s Ty
high GSHV); o
— the numerical results show that the DOC model can predict s 9 TP b
CO oxidation efficiency. Indeed, absolute error between = Sk ,..
numerical and experimental results is lower than 0.5% _% 98-§ o
and global dynamic behaviour is well represented. CO £ :
oxidation efficiency decreases whereas downstream tem- c
perature increases. It was interpreted as a consequence of '% 97
inhibition due to high concentration of HC. The simulation %
reproduces well this phenomenon noticed in experimental )
results; * 96 - Simuation
— global HC emissions downstream of the catalyst are also | | .. Test bed
well simulated: absolute error is lower than 1.5%. 95 . . . . . .
However, the corresponding relative dynamic behaviour is 0 500 1000 1500 2000 2500 3000
not correctly reproduced by the 0D DOC model. In fact, Time (s)
HC oxidation efficiency rises with temperature increase,
whereas simulated HC oxidation efficiency decreases. In
this case, the effect of temperature increase on the HC 100
reja.ctmn rate seems to be more predor.nlnant. than tbe 1nh.1- w““"’“"ﬂmmu\. s
bition process. Future work will consist of improving this ool " #ﬂw
inhibition process modelling, which is currently described L i'
as the Langmuir-Hinshelwood type [17]: §
% 98 |-
¢ [e0llo.] :
"G S
- [Hc]o.] g
2 2 G o)
0.7 © 96 - Simuation
G= T(1+kad ,[NOx] )x
25 N BT LEELE LT Test bed
2 2
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s Time (s)
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700
with k; = kinetic coefficient, k,, ; = absorption coefficient.
Table 4 presents the maximal absolute errors of the o -

simulated HC and CO efficiencies in the tests presented in
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7 17 10 Simulation and experimental results for test No. 3: HC, CO
) ’ and gas temperature downstream of the catalyst.
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Table 3. Simulation results are close to those of the test
bed, with an absolute error lower than 6%. Higher absolute
errors on CO efficiencies are reached for significant mass
flow rates of tests 2, 5 and 6. These errors are mainly due
to the global diffusion model based on strong assumptions
used in the present approach. The HC efficiency errors are
probably due to the inhibition model based on a simple
Langmuir-Hinshelwood expression.

5.5 Conclusion

Even if some differences were underlined, simulation results
are in good agreement with experimental results. The accu-
racy of the resulting simulator is sufficiently high to be used
in control applications given that the corresponding CPU
time of the simulator is about 80 times faster than real time.

6 NOX TRAP SYSTEM

6.1 Study Context

Lean-burn engines are one way to reduce CO, emissions and

at the same time improve fuel economy. The drawback is of

the difficulty of selectively reducing NOx in an oxygen-rich

environment. Two approaches are being developed to answer

this challenge. One technology deals with the continuous

selective catalytic reduction (SCR) of NOx. It takes advan-

tage of the ability of some catalysts to allow the selective

reaction of a limited amount of reducing species with NOx

rather than O, (see Sect. 7). An alternative technology is

based on NOx storage and reduction. The overall principle of

catalyst operation during this cycle can be described by five

reaction steps as summarised by Epling et al. [18]:

— NO oxidation into NO,;

— NO or NO, sorption on the surface in the form of nitrites
or nitrates;

— Exhaust reducing agent evolution when exhaust gases
switch to rich conditions;

— NOX release from nitrite or nitrate sites;

— NOXx reduction to N,.

Each of these catalytically activated steps is critical for an
efficient operation of the lean NOx trap (LNT).

A 0D LNT model was developed to represent the complete
cycle of NOx storage and reduction. The simulation results
were calibrated and validated with laboratory test results, as
presented in this part of the paper.

6.2 Experimental Setup

Different tests were performed on a flow reactor such as
NOx storage at a given temperature and storage/reduction
cycles [19].

LNT sample sizes were 25 mm in diameter and 50 mm in
length. Gas temperature was measured upstream and downstream
of the sample. The gas hourly space velocity was 30000 h.
Different gas compositions were chosen close to a lean
Diesel environment (FAER of 0.3 and 0.6) and to a rich
reduction environment (1.1 and 1.2). No SO, was used. All
gases were fed to the reactor via mass flow controllers, while
water vapour was injected through a vaporiser in a N, flow.
Analysed gases were CO,, O,, CO, HC, NOx, NO and NO,.
The effect of sulphur was not investigated in this work.

6.3 Reaction Scheme

The reactions considered in the LNT model are those
presented for the Diesel oxidation catalyst (see Sect. 5) with
the following additional reactions:

— NOkx storage (reversible reactions):

2BaCO; + 4NO, + O, = 2Ba(NOy), + 2CO, Ry
2BaCOj; + 4NO + O, = 2Ba(NO,), + 2CO, Ry
— Stored NOx reduction

Ba(NO, ), +%CxHy = BaCO, +2NO +%H20 R,)

x+?
1 1 ) 1
~Ba(NO,) + CH + CO, = —BaCO,
2 2 4x+y TV Ax+y 2
y Ry
+NO+—2 H,0
4x+y

The corresponding reaction rates are (mol/m?¥/s):

R, =k Xy NSC(1-0,, =0y, )~k NSCO,,

2~ "27'No"o,

R, =k v %, "*NSC(1-6,, =6, )~ k; NSCHy,
0.5
R, =k,x,.(NSCH,)

R, =k, x

4" HC"®

(vsce,, )"

where x; designates the molar fraction of species i; NSC, the
NOXx Storage Capacity of the LNT catalyst (mol/m?) and 0,
the coverage rate of storage sites.

Reaction rates were adapted from [20].

6.4 Simulation Results

The complete LNT model was composed of 4 0D elements
to account for temperature and gas composition evolution
through the catalyst.
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Figure 20

NOx storage at 350°C, eq. ratio = 0.3 (extracted from [22]).
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Figure 21
NOx storage at 400 °C, FAER = 0.6 (extracted from [19]).

Simulation of NOx storage

NOx storage was measured as a function of time in a lean gas
mixture at a given temperature. An illustration is displayed in
Figure 20: NOx are measured downstream of the LNT at a
given temperature of 350°C (solid curves). At the beginning
of the test, the main part of NOX is stored inside the catalyst.
The storage efficiency then decreases as the trap gets saturated.

Dotted curves represent the numerical results obtained
with the calibrated model. Another example of the model’s
ability to predict NOx storage is given in Figure 21 (the end
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Figure 22

NOx storage and reduction cycles at 350°C (LNT inlet
temperature). FAER switched between 0.3 and 1.1 (extracted
from [19]).

of the storage test after about 270 seconds was not simu-
lated). Temperature is 400°C. A decrease in the NOx storage
capacity is observed because the LNT is less efficient at this
high temperature than at 350°C.

These two graphs show that the simulation is in a good
agreement with experimental results both in terms of NO,
formation and NO/NO, storage.

Simulation results (dotted curves) obtained for the complete
storage/reduction cycle are compared with experimental
measurement (solid curves) in Figure 22.

6.5 Conclusion

The model proves again to be quite predictive in conditions
very close to those encountered by a LNT mounted under a
vehicle. Such a LNT model can be used to simulate a com-
plete exhaust system composed of, for instance, DOC and
LNT devices or DOC, LNT and DPF systems.

7 SELECTIVE CATALYTIC REDUCTION (SCR) SYSTEM

The SCR model presented in this part is the last model
developed in the IFP-Exhaust library. As will be seen below,
it was created from the literature [21]. At the moment, its
validation has been achieved only on synthetic gas bench
tests results extracted from the literature [22].

7.1 Study Context

Besides the NOx trap system (see Sect. 6), an alternative way
to reduce NOx contained in exhaust gases of lean-burn
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engines is the use of a Selective Catalytic Reduction (SCR)
catalyst. In this system, NOx emissions are reduced by
ammonia (NH;). This reducing species comes from a a solu-
tion injected upstream of the catalyst called AdBlue® (gener-
ally composed of 32.5% in mass of urea and 67.5% in mass
of water). The NOx reduction mechanism is heterogeneous
catalysis reaction: adsorbed NH; reacts with gaseous NOX.
The overall mechanism of such a catalyst can be summarised
in four steps:

— Urea injection upstream of the catalyst;

— Urea decomposition into NHj;

— NH; sorption on the catalyst surface;

— NHj; oxidation by NOx and eventually O,.

This paper focuses on steps 3 and 4 occurring in the SCR
catalyst. A OD model of a SCR catalyst was developed, inte-
grating chemical reactions corresponding with these two
steps. Static and dynamic behaviour of this model was both
calibrated and validated thanks to data found in the literature
[21]. Validation results are described in this part.

7.2 Reaction Scheme

Several chemical reactions, desirable or undesirable, occur
during the NOx reduction process in a SCR catalyst
(Tab. 5 and 6).

TABLE 5

Desirable reactions

ANH,,, +4NO+0, — 4N, + 6H,0
4NH, , +6NO — 5N, +6H,0
8NH, , +6NO, —= 7N, +12H,0
4ANH,,, +2NO+2NO, — 4N, +6H,0
TABLE 6

Undesirable reactions
2NH, , +8NO —5N,0+3H,0
4ANH,,, +4NO+30, = 4N,0+6H,0
4ANH,,, +50, = 4NO+6H,0
4NH,,, +70, — 4NO, +6H,0
4ANH,,, +40, = 2N,0+6H,0
ANH,,, +30, = 2N, +6H,0

Among all these reactions, only a few were selected to
design the SCR catalyst model. Chemical reactions occurring
in the absence of O, and/or NO are dismissed as they do not
represent the exhaust gas composition of Diesel engines.
Besides, most of the undesirable reactions are not favoured,
except the last one for temperatures greater than 400°C. So,

the chemical reactions implemented in the SCR catalyst
model are:

— NH; sorption:
NH;(g) = NHM” Ry
— NOX reduction:
Standard SCR reaction:
4NH, , +4NO+0, = 4N, +6H,0 Ry
Fast SCR reaction:
R
4NH3(ad) +2NO+2NO, — 4N, +6H,0 R3)
— O, reduction
4NH, , +30, = 2N, +6H,0 Ry

With corresponding reaction rates:

R = k1+ ) [NH3] ’ (Qmax - QNH3 ) -k [NH3] ) QNH3
R =k,[NO]-Q,

H

R =k,-[NO]:[NO,]-Q
R =k, QNH3

3

where @, . is the maximum amount of NH; that can be
adsorbed and QNH3 is the amount of adsorbed NHj.

7.3 Static Validation

The aim here is to assess the performance of the model for
various temperatures and NO/NO, ratios. This validation is
based on experimental results obtained by [22].

7.3.1 Experimental Setup

The reactor is a quartz tube filled with 160 mg of powder
made out of a commercial V,05~WO,/TiO, catalyst. The
reaction temperature is measured and controlled by means of
a thermocouple. He, NO, NO,, O, and NH; feeds are mea-
sured and controlled by mass flow controllers. Analysed
gases are NO, NO,, NH;, N, and N,0.

7.3.2 Simulation Results

The methodology consists of first feeding the reactor with
NH; until an equilibrium in adsorption is reached, and then
injecting a step of NO and/or NO, (Fig. 23). Gas composition
measurements are performed when steady- state conditions
are reached. For each NO/NO, ratio, various temperatures are
tested.

The reactor is modelled by six OD elements, in order to
resolve 1D phenomena (temperature and gas composition).

The experimental Gas Space Hourly Velocity (GSHV)
is 10000 h™! and is constant for all tests described in this part.

The accuracy of the standard SCR model is first tested. In
this test, only NO is fed to the reactor at various temperatures.
The efficiency of standard SCR increases with temperature.
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Figure 23

Example of gas composition evolution upstream of the
reactor.
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Figure 24

Temperature dependence of NO reduction for NO/NO, = 1/0
(experimental results extracted from [22]).

Simulation results show good agreement with experimental
results (Fig. 24) as far as trends and levels are concerned.

The fast SCR is also assessed. The reactor is fed with a
NO/NO, ratio of 3/1. The presence of NO, thus enables the
fast SCR reaction. For this test, experimental and simulation
results are also in good agreement (Fig. 25) except for low
temperatures (<200°C).

In the two previous experiments, the NO,-SCR reaction
appears not to occur as the NO/NO, ratios are greater than 1.
When this NO/NO, ratio is equal to 1, the simulation results
are not as accurate at high temperature (Fig. 26). Indeed, the
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Figure 25
Temperature dependence of NO and NO, reduction for NO/
NO, = 3/1 (experimental results extracted from [22]).

NO, concentration is overestimated in the simulation, as
there is no NO,-SCR reaction to consume it.

7.4 Dynamic Validation

This validation only concerns the NH; sorption. Experimental
results have been extracted from [21].

7.4.1 Experimental Setup

Experimental configuration is identical to static validation,
except for the gas hourly space velocity which is: 1.4x10° h'l,

7.4.2 Simulation Results

The experiment consists of feeding the reactor with He+NHj.

NHj; concentration is null at the beginning, then increases,

enabling NH; adsorption, is stabilised, and then decreases to

zero, causing NH; desorption (Fig. 27). In the experimental
results two phenomena appear:

— the existence of a latency time at the beginning of
adsorption;

— acertain inertia at the end of desorption, as desorption con-
tinues while there is no more NHj; at the inlet of the catalyst.
The results obtained with simulation are represented in

Figure 28. Latency time and desorption inertia are quite well

reproduced by the model, as well as NH; oxidation depen-

dence on temperature.

7.5 Conclusion

The first results obtained with the 0D model of the SCR
catalyst are very close to experimental ones , both for static
and dynamic tests (currently only on synthetic gas bench
tests). To be validated with engine test bench results, this
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Figure 26

Temperature dependence of NO and NO, reduction for
NO/NO, = 1/1 (experimental results extracted from [22]).
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Adsorption/desorption dynamic behaviour of the reactor, for
various temperatures: a: 613 K, b: 653 K, ¢: 673 K (extracted

model first has to be improved to take into account the
NO,-SCR reaction, for example. This work is currently
being performed at IFP.

This model will eventually be used to develop control
strategies for urea injection and to simulate vehicle emissions
when coupled with an engine model.

8 DIESEL PARTICULATE FILTER (DPF)

Nowadays, a Diesel particulate filter is essential in Diesel appli-
cations in order to reach the latest emission standards concern-
ing particulates (see Sect. I). To set up such a solution,
simulation tools are particularly useful. In fact, during engine
operating conditions, particulates are trapped in the DPF. This
soot trapping increases the exhaust line pressure drop. This
pressure drop is often used by a control engineer to manage
regeneration phases which are necessary to keep a high effi-
ciency of soot trapping and limit engine consumption. To be
helpful, the DPF model has to be able to predict precisely the
loading phase efficiency and the corresponding pressure drop.

8.1 Soot Loading and Soot Oxidation

The soot loading efficiency is supposed to be constant in the
model:

stored .
m =¥ f m, dt

soot

mgiored m_ - corresponds, respectively, to the mass of soot
stored in the DPF and the soot mass flow rate of soot in the
exhaust gases. y is the efficiency of soot loading.

Concerning the soot regeneration, two basic reactions are

considered in the model. Soot is modelled as carbon

from [21]).
x1000
0
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0.2+
0.0 . I I ! A =
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Figure 28

Adsorption/Desorption dynamic behaviour of the model. NH;
upstream and downstream concentrations for various
temperatures.

molecules. The first reaction corresponds to the active
regeneration [23]:

/.
C,+|1-=2 0, = f,CO+(1- £, )CO,

The second reaction corresponds to the passive regenera-
tion [23]:

C5+(2 - gCO)No2 - g,,CO+ (1 -gco)co2 + (2 - gCO)NO

Jfco» 8co are, respectively, the CO selectivity for carbon
oxidation by O, and by NO,.
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Pressure drop during loading: experimental and numerical
results (extracted from [24]).
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Regeneration propagation along DPF. 1: upstream
temperature, 2 and 4: exp. & sim. temperature 2 cm behind
the front face, 3 and 5: exp. & sim. temperature at mid-length
(extracted from [24]).

The pressure drop through the porous wall (between the
inlet and the outlet channel) is computed from a classical
Darcy law [22].

It is also possible to add oxidation kinetics (5.3) to the
model in order to simulate a catalysed particulate filter.

8.2 Simulation Results

Figure 29 presents the evolution of pressure drop due to the
DPF loading measured during four successive EUDC cycles.
Mean pressure drop per cycle increases due to soot loading.
Simulations show a good agreement with experimental results.

Concerning the DPF regeneration, Figure 30 is a thermal

Example of exhaust line simulator:

Figure 31
Sketch of DOC + DPF simulator [25].

illustration (temperature evolution) of soot regeneration
along the DPF axis at 3 different positions. After 90 seconds,
temperature at the mid-length of the DPF is higher than
the inlet temperature due to the exothermic soot oxidation.
This result illustrates 0D simulation’s potential to reproduce
one-dimensional phenomena.

To conclude, Figure 31 presents a simulator of an exhaust
line composed of a DOC and a DPF which has been used to
develop control strategy [25] of the DPF regeneration. In
order to be accurate, the DPF model is composed of 6 blocks,
whereas the DOC model is composed of 10 blocks. The
corresponding CPU time is dependent on the operating
conditions. During a transient test (a DPF regeneration, for
example), the CPU time remains faster than real time.

8.3 Conclusion

In spite of the intrinsic high complexity of a Diesel
Particulate Filter, the basic model proposed in this part is
adequate for use in a first-order exhaust line simulator. For
example, this tool can be very useful to test regeneration
strategies designed by a control engineer.

CONCLUSION

Drastic evolutions of pollutant emissions are changing the
challenges concerning research on powertrains. It is now
impossible to comply with future regulations only with
engine evolutions. Improvements in the air-loop system (for
instance, double turbocharger architecture, low-pressure
EGR loop) and fuel-loop system (for instance, increase in
injection pressure and number of injections) will not offer
sufficient gain in terms of raw emissions to be compatible
with future emission standards. After-treatment systems are
already mandatory (3WC for gasoline engines and DPF for
Diesel engines) but after-treatment architecture will be more
and more complex with a succession of catalysts to treat sep-
arately the different pollutants: HC and CO in the DOC, NOx
in the LNT or SCR system, and soot in the DPF.

As seen a few years before with the engine, this increase
in system complexity has caused the emergence of two tech-
nical fields essential for optimising the system:

— control design to benefit from all the potential of the system;
— system simulation to define the best architecture and help
the design of control strategies.
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In this context, 0D modelling seems to be a relevant
approach to deal with all these issues. This paper shows the
main assumptions and physical phenomena taken into
account in this approach. It allows the simulation of all the
components used in a modern after-treatment line with very
interesting CPU time. This approach permits the creation of
different kinds of models: very detailed for understanding
and architecture definition, or simpler and dedicated to fast
CPU time duration to be compatible with control design con-
straints. In the always more competitive automotive world,
0D modelling dedicated to after-treatment issues seems to be
a relevant approach to reduce costs.
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