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Abstract

n the next years, the upcoming emission legislations are

expected to introduce further restrictions on the admit-

table level of pollutants from vehicles measured on homolo-
gation cycles and real drive tests. In this context, the strict
control of pollutant emissions at the cold start will become a
crucial point to comply with the new regulation standards.
This will necessarily require the implementation of novel strat-
egies to speed-up the light-off of the reactions occurring in
the after-treatment system, since the cold start conditions are
the most critical one for cumulative emissions. Among the
different possible technological solutions, this paper focuses
on the evaluation of the potential of a burner system, which
is activated before the engine start. The hypothetical burner
exploits the lean combustion of an air-gasoline mixture to
generate a high temperature gas stream which is directed to
the catalyst section promoting a fast heating of the substrate.
In this work, an experimental test bench has been adopted to

Introduction

y the end of the decade, the current emission legislation

for the automotive sector is expected to evolve world-

wide towards a more restrictive scenario, with a further
limitation of the admitted levels for pollutant and greenhouse
emissions [1, 2]. In Europe, this revision process of the current
regulation will lead to the definition of the novel Euro 7 legisla-
tion, expected to be introduced in 2025-2027. In this perspec-
tive, the after-treatment operation at engine cold start repre-
sents an important area for achieving a further reduction of
the pollutant emissions measured on standard homologation
cycles and real drive tests. With regards to gasoline spark-
ignition engines (SI) the current after-treatment technology
relies on the three-way catalyst (TWC), usually coupled with
a particle filter (GPF) for the removal of particle matter (PM).
TWC is effective at relatively high catalyst brick temperature
(higher than 500-600 K) and, therefore, it does not guarantee
a sufficient pollutant conversion at the cold start [3]. Thus, the
increase of the catalyst efficiency at cold start requires the
implementation of suitable technological solutions. In this

characterize the thermal transient of the after-treatment
system when the burner-like system is activated, monitoring
the temperature of the gas flow and the temperature of the
metallic walls at different locations. Moreover, a CFD model
hasbeen developed to investigate the light-off of the reactions
during the initial operation of the burner and the subsequent
start of the engine. The model, developed on the basis of the
OpenFOAM code, resorts to a multi-region approach, where
different meshes are employed to describe the fluid domain
and the solid regions, namely the catalytic porous substrates
and the metallic walls constituting pipes and canning. Specific
submodels are implemented to consider flow resistance, heat
transfer, mass transfer and catalytic reactions occurring in
the catalyst region. The CFD framework has been initially
validated on the experimental data acquired on the test bench.
The methodology has been then applied to the preliminary
analysis of the catalyst light-off at engine cold start, consid-
ering a full exhaust line equipped with burner-like system.

context, different strategies have been explored in the literature
to speed-up the light-off of the catalyst. The simplest strategy
is represented by the adoption of in-cylinder thermal manage-
ment solutions, based on a proper control of A/F ratio, spark
advance and valve actuation in such a way to increase the
exhaust temperature for some operating conditions [4]. This
solution can be made more effective by a proper control of
cylinder deactivation, exploiting the dynamic skip fire of the
cylinders [5]. Another strategy, largely applied in the last years
with the progressive hybridization of the power units, is repre-
sented by electrical heating catalyst solutions [6]. This tech-
nology has the significant advantage to be activated with a
certain time advance with respect to the engine start, allowing
to increase the conversion efficiency in the very early phase of
the driving cycle. On the other hand, its usual structural shape
made of metallic spiral coils can originate local hot spots
which, even if beneficial for the catalyst light-off [7] may
be problematic from the point of view of the mechanical stress.
Another possible solution, which shares the advantages of
electrical heating, is represented by burner heating. This



Downloaded from SAE International by Politecnico di Milano, Tuesday, March 22, 2022

- NUMERICAL ASSESSMENT OF AN AFTER-TREATMENT SYSTEM EQUIPPED

technology was at first proposed in the early nineties [8, 9] and
then investigated in the following decade [10], showing a good
potential in achieving high catalyst efficiency at the cold start.
However, at that time, the implementation of simple in-cylinder
thermal strategies was sufficient to accomplish the emission
regulations and, therefore, there are not example of application
of this solution on production vehicles. Nowadays, in light of
the novel emission regulation, this strategy can be regarded
with renewed interest, even if associated to significant tech-
nological challenges. In particular, the control of the burner
and the stability of its operation is an issue which still requires
specific developments and investments: this is confirmed by
the fact that this solution is not proposed yet on the market by
any components manufacturer (on the contrary of electrical
heating solutions) and, also, there is not recent scientific litera-
ture on the topic.

With these premises, this work focuses on the operation
of an after-treatment system equipped with a catalyst burner-
like system with the aim to evaluate its potential for the
speed-up of the catalyst light-off. In this preliminary study
the device is investigated under lab conditions considering a
specific test bench, where the operation of the burner can
be suitably controlled in all the running phases. The investiga-
tion was carried out on the basis of a CFD numerical analysis
supported by experimental activity for the validation of the
models. The study is focused on the after-treatment system of
a high-performance SI gasoline engine, in order to investigate
the behavior of the system during the cold start phase. To this
purpose, an advanced CFD model is developed on the basis
of the open-source OpenFOAM code, with the aim of
describing the complex multi-physics nature of the problem
which involves different phenomena occurring at different
scales, including: mass/heat transfer, chemical reactions, flow
through porous media, etc. The numerical model allows the
detailed description of the after-treatment geometry by means
of a fully-3D approach, making it possible to describe the flow
and temperature distribution in the system, enabling the opti-
mization of the configuration. Moreover, it implements
advanced catalyst models to evaluate the non-uniformity of
the pollutant conversion occurring on the catalytic substrate.
The solution algorithm is optimized in order to allow the
simulation of quite long time interval, in the order of magni-
tude of minutes, in such a way to be applied to the analysis of
significant portions of the homologation / real driving cycle.

The work is structured as follows. At first, methodology
is presented, discussing all the significant details of the imple-
mentation of the numerical model and describing the experi-
mental setup. Then, an overview of the case study is given,
discussing the configurations considered for the different steps
of the analysis, namely validation and application. Finally, the
simulation campaign is reported, focusing on the details of
the light-off process during the engine cold start and high-
lighting the effects of the burner pre-heating.

Methodology

The analysis of the after-treatment system equipped with
burner heating was performed with a combination of CFD

investigations and experimental characterization. In partic-
ular, experimental measurements were exploited for the model
validation, with specific regards on the thermal aspects.
Alongside, CFD analysis were applied for a comprehensive
study of all the complex aspects involved (i.e. heat-/mass-
transfer, chemical reactions, flow through porous media) and
of their interaction, to provide a deep insight of the phenomena
occurring at the engine cold start.

Simulation Model

The computational model adopted in this work is based on
the open-source CFD code OpenFOAM [11] and it consists
of an evolution of a previous model developed by the authors
as reported in [7, 12]. In particular, the modeling approach
resorts to a multi-region framework (Figure 1), in which
multiple computational grids are adopted to describe the
different physical domains, namely: a) the fluid, which
describes the gas flow through the system; b) the solid, which
describes the metallic walls constituting pipes and cannings;
¢) the substrate, which describes the catalyzed porous media
(honeycomb or open-cell foam) on which surface reactions
take place.

The computational meshes can be adjacent or overlap-
ping: the former is typically the case of the solid metallic walls
which bounds the fluid domain while the latter is necessary
for describing porous substrates, where the fluid and solid
phases coexist in the same zone. This multi-region framework
allows to take into account the thermal inertia of the different
solid components included in the after-treatment, being metal
walls or substrates, making it possible to accurately describe
the thermal transient of the system at the cold start of the
engine and its effect on the light-off of the catalytic reactions.

Governing Equations The multi-region problem
requires to solve different governing equations for the different
domains and to define proper coupling models for describing
their interactions. Figure 2 reports the structure of the compu-
tational model, highlighting the governing equations for
domains of type fluid, substrate and solid along with the
specific source terms adopted for the modeling of typical
physical phenomena. In particular, referring to the fluid
region, the computational model includes the conservation
equations for the momentum, the energy and the chemical

m Multi-region framework for after-treatment
CFD modeling.

Solid region

Substrate region

Fluid region
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m Overview of the governing equations solved for
each domain and of the coupling terms for describing
their interaction.
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species, with proper source terms: R, which includes on the
momentum equation the flow resistance induced by the
presence of a porous substrate; Sy; , describing the reaction
rates associated to homogeneous reaction occurring in gas
phase; S , which models the effect the reaction heat released /
absorbed by exothermic / endothermic chemical reactions in
gas phase. Considering both substrate and solid domains, the
energy conservation equation is solved to determine the
temperature of the regions and proper source terms Si ; are
considered to describe eventual external heating (for example
to consider electrical heating). Finally, in the substrate
domain, the balance equation for the chemical species on the
washcoat surface is solved, considering the internal source
term Sy; ,, accounting for the reaction rates associated to the
catalytic surface reactions.

Moreover, according to this multi-domain framework,
specific coupling models should be included to describe the
physical interaction between the regions. These can be based
on boundary conditions if the coupling is between adjacent
regions (fluid to solid, substrate to solid) or on source terms
if the coupling is between overlapping regions (fluid to
substrate). In particular, boundary conditions are used for the
description of wall heat transfer occurring at the interface
between the domains. Source terms are applied to describe
the inter-phase heat transfer (Q"~¢) and mass transfer (7, )
occurring in porous substrates between the fluid and
the washcoat.

Models for Coupling between Regions The thermal
coupling between adjacent domains is performed by means
of a conjugate heat-transfer boundary conditions applied at
the fluid-solid or substrate-solid boundary interface.

The boundary condition imposes the temperature T, on the
boundary patch of each region i, taking into account tempera-
ture and conductivity of the other region j, according to the
following relations:

I R —
/LL,-FA,]L] (T; ’I;)’

e ML r
TW_T]+A,-L,-+,1]-LJ-(7: T)

w — Li

)

where, for fluid and solid regions respectively, L; and L;
are the distances between cell center and face center at the
boundary patch, T; and T; are the temperatures in the cell
centers and /; and /; are the conductivities. For fluid domains
the conjugate heat-transfer boundary condition can be further
coupled with a radiation model as will be described in a
next section.

The coupling between overlapping domains is realized
by means of source terms. This approach is applied to the
modeling of the interaction between fluid and substrate,
resorting to correlations available in the literature for the
description of the permeability, heat- and mass-transfer of
common honeycomb monoliths. In particular, the flow resis-
tance source term R, was modeled as:

41
Rg = f(Re);EpUéj (2)

where the friction factor is computed according to the
Churchill correlation [13]. Similarly, the source terms of heat
transfer Q"¢ and mass transfer 7"~ ¢ were computed as:

wog Nu(Re,PI‘) diSV V(Tg - Tw),
@E 3
J"7¢ =Sh(Re,Sc) TSV (C.—Cy),
where Hawthorn correlation has been introduced in order

to estimate Nusselt and Sherwood numbers as a function of
Reynolds, Prantdl and Schmidt [14, 15].

Model for Surface Catalytic Reactions Thesurface
reaction model describes the specie conversion occurring on
the catalytic washcoat. In order to account for the competition
of the chemical species on the active sites, the Langmuir-
Hinshelwood type reaction model has been adopted [16]. For
the generic reaction i:

aA+BB—yC+8D, 4)

the reaction rate can be expressed as follow:

Dabs
—k,, PaPs g, 5
irG, qar, (5)

Ti

where: k, ;is the Arrhenius term, p, and pjare the partial
pressure of reactants divided by the reference pressure, T is
the substrate temperature, G; is an inhibition terms which
takes into account the species competition to occupy the active
sites and Eqy ; the equilibrium term. The Arrhenius term
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describes the dependency of the reaction rate on the tempera-
ture and it is calculated as:

_Eri

kr,i = Ar,i 4 RTw . (6)

The most of the reactions taking place in catalytic devices
are usually non-reversible, therefore the equilibrium term Eq/
is equal to 1. However, some reactions can exhibit a reversible
behavior: in order to account for the chemical equilibrium a
specific term can be introduced for the forward reaction:

y )
Eqr=1-— Cc oo

“ I, (T) @

Oxygen Storage Model Cerium plays an important role
in TWC since it acts as oxygen storage component through
its transition between two different states of oxidation, namely
CeO, and Ce,0;. In particular, during the typical operation
of the TWC, which is fed with a mixture which is periodically
switching between lean and rich conditions, it stores the
oxygen during lean phase and it contributes to the oxidation
of carbon monoxide and unburnt hydrocarbon when the
mixture is rich [17]. The reaction rates for oxygen storage and
release are modeled as:

Rstomge = k i)i lI/CezO3 \PCe
Rreleuse = k }A)i (1 _l//CezO3 ) lPCE ’

where: k is the Arrhenius term, p; is the partial pressure
of reactant, W, the total cerium capacity. The term
Wee o represents the oxidation state of Ce, ranging between
Wee, 0, = 0 (fully oxidized, not possible to store more oxygen)
and yc,,0, = 1 (not oxidized: maximum capability to store
oxygen). The evolution of the oxidation state is given by the
balance between the activity of the storage and release reactions:

®)

LPCE % = Z Rsto‘fﬂge - Z Rrelease~ (9)

The local value of y¢,,o, is then exploited to determine
the actual reaction rate of the catalytic reactions which involve
the cerium components CeO, and Ce, 0.

Radiative Heat Transfer Model The radiation model
is included to take into account the radiative heat transfer
occurring at high temperatures (> 1000 - 1200 K) between
solid components (pipes, canning, substrates, thermocouples,
etc) through the fluid domain. The Discrete Ordinates Model
(DOM) is adopted to solve the radiative heat transfer problem
for a finite number of discrete solid angles in the space. The
DOM equations are discretized according to the finite volume
method (FVM) exploiting the standard computational grid
adopted for the solution of the fluid-dynamic problem. The
fluid domain is assumed as a participating media, which can
be characterized in terms of absorptivity and emissivity. Solid
domains are modeled as opaque, taking into account only
their emissivity at the walls.

Solution Algorithm The computational model defined
in Figure 2 requires the adoption of a proper solution

procedure in order to address the simulation of a typical
exhaust line within an acceptable timeframe. As a matter of
the fact, the computational size of the problem is significant,
due to different factors: a) the size of the problem (i.e. the
number of computational cells) which can become significant
for typical industrial cases; b) the physical time interval to
be simulated, which typically is in the order of minutes - hours
(e.g. for the simulation of a cold start condition of a driving
cycle) and c) the complexity of the physics to take into account,
which requires detailed models as previously described.

For these reasons, the original solution procedure
proposed in [7] was further improved, leading to the algorithm
reported in Figure 3. In particular, a quasi steady-state
approach is implemented, advancing the solution in time
according to the characteristic timestep required for an
accurate description of the thermal balance of the solid
components, being metal walls or substrates. This timestep,

IETILIEER Numerical procedure for the solution of the
governing equations.

Fluid — Substrate Coupling

> Calculation of source terms according to
heat/mass transfer submodels

l
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in the range 0.1-1 s, is larger with respect to the characteristic
time associated to the fluid-dynamics and chemical reactions
and, therefore, cannot be adopted, in principle, for advancing
the solution of the governing equations for these phenomena.
However, the high frequency content (typical period
1072 — 1073 s) associated to the unsteady operation of the
engine, related to the unsteady pressure wave propagation, is
not usually relevant for the description of the transient
behavior of the after-treatment system. Therefore, the
boundary conditions for the flow can be properly filtered over
a timestep similar to what is required by the thermal analysis.
This leads to the modeling of the flow condition in the fluid
domain as steady-state over this timestep, allowing the
adoption of standard SIMPLE algorithm for its solution.

A similar approach is also applied for the modeling of the
surface chemical reactions, assuming the process as quasi
steady-state. This hypothesis can be regarded as valid for most
of the typical engine operating conditions and implies that
the accumulation of reactant / products in the washcoat is
negligible. This leads to assume that the rate of diffusion of
species to the active catalytic site 71; is exactly the same as the
rate of the chemical reaction which converts the reactants into
product r;:

(Yo Yo Ty ) = 13( Yo o) (10)

The above equation is solved iteratively and allows to
determine, for each computational timestep, the species
concentration on the washcoat surface Y, ; as the result of a
stationary balance between diffusion process and chemical
reactions. At convergency, the procedure provides, for each
species, the concentration at the catalytic sites for which the
reaction rate become equal to the diffusion rate under the
instantaneous conditions of gas / substrate temperature and
gas species concentrations.

A different numerical approach should be adopted for the
modeling of the species storage on the washcoat, as in the
typical case of oxygen storage in TWC. In this case, the
process of storage is intrinsically unsteady with a character-
istic period for the cycle of absorption / release of the species
in the order of seconds. On the other hand the numerical
timestep for an accurate resolution of the process is in the
range of 107° — 10~*s. For this reason, an ODE solver should
be applied, operating with timestep sub-cycling on the basis
of the characteristic time for the chemical phenomena. The
same approach is also adopted for the modeling of the homo-
geneous reactions taking place in the gas phase (i.e. in the
fluid domain).

The solution algorithm is structured as follows. For each
simulation time-step an iterative procedure is run to obtain
the convergency of the solution coupling the different
domains. For each iteration, the first operation consists of the
coupling between the different overlapping regions, namely
fluid and catalyst(s), in order to evaluate substrate permea-
bility and heat- and mass-transfer coefficients. Once the
coupling source terms are computed, the equations for the
different domains are solved sequentially. When all the opera-
tions for the considered iteration are completed, the conver-
gency of the solution over the time-step is checked and, if
convergency condition is verified, the time-step is advanced.

Experimental Setup

The experimental data for the validation of the computational
model were acquired on a test bench specifically designed for
the characterization of the thermal transient of the system
when the burner is activated. The after-treatment line was
instrumented with a set of K-type thermocouples with external
1.5 mm shield to measure the temperature of the flow. Moreover,
thermocouples to measure the temperature of the metal walls
were installed. As shown in Figure 4, the thermocouples were
located along the flow path from the burner to the catalyst inlet,
in order to characterize the cooling of the flow due to thermal
inertia of the duct wall and to the external heat-transfer.

Case Study

In this study the after-treatment system for a high-perfor-
mance V12 engine is considered, dedicated for research
purposes. The analysis is focused on one single bank and
considers the first section of the system including the primary
exhaust ducts and the main catalyst. The exhaust line is
equipped with a burner-like system (hereafter referred for
sake of simplicity as burner) which is connected through a
dedicated pipe to the inlet cone of the catalyst, in such a way
to discharge the hot gas in a section located downstream the
exhaust manifold. The analysis of the configuration was
performed in two steps: at first, a stand-alone simplified
exhaust line (Figure 5.a), specifically designed for thermal
assessment and validation, was considered and then the
analysis was extended to the full configuration (Figure 5.b),
in order to evaluate the potential abatement performance of
the complex system during engine cold start.

Case A: Simplified Exhaust
Line

The reference configuration for the validation consisted in a
simplified exhaust line, without manifolds and catalyst. This

m Schematic showing the experimental setup and
the thermocouples positions for the measurement of the gas
temperature (blue) and of the metal walls (magenta).
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m Exhaust line configurations: a) stand-alone
experimental test bench; b) full exhaust line equipped with
manifold and catalyst

m Detail of the multi-region mesh including

thermocouple discretization: fluid domain (blue), metal walls
solid domain (red), thermocouple solid domain (gray).

test bench was designed with the aim to provide an accurate
characterization of the flow coming from the burner and
directed towards the catalyst inlet section. In particular, the
investigation is focused on the characterization of the flow
field, in terms of velocity and temperature distribution, and
on the analysis of the thermal transient of the metallic walls
at different locations.

The CFD model was setup according to the multi-region
framework including three different domains: one fluid region
describing the exhaust gas flow and two solid regions repre-
senting respectively the metallic walls of the pipes and the
thermocouples. The accurate modeling of the thermocouples
geometry was required in order to directly compare with the
temperature measured by the real thermocouples installed on
the test bench. As a matter of fact, the detailed description of
the thermocouples in terms of geometrical and thermal prop-
erties allowed to correctly capture the effects related to the
thermal inertia of the probe and the heat transfer phenomena
(convective / radiative with the surrounding flow field and
conductive along the thermocouple). Moreover, the detailed
reconstruction of the thickness of the metallic walls of the
exhaust line allowed to take into account their thermal inertia,
which has a primary role in the dynamics of the thermal tran-
sient at the cold start. The details of the multi-region compu-
tational mesh are shown in Figure 6. It has been generated
adopting snappyHexMesh, an automatic mesh generator
included in OpenFOAM which provides a body fitted grid,
predominantly consisting of hexahedral cells, with a small
percentage of polyhedral elements near the boundary walls.
Hexahedral / prism boundary layers have been added to accu-
rately describe near wall flow and thermal gradients. The
overall mesh grid consists of 7.8 - 10 cells, grouped as follows:
5.0 - 10° cells for the fluid region, 2.8 - 10° for the metallic walls
and 5.4 - 10* for the thermocouples.

The mesh discretization at the fluid walls was able to guar-
antee a y*less than one for all the boundary patches, allowing
to employ a low Reynolds turbulence model: hence, the
standard k-w SST turbulence model [18] was applied.

Boundary and initial conditions were imposed on the
basis of the experimental measurements performed on the
test bench. In particular, at the inlet of the pipe connecting
the burner to the catalyst cone (Figure 4, section A) time-
varying experimental conditions of mass flow, temperature
and chemical composition were imposed. Moreover, convec-
tive heat transfer coefficient between metallic walls and
external environment was specified according to experimental
estimation. Despite the chemical composition was prescribed
at the inlet and the transport of the chemical species was
solved by the model, chemical reactions were not taken into
account at this stage since the catalyst was not included in the
experimental configuration. Moreover, also homogeneous gas
phase reactions were not included in the model, since their
rate is negligible at the typical temperature of the exhaust gas.

Case B: Full Exhaust Line

The second configuration considered in the analysis consisted
of a full exhaust line equipped with manifold, burner
connecting duct and catalytic substrate. The aim of the inves-
tigation was to simulate the operation of the after-treatment
system at cold start, evaluating at first the heating phase
promoted by the activation of the burner and then the subse-
quent start of the engine.

The computational grid (Figure 7) was generated
according to the multi-region framework, including the over-
lapped substrate region needed for the modeling of the
catalyst. The resulting mesh counts 6.6 - 10° cells for the fluid
region, 3.1 - 10° for the metal walls and 2.4 - 10° for the substrate.

The three-way catalyst consisted of a honeycomb ceramic
substrate with 800 cpsi and wall thickness equal to 76 pm.
Catalytic reactions occurring in the three-way catalyst were
described according to the model reported in Table 1, which
represents a reasonable starting point when experimental data
for the model calibration are not available, as reported in [19].

The simulation was run considering a cold start condition
in which at first the burner is activated for 20 s and then the
engine is started. Flow boundary conditions were imposed at
the inlet of the burner duct (Figure 4, section A) and of the
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m Detail of the multi-region mesh including

substrate discretization: fluid domain (blue), metal walls solid
domain (red), overlapped substrate domain (green).
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manifold (Figure 4, section B), prescribing instantaneous mass
flow, temperature and concentration of the chemical species.
All the other parameters were maintained the same as
described in the previous section.

Results and Discussion

At first, the numerical model was applied for the simulation
of the simplified exhaust line configuration installed on the
experimental test bench, with the aim to validate the predic-
tions in terms of fluid-dynamics and heat transfer. Then, the
full exhaust line was considered and simulations were run in
order to characterize the conversion efficiency of the system
in a cold start condition in which the burner is activated before
the start of the engine.

Fluid-Dynamics and Thermal
Analysis

The validation of the model was conducted considering the
simplified configuration installed on the experimental test
bench (case A). The instantaneous temperature of the flow at
the inlet of the connection duct, which is located immediately
downstream the burner, was available from experimental
measurements and was imposed as boundary condition for the
model (Figure 8, temperature T0). The temperature TO shows
a rapid transient towards the regime value, which is reached
after 5 s. In a similar way the mass flow from the burner was
imposed in the model as constant during the activation time.
The fluid temperature measured experimentally was compared
with the temperature estimated by the model on the basis of

TABLE 1 Reaction scheme for the modeling of the TWC.

Ar,i Er,i

1020 105

R1 CO+%OZ - Co, 1.00 - 10 1.00 -10
1020 105

R2 P %Oz S H0 5.00-10%° 1.00-10
1019 104

R3 CiHs + %Oz 3 3C0, + Hy0 5.00-10® 9.00-10
R4 CiHy + 50, — 3C0, + 4H,0 100-10% 120 -105
.10 . 104

RS CsHg +9NO — 3CO, + 3H,0 + %Nz 100-10 9.00-10
.10 104

R6 CO+NO—)COZ+%N2 5.00-10* 7.00-10
1015 104

R7 H, +NO—>HZO+%N2 5.00-10> 7.00-10
R8 CO+H,0— CO,+H, 1.00-10° 700 - 10*
RO CO,+H,— CO+H,0 100-10° 700 - 10*
R10 GiHg + 3H,0 — 3CO + 6H, 9.00-10" 8.00-10%
RN CiHy + 3H,0 — 3C0 + 7H, 9.00-10% 1.00-105
10m 105

R12 Ce,0; +%Oz 5 2Ce0, 5.00-10" 15010
1073 105

R13 Ce,05 + NO —> 2Ce0, +%N2 3.00-10% 160-10
R14 2Ce0, + CO — Ce,05 + CO, 5.00-10% 1.20-10°
RIS  2Ce0, + Hy — Ce,05 + H,0 500-108 120 -10°
R16 1.00-10?  1.50 - 10°

2CeOZ i %C;Hs — C6203 ar %CO
1
+—H,0
2 2

1010 105

R17 FCe,05 + %Oz 3 2fCe0, 3.50-10° 1.00-10
1012 105

R18 FCe,05 + NO — 2/Ce0, + %Nz 5.00-10“ 1.00-10
R19 2fCe0O, + CO — fCe,05 + CO, 5.00-10® 8.00-10*
R20  2fCe0, + H, — fCe,05 + H,0 500108 800 - 10*
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+lH (0)
2 2

8.00 - 10*

6
R22 2fCe0, +%C;H8 = fCe,05 + %CO o ;Hzo 2.00-10

the detailed reconstruction of the thermocouples. This allowed
to directly estimate the temperature of the metal sheath in
correspondence of the joint of the thermocouple, enabling the
possibility to directly compare with the temperature value
provided by the real probe. As a matter of the fact, the “virtual”
thermocouple takes into account the thermal inertia and the
conductivity of the probe, while the conjugate heat transfer
model accurately describes the convective and radiative heat
flux exchanged with the fluid domain.

The comparison between calculated and measured
temperature can be regarded as satisfactory (Figure 8), both in
terms of description of the thermal transient and prediction
of the regime temperature. The three probes are located along
the flow path between the inlet and the catalyst section
(as detailed in Figure 4) and describe the progressive cooling
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m Temperature of the exhaust gas at different
locations, as specified in Figure 4: validation of the calculated
data against experimental measurements. Data are non-
dimensionalized with respect to minimum and

maximum temperature.
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of the burner exhaust gases before reaching the catalyst. This
is mainly due to the convective heat transfer between the gas
flow and the pipe walls, which are progressively heated
increasing their temperature starting from the initial cold
condition. The thermal heating of the metallic walls is charac-
terized in Figure 9, where experimental and calculated solid
temperatures are compared at three different locations. Also
in this case thermocouples are distributed between the burner
connection and the catalyst location, in such a way to describe
the temperature non-uniformity of the metallic walls (Figure 4).
The comparison shows a good agreement between measure-
ments and calculations. It can be noticed that the temperature
of the metal walls is increasing progressively due to the heat
transferred from the fluid; however, the final value reached in
the considered time interval (15 s) is significantly lower than
the fluid temperature and is far from the regime condition.

IGEEEEN Temperature of the metal walls at different
locations: validation of the calculated data against
experimental measurements. Data non-dimensionalization
consistent with Figure 8.
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m Comparison of the temperature of the exhaust
gas calculated with and without radiation model. Data non-
dimensionalization is the same as Figure 8.
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This is mainly due to the thermal inertia of the metallic walls
which, in this phase, is largely predominant over the external
convective heat transfer towards the environment.

As further analysis, the role of the radiative heat transfer
is evaluated. Figure 10 reports the comparison of the numer-
ical estimation of the thermocouple temperatures when the
radiative heat transfer model is disabled. It can be noticed that
the larger differences are found at the highest temperatures,
where the contribution of the radiative heat transfer is signifi-
cant. In particular, for the first probe location (T1) it can
be seen that the radiative heat transfer is the main responsible
for the reduction of the probed temperature at regime condi-
tion with respect to the inlet value. On the other hand, at lower
temperature (as for probe T3) the effect of radiative heat
transfer becomes negligible.

In Figure 11 the temperature distribution in the section
where the catalyst should be placed (A) and in two other

m Flow temperature distribution downstream the
inlet cone for the catalyst (not included in the test bench
configuration) for time 10 s.
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sections downstream (B, C) is reported. The section A is close
to the position of the thermocouple T3 discussed with refer-
ence to the previous graphs. The temperature field shows a
certain degree of non-uniformity, related to the fact that the
configuration adopted here for the validation of the model
was not specifically designed to optimize this aspect. However,
from the validation point of view, this test condition is signifi-
cant because it shows the capability of the model of predicting
the non-uniform flow distribution, as assessed by the combi-
nation of the information coming from thermocouple T3
(which experiences the lower temperature) and the wall ther-
mocouple T3met (which measures the temperature of the wall
in contact with the flow stream characterized by the
highest temperatures).

Full Cold-Start Analysis

After the first validation step, the CFD model was applied for
the investigation of a full cold start transient with burner
activation conditions and subsequent start of the engine. Even
though the experimental data were not available for this
specific tested condition, the numerical analysis was
performed on the basis of the data available from the experi-
mental characterization of the burner out (as described in the
previous section) and of the engine out (as measured in config-
urations without burner). Time-dependent boundary condi-
tions were applied at the inlet of the burner duct and of the
exhaust manifold. Figure 12 reports mass flow and gas temper-
ature boundary conditions imposed at the burner out and
engine out, while raw emissions can be found in Figures 16-18.
The tested condition considers a first heating step, in which
the burner is activated for 20 s, and a subsequent phase in
which burner is deactivated and the engine is started.
Simulation is run for total 50 s.

Figure 13 shows the temperature and velocity fields on a
transversal section of the system 10 s after the engine start. It
can be seen that the flow coming from the exhaust manifold
is cooled due to the heat exchanged with the pipe walls, while

m Boundary conditions applied at the inlet of the
burner duct and of the exhaust manifold for mass flow and gas

temperature. The engine starts at 20 s and the burner is
completely switch-off at 22.5 s.
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m Temperature and flow condition at 30 s (10's
after the engine start) for a transversal section of the ATS

including the TWC (highlighted with black line).

[ Tmax

a high temperature region can be noticed in the second half
of the catalyst. This high temperature zone is the result of the
previous heating of the substrate due to the burner activation.
On the other hand, the lower temperature in the first section
of the substrate is due to the cooling associated to the cold
flow coming from the engine during the cranking phase. The
temperature distribution inside the substrate determines also
the non-uniform flow velocity along the catalyst axis, which
is related to the different gas density.

The tracking of the pollutant chemical species for the
same time (10 s after the engine start) is reported in Figure 14.
At this time, the temperature of the substrate is already suffi-
cient to enable the light-off of all the catalytic reactions, deter-
mining the abatement of the pollutants in the first part of the
TWC. Moreover, the low engine mass flow during the start
condition contributes to the efficiency of the overall abate-
ment, which is slightly more effective for CO and HC with
respect to NO,.

The temperature of the substrate during the cold start
transient is monitored in Figure 15, where four different loca-
tions are considered along the catalyst axis. During the activa-
tion of the burner (time < 20 s) the temperature of the substrate
is rising with different rates for the different locations: the
heating is quite fast for the first section at the catalyst inlet,
while it is negligible in the second part of the catalyst. The
thermal inertia of the substrate plays a key role, influencing
the extension of the zone where the temperature reaches a
sufficient value for the light-off of the reactions. In this phase,
the conversion of the pollutant emissions from the burner is
not a crucial point, as can be seen in Figures 16, 17, 18: as a
matter of fact, the CO and HC emissions are negligible, since
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m Pollutants mass fractions at 30 s (10 s after the
engine start) for a transversal section of the ATS including the
TWC (highlighted with black line).
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t Comln

m Solid temperature evolution in different

locations along the axis of the substrate: inlet section of the
TWC, 25 mm downstream the inlet section, mid section, outlet
section. Data non-dimensionalization is consistent with

Figure 12.
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m Evolution of the CO emission during the engine
cold start with burner activation: cumulative emission (dashed
blue line: inlet, continuous blue line: outlet) and conversion
efficiency (red line).
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m Evolution of the NOx emission during the

engine cold start with burner activation: cumulative emission
(dashed blue line: inlet, continuous blue line: outlet) and
conversion efficiency (red line).
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the burner is operated in lean condition, while the NO,
emission can be controlled quite effectively even if the reac-
tions are active only in a restricted portion of the catalyst.
After 20 s, when the burner is turned off and the engine is
started, the substrate temperature shows a reduction due to
the cooling effect of the exhaust gas flow from the engine,
which has a low temperature during the cranking phase. The
cooling takes place with a certain time delay passing from the
inlet location and moving forward to the downstream probe
locations. Then, in the next few seconds, the exhaust gas
temperature starts to increase, even if slowly due to the cooling
effects of the cold metallic walls. However, the increase of the
exhaust gas temperature is enough to determine the heating
of the substrate temperature in the first section which was
subjected to the strongest cooling. Moreover, exothermic cata-
lytic reactions start to take place in the zone where the
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m Evolution of the HC emission during the engine
cold start with burner activation: cumulative emission (dashed
blue line: inlet, continuous blue line: outlet) and conversion
efficiency (red line).
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temperature is higher, contributing to a further increase of
the substrate temperature. This effect is evident after 35 s,
when the temperature of the substrate in the central part and
second half portion of the TWC reaches a higher temperature
with respect of the inlet section.

Cumulative emissions show a trend which is consistent
with the substrate temperature evolution described so far. For
all the pollutants, the most critical phase is in the range 20-30
s, when the engine starts and the exhaust gases exhibit a low
temperature which has a cooling effect of the substrate. Then,
the activity of the catalyst increases in the range 30-50 s, even
if different abatement levels are registered for the different
pollutants: at 50 s the CO abatement is > 99%, NO is around
97%, HC around 76%. The lower abatement level reached by
HC is due to the higher light-oft temperature required by the
catalytic abatement of this pollutant.

The evolution of the substrate temperature field during
the cold start of the engine is reported in Figure 19. Time 21.5
s shows the starting temperature distribution when the burner
is deactivated, which exhibits a maximum temperature in
correspondence of the inlet section of the catalyst. Then, in
time range 22.5 - 27.5 s, the exhaust gas flow coming from the
engine, which is characterized by low temperature due to the
heat exchange with the cold metallic walls of the manifold,
determines a significant cooling of the substrate. In particular,
the cooling is more significant for the zone near the inlet
section, while the highest temperature region is progressively
moved downstream. For time > 30 s, the temperature of the
exhaust gas starts to increase while, at the same time, the
exothermic reactions with lower activation energy (i.e. CO
oxidation) are occurring in the zones characterized by the
highest temperature. This results in a progressive light-oft of
the catalyst starting from the central part of the substrate.

The simulation of the full exhaust line was run in parallel
employing 4 to 28 processors, applying domain decomposition
on all the three regions, and exhibiting a good scalability. The
overall computational runtime for simulating 50 s was around
130 h on 28 processors.

m Solid temperature evolution in the substrate
during the engine cold start.
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Conclusions

In this paper an after-treatment system including a burner-like
system as heating device has been studied applying a numer-
ical modeling approach. The main findings and conclusions
of the work are hereafter summarized:

1. A comprehensive CFD numerical model has been
implemented for the simulation of the exhaust after-
treatment system. The model, based on a multi-region
approach for the description of the different domain
(fluid, metal walls, substrates, thermocouples) allows
the detailed description of the heat-transfer
phenomena between the regions (including:
conduction, convection and radiation), allowing an
accurate prediction of the transient heating of the
device at cold start. Moreover, a catalyst model based
on quasi steady-state assumption is implemented,
allowing to consider arbitrary reaction schemes for
the modeling of the surface reactions. The
implemented solution algorithm allows to keep the
computational burden low, in such a way to make it
possible the simulation of relatively long time
intervals (in the order of minutes / hours) also
exploiting massive parallelization. These aspects
make the developed simulation methodology
particularly interesting for the design of the next
generation ATS in view of the upcoming Euro 7
legislation, as numerical optimization tool to
be applied in supporting and guiding the
experimental tests.

2. Experimental activity performed on a dedicated test
bench was exploited for the validation of the CFD
model. Moreover, the combination of experimental
data and simulation results allowed to obtain
additional information about the pre-heating effects
on the after-treatment behavior. The analysis
confirms that the thermal inertia of the metal walls
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plays a primarily role in the cooling of the gas from
the burner during all the pre-heating phase.
Furthermore, the model confirms that at high
temperature it is important to consider heat
transferred by radiation, which has a significant
influence on the measured gas temperature.

. A complete after-treatment line, equipped with a
burner-like system and catalyst, was simulated
considering a full cold start transient. The tested
condition included the burner heating phase and the
subsequent start of the engine, describing the light-oft
of the catalytic reactions. The simulation shows that
the burner is a possible solution for the speed-up of
the thermal transient, increasing the temperature and
so the abatement efficiency of the catalyst before the
engine starts. However, the simulation pointed out
that the early phase of the engine start can be critical,
since the exhaust gas is subjected to a strong cooling
due to the interaction with the cold manifold. This
determines a cooling of the catalyst, which was
previously preheated by the burner. However, a hot
region in the mid of the catalyst is preserved, giving a
significant spur to the light-off of the reactions when
the concentration of the pollutants in the exhaust
gas increased.

. The results shown in this paper, obtained by means of
a numerical investigation, should be regarded as a
promising starting point for the development and the
implementation of such layout on the vehicle,
pointing out how a pre-heating device influences the
aftertreatment response and efficiency in time.
However, it should be remarked that, currently, the
burner catalyst technology as a specific component is
still confined at a research stage. Further studies and
investigations will be addressed to evaluate its actual
potential for production cars, also defining the targets
for a burner device compliant with the wide range of
operating conditions required by the
automotive community.
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