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Today restrictions on pollutant emissions require the use of catalyst-based after-treatment

systems as a standard both in SI and in Diesel engines. The application of monolith

cores with a honeycomb structure is an established practice: however, to overcome

drawbacks such as weak mass transfer from the bulk flow to the catalytic walls as well

as poor flow homogenization, the use of ceramic foams has been recently investigated

as an alternative showing better conversion efficiencies (even accepting higher flow

through losses). The scope of this paper is to analyse the effects of foam substrates

characteristics on engine performance. To this purpose a 0D “crank-angle” real-time

mathematical model of an I.C. Engine developed by the authors has been enhanced

improving the heat exchange model of the exhaust manifold to take account of thermal

transients and adding an original 0D model of the catalytic converter to describe mass

flows and thermal processes. The model has been used to simulate a 1.6l turbocharged

Diesel engine during a driving cycle (EUDC). Effects of honeycomb and foam substrates

on fuel consumption and on variations of catalyst temperatures and pressures are

compared in the paper.

Keywords: catalytic converters, honeycomb, open cell foam, after-treatment, numerical simulation, 0D

mathematical model, real-time modeling

INTRODUCTION

In the last decades the constant need to reduce pollutant emissions from Internal Combustion
Engines (ICEs) led OEMs both to enhance existing subsystems (e.g., fuel injection, valve actuation
systems, etc.) and to introduce innovative solutions (with particular reference to after-treatment
devices). As a matter of fact, in order to allow these technologies to be really effective, a proper and
concurrent design of plant layout, control systems and management strategies is needed.

The complexity of systems and the large number of control variables require a deep
understanding of processes that determine the behavior of the controlled powertrain as a system
as a whole. The design of system architecture and of its control devices definitely need a solid
theoretical support from physical models to outline system overall behavior, which is mostly non-
linear and therefore difficult to predict. Mathematical models are powerful tools to estimate the
influence of system layout and control strategies on the final result thus shortening the way from
design specifications to on-road testing (Guzzella and Onder, 2010).
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The application of fast mathematical models in the design of
powertrains and related management systems is well-known for
more than a decade and several examples can be found in the
literature (Gambarotta and Lucchetti, 2011). A comprehensive
scenario is outlined in (Guzzella and Onder, 2010). Typically
Filling-and-Emptying (F&E) and Quasi-Steady Flow (QSF)
approaches are used to build up 0D, lumped parameter models
that are used both for the intake and exhaust systems and for in-
cylinder processes, while still allowing for “real-time” simulations
(Gambarotta et al., 2011; Gambarotta and Lucchetti, 2013). Even
if chemical and physical processes taking place in the cylinder
are very complex, “fast” models require simplified 0D single-
zone approaches where combustion is considered through the
definition of a proper fuel burning function (Heywood, 1988) and
pollutant formation reactions through simplified mechanisms
or—more often—with black-box models (Guzzella and Onder,
2010). Most commercial tools are based on these methodologies
(as reviewed in Gambarotta and Lucchetti, 2011, 2013).

This scenario highlights the significant role of fast
mathematical models in the simulation of complex systems,
whose overall behavior arises from the interactions of different
components and processes in a complex and not trivial way.
Following this consideration, and in order to investigate
the effects of different catalyst substrates on powertrains
performance, a model of the after-treatment system has been
developed and coupled with a “crank-angle” engine model
(Gambarotta and Lucchetti, 2013). Particular attention has been
given to foams as an innovative material for substrates (Bach and
Dimopoulos Eggenschwiler, 2011). Obtained results are shown
in the paper.

Open cell foams are cellular materials composed by
interconnected solid struts arranged in cells that enclose
void regions, and open window or pores. Such foams can be
readily manufactured with different technologies and materials
ranging from polymers, ceramics (Al2O3, cordierite, or SiC) and
metals (Santoliquido et al., 2017). Open cell foams are innovative
substrates characterized by high porosity, low density and high
mechanical strength. In recent years they have been considered
for various industrial applications like filters, thermal insulators,
mechanical energy absorbers, silencers, heat exchangers, and
catalytic reactors. As catalyst substrates they present several
advantages over honeycomb monoliths and packed beds. The
open cell structure allows higher flow uniformity, which is a
critical factor for the pollutant conversion efficiency and for
the catalyst durability (Zygourakis, 1989; Martin et al., 2000;
Gaiser et al., 2003). In honeycomb monoliths the laminar flow
in channels results in low heat and mass transfer. Instead, the
network of solid struts of the open cell lattices is characterized by
tortuous paths that enhance gas-wall interactions and contribute
to lower thermal inertia (Giani et al., 2005; Lucci et al., 2016).
In automotive applications a critical parameter is the pressure
drop, which affects engine efficiency. Foams have higher pressure
drop compared to a monolith with the same dimensions (Twigg
and Richardson, 2007; Lucci et al., 2015; Von Rickenbach et al.,
2015). This can be compensated by an increased mass transfer
that allows downsizing the catalyst (Dimopoulos Eggenschwiler
et al., 2009) or by different geometrical reactor configurations

(Koltsakis et al., 2008). Some effort has been spent on their
modeling. On the one side, high fidelity CT (Computerized
Tomography) foam scans have been analyzed, on the other side,
in order to reduce the computational load, foams have been
modeled as regular structures with Kelvin cells (Boomsman
et al., 2003; Giani et al., 2005; Inayat et al., 2011). It has been
demonstrated that regular Kelvin cell substrates perform better
than their corresponding randomized foams in terms of trade off
between mass transfer and pressure drop (Lucci et al., 2016).

Recently, a variation of foam structure has been proposed
based on the advances of additive manufacturing (AM)
techniques. Such “foams” are composed by repeated unit cells
with different shapes (Inayat et al., 2016; Bracconi et al., 2018;
Papetti et al., 2018). Different unit cells have been proposed
building interconnected structures. (Papetti et al., 2018) describes
a systematic geometrical optimization of the regular open cell
substrate and combines numerical simulation design and AM
techniques for realizing the worldwide first, as far as the authors
know, 3D printed catalyst substrate out of Cordierite for real
vehicle applications.

It is not straightforward to quantify the influence of catalyst
substrate structure on engine performance due to the different
dynamic behavior of honeycombs and foams during transients
and to the high non-linearity of the overall engine system. To
compare the influence of honeycomb and foam substrates an
original 0D mathematical tool has been developed and used to
model an up to date 1.6l turbocharged Diesel engine. Simulation
results obtained with reference to an EUDC driving cycle are
reported in the paper showing the effects of these different
supports on catalyst thermal transients and on fuel consumption.

REAL-TIME MODELING OF THE ENGINE
AND EXHAUST AFTER-TREATMENT
SYSTEM

“Crank-Angle” Engine Model
For the purpose of this work the engine model described in
Gambarotta et al. (2011) and Gambarotta and Lucchetti (2013)
has been used, considering a turbocharged engine with EGR.
In-cylinder and gas exchange processes were described using a
QSF approach for intake and exhaust valves and a F&E method
for manifolds and cylinders. Combustion is considered defining
a proper Heat Release Rate (HRR) and pollutant formation is
estimated through black-box sub-models. An original algorithm
has been developed for the integration of conservation equations
in the cylinder with a suitable time step (tuned to keep an angular
step of ∼1◦ CA for any engine speed n), while keeping a larger
overall time step for intake and exhaust systems. Fuel system
model takes account of the fuel rail dynamics (through its bulk
modulus), of injectors flow characteristics and of leakages and
allows to calculate injected fuel flow rate from rail pressure prail
and Energizing Time ET. Black-boxmap-basedmodels have been
used for compressor C and variable geometry turbine (VGT).

Cycle averaged value of equivalence ratio ϕ is calculated
from total intake air mass (obtained by integrating air mass
flow rate over each cycle) and the total fuel mass injected per

Frontiers in Mechanical Engineering | www.frontiersin.org 2 August 2019 | Volume 5 | Article 48

https://www.frontiersin.org/journals/mechanical-engineering
https://www.frontiersin.org
https://www.frontiersin.org/journals/mechanical-engineering#articles


Gambarotta et al. Modeling Catalysts Effects in Automotive Engines

cycle (estimated from injected fuel flow rate). Mass flow rates of
considered pollutants (CO, HC, and PM), required to calculate
pollutant concentrations Xmi in the exhaust gases and then heat
generated by the oxidation reactions inside the catalyst (see
Catalyst Model), are estimated as a function of equivalence ratio
ϕ and of engine speed n through experimental maps, arranged in
look-up tables in the following form:

ṁi = f (n,ϕ)

The model and its causality scheme are described in Gambarotta
et al. (2011) and Gambarotta and Lucchetti (2013). It has been
used for the simulation of several automotive engines (both SI
and Diesel) calibrated and validated comparing model output
with experimental data, as reported in detail in Gambarotta and
Lucchetti (2011, 2013) and Gambarotta (2017). The proposed
model has been also used in an original PC-based Hardware-in-
the-Loop (HiL) system developed by the authors (Gambarotta
et al., 2012) showing good ability to predict the behavior and
performance of the engine and related sub-systems both in steady
and transient operating conditions.

Exhaust System and Catalyst Model
Heat transfer processes in the exhaust system have a key role
in the simulation of ICEs due to the significant influence of
exhaust gas temperature on after-treatment systems efficiency.
Therefore, a careful description of heat exchange processes is
fundamental especially during critical transients (e.g., catalyst
“light-off,” particulate trap regeneration, etc.). Other emission
critical phases of engine operation are long time operation at
low load, when the after-treatment system is significantly cooled
down, as well as at highest load, when temperatures are high
enough but exhaust mass flow rates force the catalyst to operate
under mass transfer deficiency. For this reason, although within
the limitations imposed by a 0D approach, particular attention
has been dedicated to the simulation of thermal behavior of the
exhaust system.

Working fluid has been considered as a mixture of perfect
gases defined through a vector of mass concentrations Xmi

referred to 7 chemical species, i.e., N2, O2, CO2, H2O, CO,
H2, and NO. Extensive properties ρ and cp are calculated as a
weighted average taking into account mixture composition, and
k=cp/cv is known from cp and gas mixture constant R. Intensive
properties µ, Pr, and λ cannot be calculated that way. Dynamic
viscosity µ is calculated as a function of equivalence ratio ϕ

through an experimental correlation (Heywood, 1988):

µ =
3.3 · 10−7T0.7

m

1+ 0.027ϕ
, in [Pa · s]

Pr is estimated with the following expression (Heywood, 1988):

Pr = 0.05+ 4.2
(

k− 1
)

− 6.7
(

k− 1
)2
, for ϕ ≤ 1

Finally λ is obtained from the definition of Pr:

λ =
µ · cp
Pr

Model of the Exhaust Manifold
The mathematical model of the exhaust manifold has been
developed following a F&E approach. Temperature and pressure
are obtained from the equations of conservation of mass and
energy applied to the manifold considered as a 0D volume.
Estimating heat flow through manifold walls as suggested in
Guzzella and Onder (2010), energy conservation equation for
exhaust gases inside the manifold can be written as follows:

dU

dt
= ṁexhhexh − ṁturhtur − ṁEGRhEGR − Q̇in

where Q̇in is the heat flux from the gas mixture to the manifold
walls. Enthalpy of gases leaving the manifold htur and hEGR are
calculated assuming that gas temperatures are equal to that inside
the manifold.

In the presented model the thermal inertia of the exhaust
manifold has been considered assuming a defined overall
mass mw and a constant specific heat cw for the manifold
walls (Figure 1). Manifold walls temperature has been assumed
uniform, and its changes have bene estimated through the
following differential equation:

dTw

dt
=

1

mw · cw
(

Q̇in − Q̇out

)

where Q̇in and Q̇out are heat flux between gas stream and walls
and between walls and ambient air, respectively. These heat fluxes
can be calculated with reference to the well-known schematic
description reported in Figure 1, where heat is exchanged by
convection and radiation between gas flow and internal walls, by
conduction through the walls and by convection and radiation
between external walls and ambient air. In the proposed model,
however, internal radiation has been considered negligible. Even
if the real geometry of the manifold is complex, it has been
modeled as a single cylindrical pipe with a proper length L to keep
the calculation burden within the limits of the 0D approach.

To estimate Q̇in a specific correlation suggested in the
literature for intake and exhaust systems of ICEs has been used
in the following form (Depcik and Assanis, 2001):

Nu = a · Reb · Prc

The term Prc often assumes a value close to 1 and values for a and
b are defined frommeasurements. The value ofNuwas estimated
from the Gnielinski correlation reported in Konstantinidis et al.
(1997) and Kandylas and Stamatelos (1999) introducing as
suggested a suitable Convective Augmentation Factor to take
account of flow unsteadiness and turbulence defined as follows:

CAF =
Nueff

Nuth

where Nueff and Nuth are effective and theoretical value
respectively. The last value can be estimated through well-known
correlations from Konstantinidis et al. (1997) and Kandylas and
Stamatelos (1999):

Nuth =
(

f /8
)

(Re− 1000)Pr

1.07+ 12.7
(

f /8
)1/2 (

Pr2/3 − 1
)

104 < Re < 5 · 106
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FIGURE 1 | Schematic of the exhaust manifold flows.

and

Nuth =
(

f /8
)

RePr

1.07+ 12.7
(

f /8
)1/2 (

Pr2/3 − 1
)

Re < 104

where

Re =
4ṁexh

πµDin

and

f =
(

0.790 lnRe− 1.64
)−2

3000 < Re < 5 · 106

Then convection coefficient and heat flux can be calculated, since:

hin =
Nuinλ

Din

and

Q̇in = Ainhin
(

Texh_man − Tw

)

where Pr, µ, and λ for the exhaust gas are estimated at Texh_man

temperature, assumed as uniform in the exhaust manifold.
The estimation of convective heat flux from manifold walls

to ambient air is more difficult due to the component geometry
and to external flow pattern. For the sake of simplicity, manifold
geometry has been assumed as cylindrical and external flow field
uniform and related to the vehicle speed. The model is based
on the correlation proposed in Konstantinidis et al. (1997) and
Kandylas and Stamatelos (1999), thus estimating Nu as follows:

Nuout = 0.3+
√

Nu2
out_lam

+ Nu2out_tur , 10 < Re < 107

where Nuout_lam and Nuout_tur are functions of Re and Pr
numbers as follows:

Nuout_lam = 0.664Re1/2Pr1/3

and

Nuout_tur =
0.037Re0.8Pr

1+ 2443Re−0.1
(

Pr2/3 − 1
)

From Nuout convection coefficient and heat flux can be
calculated since

hout =
Nuoutλ
π
2Dout

and

Q̇conv_out = Aouthout (Tw − Tsur)

where Aout is the external manifold area. Thermodynamic
properties Pr, ρ, µ, and λ are estimated with reference to the film
temperature (i.e., at the average value between manifold walls
temperature Tw and surrounding external air temperature Tsur).

External radiation heat flux Q̇rad_out has been estimated
assuming external wall of the manifold as a gray surface in
a cavity of infinite extension. Therefore, it can be calculated
through the well-known Stefan-Boltzmann relationships
(Incropera et al., 2013):

Q̇rad_out = Aoutεσ
(

T4
w − T4

sur

)

whereAout is the external area of the manifold, ε is the emissivity,
σ is the Stephan-Boltzmann constant and Tw and Tsur are wall
and external surrounding air temperatures respectively.

Total heat flux Q̇out from the collector can be calculated from
convection and radiation values as

Q̇out = Q̇conv_out + Q̇rad_out

Catalyst Model
A catalytic converter is a complex component from the point of
view of both gas flow pattern and of chemical reactions. Fluid
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dynamics, heat and mass transfer processes have a significant
role in its behavior and should be carefully considered. Taking
account of the aims of the presented work, neither a 3D (e.g.,
Lucci et al., 2014, 2015; Von Rickenbach et al., 2014) nor a
1D modeling technique (e.g., Shamim et al., 2002; Pontikakis
et al., 2004) were used. A 0D approach has been followed
assuming for each component a uniform spatial distribution of
thermodynamic parameters and applying conservation equations
with empirical correlations where required. The developedmodel
proved to be able to simulate catalyst behavior and its influence
on powertrain performance during significant transients (e.g.,
driving cycles) with very short calculation time and taking
account of system layouts, sizes of components and control
strategies adopted during transients.

The model has been developed according to the causality
reported in Figure 2. Two volumes were considered (in light blue
upstream and downstream of the catalytic core) following a F&E
approach. The model of the core (in orange) was based on a QSF
procedure (i.e., assuming no accumulations of mass and energy).
Since processes in a catalytic converter are complex and typically
three-dimensional, proper assumptions had to be introduced to
capture their overall effects still limiting the simulation burden.
Therefore, processes that happen in the core were simplified
splitting the model in two modules, as shown in Figure 3: the
“gas model,” which describes gas flow in the catalyst, and the
“monolith model,” which reproduce the thermal behavior of
the catalyst core. At each time step mass flow and temperature
changes through the core were estimated solving the two set of
algebraic equations from the two modules, which are coupled
through heat exchanges between exhaust gas and substrate walls
(according to Figure 3).

The “gas model” has been developed as shown in Figure 4.
At each time step values of pressure p and temperature T in the
two adjacent volumes are used to calculate pressure difference
1p, mean pressure pm, and temperature Tm (taking account of
flow direction). Assuming the catalyst core as a concentrated flow
resistance (without mass accumulation) gas mass flow rate can
be estimated through an empirical algebraic correlation in the
following form:

ṁ = f
(

p, ρ,µ, geometry
)

where ρ and µ (as other fluid properties) are calculated at pm
and Tm with regard to the composition of exhaust gases. The
geometry of the catalyst involves both the overall dimensions of
the core and its morphological characteristics (honeycomb/foam,
porosity, etc.). Then gas temperature at the core exit can be
defined integrating the energy conservation equation in 1D and
in steady state:

ṁcp
dT

dx
= hA′ (Tmon − T) + qgen

where axial heat exchange and variation of kinetic and potential
energy in the gas are neglected (as usually considered; Pontikakis
et al., 2004), A’ is the specific contact area per unit length and qgen
is the 1D distribution of heat generation along the axial length of
the core (between x= 0 and x= L). Gas properties are evaluated
at pm and Tm and assumed constant.

The convective heat exchange between gas and core is
described as usual through a convection coefficient h obtained
from Nu estimated with an empirical correlation in the following
form (Konstantinidis et al., 1997; Kandylas and Stamatelos,
1999):

Nu = f (Re, Pr,Hg, geometry)

Wall temperature of the monolith Tmon is assumed constant in
the time step, i.e., both axial and radial temperature gradients
are neglected following the 0D approach in order to limit
simulation time.

Molecular diffusion of different species and chemical reactions
in the gas mixture and in the core has not been considered.
However, the overall effects of unburnt species oxidation are
replicated in terms of generated heat through the following
expression (in [W/m]):

qgen = f
(

x, L,N, Q̇gen

)

which represents a 1D distribution of heat generation along the
axial length of the core (between x = 0 and x = L). Q̇gen is
overall heat flux (in [W]) produced in the core volume due
to the oxidation reactions of the pollutants and is estimated
from exhaust gas mass flow rate ṁ, pollutant concentrations
Xmi, corresponding lower calorific values LHVi and conversion
efficiencies ηi as follows:

Q̇gen =
N

∑

i=1

ṁ · Xmi · LHVi · ηi

The number N and the type of involved pollutants depend
on the specific application. In the presented model CO
and one or more species representative of HC have been
considered, since their oxidation reactions were assumed as
the most significant in the determination of the catalyst
temperature. It should be noted that working fluid has
been considered as a mixture of 7 chemical species, i.e.,
N2, O2, CO2, H2O, CO, H2 NO. The vector of pollutant
concentrations {Xmi} in the exhaust gases (i.e., engine out
gases) can be obtained from experimental data in form of
look-up tables as functions of engine operating parameters
(e.g., equivalence ratio ϕ, engine speed n and power output;
Fiorani et al., 2008). In the same way the vector {ηi} of
conversion efficiencies can be defined through look-up tables
defined experimentally as a function of monolith temperature
Tmon and gas velocity (Fiorani et al., 2008). This approach
(which is mainly black-box, as usually required by Real-time
models) allows considering further reactions that may occur
in the catalyst by introducing proper empirical correlations
for the simulation of different catalytic converters and after-
treatment systems.

The term qgen (which is a function of axial coordinate x, of core
length L, of the number N of involved pollutants and of overall
heat flux Q̇gen from oxidation of unburnt compounds) depends
on reaction rates in the catalyst core that are influenced by
many complex processes: chemical kinetics at low temperatures,
diffusion in the monolith pores at medium temperatures and
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FIGURE 2 | Schematic and causality of the catalyst model.

FIGURE 3 | Layout of the model of the catalyst core.
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FIGURE 4 | Structure of the “gas model” module (input and output variables are in green and red, respectively).

diffusion in gas phase at high temperatures. Therefore, if
temperatures are high enough, chemical species can be supposed
to react instantly as soon as they reach substrate walls. Assuming
a concentration of chemical species in flowing gases that
falls exponentially along the axial abscissa, and recalling that
diffusive mass exchange is proportional to the difference in
concentration, an exponential distribution of heat generated
from unburnt compounds has been assumed, expressed in the
following form:

qgen = a · eb·x

Coefficients a and b can be determined imposing that the integral
of qgen along the substrate length is equal to the overall heat flux
Q̇gen generated in the core, i.e.,:

∫

L
qgendx = Q̇gen

and assuming that the ratio qgen(0)/qgen(L) = 100. Therefore, the
following expressions for a and b are obtained:

a =
N · ln(N) · Q̇gen

L · (N − 1)
and b = −

ln(N)

L

The integration of energy conservation equation in 1D and in
steady state between x = 0 and x = L allows to define gas
temperature changes along the core. For x = L the gas outlet
temperature Tout can be determined.

Heat flux between gas and monolith in each time step can be
estimated through the equation:

Q̇int = Q̇gen − ṁ·cp · (Tout − Tin)

It should be noted that since properties of gas mixture are
determined with reference to the average temperature in the core,
the value of Tout is estimated through an iterative calculation
(do-while procedure, Figure 4) with a 0.1K threshold.
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For the estimation of changes of mean temperature of the
monolith Tmon the energy conservation equation can be used in
the following form:

dTmon

dt
=

1

mmon · cmon
·
(

Q̇int − Q̇ext

)

In addition to the heat flux exchanged with gases Q̇int and to
monolith thermal capacity mmon·cmon, also heat flux to external
ambient air Q̇ext is required.

Even if different configurations can be found, the most
common technique is to fit the monolith into a metal casing
with a layer of interposed insulating material: this layout has
been assumed in the developed model, as schematically shown in
Figure 5. Heat transfer occurs from the monolith to the ambient
air first by conduction through the layer of insulating material
and metal casing and then by convection and radiation from
the external walls to ambient air. In this case convection can
be either forced or natural depending on the vehicle speed v,
which therefore represents an input parameter for the model.
Following a Quasi-Steady approach, the steady-state heat transfer
process can be simulated within each time step assuming two
thermal resistances in series, and the overall thermal resistance
can therefore be expressed as:

Rt_tot = Rt_cond +
Rt_conv·Rt_irr

Rt_conv + Rt_irr

where Rt_cond is due to conduction and Rt_conv and Rt_irr are
related to convection and radiation heat transfer to the outside.

Taking into account only the insulating material layer (i.e.,
neglecting the thermal resistance of the metal casing) and
assuming a cylindrical geometry, Rt_cond has been calculated
through the following relationship (Incropera et al., 2013):

Rt_cond =
Tmon − Tw

Q̇ext
=

ln
(

rins_ext
rins_int

)

2π · L · λins

Forced convection to ambient air can be considered assuming a
cylindrical casing with radius equal to rext : therefore

Rt_conv =
Tw − Text

Q̇conv
=

1

Aext·hconv

where

Aext =
3

2
· 2π · rext · L

assuming a gain factor of 3/2 to take account of axial conduction
in the metal casing.

The convection coefficient h is obtained starting from Nu
(Incropera et al., 2013): the following correlation from Churchill
and Bernstein (which does not require coefficients that vary with
Re and is valid for a wide range of Re and Pr) has been used:

Nuconv = 0.3+
0.62Re1/2Pr1/3

[

1+ (0.4/Pr)2/3
]1/4

[

1+
(

Re

282000

)5/8
]4/5

where

Re =
ρv2rext

µ

v is the velocity of the undisturbed flow, supposed equal to that of
the vehicle. Then h can be calculated with the following relation:

hconv =
Nuconv · λ

2rext

As regards thermal radiation, assuming the external wall of metal
casing as a gray body inside a large cavity, corresponding heat flux
can be estimated as Incropera et al. (2013):

Q̇irr = Aext · ε · σ ·
(

T4
w − T4

ext

)

from which

Rt_irr =
1

Aext · ε · σ ·
(

T2
w + T2

ext

)

· (Tw + Text)

Finally, heat flux to external ambient air can be calculated as:

Q̇ext =
(Tmon − Text)

Rt_tot

Parameters for forced and natural convection have
been calculated with reference to fluid properties at the
average temperature:

Tfilm =
Tw + Text

2

where Tw is known from the equation:

Tw = Tmon − Rt_condQ̇ext

Therefore, the value of Tw is estimated through an iterative
calculation with a 0.1K threshold.

The described procedure has been used for the simulation
of different catalyst substrates (honeycombs or foams) by using
suitable correlations to link mass flow rates and pressure
changes in the catalyst core (concentrated flow resistance)
and to determine Nu for heat exchange between exhaust gas
and monolith. Specific correlations used for honeycombs and
foams considered in the present work will be reported in the
following paragraph.

Physical Identification of the Catalyst
Model
The presented model of the after-treatment system has been
then calibrated with reference to specific core geometries,
honeycombs, and foams. Flow resistance and heat transfer
processes have been identified from correlations available in
literature and standard physical and geometrical properties have
been used.

In honeycombs, the gas has to move in channels of very small
section, and therefore the flow is mainly laminar. Correlations
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FIGURE 5 | Schematic of flow and heat exchange processes in the catalyst core.

that linkmass flow rate with1p are very similar to those obtained
for laminar flow in a pipe and can be expressed in the form
p = f (ṁ), which can be rewritten in the inverse form ṁ = f (p)
that is suitable for the block diagram of Figure 4. In the present
study the following relationship has been used

1p

L
=

28.5 · µ · ṁ
ρ · ε · A · D2

c

or, placing Re = ρ·u·ε· Dc
µ

1p

L
=

28.5

Re
· ρ · u2 ·

1

Dc

as suggested in Incropera et al. (2013) for fully developed laminar
flow through a square-section duct.

As regards the foam, a first relation was derived from Giani
et al. (2005), obtained from experimental tests on high porosity
metal foams. The geometry of these foams was schematized
assuming cubic cells with cylindrical struts neatly packed.

Starting from the expression for load losses inside a pipe bank,
the authors proposed the following correlation:

1p

L
=

2

ds
·
(

0.87+
13.56

Re

)

·
(

1

1− G (ε)

)4

·
G (ε)

4
· ρu2

where in Re the characteristic dimension is the strut diameter ds
and the velocity u is obtained by dividing the volumetric flow
rate for the cross section area A of the monolith. G(ε) is the
ratio between strut diameter ds and pore diameter Dp: for the
considered geometry it depends only on the porosity ε and can
be expressed as follows:

G (ε) =
ds

Dp
=

(

4 · (1− ε)

3π

)1/2

A second correlation, suggested in Lucci et al. (2014), has been
considered for foams. To avoid significant dispersion typical
of experimental data (due to variability of the tested foams),
the authors propose a CFD 3D simulation as an alternative to
real measurements for the behavior characterization of a foam
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FIGURE 6 | Three-dimensional and frontal view of a Kelvin cell (KC), from

Lucci et al. (2014) and a cubic cell from Papetti et al. (2018).

(arguing for a greater control over geometrical parameters). In
particular, with reference to a foam modeled as a set of Kelvin
cells (Figure 6), and noting that pressure drop in a foam arise
from drag forces exerted by the fluid on the struts, the authors in
Lucci et al. (2014) propose the following correlation:

−
dp

dx
= SSA ·

ρu2

2
·
χ2

ε3
· CD

where χ is called “tortuosity” and represents the ratio between
the length of the actual path followed by the fluid and the
corresponding axial displacement. With reference of the complex
geometry of foams, χ is usually far greater than 1. To fit the
results of 3D simulations, drag coefficient CD has been defined
in the following form (Lucci et al., 2014):

CD = 0.4+
30

Re0.8

where Re is calculated with Dp as the characteristic length
assuming an average velocity on the cross sectional area
(therefore lower than the effective value inside the foam: for
this reason in the previous equation the term χ2/ε3 is added).
Although above equation allows the estimation of pressure
gradient in axial direction (1D model), it can be used to
calculate overall 1p, evaluating fluid properties at pm and Tm

thus obtaining

p

L
= SSA ·

ρu2

2
·
χ2

ε3
·
(

0.4+
30

Re0.8

)

The estimation of heat flow between exhaust gases and the
internal surface of themonolith has been based on the calculation
of convection coefficient h, which can be obtained from Nu. The
correlation used for honeycomb has been derived from Giani
et al. (2005) as follows:

Nu = 2.977 ·
(

1+ 0.095 · Re · Pr ·
Dc

L

)0.45

where

Re =
ρ · u · Dc

µ · ε
=

ṁ·ds
µ · ε · A

For foams two correlations were used from the literature. The
first one has been suggested in Giani et al. (2005), where
the authors extend results obtained experimentally for the
characterization of metallic foams. Nu is expressed as a function
of Re and Pr with a classical formulation with two corrective
coefficients defined from experimental data as follows:

Nu = 1.2 · Re0.43 · Pr
1
3

where Re = ρ·u·ds
µ

= ṁ·ds
µ· A .

A second correlation has been used for foams, derived from
Lucci et al. (2014). For the estimation of Nu the following
expression has been used:

Nu = 1.28·Hg0.32Pr
1
3 ε2.34

where the Hagen number Hg is used instead of Re, defined as:

Hg =
1p

L

D3
p

ρν2

It should be recalled that the first correlation (Giani et al., 2005)
is based on the schematization of the foam as a set of cubic cells
(Figure 6) assuming strut diameter ds as a characteristic length.
With this geometry only two out of four parameters Dp, ε, ds and
SSA are independent, e.g., if Dp and ε are known, ds and SSA are
obtained from the following equations:

G (ε) =
ds

Dp
=

[

4 · (1− ε)

3π

]
1
2

and SSA =
2

Dp
[3π (1− ε) ]

1
2

The second correlations (Lucci et al., 2014) is derived from CFD
simulations assuming the pore diameter Dp as a characteristic
length and modeling the foam as a set of Kelvin cells (Figure 6).
Also in this case two independent parameters are involved and
the following relationships hold:

ε = 1−
3π
√
2

(

ds

Dp

)2

+ 7.54

(

ds

Dp

)3

and

SSA = 10.33

√
1− ε

Dp
− 5.8

1− ε

Dp

In Table 1 the different correlations for flow resistance and
transfer properties for the structures considered in this paper are
reported. Further details on them can be found in the referenced
literature (Giani et al., 2005; Lucci et al., 2014).

The total volume of the catalytic reactor is assumed to be
1.5 l with a reactor length of 15 cm. A standard honeycomb
structure, identified in the following as “h_Giani,” is used as
reference case and is characterized by a porosity of ε = 63%,
a characteristic channel diameter of Dp = 1mm and a specific
surface area of SSA = 2,700 m2/m3. The honeycomb structure
is compared to two open cell foam like structures, a real foam
(Giani et al., 2005) identified as “f_Giani” and a synthetic Kelvin
cell structure (Lucci et al., 2014) identified as “f_Lucci.” Both cell
structures have porosity of ε = 73%, higher than the honeycomb,
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TABLE 1 | Flow resistance and transport correlations used.

Structure Pressure drop (1p/L) Transfer coefficient (Nu)

Honeycombs

(h_Giani) (Giani et al., 2005)

28,5
Re

· ρu2 · 1
Dc

Nu = 2.977 ·
(

1+ 0.095 · Re · Pr · Dc
L

)0.45

Foam

(f_Giani) (Giani et al., 2005)

2
ds

(

0, 87+ 13,56
Re

) (

1
1−G(ε)

)4 G(ε)
4 · ρu2

G (ε) = ds
Dp

=
(

4·(1−ε)
3π

)1/2

Nu = 1.2 · Re0.43 · Pr
1
3

Kelvin cell

(f_Lucci) (Lucci et al., 2014)

SSA
ρu2

2 · χ2

ε3

(

0, 4+ 30
Re0,8

)

Nu = 1.28 · Hg 0.32· Pr
1
3 · ε2.34

TABLE 2 | Values of parameters assumed for the catalysts models.

Parameter Honeycomb Foams Meas.units

A 0.01 0.01 [m2]

L 0.15 0.15 [m]

ds/Dp 0.001 0.002 [m]

ε 0.63 0.90 [–]

χ – 1.1 [–]

SSA 2,700 1,000 [m2/m3]

sins 0.006 0.006 [m]

λins 0.03 0.03 [W/m/K]

ε 0.6 0.6 [–]

Test 300 300 [K]

pest 101325 101325 [Pa]

ρmon 2,600 3,920 [kg/m3]

cmon 1,050 800 [J/kg/K]

TABLE 3 | Main technical data of the considered diesel engine.

Total displacement/cylinders 1,600 cm3/4 in line

Bore × stroke 79.5mm × 80.5 mm

Compression ratio 16.5

I/E valves 2 intake valves with multiair®

2 exhaust valves

Injection system Common rail multijet II®

Intake system Turbocharged with variable geometry turbine

Exhaust gas recirculation Low pressure system

a lower surface area of SSA = 1,000 m2/m3 and characteristic
pore dimension of dp = 2mm. Other parameters assumed for the
simulations are reported in Table 2: the volume of the monolith
has been considered the same for honeycomb and foams (even
if foams could require smaller volumes). Values of dp and ε lead
to a honeycomb of about 400 cpsi, which can be considered a
commercial standards, and value ofDp leads to foams of 12.7 PPI.

Thickness sins and λins of the insulating layer have been
assumed equal to 6mm and to an average value for polyurethane
foams. The value of overall hemispheric emissivity ε for the
external metal surface varies greatly with the surface finish and
oxidation state (from 0.1 for polished surfaces to 0.9 for strongly
oxidized surfaces): in this case, since the outer casing usually does
not have a particular finishes and moreover it could be oxidize,
a value of 0.6 has been assumed. Specific density ρmon and heat

capacity cmon of the monolith have been defined considering
cordierite for honeycombs and Al2O3 for foams.

However, it should be recalled that all the above-mentioned
parameters can be easily changed in the model, allowing to test
and compare different geometries.

Development and Validation of the Engine
Model
The exhaust system and the catalyst models have been coupled
with a 0D “crank-angle” model of a turbocharged Diesel engine.
The structure of the model (alternating volume and non-
volume blocks) avoided numerical problems and algebraic loops
(Gambarotta and Lucchetti, 2013).

The model has been identified with reference to a 1.6l
turbocharged Diesel engine (main technical data are reported in
Table 3) on the basis of steady-state experimental data from the
OEM,whichwere used to define look-up tables and coefficients of
interpolating functions through a least-square method (i.e., flow
coefficients of intake/exhaust valves, pressure loss coefficients
of air filter and exhaust system, etc.). Compressor and turbine
models were identified on the basis of their characteristics from
the manufacturer (Gambarotta and Lucchetti, 2013). Maps for
the estimation of pollutants concentrations in exhaust gases are
derived from Fiorani et al. (2008). The algorithm developed for
the integration of model equations uses a constant principal time
step of 2ms and a variable time step for in-cylinder processes to
keep an angular step of ∼1◦ CA independently of engine speed
n. In this application, on a 2 GHz PC with 2 Gb RAM, the ratio
of simulation time to physical time was always remarkably lower
than 0.65.

Input parameters are engine rotational speed, fuel mass flow
rate, driving signals for VGT and EGR, ambient temperature
and pressure. Outputs can be every single one of the parameters
estimated by the engine model, e.g., torque, bmep, effective power
output, state parameters in the intake and exhaust manifold (i.e.,
p, T, Xmi), etc. Once identified, the engine model has been tested
comparing calculated results with experimental data measured
on a test bench in steady-state operating conditions by the OEM
(other than those used for the identification), giving a good
agreement as reported in Gambarotta and Lucchetti (2013).

Operating Conditions From the Driving
Cycle
In order to highlight the influence of substrate characteristics
on engine behavior, the Extra Urban Driving Cycle (EUDC)
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FIGURE 7 | Calculated pressure losses through different catalysts substrates.

FIGURE 8 | Calculated pressure changes through turbine.

section of the New European Driving Cycle (NEDC) was chosen.
To this extent input parameters (rotational speed, fuel mass
flow rate, VGT and EGR driving signals) were defined through
an inverse model of the vehicle (developed in Guzzella and
Sciarretta, 2005). Vehicle data were identified with reference to
the Alfa Romeo Giulietta 1.6 JTD. From time histories of speed
and gear prescribed for the 400 s EUDC, instantaneous requested
values for rotational speed and torque were computed and used as
model input. Differences between target and actual engine torque
have been used to estimate through a closed-loop PID control
algorithm the injected fuel mass flow rate.

SIMULATION RESULTS FOR THE EUDC

Intake and Exhaust System Behavior
Thermodynamic parameters in the intake and exhaust systems
obtained with different substrates were compared. As an example,
in the following, several results are plotted with reference to
the EUDC assuming the honeycomb substrate as a baseline

(“h_Giani,” in solid red) and computed differences between the
two open cell foam like structures (the real foam “f_Giani,”
in solid green, and the Kelvin cell structure “f_Lucci,” in
solid blue).

As expected, foam substrates lead to higher pressure losses. In
Figure 7 static pressure difference through the catalyst 1pDOC
is reported, showing a max increase of about 10 kPa for both
considered foams. However, significant non-linearities due to
typical processes in the intake and exhaust system give rise to
an overall non-trivial behavior. As a matter of fact, pressure
drop through the turbine 1ptur is slightly lower (Figure 8) and
therefore changes in the exhaust manifold pressure pexh_man

(Figure 9) are lower than expected (i.e., lower than the increase
in pressure drop 1pDOC, Figure 7). This leads to the conclusion
that higher pressure losses induced by foams may be partly
counterbalanced by the turbocharger effects, at least at high
engine loads. Results of Figure 8 show that the slightly higher
pressure drop of the foam catalysts leads to higher turbine
efficiency (through the slightly higher pressure level at the turbine
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FIGURE 9 | Calculated pressure in the exhaust manifold.

FIGURE 10 | Calculated temperature of the substrates.

exit). Thus, the anyway low fuel consumption penalty is been
partly counterbalanced by a higher turbine efficiency.

Temperature profiles inside the catalytic reactor block are
presented in Figure 10. Due to the higher porosity, open
cell structures have a lower thermal inertia and present
shorter thermal transients. Figure 10 shows that both foams
and Kelvin Cell structures are able to reach a light off
temperature of 550K approximately in half the time of
the honeycombs (it should be noted that green and blue
lines are almost completely superimposed). However, for
the same reasons they are characterized by a faster cool
down phase.

Prediction of Fuel Economy
The model allowed to estimate instantaneous and cumulative
fuel consumption on the considered EUDC: results are plotted
in Figure 11. The red solid line represents the cumulative fuel
consumption for the engine with the honeycomb substrate
(“h_Giani”), which is assumed as reference to highlight the
effects of open cell substrates. Therefore, in Figure 11 blue

and green lines show the percentage deviation when the foam
(green solid line, “f_Giani”) and Kelvin Cells substrates (blue
solid line, “f_Lucci”) are used with reference to the honeycomb
one (“h_Giani”).

The analysis of the instantaneous fuel consumption ṁf

shows that, within the assumed conditions, lower values are
reached for the honeycomb than for both open cell foam
structures. However, differences in cumulative fuel consumption
between the cases is lower than 0.20%. Furthermore, among
the open cell substrates, fuel consumption with real foams
(“f_Giani”) is slightly lower than that with Kelvin Cells
structures (“f_Lucci”).

As previously shown, pressure drop through the catalytic
converter is higher for open cell structures (Figure 7) for all
the analyzed cases, confirming that open cell structures are
characterized by higher flow resistance. This is themain reason of
higher fuel consumption for the considered open cell structures
especially during accelerations. At higher engine loads and higher
exhaust mass flows, the pressure drop increase in the exhaust
manifold is more pronounced. It should be noted, however, that
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FIGURE 11 | Calculated cumulative fuel consumption during the EUDC.

in the present study increase in fuel consumption is caused
by the replacement of a honeycomb substrate with open cell
foams assuming equal shape and volume. But higher mass
transfer properties of open cell structures allow for more compact
reactors compared to honeycomb ones, and this leads to a
decrease in their flow resistance thus rebalancing the drawback
in fuel consumption.

The maximum deviation observed in instantaneous fuel
consumption between all the cases was 0.35%, appearing only
during accelerations when higher torque is requested. During
steady driving conditions at constant velocity the increased
instantaneous fuel consumption due to the open cell structure
substrate is lower (0.10% approximately). These variations result
in an increase of only 0.20% in total injected fuel over the whole
400 s of the cycle.

CONCLUSIONS

Mathematical models represent an interesting (and often
unavoidable) way to get a proper understanding of the behavior
of complex systems. As a matter of fact, development of
theoretical tools requires a good compromise between physical
and empirical approaches to limit the CPU time.

In the paper a fast model of a catalytic converter for
automotive application has been built up and integrated in a
0D “crank-angle” model of a turbocharged Diesel engine. After
improving the heat exchange model for the exhaust manifold
(to take account of thermal dynamics during transients), a
0D model of the catalyst has been developed to simulate
related flow and thermal processes. Then the catalyst model has
been coupled to an engine model to investigate the behavior
of the overall system and the effects of catalyst substrate
characteristics. To this extent an actual 1.6 l turbocharged
Diesel engine with EGR has been simulated within an EUDC
driving cycle comparing engine performance with different
catalyst substrates.

The behavior of three different catalytic structures was
analyzed: honeycomb, open cell foams and open Kelvin
cell structures. It has been shown that, using reactors of
the same volume, the increased pressure drop caused by
open cell structures results in a total fuel consumption
increase not higher than 0.20%. On the other side open
cell structures show faster thermal transients due to their
lower thermal inertial and thus are able to reach quickly
light-off temperatures.

It should be noted that higher mass transfer properties of open
cell structures may allow for more compact reactors compared to
honeycombs. This may help to reduce the overall flow resistance
of foams giving new possibilities to improve the efficiency of the
after-treatment system lowering at the same time specific fuel
consumption. The presentedmathematical tool proved to be very
effective to simulate the behavior of the comprehensive system
(engine+after-treatment system) and will be used in the next
future to explore exhaustively these topics.

It should be recalled that in the presented model working fluid
has been considered as a mixture of 7 chemical species, i.e., N2,
O2, CO2, H2O, CO, H2 NO. The number N and the type of
involved pollutants depend on the specific application. In the
presented model CO and one or more species representative of
HC have been considered, since their oxidation reactions were
assumed as the most significant in the determination of the
catalyst temperature. Different after-treatment systems can be
considered in the next future, e.g., three way catalysts (which
represents a very interesting application for these new solutions).
Modeling a three way catalyst however, is more complex since
it involves the oxygen balance (gasoline engines are always
near stoichiometric operation) and thus always operating under
oxygen shortage. The presented approach can be used to attempt
modeling a three way catalyst under real driving conditions
in real-time.

Finally it should be emphasized that in the presented work the
vehicle model has not yet been developed. Therefore, required
input parameters (i.e., rotational speed, fuel mass flow rate,
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VGT and EGR driving signals) were defined through an inverse
model of the vehicle (developed in Guzzella and Sciarretta, 2005).
Therefore, the simpler EUDC cycle was chosen since it is a
modal driving cycle, still significant enough to allow testing the
effectiveness and flexibility of the proposed simulation tool. In
the next step of the activity a suitable model for the vehicle will
be developed and integrated with the engine+catalyst model to
allow for the estimation of engine speed and torque in more
complex transient driving cycles (as WLTC).
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NOMENCLATURE

A area [m2 ]

A’ specific area per unit length [m2/m]

AM Additive Manufacturing

bmep brake mean effective pressure [Pa]

cp constant pressure specific heat [J/(kg·K)]
c specific heat [J/(kg·K)]
CT Computerized Tomography

p pressure drop [Pa]

Dc characteristic channel diameter in honeycomb structure [m]

dh characteristic pore dimension [m]

ε porosity, emissivity

ET Energizing Time [s]

exh exhaust

EGR Exhaust Gas Recirculation

η conversion efficiency

F&E Filling-and-Emptying

h enthalpy [J/kg], convection coefficient [W/(m2·K)]
Hg Hagen number

HiL Hardware-in-the-Loop

HRR Heat Release Rate [W]

ICE Internal Combustion Engine

L catalyst length [m]

LHV Lower Heating Value

ṁ mass flowrate [kg/s]

µ dynamic viscosity [Pa·s]
n engine rotational speed [rad/s]

Nu Nusselt number

Pr Prandtl number

prail rail pressure [Pa]

Q̇ heat flux [J/s]

QSF Quasi-Steady Flow

r radius [m]

R thermal resistance [K/W]

Re Reynolds number

ρ density [kg/m3 ]

SSA Specific Surface Area [m2/m3 ]

T temperature [K]

tur turbine

U internal energy [J]

u flow velocity [m/s]

v vehicle speed [m/s]

w walls

Xmi vector of mass concentrations of chemical species i

φ equivalence ratio

χ tortuosity
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