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Abstract: In the last decade, additive manufacturing (AM) techniques have been progressively
applied to the manufacturing of many mechanical components. Compared to traditional techniques,
this technology is characterized by disruptive potential in terms of the complexity of the objects that
can be produced. This opens new frontiers in terms of design flexibility, making it possible to create
new components with optimized performances in terms of mechanical properties and weight. In this
work, the focus is on a specific field of application: the development of novel porous media structures
which can be the basis of advanced after-treatment systems for internal combustion engines. In
particular, the possibility to design periodic open cellular structures (POCSs) that can be applied
as catalytic substrates opens new perspectives in terms of flexibility and integrated functionalities.
The present study investigates an innovative solution where the catalytic substrates are located in
the pipes of the exhaust manifolds of a high-performance engine. A preliminary characterization
of the pressure drop induced by the POCS structure is carried out, with a particular focus on the
impact of the backpressure on the engine performances. Moreover, each POCS integrates an electrical
circuit which is used to promote the heating of the device, with beneficial effects on the light-off of
the catalytic reactions. An advanced CFD model is applied to evaluate the potential of the solution,
comparing the pollutant conversion with that of the baseline configuration equipped with a standard
after-treatment system solution.

Keywords: POCS; electrically heated catalyst; after-treatment systems; cold start

1. Introduction

During the last twenty years, several studies were carried out on the application of
open cell foams as heat-exchange devices, catalytic reactors, or substitutes for traditional
after-treatment honeycombs. Giani et al. [1] performed the characterization of the mass-
transfer properties of metallic foams for structured catalysis. For fast-diffusion limited
processes, such structures were found to provide conversion efficiencies equivalent to
those of traditional honeycombs, with the benefits of a reduction in the required reactor
size. Lucci et al. [2] demonstrated that, as a function of the open cell foams geometrical
features, higher momentum and mass-transfer properties could be achieved with respect
to traditional honeycombs. A further development of such applications relies on the
advancements of the additive layer manufacturing technology, which offer the possibility
for investigating and evolving the open-cell foams to periodic open cell structures (POCS).
The resulting higher flexibility in the production process leads to an optimization of the
structures’ shapes and to the capability of achieving peculiar features, as a function of the
obtained porosity, surface area-to-volume ratio, and permeability. Klumpp et al. [3] studied
the influence of the main geometrical features of ideal cubic cell POCS, namely porosity and
cell orientation, on the induced pressure drop. Bastos et al. [4] carried out an experimental
campaign on eight different cubic cells to study the effects of different design parameters,
such as the struts and cell dimensions or the angular orientation, on the pressure drop and
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heat transfer properties. The cells’ shapes and geometrical features strongly influenced
the behavior of the working fluid and the spatial distribution of the different flow fields.
Kaur and Singh [5] performed a characterization of the pressure drop, interstitial heat
transfer and flow dynamics properties of four different unit cells. In particular, the octet
topology resulted in the highest heat dissipation, weighted by the increment in the required
pumping power.

In the field of after-treatment systems (ATS) for internal combustion engines (ICEs),
the open-cell foams’ peculiar features and the enhancements that derive from the AM ap-
plication are such that their equipment is significantly appealing for a further improvement
in the after-treatment performances. In this context, Bach et al. [6] performed a dedicated
study on open-cell foams equipped on a small heavy-duty truck. Such an application was
tested on a chassis dynamometer and the experimental results showed that comparable
pollutants’ conversion efficiencies, with respect to traditional honeycombs, could be ob-
tained with a lower amount of catalyst loading. Vespertini et al. [7] conducted a preliminary
numerical investigation on the application of a cubic POCS as an innovative mixing device
for selective catalytic reduction (SCR) systems. Papetti et al. [8] performed a comprehensive
characterization of POCS structures as automotive catalysts. The observed mass transfer
enhancement with respect to traditional honeycombs allows to achieve the same target
pollutants’ conversion with a lower wetted surface area and consequently a lower quantity
of precious metals.

However, as a response to the tightening emission legislations, the specific field
of application that the after-treatment systems have to address is that of the pollutants’
abatement efficiencies for some critical conditions. The pollutants’ conversion is strongly
dependent on the temperature of the after-treatment system components, commonly the
three-way catalyst (TWC), diesel oxidation catalyst (DOC), or SCR devices. In the early
1990s, Shayler et al. [9] pointed out that the typical characteristic time of the catalyst
warm-up operations is such that the registered cumulative emissions before the light-off
event constitute over 70-80% of the total cumulative emissions in a test cycle. A similar
behavior still characterizes the operations of modern ICEs, especially if different levels of
hybridization are considered. Bagheri et al. [10] analyzed how the successive shutdowns
of ICEs and the successive high-power cold start have a negative impact on the exhaust
line conversion efficiency in an hybrid vehicle, as the catalyst temperature is significantly
reduced. Similarly, Wang et al. [11] observed that, after an extended e-drive phase, the
thermal transient of the catalyst is substantially affected. As a consequence, the thermal
management of the catalyst is regarded as a fundamental aspect to improve the after-
treatment system performances in the case of critical operating conditions.

Given the flexibility granted by the AM and the requirement to address the ICEs
cold start pollutants emission, the proposed work consists of a preliminary evaluation of
an innovative POCS structure as a pre-catalyst in the exhaust line of a high-performance
engine. The POCS design is carried out to achieve some relevant features, in terms of high
permeability, not to introduce penalties on the engine performances due to the induced
pressure drop, high mass transfer coefficients, and a high surface area-to-volume ratio,
with the aim of maximizing the wetted surface area. Such beneficial features are exploited
to promote both the heat and the mass transfer between the POCS and the exhaust gases.
In particular, the structure is assumed to be coated, so that catalytic reactions take place
in correspondence of the different struts of the POCS. Moreover, in order to address the
engine cold start pollutants” emission, the structure is integrated with an electrical circuit:
accordingly, the Joule heating effect can be exploited to heat up the POCS and to reduce the
light-off time of the exhaust line catalysts.

This work is structured as follows. At first, a brief overview of the employed com-
putational methodology is presented, with a specific description of the implementation
of the Joule heating modeling. Then, the test case is described. The results of a first set of
simulations are presented, so that the POCS-induced pressure drop can be evaluated for
two different configurations. To completely characterize such an application, the results of
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the 1D simulation of a reference high-performance ICE equipped with the POCS structure
are analyzed. Then, the effects of the integration of an electrical circuit are assessed so
that the POCS behaves as an electrically heated catalyst (EHC). After a brief analysis of
the achievable thermal energy supply, the potential of the proposed solution is evalu-
ated: a comparison of the behavior at the engine cold start of a simplified exhaust line
is carried out, evaluating the equipment of the EHC-POCS structure with respect to a
baseline configuration.

2. Methods

The employed computational model exploits the open source OpenFOAM environ-
ment. The CFD framework consists of a conjugate heat transfer (CHT) multi-region method-
ology developed by the authors [12,13], which extends the OpenFOAM functionalities with
specific libraries. In the context of ICE after-treatment systems, such extensions are required
to address the interaction between the exhaust gases and the generic after-treatment devices
of typical exhaust lines. Different physical phenomena occurring at different scales charac-
terize the overall behavior of an after-treatment system, such as the porous media-induced
flow resistance, the consequent heat-mass transfer, and the catalytic chemical reactions
for the pollutants” conversion. After a general description of the multi-region approach
adopted for the research work, a detailed explanation of how the Joule heating effects were
integrated in such framework is provided.

2.1. Multi-Region Framework

The adopted modeling strategy relies on the identification of the different domains
that are considered for the case under investigation. In particular, the different types
of simulation domains can be classified as follows: (a) fluid region, which describes the
exhaust gas flow through the exhaust line; (b) solid regions, representing the solid walls of
the generic metal pipes and cannings; (c) porous regions, which account for the presence
of the equipped after-treatment devices, eventually catalyzed, in the exhaust line. Such
components are modeled through the porous media approach, relying on overlapping
meshes, associated with the fluid and the specific device computational domains. A block
representation of such an approach for a simplified exhaust line is reported in Figure 1,
highlighting the different equations solved for each computational domains. In addition, it
is possible to appreciate the coupling achieved between the fluid and the porous domain
(namely Substrate Domain ) through the inter-phase heat and mass transfer source terms,
QU8 and ];‘Hg respectively. With regard to the other depicted source terms, Sy, , describes
the rate of the gas phase homogeneous reactions; Sg,, models the gas phase reaction heat;
Sg s is considered to describe the eventual external heating and the catalytic surface reaction
heat; Sy, ;, accounts for the catalytic surface reactions rate.

The effects induced by the presence of the after-treatment component, in terms of
inter-phase heat transfer, inter-phase mass transfer, and the flow resistance due to the
permeability of the porous domain, are accounted for by means of the addition of specific
source terms. The computation of such terms relies on the proper coupling models available
in the literature for common honeycomb monoliths. In this context, the flow resistance
component R, is typically modeled by the Hagen-Poiseuille theory for laminar flows [14] or
exploiting the Churchill [15] or Darcy-Forchheimer correlations. The inter-phase heat and
mass transfer terms (Equations (1) and (2)) are typically computed resorting to Hawthorn
correlations [16,17] for the estimation of Nusselt and Sherwood numbers as a function of
Reynolds, Prandtl, and Schmidt numbers:

Q"% = Nu(Re, pr)dﬁsvvc(Tg “T) (1)
C
w—g D
J78 = Sh(Re, S¢) 2 Sy Ve(Cq — Cu) o)

de
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where subscripts w and g denote the washcoat and gas phases, A denotes the fluid thermal
conductivity, d. denotes the fluid characteristic dimension inside the after-treatment device
channels, Sy denotes the characteristic surface-to-volume ratio of the component, V¢
denotes the considered computational element volume, T denotes the temperature, D
denotes the fluid mass diffusivity, and C denotes the species i concentration. Typically,
in order to reduce the computational burden, the mass diffusivity is computed, assuming
the Schmidt number is equal to 1. In addition, an alternative approach relies on the adoption
of constant user-defined Nusselt and Sherwood numbers.

In the context of POCS structures, the described approach is still valid, upon a re-
formulation of the coupling source terms. In particular, the POCS-associated region is
treated as a standard solid domain. In case a coated structure is considered, the multi-
region methodology relies on the identification of the washcoat layer as a simil-porous
domain. The first layer of the fluid computational cells next to the POCS solid region
is selected for the creation of the washcoat layer. The fluid flow-induced resistance is
neglected, while the inter-phase heat and mass transfer terms are computed, resorting to
the following formulations:

AA
Qwﬁg = T(Tg - TW) 3)
w— DA
JT8 = T(Cg —Cu) 4)

where L and A represent the considered grid element length and boundary face area,
respectively. Such expressions are derived assuming Nusselt and Schmidt numbers equal
to 1. For coated structures, either standard after-treatment devices or coated POCS, a surface
reaction model is employed to evaluate the species conversion occurring on the catalytic
washcoat. The Langmuir-Hinshelwood type reaction model [18] is considered to account
for the competition of the chemical species on the active sites. The expression of the
reaction rate r; (Equation (5)) of a generic reaction i (Equation (6)) is computed through the
Arrhenius term k, ;, the partial pressure of the reactants is divided by a reference pressure
P4 and pp, and the inhibition term G; and the substrate temperature T:

_ kyipaps
ri = TiGl ®)
aA+bB — cC+dD (6)

To reduce the required computational burden, a quasi-steady-state approximation is
applied, for which the accumulation of the reactants into the washcoat is neglected. This
implies that the chemical reaction rates are equal to the rates of diffusion of the chemical
species to the active sites. The resulting nonlinear system of equations is solved by means
of an iterative approach [12].

2.2. Electrical Heating Modeling

The basic principle of electrical heating relies on the dissipation of the supplied
electrical power by the Joule effect due to the considered component of electrical resistance.
A certain amount of electrical current flows through the structure if an electrical potential
difference is established: typically, the considered component is connected to the ground
and to the power supply through two different pins. As a result, as a function of the shape
and of the geometrical details of the component itself, heat is generated. The presented
modeling strategy provides the resolution of the electrical circuit of the considered domain
and the consequent power distribution. Exploiting the differential formulation of Gauss’
law, the electrical potential equation is expressed as a Poisson’s equation. Assuming that
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no magnetic field is present and a zero total volume charge of density, a Laplace’s equation
for the electrical potential was obtained:

—

E=-VVv 7)

V-E=-VV=0 8)

where E stands for the electric field, while V is the electric potential. The potential dis-
tribution is obtained by solving Equation (8). Once the current density is computed,
the power per unit volume Qjp can be derived according to the differential formulation of
the Joule effect:

—

J=—-0VV )

Qmu=-J-VV (10)

where J is the current density and ¢ is the material conductivity. The described methodology
is general and can be applied to obtain a reliable distribution of the generated heat power
for components featured by different geometries. With regard to the simulation framework
depicted in Figure 1, the contribution of Q;y is added to the Sg s source term.

Fluid Domain

‘ Y, Species

U, : Momentum

‘ e, . Energy

g’

Qe
Substrate Domain :

‘ Y, Species 4 Syiw!

‘ e.: Energy < Sgs |

Solid Domain

‘ e.: Energy Fﬂ SEs

Figure 1. Simulation framework: multi-region approach.

If the considered structure is composed of a combination of two different materials,
a coupling procedure is required to address the closure of the electrical circuit. This is the
typical case of a traditional incandescent light bulb: the Joule heating is exploited only
within the central filament and the voltage difference is applied by means of the two contact
wires. As will be described in the case-study section, the POCS under investigation is
composed of two different materials and the obtained structure electrically behaves as a
light bulb. For this reason, a dedicated boundary condition was implemented. In particular,
the voltage field on the two regions is coupled imposing an equal current density between
the considered solid domains, as shown in Equation (11):

i=-aVVi=h=-nV (11)
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where subscripts 1 and 2 identify the different solid regions. The implementation considers
Equation (11) and applies it to the boundary faces of the domains. In particular, for each
region i the voltage gradient term can be expressed as follows:

Vei— Vy

VV, = L

(12)
where V; represents the computed value at the region i boundary cell center, V; is the
voltage at the common boundary face, and L; stands for the distance between the considered
cell and face centers. By applying Equations (11) and (12) to the two different regions,
the voltage value at the interface can be computed for each boundary face.

3. Case Study

The presented numerical analysis aims at investigating the application of an innovative
POCS structure as a pre-catalyst in the after-treatment system of a gasoline spark ignition
ICE. It is meant to be located upstream of a conventional catalyst, in particular, in the
initial portion of each exhaust manifold. At first, the geometrical details of the preliminary
design of the POCS structure are presented. In addition, the geometry is modified to
be compliant with the characteristic shape of a selected exhaust manifold. The induced
pressure drop is analyzed for both configurations as a function of different flow velocities.
The obtained data are employed to estimate an equivalent friction factor and to perform the
1D simulation of a reference ICE; as such, the impact of the considered POCS application
on the engine performances can be assessed. Finally, the effects related to Joule heating are
investigated; after a sensitivity analysis on the applied potential difference, the selected
operating conditions are employed to simulate the thermal transient of the complete exhaust
line for simplified cold start conditions. The obtained results are compared to the reference
case, consisting of the same geometry excluding the equipment of the POCS structures.

The computational grids employed for the present work were generated using a
Cartesian mesh generator in the OpenFOAM environment. The resulting mesh is predom-
inantly hexahedral with a small percentage of polyhedral elements near the boundary
walls. The advanced grid generator includes automatic meshing features for the addition
of boundary layers. In the case of turbulent simulations, for a progressive description
of the centerline of the cells and an accurate reconstruction of the fluid fields gradients,
computational meshes with structured O-grids along the walls were employed.

3.1. POCS Design

The design of the proposed structure was carried out on the basis of radial geometry.
Eight struts, equally distributed around a central pipe, are periodically repeated along the
axial coordinate of the geometry. With regard to the field of application under investigation,
the central pipe plays a key role in the achievement of a proper heat distribution all over
the POCS. In order to maximize the wetted surface area, inclined structs connecting the
different periodic sections of the geometry are created. Table 1 reports the main geometrical
data of the proposed geometry.

Table 1. POCS geometrical data.

. Radial Strut Axial Internal Pipe External Diameter
Strut Diameter (mm) . .
Spacing (mm) Diameter (mm) (mm)
2.0 15.0 6.0 40.0

The obtained POCS is presented in Figure 2, referring to its frontal section and a
longitudinal clip of the structure. The achieved geometry is featured by a module that is
axially repeated the entire length of the considered duct. The radial strut axial spacing
identifies the module length. In particular, the geometrical properties of the identified
module can be further evaluated.
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Figure 2. POCS geometrical characterization: Straight configuration: (a) Frontal section; and
(b) Longitudinal clip.

The porosity of the structure, defined as the ratio between the available area open
to the flow over the theoretical cross-section of the pipe, results as dependent on the
axial coordinate along the module. The computed porosity all over the module length
is reported in Figure 3. As expected, the initial and last sections are featured by the
lowest values, given the presence of the eight radial struts. The intermediate values are
of approximately 0.94, due to the lower impact of the inclined struts on the available
axial cross-section. A visualization of the corresponding sections as function of the axial
coordinate is shown in Figure 4, highlighting the available area for the flow circulation.

1.0

F-——I**-I-***I****l***-l———-I-———I——»I\
/ \

Porosity []
(e
©

o
oo

0.7

0 10 20 30 40 50 60 70 &0 90 100

% Module Axial Coordinate [-] Axial Coordinate

Figure 3. POCS geometrical characterization: Porosity trend with respect to the module
axial coordinate.

Given the electrical heating application, the inner pipe of the structure has been
elongated so that it can be connected to the power supply in the external parts of the
manifolds. Such geometrical detail can be observed in the bottom portion of Figure 5.
To preserve the desired electrical circuit, an insulating material is supposed to be interposed
between the metallic duct and the elongated inner pipe.

In addition, the obtained structure is modified to be fitted inside a given exhaust
manifold. As a consequence, the geometrical properties previously evaluated are slightly
modified. A visualization of the achieved geometry is reported in Figure 5. With respect
to the straight configuration, the module is repeated six times. The inclined struts are not
parallel everywhere and periodicity is not strictly preserved.
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Figure 4. POCS geometrical characterization: visualization of the POCS module section for an

increasing axial coordinate.

Figure 5. POCS geometrical characterization: Curved configuration—fitting inside an exhaust manifold.

3.2. Assessment of the POCS Pressure Drop
3.2.1. Three-Dimensional CFD Configurations

The investigation into the fluid pressure difference established across the POCS struc-
ture was carried out for both the configurations reported in the previous subsection, namely
straight and curved geometries. Six different flow velocities are imposed at the inlet of the
considered ducts (0.5, 1.0, 5.0, 10.0, 25.0, and 50.0 m/s), while three different meshes are
employed for each configuration. Table 2 reports the details related to the global number of
cells for each considered mesh. The applied refinements on the geometrical walls, in terms
of increments with respect to the base cell dimension, are preserved between the different
mesh versions. A reference computational grid was created (namely B), in addition to
coarse and fine configurations (A and C, respectively).

Table 2. Fluid computational domains details.

Mesh Cells Number Base Cell Length (mm)
A-Straight 1.15-10° 2.00
B-Straight 4.96 - 10° 1.00
C-Straight 9.06 - 10° 0.75
A-Curved 1.15-10° 2.00
B-Curved 5.18 - 10° 1.00

C-Curved 9.94-10° 0.75
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A total of thirty-six simulations were performed to deeply characterize the fluid-
dynamic performances of the structure under investigation. The fluid region is handled
through a multi-component mixture, whose thermal properties are computed on the basis
of the JANAF tables. Similarly, the transport properties are determined according to the
Sutherland model to account for the dependency of the fluid viscosity on the temperature.
The analysis is conducted considering an inlet fluid temperature equal to 1273 K, while adi-
abatic boundary conditions are applied to all the walls of the geometry. The concentration
of each fluid species is given in Table 3, according to a given representative exhaust gases
composition: the 1D simulation of a reference engine operating under low load conditions
is carried out and the exhaust gases composition is extracted. Such a modeling approach is
selected in order to simulate the interaction between the POCS and the exhaust gases for
realistic operating conditions, neglecting the contributions related to heat transfer.

Table 3. Exhaust gases species concentrations: Mass fractions.

Species C3H6 C3HS COZ H20 Nz 02 cO Hz NO
- 0.0039  0.0020 0.1635 0.0718 0.7170  0.0320  0.0082  0.0007  0.0009

The numerical methodology relies on the simulation framework described in the
previous section, by solving a single region (fluid domain) for steady-state conditions
and laminar flow. The turbulence modeling, given the shape of the structure and its
subsequent interaction with the fluid flow, is expected to provide a negligible contribution
for the pressure difference characterization. The POCS-induced flow mixing is strongly
associated with the designed structure’s shape and geometrical features, and hence, the
laminar simulation is supposed to consistently represent the pressure losses without the
need to model the turbulence. As such, the required computational power can be reduced.
An additional simulation has been run to verify such an aspect, considering the operating
condition corresponding to the highest inlet velocity.

3.2.2. One-Dimensional Performance Simulation

To provide a complete characterization of such an application, a 1D engine simulation
is performed, resorting to a 1D thermo-fluid dynamic model (Gasdyn) capable of simulating
the whole engine system with a limited computational time. The code allows one to
determine the volumetric efficiency, torque, power, fuel consumption, pollutant emissions,
and tailpipe noise on the basis of the operating conditions of the engine [19,20]. The 1D
setup is made on a prototype engine for high-performance applications with the aim of
comparing a base case with the case in which the POCS is inserted in the exhaust ducts. The
single bank of a V12 reference engine is considered and the POCS presence is modeled by
introducing a dedicated source term in the momentum conservation equation. The source
term is in the form of: A f

p w 2
T =5 u (13)
where Ap represents the induced pressure difference across the POCS, p is the fluid density,
d is the pipe diameter, [ is the structure length, U is the mean flow velocity, and f;, is the
friction factor (estimated by means of the 3D CFD results). The full-load behavior of the
engine is investigated through the described simulation framework, starting from 1500 to
9000 rpm.

3.3. Assessment of the Emissions Abatement at the Cold Start

The behavior and the potential of the curved POCS application as a pre-catalyst
are investigated through an assessment of its performances under simplified cold start
conditions. The proposed structure was designed to be suitable for the application of
an electrical circuit, so that an EHC-POCS could be obtained. In particular, two differ-
ent materials were employed: steel for the inner and outer pipes and silicon carbide
for the struts. As such, the characteristic behavior of a light bulb is achieved; and the
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difference in terms of the electrical conductivity of the two materials (107 and 102 S/m,
respectively) is such that the electrical current flows through the whole length of the inner
pipe (connected to the power supply), and then it starts to propagate through the POCS
struts. As briefly addressed in the previous section, the inner pipe is extended towards the
outside of the duct, while insulating material is interposed between the inner pipe and the
exhaust manifold to avoid gas leaks and to preserve the integrity of the electrical circuit.
To verify the effects of the electrical current on the POCS temperature, a sensitivity analysis
on the applied potential difference (1, 10, 20, 30 and 38 V) was carried out for a total of five
seconds. The upper limit is set to be representative of the maximum potential difference
that is available from the common battery of a traditional vehicle for the application under
investigation. The CFD framework is applied and the performed simulations consist only
of the two different solid regions, duct and struts, respectively. The employed mesh is
created similarly to the reference computational grid (B-curved version, whose details are
presented in Table 2) and were employed for the pressure difference investigation. Once
the effects of Joule heating were verified, simplified cold start conditions were considered.
The assessment was carried out on an exhaust line equipped with two different catalysts.
Four different domains were included in the multi-region simulation framework, whose
details were reported in Table 4.

Table 4. Assessment of the emissions” abatement at the cold start: computational domain details.

Region Fluid CAT1 CAT2 Solid
Cells number 17.65 - 10° 0.42-10° 0.57 - 10° 6.28 - 10°

A schematization of the considered exhaust line is reported in Figure 6. The fluid
region describes the exhaust gas flow, the two three-way catalysts account for the presence
of the two different catalytic converters while the solid region describes the solid walls of
the line. The time-varying boundary conditions for a total of twenty seconds are assigned
at the inlet of the exhaust manifolds, imposing the values of the exhaust gas mass flow rates
and temperatures. The imposed profiles are constructed to replicate the engine behavior
at cold start, where the cranking phase influences the exhaust gases’ features. After an
initial period of approximately ten seconds, the engine is supposed to reach a steady-state
condition of approximately 130 kg /h of exhaust gases with a temperature equal to 1273.5 K.

Solid CAT1

Fluid flow

Figure 6. Assessment of the emissions abatement at the cold start: exhaust line schematization.

The imposed profiles at the inlet of each exhaust manifold, in terms of temperature
and mass flow rate, are reported in Figure 7. The imposed chemical species concentrations
are kept constant and equal to the values reported in Table 3.
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Figure 7. Assessment of the emissions’ abatement at the cold start: imposed exhaust gases” tempera-
ture and mass flow rate profiles.

Four different simulations are considered. The first one is related to the initial portion
of a single exhaust manifold equipped with the EHC-POCS (B-curved mesh version),
including the fluid region, the duct, and struts solid domains. An additional region is con-
sidered to mimic the washcoat deposition on the POCS structure and to obtain a pre-catalyst
behavior. The first layer of cells next to the POCS structure is selected and employed to
identify the washcoat region. The cold start boundary conditions are considered. The im-
posed potential difference profile is specified, so that the electrical heating corresponding
to 38 V is active in the first six seconds of the cold start. As such, the beneficial effects of
the selected heating strategy can be assessed. The second simulation is performed on the
considered exhaust line by imposing, as inlet boundary conditions, the values of mass
flow rates, temperatures and chemical species concentrations obtained by means of the
first simulation. Accordingly, the effects of the EHC-POCS structure are accounted for in
each exhaust manifold. The combination of the described simulations provides a prelimi-
nary assessment of the after-treatment system equipped with the EHC-POCS structures
with a considerable reduction in the required computational cost. The third simulation
refers to the B-Curved mesh, excluding the presence of the EHC-POCS structure. As such,
the thermal inertia of the first portion of the exhaust manifold is evaluated. The obtained
results, in terms of mass flow rates, temperatures, and chemical species concentrations, are
employed as inlet boundary conditions for the fourth simulation. In particular, it consists
of the exhaust line under investigation, evaluating the response and the thermal transient
of the after-treatment system. The second and the last simulations can be consistently com-
pared, providing the assessment of the effects of the EHC-POCS application. As suggested
in [21], a standard reaction model was considered for all the studied catalysts (washcoat of
the EHC-POCS, CAT1, and CAT2), being a reasonable choice for a preliminary analysis.
Even though the laminar flow assumption is considered for the pressure drop evaluation,
a turbulent model is expected to be required when the exhaust gases—POCS heat and mass
transfer need to be properly addressed. The k-w-SST turbulence model was selected for
all the described simulations. The employed computational grids were generated to be
compliant with the y* requirements for the turbulent simulations.

4. Results and Discussion

The numerical investigation was performed in two main steps. At first, the results of
the flow permeability of the designed POCS structure are presented. Then, the effects of the
application of the EHC-POCS, equipped as a pre-catalyst in an exhaust line, are discussed.
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4.1. Assessment of the POCS Pressure Drop

The permeability of the designed structure was characterized by means of 3D simu-
lations in terms of the induced pressure drop across the POCS. Then, the influence of the
structure on the full-load behavior of a reference engine was investigated by means of the
results of a 1D simulation.

4.1.1. 3D CFD Configurations

The investigation into the fluid pressure drop induced by the POCS structure has been
carried out for two different configurations, namely straight and curved. The achieved
results are presented in Figure 8. In particular, the pressure difference was analyzed for
different flow inlet velocities. Overall, the straight configuration is responsible for lower
pressure drops, while the curved version leads to higher values. Such differences are
present due to the different length of the considered structures.
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Figure 8. Assessment of the POCS pressure drop: straight and curved POCS configurations.

As described in the previous section, the POCS characteristic module is axially re-
peated four times for the straight version. Considering the fine mesh (label C-Straight),
the obtained pressure drops show a maximum value that is approximately 10 mbar for an
inlet velocity of 50.0 m/s, while a 3 mbar pressure difference is registered for 25.0 m/s.
Given the subsequent electrical heating application, the POCS geometry for the curved
configuration was accordingly designed: the axial module is repeated six times, with the
aim of maximizing the wetted surface area. The obtained pressure drops increase with
respect to the straight configurations, leading to approximately 5 and 20 mbar for the 25.0
and 50.0 m/s inlet velocities. As shown in Figure 8, the different employed computational
grids result in a similar estimation of the pressure drops. The percentage difference be-
tween the reference and fine meshes, namely B-Curved and C-Curved, is at maximum
approximately the 3%. Hence, the reference mesh was selected for the cold start assess-
ment. A qualitative estimation of the differences induced by the utilization of different
computational grids can be carried out through Figure 9, where a visualization of the fluid
pressure field is presented for the A-Straight and C-Straight meshes. In addition, the POCS
boundary walls have been superimposed, so that the grid resolution corresponding to the
structure under investigation can be appreciated.

At last, a turbulent simulation of the curved configuration was carried out with the aim
of verifying the impact of the assumption of laminar simulations on the achieved pressure
drops. The selected operating condition refers to the inlet velocity equal to 50.0 m/s,
for which the highest variability in terms of pressure drop was registered. Furthermore,
as shown in Table 5, it is one of the operating points characterized by a turbulent flow
regime (Reynolds number > 2900). The reported Reynolds number is computed through the
results of the fine mesh (label C-Curved). The y* requirements for the selected turbulence
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model, that is the k-w-SST, can be met according to the fine mesh only. The computed
pressure drop is 17.98 mbar, which needs to be compared with the 18.05 mbar of the laminar
simulation. As expected, the obtained difference is negligible and the assumption of laminar
simulations does not introduce significant errors into the performed numerical analysis.

Pressure [Pa] ¢ Pressure [Pa]
102788 = — 102788

t 102000 : : t 102000

— 100930 — 100930

() (b)

Figure 9. Assessment of the POCS pressure drop: qualitative estimation of the computational grid
effects. Fluid pressure field visualization. (a) mesh A-Straight; and (b) mesh C-Straight .

Table 5. Assessment of the POCS pressure drop: fluid flow Reynolds numbers.

Velocity

/o) 05 1.0 5.0 10.0 25.0 50.0
Reynolds 28.4 283.5 14175 2837.1 7113.4 14,329.9
number (-)

4.1.2. One-Dimensional Performance Simulation

The full-load behavior of a single bank of a V12 reference engine was investigated.
In particular, a dedicated approach needs to be formulated to couple the 1D description
of the friction effects and the obtained pressure differences across the POCS by means of
the 3D simulations. The value of the friction coefficient f;, was determined by means of
the upscaling of the pressure drop results obtained from the detailed CFD simulation of
the POCS. The achieved friction factor results in 0.61. The obtained results are reported
in Figure 10, analyzing the impact of the POCS presence on the engine behavior in terms of
brake power and brake specific fuel consumption.

—a&— Reference —a— POCS

250
— 85
4 =’
g200 E
§ 150 3‘075
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=100 s
M

o0 65

1000 2000 9000 1000 5000 9000

Rotational speed [rpm)] Rotational speed [rpm]

Figure 10. Assessment of the POCS pressure drop: 1D performance simulation—brake power and
brake specific fuel consumption: reference vs. POCS.
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As expected, the influence of the POCS structure is negligible for low rotational speeds,
the flow velocities in the exhaust manifolds being relatively small. If higher rotational
speeds are considered, the flow velocity is such that the flow resistance is significant,
inducing a relevant engine backpressure that influences the performances of the power unit.
In particular, Table 6 reports the maximum percentage reduction, in terms of brake power
and total efficiency, and the brake specific fuel consumption (BSFC) percentage increase
obtained by comparing the reference and the POCS equipped cases. All the maximum
values are obtained for the 9000 rpm regime.

Table 6. Assessment of the POCS pressure drop: engine performances analysis.

Brake Power Reduction (-) Total Efficiency Reduction (-) BSFC Increase (-)
14.8% 8.3% 9.1%

4.2. Assessment of the Emissions Abatement at the Cold Start

A sensitivity analysis on the application of the Joule heating strategy on the designed
POCS is carried out. Then, the selected operating conditions are applied to simulate the
response of an after-treatment system equipped with EHC-POCS and to evaluate the
computed abatement performances with respect to the reference exhaust line.

4.2.1. Electrical Heating Sensitivity Analysis

The results obtained according to the different applied potential differences are pre-
sented. A visualization of the simulated domains’ temperature and voltage fields is
reported in Figure 11, referring to the simulation end-time of the 38 V potential difference.
The shown distributions prove the goodness of the designed electrical circuit, resulting in
the significant heating of the struts region only. The struts” average temperature profile all
over the simulated time range is reported in Figure 12. The applied boundary condition
significantly influences the Joule heating power that is produced as the electrical current
flows through the silicon carbide struts, as reported in Table 7.

Table 7. Electrical heating sensitivity analysis: supplied electrical power.

Voltage (V) 1.0 10.0 20.0 30.0 38.0
Power (W) 1.2 122.3 489.0 1100.3 1765.3

Voltage[V] Temperature[K]

38.0 2022.7
| 30 I 1600

25

20 1200

15

10 800
| |

0.0 266.0

(b)

Figure 11. Electrical heating sensitivity analysis: qualitative estimation of the computational grid ef-
fects. (a) Voltage distribution; and (b) temperature distribution.
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Figure 12. Electrical heating sensitivity analysis: struts’ domain average temperature profiles.

Given the expected interaction in the first phases of a cold start between the exhaust
gases and the POCS, a potential difference higher than 20.0 V is required: the identified
maximum average temperature is slightly higher than 500 K and no beneficial effects
in the cold start abatement efficiencies are expected below the highlighted temperature.
However, the associated supplied electrical power would exceed 500 W for a single duct;
the application of such a structure in all the exhaust manifolds could significantly affect the
vehicle battery’s operational life. In addition, the maximum temperature that characterizes
the POCS struts after the simulated five seconds could exceed the material limit temperature.
The maximum values for each investigated condition are reported in Figure 13. Nonetheless,
the interaction between the cold exhaust gases and the struts could limit the achieved
maximum temperatures, ensuring that the material limits are respected. For this reason,
the formulated heating strategy is modified and a total of six seconds of electrical heating
are applied for the cold start assessment simulations. Even though the overall supplied
electrical power could be critical for a real exhaust line application, the 38.0 V operating
condition was selected for the cold start assessment. As such, the maximum capability of
the EHC-POCS could be investigated.

2000 .
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g .
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£ 500 e
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= |
0 10 20 30

Applied Voltage [V]
Figure 13. Electrical heating sensitivity analysis: struts domain maximum temperature profiles.

4.2.2. Exhaust Line Equipped with EHC-POCS Assessment

The results related to the application of the EHC-POCS as a pre-catalyst are reported. In par-
ticular, the obtained data of two different scenarios (with and without the designed structure)
are analyzed in order to evaluate the application of the EHC-POCS and the resulting beneficial
effects in terms of ATS performances. The EHC operating conditions are selected to exploit
the electrical heating sensitivity analysis: 38.0 V for a total of six seconds. At first, the heat
transfer phenomena occurring in the first portion of a single exhaust manifolds are investigated
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in case the EHC-POCS is equipped in the exhaust line. To carry out a consistent comparison,
the thermal response of the same first portion of the exhaust manifold is simulated excluding
the presence of the designed structure. The analysis of the obtained temperature profile at the
outlet of the considered geometry provides a clear understanding of the effects related to the
electrical heating application and to the fluid-POCS heat transfer phenomena. In particular,
the outlet temperature profiles computed through the two different simulations, superimposed
over the inlet temperature trend, are shown in Figure 14.

1250

EHC-ON

[y
)
)
)

Temperature [K]
o
o

— Inlet

500 —— Outlet POCS
— — Qutlet

250 0 5 10 15 20

Time [s]
Figure 14. EHC-POCS influence on the fluid temperature profile.

The heating strategy is effective in increasing the temperature of the fluid flow. In par-
ticular, the achieved temperatures are such that the catalytic reactions are active in the first
seconds of the cold start, which are commonly referred to as the most critical phases and
are responsible for most of the pollutants emissions. As soon as the electrical heating is
deactivated, the thermal inertia of the EHC-POCS is such that part of the fluid enthalpy is
employed to heat up the designed structure. Two seconds after the deactivation, the EHC-
POCS structure is responsible for lower outlet temperatures than what can be observed
for the case without POCS. To account for the effectiveness of the obtained pre-catalyst
behavior, the pollutants’ percentage abatements are computed and their profiles all over
the simulated time-range are presented in Figure 15. Considerable pollutant abatement is
achieved three seconds after the engine cold start, which is approximately 20% for all the
considered pollutants.
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Figure 15. Pollutant abatement with the activation of the EHC-POCS structure.
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After the initial activation of the catalytic reactions, the pollutant abatement increase
is slowed down around the time instant corresponding to 5 s: the maximum exhaust gas
mass flow is being discharged while the gas temperatures are still below the characteristic
reactions’ light-off values. As a consequence, even though the electrical power is contin-
uously being supplied, the local maximum temperatures are slightly reduced. As time
advances and the inlet fluid temperatures increase, the pre-catalyst is more and more effec-
tive. The final CO, NO and HC percentage abatements are approximately 45, 40, and 32%.
The analyzed data prove the effectiveness of the pre-catalyst, resulting in higher fluid
temperatures during the initial phases of the cold start and a considerable reduction in the
pollutant emissions prior to the standard ATS devices. A visualization of the HC pollutants
concentration and fluid temperature distributions for different selected time instants is
presented in Figure 16. A minimum temperature threshold equal to 500 K is employed
in order to identify the domain portions where the catalytic activity is expected. From a
qualitative point of view, it is possible to appreciate how the electrical power supply is
effective in increasing the fluid temperature which grows as the radial distance from the
POCS decreases (Figure 16a,b). Once the heating strategy is over, the fluid temperature
distribution is ruled by the imposed inlet profile (Figure 16c,d). In addition, the pollutant
abatement due to the washcoat-induced catalytic activity corresponding to the struts walls
can be appreciated.

The proposed results are employed as boundary conditions for the exhaust line simu-
lations. As such, the beneficial effects of the EHC-POCS equipment can be investigated,
both in terms of the increase in the catalysts’ temperature and the pollutant abatement
prior the ATS devices. An evaluation of the thermal transient of the first catalyst is pre-
sented in Figure 17. In particular, the surface average temperature of four different sections
are analyzed over the simulated time-range. The selected axial coordinates for which
such an evaluation is carried out corresponds to the inlet, 25 mm after the inlet, mid, and
outlet coordinates.

) y a
Temperature [K\ Temperature [K\
— ! —_—
) (d)

Figure 16. Cold start assessment: EHC-POCS single manifold—HC concentration and tempera-
ture distributions. (a) time = 2.5 s; (b) time = 5.0 s; (c) Time = 7.5 s; (d) time = 10.0 s.
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Figure 17. Cold start assessment: CAT1 thermal transient evaluation.

The electrical heating phase results in a significant spur of the heating of the first
portion of the CAT1. After five seconds, the temperature of the inlet section for the ATS
configuration equipped with the EHC-POCS is 100 K higher than what can be observed for
the reference case. However, once the electrical heating strategy is over, the presence of the
EHC-POCS induces a heat loss that becomes significant as the exhaust gas temperatures
increase: the initial spur is gradually recovered until the heat transfer between the exhaust
gases and the designed POCS results in an overall cooling of the fluid flow. In particular,
the inlet section temperature profile of the reference case overcomes the profile of the ATS
equipped with the EHC-POCS after eight seconds, while the 25 mm and mid-sections after
eleven and sixteen seconds, respectively.

The improved heating of the first portion of the CAT1 catalyst can be additionally
analyzed by evaluating the temperature fields of the device for the two different configura-
tions. In particular, the distribution of a slice of the temperature fields for two selected time
intervals is presented in Figure 18, referring to half and to the end of the applied electrical

heating strategy.
POCS Reference POCS Reference
Temperature[K] Temperature[K]
266 280 300 320 266 320 380 436
| | | y |

(@) (b)

Figure 18. Cold start assessment: CAT1 temperature fields comparison—POCS vs. reference ATS:
(a) time instant 3 s: half of the heating strategy; and (b) time instant 6 s: end of the heating strategy.
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However, the exhaust gas mass flow rates and the pre-defined voltage boundary
conditions are such that the overall energy contribution that is provided to the catalytic
substrate is limited. In addition, the EHC-POCS structures are located in the initial portion
of the exhaust manifolds: before reaching the standard catalyst, the heated fluid flow
exchanges a significant amount of wall heat power with the exhaust manifolds. As a
consequence, at the end of the heating strategy, only a small portion of the ATS device
was significantly heated up. As the exhaust gas flow rates and temperatures increase,
the induced heat transfer between the hot gases and the designed POCS are responsible
for a significant reduction in the first catalyst temperature with respect to the reference
case. The temperature field distributions of the first catalyst at the simulation end-time is
reported in Figure 19 for both of the ATS configurations analyzed. In particular, different
regions featured by a temperature difference of 100 K have been highlighted through the
identification of temperature iso-lines.

POCS Reference

ul

Temperature[K]
266 400 600 800 991

Figure 19. Cold start assessment: CAT1 temperature fields comparison—simulation end-time.

Only the thermal transient of the first catalyst was investigated, while the second
substrate was not considered. The simulated operating conditions are such that no relevant
effects affect the thermal response of the second catalyst. Indeed, at the simulation end-
time, the outlet temperature of the CAT1 increased by approximately 50 K only under
the assigned initial conditions. The thermally related effects discussed herein are strongly
coupled to the obtained pollutants’ conversions. In particular, the percentage abatement
profiles of the three considered pollutants are reported in Figure 20.
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Figure 20. Cold start assessment: pollutants’ percentage abatement comparison.
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The heating strategy and the pre-catalyst behavior achieved through the EHC-POCS
are effective in inducing significant pollutant conversions. Even in the first phases of the
cold start, the abatement of the three pollutants resulted in 25% due to the combination
of the POCS pre-catalyst behavior and a modest spur of the CAT1 light-off. When the
maximum exhaust gas mass flow rate was discharged, the abatement efficiency was slightly
affected, while it was promoted as the inlet exhaust gases temperature increases. In addition,
the tail-pipe pollutants’ cumulative emissions are evaluated for both the configurations
under investigation, which are the ATS equipped with the EHC-POCS and the base exhaust
line. The reductions induced by the POCS structure are reported in Table 8. The presented
values show how the EHC-POCS behavior as a pre-catalyst is effective in reducing the
pollutants” emissions in the first phases of a cold start.

Table 8. Tail-pipe pollutants cumulative emissions.

Pollutant CcO NO HC
% Reduction 26.9 25.5 14.6

However, the heat losses associated with the late exhaust gases and EHC-POCS
interaction result in a reduction in the fluid temperatures prior the first catalytic device.
As a consequence, the chemical reactions characterized by a high activation energy could
be penalized. For most of the simulated time-range, the reference exhaust line provides
a lower conversion efficiency than what can be obtained by exploiting the EHC-POCS.
Towards the end of the simulation, the previously addressed thermal inertia effects are such
that the maximum temperatures of the first catalyst are lower than those of the reference
case and a lower HC abatement is obtained (Figure 20). This aspect is detrimental for the
abatement of the C3HS8 chemical species, whose reaction rate strongly depends on the
temperature. The percentage abatement of the two considered hydrocarbons is reported
in Figure 21, highlighting the appointed phenomena: towards the end of the simulation,
the C3HS8 conversions in the reference case are higher than in the POCS case results.
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Figure 21. Cold start assessment: HC percentage abatement comparison.

5. Conclusions

The discussed numerical analysis consists of a preliminary investigation into the
adoption of an innovative POCS as a pre-catalyst for the ATS of a gasoline engine. The ef-
fects related to the induced pressure drop on the engine performances were investigated.
The designed structure has been further integrated with an electrical circuit to exploit the
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joule heating effects and to achieve an EHC behavior. The main findings of the work are
discussed hereafter.

A dedicated simulation campaign was carried out to characterize the fluid-dynamic
performances of the designed POCS. A combination of the 3D and 1D CFD analysis
provided a clear assessment of the influence of the POCS-induced pressure drop on the
engine performances. Despite the achieved results showing a non-negligible impact,
one consisting of a maximum reduction in the brake power and an efficiency of 14.8
and 8.3%, respectively, the beneficial aspects of the EHC-POCS equipment could make
up for the observed limitations.

The application of the Joule heating on the designed POCS was studied. A parametric
analysis was performed, as a function of the applied potential difference. The ob-
tained results show that the POCS material limit temperature can be achieved if the
heating strategy relies on high potential differences and long heating time. Exploiting
the parametric analysis, a dedicated heating strategy has been formulated and the
assessment of the equipment of EHC-POCS in a realistic exhaust line was performed.
The transient response of the ATS and the pollutants” conversion efficiencies were
monitored when the overall system is subjected to simplified cold start conditions.
As a consequence of the fluid—-POCS interaction, the electrical heating application is
such that higher exhaust gas temperatures were registered in the first phases of the
thermal transient. The achieved energy levels are such that the catalytic reaction of the
pre-catalyst can be activated. As a result, significant improvements in the pollutant
abatement in the early phases of the cold start were obtained. However, with respect to
a traditional EHC application, no significant improvements were obtained in terms of
the light-off time of the standard catalyst. Furthermore, once the heating strategy was
switched off, the POCS thermal inertia was responsible for a reduction in the exhaust
gas temperatures and a lower catalytic activity (for the slow HC) was registered.
Overall, the designed EHC-POCS showed a promising behavior as a pre-catalyst
to be equipped for advanced emission controls. Further improvements could be
achieved with the definition of an ad hoc heating strategy, which could be dynamically
activated as a function of temperature measurements, or through different POCS
design principles, in order to reach an optimal trade-off between the required electrical
power and the achieved temperatures. In addition, the exhaust line location in which
the POCS structures are equipped could be significant. Moving the EHC-POCS
near the standard ATS catalyst could reduce the exchanged heat power with the
exhaust manifolds and significantly improve the beneficial effects associated with
an early catalyst light-off. Finally, further studies are required to investigate the
application of the EHC-POCS as a function of realistic cold start conditions and
dedicated heating strategies.
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Abbreviations

The following abbreviations are used in this manuscript:

AM Additive Manufacturing

POCS  Periodic Open Cellular Structure
CFD  Computational Fluid Dynamics
SCR Selective Catalytic Reduction
TWC  Three-Way Catalyst

DOC  Diesel Oxidation Catalyst

ICE Internal Combustion Engine
EHC  Electrically Heated Catalyst
CHT  Conjugate Heat Transfer

ATS After Treatment System
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