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chemical reactions during cold starts, based on numerical simulations in OpenFOAM and dimensionless
analytical analysis. The numerical model consists of a multi-region approach with overlapping meshes
for fluid and solid regions, in order to simulate the presence of porous substrates. Experimental results
from first vehicle-size AM catalysts are used as a basis. The catalyst heat-up is characterized by two dis-
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Nomenclature

AS,FRONT Frontal Area

Ay Lateral Area

AM Additive Manufacturing

Cpr Fluid isobaric specific heat capacity

Cs Solid specific heat capacity

C45 AM catalyst substrate consisting of cubes as elementary

cells rotated by 45° so that one spatial diagonal of the
cube is aligned to the main gas flow

Dco Diffusion coefficient related to CO species in the fluid

dg Fluid characteristic dimension

ds Strut diameter

h Heat transfer coefficient

HC: Honeycomb catalyst substrate (conventional)

Kco Mass transfer coefficient related to CO species in the
fluid

L Catalytic Converter length

Lc Cell length

Ls Strut length (in case of Cubic elementary cells Lc = Ls)

LHV Lower Heating Value

mg Fluid mass flowrate

Myco Reacting CO mass flowrate

my,co  Reacting CO mass flowrate per unit of converter volume

ms Solid mass flowrate

MME Fluid molar mass

MMco  CO molar mass

Nu Nusselt number

NTU, number of transfer units

q Heat flux from the fluid to the solid per unit of converter
volume

0] Heat flux from the fluid to the solid

q Heat from the fluid to the solid per unit of converter vol-
ume

Q Heat released due to reactions

Qeon Convected heat from the fluid to the solid per unit of

converter volume

Qreact Heat released due to reactions per unit of converter vol-
ume

Re Reynolds number based on strut diameter

Sv specific surface

Sw Wetted surface

Sc Schmidt number

Sh Sherwood number

t Dimensioned time coordinate

Trin Inlet fluid temperature

Tk Fluid temperature

Ts Solid, thus catalytic converter, temperature

Tso Initial solid temperature

To Reference temperature, reference temperature in
dimensionless definitions

oo Upstream velocity

\Y Volume of entire catalyst

Vin Mean gas velocity upstream the catalyst entrance

X Dimensioned space coordinate

Xcor Fluid molar concentration of CO

Xcos Molar concentration of CO on solid (converte) surface

Xcoin Fluid inlet molar concentration of CO

€ Solid porosity

Nco CO Conversion through the catalyst

0 Dimensionless temperature difference

0s Dimensionless Solid temperature

OF Dimensionless Fluid temperature

A Dimensionless solid conductivity

AF Fluid thermal conductivity

As Solid thermal conductivity

12 Dimensionless space coordinate

& Dimensionless space coordinate for species i

Elt dimensionless time-space coordinate

IIp Permeablity dimensionless number

Ps Solid density

T Dimensionless time coordinate

1. Introduction

Currently, light duty vehicles (LDV) with spark-ignition engines
and Three-Way-Catalysts (TWCs) reach almost 100% pollutant con-
version during normal high temperature operating conditions. This
is not the case during cold starts and warming up phases. During
cold starts, a catalytic converter at low temperature is suddenly
exposed to exhaust gas of moderate temperature, thus chemical
reactions, if any, are very slow. Newest targeted measurements
and simulations performed in our laboratory on a Euro 6 gasoline
vehicle have shown that 20% of the CO, 96% of the unburned hydro-
carbons (THCs) and 65% of the NOx during the WLTC cycle are
emitted in the first 300 s following the engine cold start (at
20 °C). Moreover, all newest engine concepts, oriented towards
reduction of the specific fuel consumption, have lower exhaust
gas temperatures, leading to new challenges in the management
of the after-treatment system, in particular during cold starts.
Hybrid powertrains increase the related difficulties based on the
intermittent combustion engine operations. Under these premises,
several measures are under evaluation for shortening the cold start
catalyst inactivity period: decrease of engine efficiency in order to
increase exhaust gas enthalpy, electrical preheating of the gas, or
microwave heating of the catalyst (Papetti and Dimopoulos
Eggenschwiler, 2019).

Innovative design of open-cell catalytic substrates represents a
promising alternative to the benchmark of honeycombs (HC).
Open-cell catalytic substrates are a network of solid struts creating
tortuous paths that enhance gas-wall interactions and contribute
to lower thermal inertia (Lucci et al., 2017). The result is higher
conversion efficiencies (Busse et al., 2018; Giani et al., 2005;
Pangarkar et al., 2008; Bracconi et al., 2018), an improve of the glo-
bal heat transfer performances, lower cold start emissions and
higher flow uniformity, a key factor for catalyst durability (Gaiser
et al., 2003; Zygourakis, 1989; von Rickenbach et al., 2015;
Dimopoulos Eggenschwiler et al., 2009; Della Torre et al., 2015;
Dimopoulos Eggenschwiler et al., 2018). They also allow more flex-
ibility in the geometrical configuration of the reactor (Koltsakis
et al., 2008). Lucci et al. (2017) has shown that regular open cell
polyhedral structures outperform with respect to the equivalent
foam (at the same porosity € and strut diameter ds). Lu et al.
(1998) proposed a cubic cell model that was used to analyze mass
transfer and pressure drop data. Giani et al. (2005) showed that a
regular cubic-module structure is particularly beneficial in applica-
tions where external (fluid-solid) heat and mass transport are rel-
evant. The same authors have conducted a geometrical
optimization of the unit cell: they have identified in the rotated
cubic cell the structure with the highest tradeoff between conver-
sion and pressure loss (Papetti et al.,, 2018). Busse et al. (2018)
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focuses on the potential heat transfer intensification of a new gen-
eration of periodic open cellular structures cellular structures. Only
recently, such regular structures have been realized in cordierite by
additive Manufacturing in real vehicle dimensions (Papetti et al.,
2018; Dimopoulos Eggenschwiler et al., 2018; Santoliquido et al.,
2017). Overall, the structures realized showed thicker struts and
lower reacting surface. The produced catalysts, according to the
authors, the worldwide first AM automotive catalysts, have been
tested on a vehicle chassis dynamometer. Apart from cold starts,
where performances, in particular for CO oxidation, were lower
than expected, testing revealed promising characteristics with only
1/5 of the precious metals.

The transient heat and mass transfer characteristics of catalysts
are of major importance in order to minimize the heat-up time.
(Depcik and Assanis, 2005) offers an exhaustive overview of one-
dimensional automotive catalyst modeling. Heck et al. (1976)
showed that a simpler one-dimensional model is adequate for pre-
dicting catalyst behavior. Young and Finlayson (1974) developed a
two-dimensional channel model for a honeycomb using orthogo-
nal collocation focusing on the applicability of the quasistatic
assumption for the gas phase for transient cases. Numerous models
have specifically focused on the complex transient phenomena
during cold starts. Oh et al. (1980), Oh and Cavendish (1985) and
Oh and Cavendish (1985) use a model for the pellet type catalyst
for the prediction and parametric analysis of vehicle exhaust emis-
sions during the warm-up. The same authors studied the response
of a honeycomb converter to step changes in feedstream tempera-
ture using a one-dimensional adiabatic channel model under lam-
inar flow conditions (Papetti et al., 2019). Lin and Kuo (1988) has
numerically investigated the effects of conduction heat transfer
in the wall resulting from a step change in uniform wall heat flux.
They recognized the ratio of fluid to solid thermal capacities as the
more important parameter of the phenomenon. Olek et al. (1991)
studied further the case of a fixed wall temperature using a non-
standard method of separation of variables. Yan et al. (1989) inves-
tigated the role of radial heat conduction in thick-walled pipes,
neglecting the axial solid conduction. More complex are models
for the three way catalysts, involving oxygen storage and ceria
reactions. Koltsakis et al. (1997) modelled the transient behavior
of a monolithic TWC (Three Way Catalyst) including the oxygen
storage submodel able to account for the redox and temperature
dependence of the oxygen availability. They showed that bulk
kinetic expressions are sufficient for the prediction of emissions
over random driving scenarios, including cold-start phase and leg-
islated driving cycles. Chen et al. (1988) developed a transient
three-dimensional model to simulate the thermal and conversion
characteristics of nonadiabatic axisymmetric ceramic monolithic
converters operating under flow maldistribution conditions. The
predicted temperature profiles provide a basis for the analysis of
thermal stresses and fatigue in the monolith converter assembly.
Several works have also focused on modeling heat and mass trans-
fer mechanisms in open cell structures. Della Torre et al. (2018)
used a combination of micro-CT, image-based modeling and CFD
to investigate the transient phenomena occurring at the micro-
scale level in two different porous substrates: open-cell foams
and unstructured filtering media. Previous work of the authors of
the present paper, (Lucci et al., 2017), proposed a complete 3D
CFD model of a foam based catalytic converter and discussed the
effects of varying inflow velocity, inflow CO mass fraction and
washcoat surface area (Pt loading). Kopanidis et al. (2010),
Krishnan et al. (2006), Bianchi et al. (2012), Bianchi et al. (2013)
described the heat transfer in foam based catalytic reactors, Lucci
et al. (2014) focused on the mass transfer mechanism. Both mass
transfer (chemical reactions) and heat transfer are considered
simultaneously, restricted to steady state reactor operation in
(von Rickenbach et al., 2015; Graf et al., 2014). Transient studies
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of foam based catalytic reactors are limited to one-dimensional
volume averaged models in (Tsinoglou et al., 2009; Tsinoglou
et al., 2009).

A small number of works proposed a dimensionless analysis of
the heat and mass transfer phenomena inside catalytic converters.
Votruba et al. (1975) modelled the heat up mechanism inside a cat-
alytic converter as the thermal response of an adiabatic, thin
walled duct subjected to a developing incompressible laminar flow
and offered a dimensionless solution of the system of coupled,
nonlinear ordinary differential equations. Koltsakis (1997) used a
dimensionless approach to examine the temperature evolution of
the monolith reactor after a step change of the feed gas inlet tem-
perature. However, up to now, the investigations have been under
limited steady state conditions and considering temperature
behavior only at inlet and outlet positions. In (Papetti and
Dimopoulos Eggenschwiler, 2019) the same authors apply the
dimensionless approach to the warm up of a honeycomb substrate
and investigate the effects of varying thermophysical boundary
conditions.

The present work aims to analyze the fundamental of the cold
start characteristics of AM catalysts.

Therefore the standard case was setup where exhaust gases of
moderate temperature, typical for the first engine cycles after
cold start, flow through, AM catalysts of low initial temperature
(typical for a winter day). In order to compare different cases,
the exhaust gas flow was kept constant in each case. Specific
emphasis was placed in the investigation of the effects of differ-
ent geometrical dimensions of the AM catalyst, in order to assess
the influence of the differences among the realized and simula-
tion derived optimal dimensions. The temperature and flow
parameter ranges have been deliberately chosen in order to rep-
resent conditions of typical automotive cold starts. Emphasis was
given in parameter combinations leading to moderate chemical
reactions, avoiding parameters that either result in no reactions
or in too fast reactions, in order to achieve a spatial and temporal
resolution allowing detailed study of the phenomena. The
approach combines numerical simulations in the environment
of OpenFOAM and an analytical dimensionless model for investi-
gating the behavior of the catalytic converter along its entire
length. The CFD framework is based on a multi-region approach
where overlapping meshes, describing fluid and solid regions,
are employed in order to model the presence of porous sub-
strates. Specific models are implemented in order to couple fluid
and solid regions in terms of heat-transfer and mass-transfer. Cat-
alytic CO oxidation surface reactions are considered. The model is
validated with own results (Della Torre et al., 2018).

2. Methodology

2.1. Realization of AM catalytic converters with real vehicle
dimensions

Polyhedral open cell converters have been Additive Manufac-
tured by stereolithography. The resulting structures have been
obtained in cordierite through the replica method. Subsequently
catalytic washcoating followed. Details concerning fabrication,
microstructural and mechanical properties of the samples can be
found in (Papetti et al., 2018). The results in geometrical properties
are reported in Table 1. A graphical representation is also offered in
Figs. 1 and 2.

2.2. AM catalysts geometrical characteristics for simulations

The investigations involved geometries with expected
improved characteristics as predicted in (Papetti et al., 2018),
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Table 1

Geometrical properties of the AM structures realized.
Unitary cell e[-] ds [mm] Lc [mm)] Sy [m?/m? |
C45 0.82 1.32 4.39 500

Fig.1. Unit cell (C45) with basic dimensions.

Fig. 2. AM vehicle catalysts with different geometrical properties.

which can still be considered realistic, given manufacturing con-
straints of current stereolithography developments.

The unitary cell is cubic rotated 45° so that one spatial diagonal
of the cube is aligned to the main gas flow. This elementary cell is
called C45. This is the optimal configuration as identified in
(Papetti et al., 2018). Three specific geometries are here considered,
denoted by AM1, AM2 and AM3. Their main geometrical properties
are described in Table 1. The converter material remains cordierite.

2.3. Experiments on the chassis dynamometer

The AM described in Table 1 has been tested on a vehicle on a
chassis dynamometer on several driving cycles.

During the driving cycles, the exhaust gas temperature and
pressure have been measured upstream and downstream of the
catalyst. Upstream the catalyst an exhaust probe was mounted
and connected via a 5-m long heated pipe to the exhaust gas ana-
lyzer Horiba MEXA 9200DF. Tailpipe emissions have been con-
ducted through a second 5-m heated pipe to a second Horiba
MEXA 9200DF. The carbon monoxide (CO), carbon dioxide (CO,),
oxygen (0,), nitrogen oxide (NOx), and hydrocarbon (THC) concen-

trations were measured at 10 Hz sampling rate. It is assumed that
the NOx concentration measured corresponds entirely to nitric
oxide (NO), and that the HC concentration measured corresponds
entirely to C3Hg. The ambient temperature was around 20 °C.

2.4. Simulation model

The different additive manufactured catalyst geometries
described in Table 2 are simulated in OpenFOAM. CO oxidation is
taken into account under oxygen abundance, i.e., typical Diesel
Oxidation Catalyst conditions. The CFD model adopts a multi-
region approach, distinguishing two regions, the fluid and the
coated substrate (catalytic converter region), thus the fundamental
equations for the fluid and the catalytic converter regions are
solved on different meshes. The two grids are overlapping where
both gas phase and solid phase coexist, for example in the catalyst
porous regions, while in the pipe/cone regions only the fluid mesh
is defined. The volume occupied by each phase is defined by a vol-
umetric fraction coefficient computed as the ratio between the vol-
ume occupied by the corresponding phase and the total volume.
The coupling between the two regions is managed between own
sub-models, which describe the mass and heat transfer between
fluid and catalyst regions. On the solid region, the species and
energy conservation equations are solved; on the fluid region, the
set of governing equations of conservation of mass, momentum,
energy and species is closed with the perfect gas equation of state.
The thermal properties of the multi-component mixture are deter-
mined on the basis of the JANAF tables. A Sutherland model is
applied for the computation of the transport properties, in order
to take into account the temperature dependence of viscosity.
The mass diffusivity is modelled under the assumption of Schmidt
number equal to 1 in order to reduce the computational burden.
The chemistry is modelled with Langmuir-Hinshelwood-type
expression in which the reaction rate parameters have been previ-
ously tuned with experiments. The permeability model that
defines the fluid-dynamic resistance encountered by the fluid flow-
ing through the porous medium depends on the geometrical prop-
erties of the substrate and the instantaneous fluid dynamics
conditions. It is determined on the basis of Reynolds number (Re)
with correlations in the form Ilp = F(Re,dg) by results of own
numerical simulations at the micro scales. Specific correlations of
Nu and Sh in function of Re are exploited to specify the transfer
of heat/mass on the basis of the actual fluid-dynamic conditions
and the properties of the fluid/solid. Even in this case, the correla-
tions in the form of Nu = F(Re,Pr, dg) and Sh = F(Re,Sc, dg) are results
of previous simulations performed by the present authors. The cat-
alyst is treated as a generic porous medium characterized by some
general parameters: porosity €, the specific surface Sy, the charac-
teristic size of the pores/channels open to the fluid ds (in the three
directions, if the media is anisotropic), the characteristic size of the
solid structure/walls of the substrate ds, the washcoat thickness
dw. These parameters are then exploited in the other submodels
to calculate the actual fluiddynamics and heat/mass transfer prop-
erties based on suitable correlations for the specific medium.

The model has been validated in previous works of the present
authors by simulating a honeycomb TWC converter (Della Torre
et al., 2018). Simulation results related to a WLTC cycle have been
compared with corresponding experiments in house in terms of
CO, NOx and THC cumulative emissions. Differences between the
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Table 2
Geometrical properties of the AM structures simulated.
Unitary cell e[-] ds [mm] Lc [mm] Sy [m?/m? |
AM1 C45 0.8 0.8 2.08 896
AM2 C45 0.9 0.5 3.43 733
AM3 C45 0.85 0.5 2 1050

cases of an AM polyhedral openfoam converter with respect to an
HC geometry are related to the fluid characteristics correlations
specified (Nu, Sh, pressure loss). It can be thus deduced that the
model is valid also for AM converters.

2.5. Analytical model equations and assumptions

An analytical approach is proposed, on the one hand, for identi-
fying possible simplifications, and, on the other hand, for highlight-
ing basic dependencies useful for interpreting the simulation
results. Here we consider the flow through the AM structure as
an internal flow with irregular boundaries, given the tortuosity of
the struts. Heat transfer to ambient compared to the convective
heat transfer in the channels is of minor importance (Della Torre
et al., 2018), especially during the warm-up phase studied here,
where the temperature difference between converter and ambient
are low, thus we treat the converter as adiabatic. The struts are
considered as very thin, so that no radial solid-phase temperature
gradients are expected. For the heat transfer cases met in catalytic
reactors, the wall heat capacity is large compared with the heat
capacity of the fluid. Thus, during a small-time increment, only
the effect of varying wall temperature needs to be taken into
account and the fluid heat capacity effect can be ignored
(Koltsakis, 1997). The assumption of quasi-steady state heat trans-
fer has been widely used in literature (Oh et al., 1980; Yan et al.,
1989; Bianchi et al., 2012). Radiation effects are not included, since
they are not significant in the case of low temperatures (Hayes and
Kolaczkowski, 1994). Moreover, in accordance with (Kays and
Crawford, 1993), in the mass flow range considered, axial gas con-
duction effects are excluded. The flow velocity range considered
corresponds to a Mach number considerably smaller than 0.2, so
the flow can be considered incompressible. Assuming quasi-
steady state, incompressible flow, considering an infinitesimal vol-
ume of the fluid phase, in the case when chemical reactions have
not a significant contribution, the solid energy balance during the

transient can be formulated as:
oTs  Js &Ts  rgcpr 0Tk
ot PsCs Ox? AS,FRONTPSCS ox

(1)

The corresponding fluid energy balance as:

Ty ]
X Trcw (Tr = Ts) (2)

While the species balance as:

dXCO‘F ShDCO
dx dr

From which, following relation can be derived:

dXcor _ ShDco
dx — dru,,

U = NSy = KcoXcor—Xcos) = (Xcor—Xcos) (3)

(Xcor—Xcos) (4)

Due to the spatial geometrical characteristics of very large
length compared to characteristic strut diameter, the flow and
thermal boundary layers are fully developed over the largest part
of the reactor. In the present study, heat transfer augmentation

due to flow entrance effects will not be considered and the hypoth-
esis of constant Nu number for the entire channel will be used (von
Rickenbach et al., 2015; Lucci et al., 2014; von Rickenbach et al.,
2015; Koltsakis, 1997).

The convective heat flux per unit volume exchanged can be
obtained according to the following balance equation:

eonwic = Mg Cpr
conuv.it AV

(Trie — Tri1e) (5)

Diffusion limitations in the pores of the washcoat are not
accounted. The fundamental assumption of quasi-steady state
has been used: the rate of molecular diffusion from the fluid to
the solid walls is equal to the rate of chemical reactions for each
species (CO) on the solid, implying that there is no species accumu-
lation on the solid catalytic surface. Considering this assumption,
the mass balance equation in the gas phase gives the expression:

Xeofiv1 = Xcosi + (Xco,Fj —Xco‘F.m) (6)

This assumption is realistic for steady-state operation, but not
necessarily for operation under transient temperature and compo-
sition conditions. In our model, the quasi-steady approach
expressed by Eq. (6) is retained, aiming at keeping model complex-
ity, and thus flexibility, to acceptable levels. Thus, the total mass
flux of the specie in question (CO) transferred from the fluid to
the solid, being equal to the mass reacting on the wall, can be
obtained by:

mFMCO

MM;AV (XCO,F‘i - Xco.F,i+1) (7)

Micoi =

2.6. Dimensionless quantities and approximation possibilities

In Egs. (1) and (2) a dimensionless temperature difference can
be introduced for the fluid and for the solid, leading to Eqs. (8)
and (9) (Koltsakis, 1997). Please notice that Tr and Ts are function
of time and space, thus also 6 and 0s:

Tr—To

Op = -0 8

" Trin— To ®)
_TIs-To

R . ®

The reference temperature was chosen as the initial solid tem-
perature Tg = T5(t = 0) = Tso. Dimensionless fluid temperature Og
represents the ratio between the instantaneous solid-fluid temper-
ature difference to the initial solid-fluid temperature difference.
Under the hypothesis of negligible reactions, which is true in the
first period of the warm-up, dimensionless solid temperature rep-
resents the increment of solid temperature difference with respect
to the maximum increment it can reach. A dimensionless length, &,
was introduced as:

4ANuiex
MECpr

{= (10)

Moreover, a dimensionless time was introduced:
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4Nuigt

_ 11
As FronT P5Cs (1)

Similarly a dimensionless conductivity A can be introduced:

A 4Nu}.~F/Z‘S.FRONT)~S (12)
2
Mg~ Cpr
Using Egs. (8)-(12) simplifies Egs. (1) and (2), to:
00
F _p.—0 13
ot SR (13)
2
90s 7/\% 90f (14)

o Noe o

3. Results and discussion

The typical automotive catalyst cold start is characterized by
gases arriving in the entrance of the catalytic converter (coming
from the engine) at moderate temperatures. In order to analyze
and compare the fundamental mechanisms involved, the cases in
this study have been setup based on the following pattern: exhaust
gas of constant temperature Tg;, and mass flow rate mg flowing in a
catalytic converter (volume of 2It) with an initial, lower and uni-
form temperature Tso. The temporal and spatial evolution of tem-
peratures and concentrations, as well as of further characteristic
properties of the heat and mass transfer are the main focus. The
results presented and discussed in the following sections show
the detailed temporal evolution. Should dependencies on further
parameters be the focus, typical time instants have been selected.
For assessing the spatial distribution, the observed quantities are
displayed at the entrance (x = 0), three equidistant points inside
the converter, (x = 1/4L = 0.038 m), (x = 1/2L = 0.076 m), (x = 3/4
L =0.1148 m), and at the exit (x = L = 0.1524 m) of the converter.
Apart from the influence of different (additive manufactured) cat-
alyst geometries, the present study analyses in detail the influence
of different Tgi,, Tsp and mg. The values chosen for these parameters
are typical for automotive cold starts, but also such that the phe-
nomena in focus are neither too fast nor too slow.

3.1. Measured cold start emissions

Fig. 3 shows measured conversion efficiencies of the AM cata-
lyst (the geometrical details are reported in Table 1) on the chassis
dynamometer over the WLTC in terms of CO, THC and NOx.

There are two aspects that are common among all the three
species: lower conversions are detected at low and at high velocity
ranges. Deficiencies at higher velocity is due to mass transfer lim-
itations. This was the focus of the work of the same authors pub-
lished in (Papetti et al., 2018), where optimal converter
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characteristics for maximum chemical conversion are derived.
The present paper focuses on the low velocity range, which is typ-
ical of cold starts related phenomena. The same optimization
intention is presented here: a deep analysis of the cold starts phe-
nomena and of the geometrical effects is offered for deriving opti-
mal converter design.

3.2. Basic characteristics of the cold start behavior of the AM1 catalytic
converter

Fig. 4 presents TF and TS time histories at the different local
positions inside the AM1, as described in Table 2. The results cor-
respond to the case of Tgi, = 425 K, Tsp = 260 K and mg = 0.0172 k
g/s. Dashed lines represent TF, while solid lines TS (catalytic
converter).

At the entrance of the converter, the fluid is instantly cooled
down to a temperature of 410 K, while the solid is instantly
warmed up to a temperature of 310 K, both temperatures accord-
ing to the thermal effusivities involved. In the entrance region
thereafter, the fluid and solid heat up, until the fluid reassumes
its inflowing temperature TFin and, shortly after, TS reaches TF
(t ~ 15 s). In more downstream positions, the fluid is cooled down
towards Tso = 260 K. So, for the first seconds, Tg(Xx = 1/4L) = Tso and,
in a similar manner, for t < 10 s Tg(x = 1/2L) = Tsg as well as for
t <20 s T(x = 3/4L) = Tsp and for t < 25 s Tg(X = L) = Tsp. In all loca-
tions, TF and TS increase in time towards the temperature of the
entering gases.

Based on these observations and on all the cases examined, the
catalyst warm-up can be divided in two different phases. The ini-
tial phase with heat transferred from the fluid to the solid (convec-
tion) until Ts = Tg = Tgip. In this phase, temperature in downstream
locations are lower than in the upstream (at the same t). Following
this, the second phase starts as soon as TF > TS (not clearly dis-
cernible in Fig. 4a, but clear in the magnification enclosed in
Fig. 4b). Here the heat-up is primarily based on the heat released
by the chemical reactions in the solid (which in turn is convected
back to the fluid). Certainly, first, weak chemical reactions have ini-
tiated earlier, (as can be seen in Figs. 5 and 6). Indeed, first oxida-
tion reactions occur in the very first part of the catalytic converter
as soon as TS > 373 K. It is also in the first quarter that Ts > Tg > T
occurs, exemplarily for x = 1/4L at t~>30 s. The heat produced by
the chemical reactions is transferred to the fluid (convection) as
well as conducted inside the solid (as long as solid downstream
parts have lower temperatures). A local equilibrium is reached
almost instantly, exhibiting stationary temperatures at each loca-
tion. The heat generated is taken up by the fluid and contributes
to the heat up of the downstream catalyst sections, which, in turn,
leads to locally higher reaction rates. Thus, the local temperatures
increase in the downstream, in contrast to the first phase. The very
small increase of the temperature in the last quarter is due to the

WCOH
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1
09/\_\\

0 2 4 6 8 10 0 2 4
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Fig. 3. Experimental conversion efficiencies in terms of CO, NOx and THC during the WLTC for an Additive Manufactured converter (geometrical properties reported in
Table 1). Measurements are performed on the chassis dynamometer of Empa with a EURO6 Gasoline Engine.
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Fig. 5. CO molar concentration, Xco, time histories in the selected locations inside
the catalytic converter (TFin = 425 K, TSO = 260 K and m¢ = 0.0172 kg/s).
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Fig. 6. Reacting CO mass rates, my,c, in the different converter quarters
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Fig. 7. Heat exchanged from the fluid to the solid, ¢, integrated over the different
converter quarters (TFin = 425 K and m¢ = 0.0172 kg/s, TSO = 260 K).

low amount of remaining CO, as almost the entire CO is oxidized in
the upstream catalyst parts (more details in Fig. 7).

Fig. 5, which shows the time history of Xcq, provides additional
evidence for the above discussion. The same case of Fig. 4 at
Tso = 260 K, Tgin = 425 K andm = 0.0172 kg/s is considered. The
dependence of Xco from the evolving (increasing) Ts is evident.
First reaction traces can be discerned slightly before 10 s at the cat-
alytic converter entrance, when Ts reaches circa 373 K. Xco at the
exit of the first quarter of the catalytic converter starts decreasing,
falling below the Xcojn. For t < 30 s the Xco in the remaining cata-
lyst parts is identical with the X in the first quarter, evidencing
that no reactions happen in the downstream yet (consistent with

the low temperature at these locations). At about t = 42 s it is
achieved a local equilibrium between the heat released by the
chemical reactions and the heat convected to the gases. The tem-
perature in the first quarter of the converter stabilizes (see Fig. 4)
and the corresponding reaction rate of CO oxidation stabilizes as
well, thus, consequently, Xco at x = 1/4L remains constant over
time (also clearly seen in Fig. 6). Additional decrease of Xcg in
the next quarter of the catalytic converter evidences the onset of
the reactions there. Here the reaction rate is slightly higher due
to the slightly higher temperature, a consequence of both the con-
vection heat transfer and exothermic heat released by the reac-
tions happening in the first quarter. In the same manner, around
50 s, the entire first half of the catalytic converter reaches equilib-
rium and first reactions are evident in the third quarter. After
t = 69 s, reactions start also in the last quarter of the catalytic con-
verter. CO conversion is complete soon after. Almost the entire
reactions happen in the first three quarters of the catalytic con-
verter length. The steady state temperature increases along the
catalytic converter up to 444 K in the last quarter (see also related
discussion with Eqs. (15)-(17).

The discussed phenomena are confirmed when taking into
account Mey,co in each of the catalyst quarters under considera-
tion (see Fig. 6). For t < 7 s no reactions are evident. Thereafter ini-
tial reactions start at the entrance of the first quarter and
equilibrium is reached at around t = 42 s. Reactions in the second
quarter start later, stabilizing at a slightly higher reaction rate. The
reaction rate in the third quarter is the highest, while the remain-
ing CO in the last quarter is very low, leading to lowest mgco there.
In the last quarter, only a peak is evidenced at t = 75 s. At this time,
the reactions in the third quarter have not reached the highest rate
yet, thus allowing some more CO slip to the last quarter. After
Mo in the third quarter stabilizes at a high value (3.8 1072 kg/
(sm?)), only a low amount of CO reaches the fourth quarter and
reacts there.

These observations are also reflected in q from the fluid to the
solid, as shown in Fig. 7. In order from upstream to downstream,
each catalyst quarter experiences the initial heat-up phase, where
the solid is heated up by the gases (positive ). As soon as the first
phase is completed, first chemical reactions start and the heat flow
reverses (negative) from the solid to the fluid. For the initial tem-
perature differences chosen here, the convective heat flux in the
initial warm-up phase, as shown in Fig. 7, is significantly larger
in respect to the heat released by the chemical reactions in the sec-
ond phase. The peak of the heat flux in the initial warm-up phase is
highest in the catalytic converter entrance and declines in the
downstream. This is explained taking into account the temporal
and local evolution of the temperatures (Fig. 4); the temperature
gradients decline with time and space (downstream). The declining
temperature gradients, however, result in (temporal) slower heat
up. Thus, the duration of the initial heat-up phase increases in
the downstream parts. Table 3 summarizes the duration of the ini-
tial heat up phase as well as the energy exchanged in this phase.
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Table 3

Duration and value of heat exchanged during the initial heat-up phase (from fluid to
solid) in comparison to the heat released by the chemical reactions in the second
phase (assuming identical duration of both phases). The energy released by the
chemical reactions in the last quarter is not reported because of the very small
amount of CO left from the preceding quarters, allowing no direct comparison.

Catalyst part  Duration of the Heat exchanged Heat released by the

initial phase, (initial phase from  chemical reactions
heat from fluid  fluid to solid) in the second phase
to solid [s] q [kJ/m?] q [kJ/m3]
[0,1/4L] 41 8 10* 3.17 10°
[1/4L,1/2L] 64 8.48 10* 8.33 10°
[1/2L,3/4L] 85 8.51 10* 3.04 10*
[3/4L, 1] 130 9.25 10*

gin the first phase is almost evenly distributed in the four parts of
the catalytic converter under consideration. The subsequent
energy released by the chemical reactions (convected back to the
fluid and a smaller part conducted within the solid) is also shown
in Table 3. For obtaining comparable values of energy in the two
phases, for each quarter, the time span used in the second phase
is equal to the one characteristic of the first one.

3.3. Influence of the inlet fluid and initial solid temperatures

Fig. 8 compares Tr time histories at x = 1/2L and x = L formg = 0.
00172 kg/s for two different Tg;, and Tsq, thus four different cases,
with the case shown in Fig. 4 (T, = 425 K, and Tsp = 260 K) as a
reference. The initial warm up phase is similar for the four cases.
First of all, the duration of the heat-up is very similar for all four
cases and seems to be almost independent from the initial temper-
ature differences. In all the cases examined, not only the ones
shown in Fig. 8, (with samemg = 0.00172 kg/s), some 60 s are
needed for the flow to reassume Tg, (410 K and 425 K). After the
60 s, the influence of first chemical reactions is evidenced,
heating-up the solid, which in turn heats up the gas (the onset of
chemical reactions can be better discerned when examining the
reacting mass as in Fig. 8). The equilibrium phase is reached soon
thereafter. The different initial temperature gradients however
lead to different initial heat-up rates and to different chemical
reactions rates, thus also to final equilibrium temperatures. Pre-
cisely, the equilibrium phase is almost independent from Tsg: cases
with the same Tsp reach almost the same final temperature,
slightly higher than Tsp.

These observations are also reflected in ¢ time history. The val-
ues related to the second catalyst quarter [1/4L, 1/2L] are shown in
Fig. 9. The process however is similar for all the quarters. Each cat-
alyst quarter has first to be heated up by the gases (positive heat
values). As soon as the first phase is completed, first chemical reac-
tions start and the heat flow reverses (negative) from the solid to
the fluid. In more detail, the peak of the heat flux in the initial
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Fig. 8. Tr time histories inside AM1 (at 1/2L and at L), for different T, = [410,425]K,
and Tsp = [260,360]K. (g =0.0172 kg/s).
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Fig. 9. ¢ from the fluid to the solid, integrated in the second quarter ([1/4L,1/2L]),
for different Ty, = [410,425]K, and different Tsg = [260,360]K (my = 0.0172 kg/s).

warm-up phase (from fluid to solid) is contemporaneous among
the cases considered. Different initial temperature gradients lead
however to different heat transfer magnitudes: it is highest in
the case with higher initial gas-solid temperature difference AT
(Trin = 425 K and Tsp = 260 K), and decreases coherently with
decreasing AT. The subsequent energy released by the chemical
reactions is higher in the cases with the higher Ty, = 425 K, while
it is very small in the cases with Tg, = 410 K.

The introduction of the dimensionless temperature difference,
0, according to Eq. (8), and dimensionless time, T, according to
Eq. (10), transforms Fig. 8 in Fig. 10. The different combinations
of T, and Tsg, considered both at x = 1/2L and at X = L, have similar
behavior. As long as no reactions take place, the effects of Tg;, and
Tso are compensated and the dimensionless time histories overlap
at each location along the catalytic converter. As already described
in in Par. 3.2, the warm up is faster at x = 1/2L than at X = L. These
characteristics are evident graphically in Fig. 10 by the fact that the
warm up curve is steeper at x = 1/2L than at x = L. Considering all
the curves corresponding to the same position, substantial devia-
tion of single lines, evidences the onset of the chemical reactions.
Earliest oxidation reactions correspond to the case with the highest
Tso = 360 K.

A more detailed look at the reaction rates in Fig. 11 confirms the
above observations. For the two cases with the higher temperature
of the solid (Tsp = 360 K) first reactions are evidenced at around
t = 20 s, while for the cases with the lower solid temperature some
10 s later. For the further evolution of the reaction rate though, the
temperature of the inflowing fluid is decisive. Higher inflowing
fluid temperature leads to higher temperature in the equilibrium
phase (so after t > 80 s for the Ty, = 425 K).

Fig. 12 compares the cases of Fig. 8 in terms of Xco at X = L (exit)
of the catalytic converter. Concentrations at the exit start to
decrease after some 10 s. This is due to initial reactions in the first
part of the catalytic converter. This decrease continues steeply in
the two cases with high Tgj, less steep in the cases with the lower
Trin. In the former cases, full CO oxidation is reached, sooner for the
case with the higher Tsp, later in the standard case (Tg, = 425 K,
and Tsg = 260 K of Fig. 4). In the latter cases, the reaction rates
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Tso = [260,360]K. (mf =0.0172 kg/s).
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Fig. 12. Xco time histories inside AM1 (at x = L), for different Tg;, = [410,425]K, and
different Tso = [260,360]K (mf = 0.0172 kg/s).

are lower. The differences of the compared time histories are
reflected in the cumulative emissions of the compared cases over
the entire cold start (not shown here).

3.4. Influence of the fluid mass flow

Fig. 13 shows the influence of varying mg on T (Fig. 13 a, b), on
Mgy co (Fig. 13 ¢, d), on g (Fig. 13 e, f), and on Xco (Fig. 13 g, h). The
fluid enters the converter at Tr, = 425 K while the solid is at
Tso = 260 K. The results are considered at the time instants of
50 s (Fig. 13 a,c,e,g), and of 400 s (Fig. 13 b,d,f,h). The instant at
400 s shows instead everywhere the second, stationary phase,
where equilibrium between the heat released at the solid surface
is balanced by the heat transferred to the fluid in all locations.
Xcoin is kept constant. Thus, for increasing mg, Mcoj, increases
proportionally.

In Fig. 13a, Tg at t = 50 s is described. The behavior of Ts is very
similar (to Tg), as discussed in Fig. 4. It is clear that, increasing mg
accelerates the heat transfer process. In this sense, the time of
t =50 s corresponds to a different progress state of the heat-up pro-
cess for each mg. For the lowest mg (=0.0086 kg/s), the fluid at
x = 1/4L has a temperature of around 410 K, while in the down-
stream parts of the converter it has been cooled down towards
the initial Tso. With increasing mg, temperatures at the first quarter
reach already Tg;, = 425 K, while those further downstream start to
increase. As long as the warm-up is in the initial phase, i.e. Ts < Tg <-
Trin, increasing mg results in higher temperatures in each of the
locations shown; for example at x = 1/2L (and for t = 50 s),
Tr(me = 0.0086 kg/s) < Tg(mg = 0.012 kg/s).... < T{{mf = 0.02 kg/
s). As already discussed at Figs. 4 and 8, in this initial phase, tem-
peratures in the catalytic converter are higher in the upstream than
in the downstream (for a constant mg). The green line indicates the
Trin level, which corresponds to the equilibrium temperature with-
out chemical reactions. Interestingly, at the highest mass flow
investigated, mr=0.036 kg/s, 50 s are just enough for almost the
entire catalytic converter to reach Tgp,.

The characteristics in each location change as soon as the sec-
ond phase is reached (Ts > Tgy,). Any further condition change
has to rely on the heat released by the chemical reactions. The local
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reaction rate is dependent on the local temperature (according to
the implemented Langmuir Hinshelwood and Arrhenius) as well
as on the CO mass transferred from the fluid to the walls, m;co.
This is linearly dependent on mgas well as on the local axial con-

centration gradient. The latter, in turn, is decreasing with ry 7
(according to Eq. (3)) and considering that for the AM structures

in question Sh~m;’? (as reported in (Papetti et al., 2018). Thus,

the mass transferred to the walls increases only with mF‘”, and
also the heat released by the reaction increases similarly with

mg"3. This heat is convected to the fluid; the thermal capacity of
the fluid increases linearly with mg. Thus the resulting fluid tem-
perature increase (over Tg,) decreases with increasing mg. This
decline is only very small in Fig. 13a (and only for X = 1/4L and
1/2L) but clear in Fig. 13b for all locations.

Fig. 13c describes my co in each converter quarter in function of
mg. At the lowestm; = 0.0086 kg/s, CO is reacting only in the first
quarter. With increasing mg, the reacting CO mass in the first and
in the second quarter, first increase and then start slightly decreas-
ing. The increase is due to the increasing temperature during the
initial heat up phase. After the completion of the first phase,
My co decreases based on the slightly decreasing temperature (as
discussed for Fig. 13a). Similar phenomena are also encountered
in the last two quarters, only later in time.

The two different phases related to the converter warm up
mechanism are clearly distinguishable in Fig. 13e, representing g
between the fluid and the solid in function of mg at t = 50 s. Accord-
ing to Eq. (5), g is directly proportional to mf and to the fluid axial
temperature difference. Positive values correspond to heat trans-
ferred from the fluid to the solid, while negative values vice versa.
For the lowestmg = 0.0086 kg/s, ¢ in the first quarter is low, given
that at t = 50 s the initial heat up phase is almost completed (in the
first quarter only).The g in the second and third quarter are higher,
given that heating up, at t = 50 s, here has just started and thus
higher temperature gradients prevail. Formg = 0.0124 kg/s the ini-
tial heat up phase in the first quarter is completed, while the rest of
the converter is in the first phase. At higher mg, the first and even
the second quarter are in the second phase, as can be seen by the
negative heat values. At t = 50 s the highest heat is exchanged in
the last quarter, where the temperature difference between the
solid and the fluid are higher in respect to the other quarters.

The influence of varying mg on Xco at t = 50 s is described in
Fig. 13g. Xco at the inlet of the converter is indicated in green. As
initial reactions occur in the very first part of the catalytic con-
verter (first to be warmed-up), Xco at the end of the first quarter
is lower than in the entrance, at t = 50 s, already for the lowest
mg investigated. Since no reactions occur in the downstream, CO
concentrations in the following three quarters are identical, all
points coincide (formg = 0.0086 kg/s). Formg > 0.023 kg/s reactions
occur also in the last downstream quarter of the converter since
the concentration there is lower than in the upstream. The behav-
ior in all four quarters of the converter is very similar; with
increasing gas mass flow, the CO concentrations at the end of each
quarter, first decrease and then increase. The decrease of the con-
centration is straightforward, associated to the warm up of the cat-
alytic converter and the increasing reaction rates. The following
increase of the concentration is explained considering the stagna-
tion and even slight decrease of the reacting mass (see Fig. 13c)
during the second catalyst warm up phase, while the inflowing
CO mass increases linearly with the gas mass flow, mg.

At t = 400 s the converter has reached steady state (no temper-
ature change in time at any location) and it is in the second phase
of the heat up in all locations shown in Fig. 13b. Thus, the main dri-
ver is the heat released by the chemical reactions on the solid sur-
face and its convection to the fluid, Ts > Tr.
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The temperature in the position where CO conversion is com-
pleted, as well as in all further downstream positions, is only a
function of the entering CO concentration, and is independent from
mg. This is clear from Eq. (15), which describes the heat
equilibrium:

1, coLHV = mpCpe AT (15)
Given that
1r.co = M (Xcorin — Xcorout) (16)

and that Xcoree = O at the position where CO is fully converted,
then:

AT = Ty(x(Xeo = 0)) ~ Trm = - Xeorin
pF

For Xcorin = 3000 ppm used in this study, AT = 19 K, and thus,
Te(x>=Xx(Xco = 0)) = 444 K.

In Fig, 13d the corresponding CO reacting mass flow myco on
the catalyst surface in each quarter is described in function of
mg. at t = 400 s. Fig, 13d shows the space distribution of the reac-
tions. For the lowest my examined (=0.0086 kg/s), all CO reacts
within the first two quarters. Consequently, the fluid has a maxi-
mum temperature of 444 K downstream the first half (T(x = 1/2L
) = T(x = 3/4L) = T(x = L) = 444 K). For the next highermg = 0.012
4 kg/s, reactions occur in the first three quarters of the converter.
Precisely, the temperature at X = 1/4L is lower, thus also the corre-
sponding reaction rate is lower. In the second quarter, a similar
decrease in temperature occurs, given the higher amount of gases
to be heated up. However, my o is higher in respect to the one at
the lower mg. Moreover, reactions start happening in the third
quarter. The maximum Tr = 444 K characterizes the converter at
x = 3/4L and at x = L. Analogously, atmg = 0.0168 kg/s, reactions
occur along the entire converter. The equilibrium temperatures
at x = 1/4L, x = 1/2L and at x = 3/4L decrease, as do myco at
x = 1/4L and at x = 1/2L Reactions in the third quarter are stronger,
and start also in the last quarter. The maximum Tg = 444 K is now
only reached at the end of the converter. For mg>=0.0194 kg/s the
reaction rates in the entire catalytic converter are not high enough
to oxidize the entire CO entering. In order to achieve full conver-
sion, a longer catalytic converter would be needed. In fact, for
mg > 0.0194 kg/s, reactions are stronger in the downstream catalyst
parts. The heat released is lower and has to heat up a larger
amount of fluid, thus the resulting temperature increase over T,
is lower at each position in respect to the temperatures at lower
mass flows.

In contrast to t = 50 s, at t = 400 s, temperatures increase along
the converter for each mg (Fig. 13b). For example, at mg = 0.012 kg/
s, Te(x = L) > Te(x = 3/4L).... > Tg(x = 1/2L).. An additional important
implication can be deduced by comparing Fig. 13a, b. At t = 50 s
and as long as the catalytic converter is in the initial heat-up phase,
increasing mg accelerates the heat up process. In contrast, in the
second phase (slightly to be seen in t = 50 s and clearly at
t =400 s), increasing mr beyond a limit hinders the heat up leading
to lower temperatures.

In Fig. 13f the heat transferred from the fluid to the solid is
shown. At 400 s, ¢, is primarily based on the heat released by the
chemical reactions in the solid (which in turn is convected back
to the fluid). This is the reason of the negative sign (heat convected
from the solid to the fluid). The considerations related to Fig. 4 for
mg = 0.0172 kg/s can be generalized for the entire mr range inves-
tigated. Moreover, comparing Fig. 13ef, it is clear that the magni-
tude of ¢ at 400 s is approximately 10 times less with respect to the
one at 50 s. The behavior of ¢ at 400 s in function of mg reflects the
behavior already described in Fig. 13d for the my co.

(17)
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The influence of varying mg on Xco at t = 400 s is described in
Fig. 13h. Xcoin is indicated in green. For the lowest
mg = 0.0086 kg/s considered, all reactions occur in the first half
of the catalytic converter, Xco in all the further downstream sec-
tions is zero. For increasing mg, Xco at the end of the first half
increases and reactions start gradually in the following sections.
Analogously, also Xco at x = 1/2L, x = 3/4L and L increase for
increasing mg. For mg < 0.0194 kg/s the converter is able to reach
full conversion (CO concentration at x = L is zero). With mg > 0.0
194 kg/s, the converter length is not enough for full CO conversion.

3.5. Similarity of the instationary heat transfer

Fig. 14 describes the dimensionless temperature response of
AMT1, 0, as a function of the dimensionless time-space coordinate
t/&. Different lines correspond to different conditions, i.e. out of
Ts(t = 0) = [260,360]K, Tgin = [410,425)]K andm = [0.0086,0.0172]
kg/s, and to different catalytic converter lengths (1/2L and L). All
lines have the characteristic S-shape. The initial 6(Ts = Ts(t = 0) =
To) = 0 and approaches unity (Ts = Tgy) at the end of the initial
heat-up phase. Values higher than 1 correspond to the second
phase of the warm up and are results of heat released by the reac-
tions. Interestingly, the temperature rise for larger catalytic con-
verter lengths occurs later, but it is steeper so that the
asymptotic temperature is achieved earlier. Even mg influences 0g
response. The temperature rise for lower mg occurs later, but it is
steeper so that the asymptotic temperature is achieved earlier.
Important to notice is that 6z = 0.56 for t/¢ close to 1. The values
we found are very similar to those in (Koltsakis, 1997). The heat
up of a converter can be approximated by an analytical expression
using a double exponential function of the type:

AR R s
0=0( i) =1-e

The k parameter is independent from ¢ and can be found by
substituting the point (t/¢&, 8)=(1, 0.56) in Eq. (18), k = In(1-0.56)
= —0.82. Given the differences in the steepness of the lines in
Fig. 14, the exponent m should be a function of &. The method of
least-squares approximation has been employed to find the best
correlation between m and ¢, the result is:

)

(18)

m=179%4 (19)

The implications of Eq. (17) are of some interest for simplifying
the numerical approach. First of all, it is clear that an equation sim-
ilar to Eq. (17) can only describe the phenomena with some accu-

racy when the second term of Eq. (8), AZS is small relatively to

g%

the third one, %ﬁ (and at negligible heat release due to chemical
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Fig. 14. 0 in function of t/&, with varying Ts(t = 0) = [260,360]K, T, =
mr=[0.0086,0.0172]Kg/s and x = [1/2L,L].

[410,425]K,
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reactions). This is the case when A is small, thus small or negligible
axial heat conduction in the solid. This is also the case for the cat-
alytic converter in question (ceramic material) in the present work,
(it is not the case when considering metallic catalyst substrates). In
addition, Eq. (17) gives an analytical solution of the time and loca-
tion dependent temperatures, should m and k be known. So, by
knowing m and k (through either previous simulations or experi-
ments), the analytical solution provided by Eq. (18) can simplify
the computations and the numerical solution of Eq. (8).

3.6. Comparison between different AM geometries

The AM structure studied in the previous sections, called for
simplicity AM1, has € = 0.8, ds = 0.8 mm and Sy = 896 m?/m? (ac-
cording to analytical approximation models in (Papetti et al.,
2018). It was chosen for been similar to the realized vehicle cata-
lysts (see Section 2.1), having though thinner struts and only
slightly improved properties. In this section, AM1 is compared with
the two further AM structures (Table 2) in terms of temperature
and CO conversion behavior during transient operating conditions.
The three different geometries have been chosen for their different
porosity g, strut diameter ds, and thus specific surface area Sy.
Based on Table 2 and taking into consideration fixed converter
outer dimensions (overall converter volume of 2It), AM2 has the
highest €, thus the lowest converter mass. Moreover, AM3 has also
slightly lower mass than AM1, given its higher porosity. Consider-
ing that the mass of each catalytic converter is a function of its
porosity: ms = myy = (1 — &)V - p, values from Table 2 give:
Map2 < Mayz < Mavn (20)
more specifically: mayz = 0.75mpy; and map, = 0.5Map.

It is also relevant to notice that AM3 has the highest Sy, thus the
highest wetted surface Sy (at fixed overall converter volume of
21t), while AM2 the lowest.

(21)

Fig. 15 compares the time evolution of T (a) and Xco (b) for the
three different structures (similar to Fig. 4 for AM1). Displayed are
the time histories only at the positions x = 1/4L and x = L. The
results correspond to the case of Ty, = 425 K, Tsg = 260 K and
mg = 0.0172 kg/s. On the whole, the warm up is similar among
the different cases examined and the mechanism is the one already
described in detail in Section 3.1. However, the heat up character-
istics in terms of rates and durations differ among the AM struc-
tures. AM2 shows the fastest heat up and the steepest
temperature increase. This is valid in the initial heat-up phase,
when the catalytic converter is heated up by the fluid. AM2 is fol-
lowed by AM3, while AM1 is the structure with the slowest heat-
up characteristic. This behavior can be well explained with some

Svamz < Svami < Svams

460

- AM21/4L

- =AM31/4L

~AM11/4L
....... AM2 L
AM3 L
—AM1L

0 50 150

Time [s]

T 1E03

Chemical Engineering Science 234 (2021) 116448

basic reasoning. During the initial heat-up phase, heat is trans-
ferred from the fluid to the solid. The heat transferred in a time
step is proportional to

Qr_s o< (h-Sw - ATE) (22)
The heat transfer coefficient, h, is given by
Nu/
h= a (23)

Assuming that the heat and mass transfer analogy holds, then
the Nusselt number’s dependency on the strut diameter ds must
be similar to the Sherwood number’s dependency on ds according
to (Papetti et al., 2018):

Nu = f(d;”) just as Sh = f(d;”)

Thus h :f(d;0'7), so that hAM3 = hAMZ = 1-39hAM1‘

The surface, corresponding to Sw, on the other hand, is
SW,AM3 = 1»435WAM2 and SW,AM] = l.zstAMz based on the values
reported in Table 2. This gives a rough estimation of the ratio of
the heat transferred from the fluid to the solid among the three
structures during one time step:

QFA»S<AM3 = 1-43QF~>S.AM2

(24)

(25)

and Qr_sam = 1.14Q¢_samn (26)

So the heat transferred from the fluid to the solid in one time
step, assuming similar temperature gradients (for the beginning
of the heat-up process at least is an acceptable assumption) is
highest for AM3, followed by AM2 and then AM1. This amount of
heat increases the internal energy of the solid (when neglecting
the anyhow low conduction in the solid):

dT,
Qr_s = MsCy (E) .

Considering: mays = 1.5mayp and may = 2may; this simplified
estimation yields:

(27)

dT) <de>

— 1.05( =2 28

<dt AM2 dt AM3 ( )
and

dT) (de>

— 1.75( == 29

(dt AM2 dt AM1 ( )

The characteristics in Fig. 15 reflect quite well the approxima-
tions in Eqgs. (28) and (29) since AM2 heats up first, followed by
AM3 and then by AM1 (substantially later). Thus, on the surface
of AM2, the initial chemical reactions and the 2nd heat-up phase,
initiate earlier. Later in time the three structures end-up with iden-
tical temperature of 444 K. This is clear, given that with all three
structures full CO oxidation is reached (according to the reasoning

2.E-03

0.E+00

0 50

100

Time [s] 150

Fig. 15. Comparison of the three different AM structures (see Table 2) in terms of T (a) and Xco (b) time histories in different locations (1/4L, L) (Tgi, = 425 K, Tsp = 260 K and

mg = 0.0172 kg/s).
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Fig. 16. Comparison of three different AM structures (see Table 2) in terms of spatial distribution of the Tr and the Xco at the instants t = 50 s (respectively a and b) and
t = 400 s (respectively ¢ and d) along the converter length (Tg, = 425 K, Tsp = 260 K and mf = 0.0172 kg/s).

of Eq. (17)). Fig. 15b shows the corresponding Xco time history at
the same space positions x = 1/4L and x = L along the catalytic con-
verter for the three different AM structures. The same case of
Tso = 260 K, Tgin = 425 K and mg = 0.0172 kg/s is considered. The
behavior described in Fig. 4 is similar for all the three different
AM structures and directly depends on the temperature evolution.
AM2 is thus the first to start reactions and to reach steady state at
x = 1/4L as well as at x = L, while AM1 is instead the slowest.

In Fig. 16, the three different AM structures are compared in
terms of spatial distributions along the converter length (space
coordinate x) of Tg (a,c) and Xco (b,d) for the time instant t = 50 s
(respectively a and b) and t = 400 s (respectively c and d). These
two different time instants are already considered in Fig. 13: 50 s
is typical for the initial warm-up phase, while t = 400 s shows
the stationary phase, where equilibrium between the heat released
at the solid surface is balanced by the heat transfer to the fluid. In
Fig. 16a the three AM structures show a distinctive behavior. At
t = 50 s the first part of the converter (x < 0.05 m) has reached
and exceeded T, for all three examined structures. This is consis-
tent with the temperature time histories in Fig. 15a for the first cat-
alyst quarter (x = 1/4L). Further downstream, the temperature
differences among the three structures increase. AM2 has reached
highest temperatures at these 50 s and is in the second heat-up
phase almost along the entire catalytic converter (except the last
downstream part). Chemical reactions and thus CO concentration
reduction occur over the entire catalytic converter and almost full
conversion is reached at full length. AM3 reaches similar tempera-

tures as AM2 for x < 0.08 m. For x > 0.08 m, however, the fluid has
not been heated enough to induce full conversion, the reactions are
weaker and the CO concentration higher. Finally, in the very last
part of the AM3 catalyst, Tg is so low (at t = 50 s) that the reactions
are negligible and Xco remains almost constant. T in AM1 are gen-
erally lower and X¢o higher. In fact, at t = 50 s, for AM1 the fluid has
recovered Ty, in the upstream converter part, while it is cooled by
the cooler solid in the remaining part. This Tr corresponds in
Fig. 16b to a Xco that is decreasing in the first part of the converter,
as the result of weak chemical reactions, and is remaining constant
in the downstream catalyst part.

The comparison is different when considering t = 400 s: all the
three AM structures are in the second phase of the warm up and Tg
increases along the converter length. Moreover, all the three AM
structures behave almost identically, although they have signifi-
cantly different Sy. This is evidence that in the relatively low tem-
perature domain under investigation, the slow chemical reactions
are the limiting mechanism. In addition, Fig. 16 confirms that a sig-
nificant part of the reactions occurs in the downstream part of the
catalytic converter, roughly the half of the entering CO is oxidized
in the last third of the catalytic converter. These considerations
reported for mg = 0.0172 kg/s are also valid for the entire mr range
examined, as it can be noticed in Fig. 17. Whereas for mg < 0.02 kg/
s the full conversion is reached, for mg > 0.02 kg/s the catalyst
length is not sufficient therefore. With increasing mg, T at the
catalytic converter exit decreases while the Xco increases. As
already described for AM1 in Fig. 13b, the main driver is the heat

13
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Fig. 17. Comparison of the three different AM structures (see Table 2) in terms of T¢
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Fig. 18. 0f in function of t/¢, for the different AM structures (see Table 2). Two
different positions are considered (x = 1/4L and x = L) (Tsp = 260 K, Tg, = 425 K,
mp=0.0172 kg/s).

released by the chemical reactions on the solid surface and its
convection to the fluid. All the AM structures considered are able
to reach the same Tr and X for all the mr considered. This also
means that all the AM structures have sufficient surface and heat
transfer properties for reaching the same final steady state.

Fig. 18 compares the three different AM structures (see Table 2)
in terms of O as a function of t/&. Different lines correspond to the
same fluid conditions (Tsg = 260 K, Tgi, = 425 K andmg = 0.0172 kg/
s), but to two different catalytic converter lengths, x = [1/4L, L]. The
characteristic S-type shape of Fig. 14 is clearly recognized here for
all the cases. The double exponential function in Eq. (17) s still valid
and, independently of the value of &, the characteristic time-space
needed for the fluid temperature to reach almost half the way to its
final value corresponds to 1. Thus the analytical approach, as
described by Eq. (17) and (18), is also valid and can be used for cat-
alysts with different lattice geometrical characteristics.

4. Conclusions

Automotive catalytic reactors should be carefully designed to
minimize their thermal response times, in order to reach their
nominal operating temperature as fast as possible and to minimize
cold start emissions. In this study, the heat up of Additive Manufac-
tured (AM) open cell polyhedral catalytic substrates during cold
start has been analyzed using experiments on chassis dynamome-
ter, numerical simulation and analytical methods. The typical
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automotive catalytic converter cold start is characterized by gases
from the engine at moderate temperatures arriving in the entrance
of the converter, which has a lower, often ambient, temperature. In
order to study the fundamental mechanisms involved, the cases
investigated have been setup with exhaust gas of constant, moder-
ate temperatures and mass flow rates flowing in an adiabatic cat-
alytic converter with an initial, lower, uniform temperature. The
focus was set on the temporal and spatial profiles of the tempera-
ture and CO concentration inside and at the exit of the converter.
All simulations have been performed in OpenFOAM.

In all examined cases, two different phases during the heat-up
have been distinguished:

e In the initial phase, the gases warm-up the solid-converter,
Ts < T < Trin, (convection from fluid to solid aided by initial
oxidation reactions) until Ts = T¢ = Tg, The gases warm-up
the solid-converter through convection. The heat up is helped
by initial oxidation reactions in the upstream converter part.

e The second phase starts when the converter and the fluid inside
have reached the same temperature, equal to the one of the
fluid entering the converter. This phase is characterized by the
heat released by the reactions, thus the heat transfer is from
the solid to the fluid and Ts > Tg > Tin,

In the first instants of the initial phase, the gases warm-up the
solid catalytic converter in the entrance region and are cooled
down towards the initial solid temperature in the downstream.
Main characteristics of this phase are:

e The duration of the first phase is different along the converter
and downstream locations experience a longer first phase.
However, the duration is independent from the initial tempera-
ture difference between solid and fluid.

e The heat transferred (in energetic terms) is relatively homoge-
neously distributed throughout the catalytic converter and, in
any location, it increases in time towards a peak and decreases
thereafter. The heat transfer peak is highest in upstream loca-
tions and decreases in the downstream. The heat exchanged is
strongly dependent from the initial temperature difference
between solid and fluid.

e At each instant, temperatures decrease along the converter

length.

Increasing my accelerates the initial heat up, resulting in higher

temperatures at fixed time instants at all locations.

e The introduction of dimensionless temperature differences,

dimensionless time and dimensionless space coordinates evi-

dences the similarity of all examined cases (i.e. for different
mass flow rates, flow inlet and catalytic converter initial tem-
peratures as well as lengths).

The catalytic converter heat up, expressed with the dimension-

less parameters, has the characteristic S-type shape, and is a

double logarithmic function that can be approximated by a cor-

responding analytical expression. A larger converter heats up
slower at first but then at an accelerated rate.

Under the hypothesis of negligible solid conductivity, the char-

acteristic dimensionless time-space t/¢ needed for the outlet

solid temperature to reach almost half the way to its final value

corresponds to 1.

The second phase is characterized by:

The driving phenomena are chemical reactions. As upstream
locations are warmed-up first, the onset of chemical reactions
first occurs upstream. The heat released by the reactions is
transported downstream resulting in a faster increase of tem-
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peratures and reaction rates (as long as enough reactants are
there). Stationary conditions are reached almost instantly, lead-
ing to constant local temperatures and reaction rates in time.
The enthalpy of the inflowing gases has to be matched to the
energy released by the chemical reactions, for achieving the
fastest possible warm up. If the mass flow is too high, only a
modest and slow temperature increase can be achieved. On
the other hand, if full conversion is achieved, the highest tem-
perature is reached at the location where the last remaining
CO is oxidized. This temperature is a function only of the
inflowing CO concentration and is independent of the fluid mass
flow.

e Temperatures are generally higher in the downstream than in
the upstream converter part. This leads to higher reaction rates
and thus to higher reaction heats released in the downstream
locations.

The initial solid temperature influences the onset of this second
phase, while the inlet fluid temperature and the inlet CO con-
centration influences the local equilibrium temperature.
Increasing fluid mass flow results in lower local temperature
increase in respect to the temperature of the inflowing gases.

Three AM converter substrates with different geometrical prop-
erties, thus different thermal and mechanical properties and differ-
ent mass, have been compared in terms of thermal and conversion
characteristics:

e Lighter structures (higher €) allow a faster initiation of the
warm up, have shorter first phase duration and require less heat
exchanged for reaching a target temperature

e Structures characterized by higher Nu levels show a faster
warm up, have shorter first phase duration and require less heat
exchanged for reaching a target temperature

e During the second phase of the warm up process, after reaching
stationarity, when the main phenomena are the chemical reac-
tions and the consequent heat released from the solid surface to
the fluid, the AM behavior is almost independent from thermal,
mass and surface properties

e The dimensionless as well as the analytical approach proposed
for the initial heat-up phase is valid also for catalysts with dif-
ferent geometrical lattice parameters.
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