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Abstract

The automotive industry is driven its efforts to cleaner internal combustion engines. As a result, the engine has become
conditioned by the exhaust aftertreatment systems. The regeneration of wall-flow particulate filters (PFs) evidences
such an interaction. The PFs prevent the soot emission whereas, as a counterpart, the fuel consumption increases.
Consequently, passive and active regeneration strategies are needed to clean the filter back and limit the penalty in
CO;. In this context, modelling tools play a key role to achieve a comprehensive understanding and control of the
regeneration. In this work, a regeneration model coupled to a one-dimensional compressible unsteady flow solver for
PFs is presented. The importance of the main physical and chemical steps related to the soot oxidation is discussed.
The influence of the diffusion of gaseous reactants inside the primary soot particles is firstly addressed. The inclusion
of this step into the definition of the reaction rate provides temperature dependence to the soot specific surface. Next,
the reactants adsorption is analysed. This step leads to define a surface coverage, which behave as an equivalent
reaction order. It allows figuring out the influence of the gaseous reactants concentration on the reaction rate and its
dependence with the temperature.

Keywords: Internal combustion engine, exhaust aftertreatment system, particulate filter, regeneration, soot,

modelling

1. Introduction

In the last decades, internal combustion engines have undergone an intensive progress in emission control. Despite
improvements in the traditional engine processes, such as injection [1], combustion [2] or air management [3], the
current and future regulations on pollutant emissions have led to the need of exhaust gas aftertreatment systems
(EATS) as key elements for their fulfilment [4]. In the case of particulate matter emissions, wall-flow particulate
filters (PFs) are generalised in Diesel engines for more than a decade [5] at the same time as worldwide particulate

number tightening regulation trend is also imposing their use in the new generation of gasoline engines [4].
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The accumulation of soot into the PF gives as a result the variation of the porous medium [6] and channels
geometric properties [7]. The resulting increase in pressure drop leads to a non-negligible impact on the engine fuel
consumption [8] and emissions [9]. Despite the fact that an optimised design in terms of geometry [10] and substrate
materials [11] can contribute to reduce the penalty on the engine performance, the periodic filter regeneration, i.e. the
oxidation of the collected soot, is required in order to keep the PF pressure drop at low level during engine operation
[12]. The minimum temperature for soot oxidation in the presence of O, is in the range of 500-600°C [13]. This order
of magnitude is over the typical exhaust gas temperature in Diesel engines. Therefore, different active regeneration
strategies must be approached [14]. Complementary, continuous passive regeneration is based on the ability of NO,
to oxidise soot above 300°C [15]. During normal engine operation, NO, assisted regeneration is promoted increasing
the NO, concentration at the wall-flow diesel particulate filter (DPF) inlet by oxidising NO in a previous oxidation
catalyst [16]. Additionally, the DPF can be catalysed with a platinum coating as a way to enhance the NO to NO,
oxidation across the inlet channels of the wall-flow monolith [17]. Another common passive regeneration strategy
consists of the use of metal oxides, such as CeO,, as additives during the engine combustion process. These metal
oxides promote the formation of surface nitrates which favour both O, and NO, soot oxidation [18].

The regeneration modelling shows great dependence on the thermo-and fluid-dynamic field of the filter [19] as well
as on the soot reactivity [20]. The work of Bisset [21] stands out among the first studies on the mathematical modelling
of the regeneration process in wall-flow particulate filters. The work was focused on the thermal regeneration of
particle filters in the presence of O,. The proposed mathematical model solves the conservation of mass, momentum
and energy in a single pair of inlet and outlet channels coupled by the flow across the porous medium.

Although the Bisset’s model assumes the complete oxidation of soot, later experimental studies evidenced that
a non-negligible amount of CO is produced during the regeneration [22]. Hence, an index of soot oxidation com-
pleteness [23] was included to account for the incomplete soot oxidation in the presence of O,. In a similar way,
Koltsakis et al. [24] also defined the corresponding NO, index of completeness as way to properly deal with the
modelling of passive regeneration.

Besides incomplete oxidation, the basis of solid carbon oxidation postulates a series of steps previous and subse-
quent to the formation of the oxidation products. Among these steps, the main limiting ones are the diffusion of the
gaseous reactants from the external to the internal pores, the adsorption of the reactants on the soot surface, which
gives rise to the reaction intermediate products, and their final rearrangement to form the oxidation products [25].
Other steps concerning the products, such as their desorption, have lower impact on the overall reaction rate since
their characteristic velocity is several orders of magnitude higher than the one corresponding to the reactants related
steps [26].

Although the internal pore diffusion is not traditionally taken into account to describe the regeneration process,
the diffusion of the reactants inside the pores of carbon particles was already discussed in the early 80°s by Smith [27],
who proposed a classification of the oxidation reactions as a function of the degree of penetration of the oxidising
species into the pores of a coal particle. Concerning O, interaction with diesel soot particles, Kandas et al. [28]
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analysed the evolution of the surface area of various soot samples during their oxidation applying small angle X-ray
scattering and CO, adsorption techniques. The results showed simultaneous variation of the size and internal structure
of the particles. It suggested a dual oxidation process, i.e. both internal and external burning out. Song et al. [29]
applied transmission electron microscopy to analyse the microstructure of soot primary particles generated by several
diesel fuels at different stages of oxidation. The oxidation was also shown to vary the internal structure of biodiesel
soot particles along the burn out process. The penetration of NO; into the soot particles derived from combustion
has been also discussed by Tighe [30]. Shrinking and dual combustion models were applied to fit the reaction rates
coming from thermogravimetric analysis. Similar accuracy was provided by both approaches, despite the fact that
NO, evidenced diffusion into the particles internal pores. Although the diffusion mechanism was concluded not to
control the oxidation process, this statement was based on the computation of the NO, molecular diffusivity and
the comparison of the diffusion rate with respect to the kinetic constant. However, the use of molecular diffusivity
contrasts with the representative diameter of the soot internal pores [31], which falls into the configurational diffusion
regime [32].

On the other hand, the kinetic model suitable to represent the complex mechanism of the carbon particles oxidation
has been generally discussed applying an indirect approach based on the reaction order of the oxidising species [33].
The most extended solution assumes first-order kinetics to describe the complete reaction mechanism as a single step,
as done by Ghiassi et al. for carbon black [34], by Guo et al. for diesel soot [35] and Rodriguez-Fernandez et al.
for dry soot (devolatised diesel soot) [36]. However, the assumption of a kinetics of non-integer order covering the
range 0.5 [37] to 0.94 [38] is also commonly found in the literature. In this regard, there are multiple experimental
and theoretical data that point out the gaseous reactants adsorption on the surface of the carbon particle prior to
the formation of the reaction products [39]. In order to consider the influence of the adsorption step on the overall
reaction kinetics, the adsorption isotherms provide a more solid approximation than calibrated non-integer Arrhenius
expressions [40]. This approach was applied by Essenhigh [41], who proposed to describe the adsorption process
by the Langmuir isotherm. More recently, Messerer et al. [42] combined the Langmuir isotherm and the Arrhenius
equation to model diesel soot oxidation in the presence of NO, keeping just the Arrhenius equation for O, because of
the low temperature and its lack of impact on the tested oxidation processes.

Due to the evidences stressing the importance of the reactants internal pore diffusion and adsorption, this paper
proposes a wall-flow particulate filter regeneration model that includes these phenomena in the definition of the re-
action rate term. The model is integrated into a one-dimensional (1D) unsteady compressible non-homentropic flow
solver [43]. This way, the regeneration is not evaluated assuming the soot oxidation as an standalone process but
conditioned by the thermo-and fluid-dynamic field. The model capability to describe the soot oxidation dynamics is
contrasted comparing against experimental data corresponding to DPF passive and active regeneration tests. Finally, a
parametric study is conducted as a function of the temperature, mass flow and reactants concentration to reach further

understanding on the impact of the internal pore diffusion and adsorption on the reaction rate.



2. Regeneration model

The proposed regeneration model is implemented into an integral thermo-and fluid-dynamic solver [43] for wall-
flow particulate filters, which accounts for pressure drop [44], heat transfer [45] and filtration [46] modelling. As
detailed in the Appendix, the model solves the governing equations assuming one-dimensional unsteady compressible
non-homentropic flow. The filter regeneration affects the flow transport in different ways. On the one hand, the soot
oxidation produces a decrease in the amount of soot accumulated within the porous medium. This parameter directly
affects the pressure drop [44] and can vary the filtration efficiency as a function of the soot mass load [46]. In addition,
the heat released by the soot oxidation increases the substrate temperature [45]. On the other hand, the regeneration
model determines the gas composition at the porous wall outlet, which defines the source term of the chemical species
conservation equation in the outlet channel, as shown in the Appendix.

Figure 1 shows an scheme of the channels discretisation in the axial direction and the cross-section of an inlet
channel, where the main geometrical characteristics of the cell are identified. The gas composition entering the out-
let channel in every axial node is obtained solving the conservation equation of chemical species across the porous
medium, i.e. in the tangential direction. Therefore, its coupling with the flow solver defines a 1D+1D regeneration
model. In particular, the conservation equation of the gaseous reactants is solved along three different layers compos-
ing the porous medium. These layers are the particulate layer, which is a region of variable thickness as a function the
amount of accumulated soot; the loaded porous wall, which is a region of the porous wall of constant thickness where
soot is collected; and the non-loaded porous wall [46], where neither soot accumulation nor reaction takes place.

The gaseous reactants considered in this work are O, and NO,, as shown in Eqs (1) and (2),

C +(10202 e 2(0(02 - 05) CO, + 2(1 - CL’OZ)CO (D)

C+CYN02N02 —>aN02N0+(2—a/N02)C0+(aN02 — l)COz (2)

which account for the index of oxidation completeness for O, and NO, species according to the model proposed by
Zeng et al. [47] and the calibration from Jeguirim et al. [48].

The regeneration is assumed to be a quasi-steady process with negligible impact of the diffusive transport across
the porous medium. This hypothesis is discussed to be valid in controlled regenerations and no NO, promotion into
the porous wall [49]. Therefore, Eq. (3) represents the convective transport equation to be applied across every layer

of the porous medium,

0 (quAf Y,,)
0z

where u,, and Ay are the filtration velocity and area respectively and p represents the gas density. Y, identifies the

M,
pA— @)

mass fraction of the gaseous reactant n, i.e. O, or NO,. Taking into account that M, and M are the molar mass of
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the reactant n and the gas mixture respectively, assuming incompressible flow and constant filtration velocity and area

across every layer, Eq. (3) can be rewritten in molar fraction terms (X,) as

u 0X,
Y 9z

where the term @, represents the reaction rate of the reactant n, which is defined in a general way as:

=, 4

Wy = _f (Sw nint,l) anknf (pm Tw) (5)

Eq. (5) accounts for the main solid-to-gas steps that can limit the effective reaction rate, as sketched in Figure 2. In
Eq. (5), @, is the completeness index of the reactant n; f(S ,, 17, ) is a function of the soot specific surface (S ;) and the
internal pore diffusion of the reactant n (1;,,). This last term is in turn a function of microstructural soot properties,
substrate temperature, reactant concentration and kinetic parameters, as forward discussed in Section 2.2. The kinetic
constant of the soot oxidation against the reactant n (k,,) is calculated according to the Arrhenius equation as a function
of the substrate temperature. Finally, the function f(p,, T,,) represents the reaction dependence on the reactant partial
pressure (p,), i.e. the reactant concentration and absolute pressure dependence, and the substrate temperature (7). It

is modelled according to the Langmuir isotherm, as described in Section 2.1.

2.1. Adsorption process

The surface concentration of the gaseous reactants is determined from their gas flow concentration by means of
the Langmuir isotherm. This adsorption isotherm has been successfully applied in previous works to calculate the
surface concentration of both O, [50] and NO; [42] when modelling the oxidation of carbon particulates in chemical
reactors.

The general expression of the Langmuir isotherm, which substitutes the term f(p,, T,,) in Eq. (5), is

KSnpn

=, 6
1+KS,,pn ( )

n

where the term Ky, represents the adsorption equilibrium constant of the reactant n according to Eq. (7). The values
of the adsorption enthalpy (AHs,), which is defined as the adsorption to desorption activation energy difference, and

the pre-exponential factor (Ag, ) are detailed in Table 1.

E“adsn
kaas, = Ae” %1 A Foudsy Fotes, g,
Eayeg, KS’I = Ee RTw = AS,,e RTw (7)

kdesn = Be FTw

2.2. Internal pore diffusion

The dependence of the soot oxidation on the particles geometry has been widely discussed. The most common
approach assumes an oxidation shrinking core mechanism. This is the case of the work performed by Jung ez al. [54],
who visualised the combustion of acetylene soot concluding its impermeability to O,. In contrast, other authors,
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as Ghiassi et al. [34], highlight the importance of the particles microstructure and its impact on the internal pore
diffusion for the correct determination of the reaction rate. This dual combustion approach, i.e. external and internal
soot particle oxidation, finds support in the study presented by Song et al. [29]. The variation of the microstructure
of the bio-diesel soot was analysed during the oxidation process. Although the combustion was initially observed to
take place on the soot external surface, most of the reaction was demonstrated to occur internally after the removal of
the soluble organic fraction (SOF) adsorpted inside the micro-pores.

These observations are consistent with previous studies focused on the analysis of the soot specific surface vari-
ation as the oxidation takes place. Ishiguro et al. [S5] showed an increase of the surface area as the combustion is
completed. The increase in surface area was demonstrated to be higher than the one corresponding to an external com-
bustion with particle diameter reduction. Therefore, the high magnitude of the surface area increase was attributed to
changes in the internal particle microstructure. On the other hand, Kandas et al. [28] found an increase in surface area
after the removal of volatile matter. Such variation was related to internal micro-pores, which became accessible to
gas molecules.

The possibility to distinguish between external and internal specific surface makes possible to apply these concepts
to the regeneration modelling. In the present work, the mass based soot specific surfaces for diesel soot provided by
Kandas et al. [28] are considered. The external mass based specific surface is 96 m?/g. This value is similar to that
provided by other authors, such as Tighe [56] and Jaramillo [57]. The difference between the external specific surface
and the value provided after SOF removal (~ 367 m?/g [28]), which coincides in range with the one provided by
Lapuerta et al. [58], is used as internal mass based specific surface. These values are similar to those obtained in [55]
once the oxidation process is initiated. Since the specific surface in Eq. (5) is defined in volumetric terms, the soot
density in every region has been applied to determine the volumetric based specific surfaces. The soot density in the
particulate layer has been imposed to 700 kg/m?, which is obtained from the particulate layer porosity determination
carried out in previous studies [59]. The density of the soot within the porous wall is taken as the representative
density of the soot aggregates with mean fractal dimension and number of primary particles (345 kg/m?) [60]. In both
cases, the carbon density has been assumed to be 2000 kg/m>. The resulting volume based soot specific surfaces are
shown in Table 2. It is relevant to note that the external specific surfaces are in the same order of magnitude as the
specific surface used in classic regeneration models, such as the Bisset [61] and Koltsakis [23] proposals.

Despite the ability to distinguish between external and internal soot specific surface, the impact of the soot mi-
crostructure variation during the regeneration on the reactivity has been assumed negligible. On the one hand, the soot
collected into the monolith is free of volatile compounds since, as in this work, the DPF is usually preceded by an
oxidation catalyst [62], being one of its functions the oxidation of the SOF trapped in the soot particles [63]. On the
other hand, this hypothesis is supported by the experimental results provided by Kandas et al. [28], who evidenced
that the variation in specific surface was almost negligible once the SOF was removed.

Therefore, the reaction rate term shown in Eq. (5) can be rewritten as



d)n = - (S p.ext + nint,lSp,inr) anknf (Xna Tw) 5 (8)
—_—
Effective specific surface

where the internal pore diffusion efficiency times the internal soot specific surface defines the effective internal soot
specific surface. The internal pore diffusion efficiency is computed as a function of the Thiele modulus [64] applied

to a soot primary particle:

1 1 1
Nint, = o (—tanh(3¢n) - 3¢n) 9

Since the kinetic mechanism includes an adsorption step, the Thiele modulus for spherical particles is calculated

as proposed by Hong et al. [65] referred to the internal specific surface of the soot particles:

(10)

¢ _ dpart,p J Sp,intkna'n KS,,pn
n =

6 2D, (Ks,pn — log (1 + Ks,pn)) 1 + Ks, pn

The term d),., defines the diameter of the soot primary particle. Its value and other soot properties used in this
work are shown in Table 2. The pore radius (r,, ) is the mode of the pore size distribution of a virtual carbon particle,
as described by Biggs and Buts [31]. From this order of magnitude it is possible to conclude that the internal pore
diffusion falls into the configurational diffusion regime. The diffusivity due to this mechanism is calculated applying

the Salatino’s procedure [66]:

Eagas,
Dc,n = Dk,ne_ RTw (1 1)
InEq. (11), E,,,,, represents the adsorption activation energy of the reactant n. It has been determined as a function

of the substrate temperature taking into account the results from different studies with O,, as shown in Figure 3. Since
0, and NO; have similar adsorption enthalpy (Table 1), the same activation energy has been assumed for both gaseous
reactants. In addition, the calculation of the molecular diffusivity requires the Knudsen diffusivity (Dy,), which is

defined as [67]:

Dk,n = zrp’s 8%7‘“{
3 M,

12)

2.3. Solution of the chemical species transport in the porous medium

From the description of the internal pore diffusion and adsorption steps, the reactant species conservation equation

across the porous medium can be finally written as:

0X,
u
w 9z

Eq. (13) is solved for O, and NO, applying a 4”*-order Runge-Kutta method consecutively to every layer, which

Ks,p
=- (S pext T TlintnSp,inz) a’nknﬁsunpn

13)

are solved in a decoupled way. It makes necessary to impose the concentration at the inlet of every region as a
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boundary condition. In the case of the region in the interface with the inlet channel, the concentration is imposed as
that of the species in the inlet channel gas flow because of the convective transport across the porous medium. The
concentration of the species at the outlet of every layer are then imposed as the boundary condition for the solution of
the next one.

The gas composition at the outlet section is determined as a function of the inlet mass fraction for every species
and the variation in mass fraction of reactants and products. In particular, the soot mass fraction variation in the gas
stream is obtained by solving the filtration process [46] whereas the variation of the products mass fraction is obtained

by stoichiometry according to Egs. (1) and (2),

M[’
AY, === > Vo, (14)

n

where M, and M are the molar masses of the product p and the gas mixture, respectively; v, is the stoichiometric
coefficient of the product p generated in the soot oxidation against the reactant n and AX,, represents the molar fraction
variation of the gaseous reactant leading to product p formation. Consequently, the outlet mass fraction of the chemical
species m is given by:

My — Ymw, + AV

Vi, = —tow = 15
o 1+ 3 AY, (15)

In Eq. (15), #ity,,,,, and iy, represent the mass flow of the species m and the total mass flow at the porous medium

outlet of every node respectively.
The amount of oxidised soot mass (1, ,.,) and the heat released per unit of time (§,.,) in every layer is determined

from the depletion rate of the gaseous reactants and the heat of formation of the involved chemical species,

I e 10 10
s reg :MC(— o, "02), (16)

ot ano, ot @, ot

Vin on,
Treg = Tregn = —H 17
Greg Zn:q 3 Zn:zkl o, %5 a7
being H) the enthalpy of formation of the species k. The depletion rate of the reactant » in every node of the porous

medium is obtained from the variation in molar fraction provided by the solution of Eq. (13) according to

on,
ot

= AXnuwAfcgasa (18)

where ¢, is the gas flow molar concentration.

3. Experimental setup and tests

The performance of the proposed PF regeneration model is discussed taking as baseline several DPF regenerations
carried out in an engine test bench. All the modelled tests were performed in a wall-flow DPF whose characteristics
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are summarised in Table 3. The details of the experimental setup, which is sketched in Figure 4, can be found in [71].
In particular, a Euro 4 Diesel engine, whose main characteristics are shown in Table 4, was used. The monitoring of
the aftertreatment operating conditions covered the measurement of the air and fuel mass flow by a sensy-flow and a
gravimetric balance, respectively; the DPF pressure drop by placing two piezorresistive transducers at the inlet and
outlet cones of the DPF; and the inlet and outlet temperature with K-type thermocouples placed in the inlet and outlet
DPF canning cones.

The exhaust gaseous emissions were measured by an Horiba Mexa 6000 F-TIR analyser placed downstream of
the DPF. The particle concentration and size distribution were also measured by using a TSI Engine Exhaust Particle
Sampler following the methodology proposed by Desantes et al. [72]. Additionally, a by-pass system with two
electrovalves was placed upstream of the aftertreatment system to provide higher control on the DPF soot mass load
at the beginning of every test. During the engine stabilisation the valve in the aftertreatment branch was completely
closed and the by-pass valve controlled the tailpipe exhaust pressure. Once the engine was stabilised in the target
operating point, the by-pass path was closed forcing the exhaust gas mass flow across the DPF.

Three regeneration processes have been considered in this work. They consist of a loading process subjected to
passive regeneration and two active regeneration processes with different initial soot mass load (11 g/1 and 22 g/1).
As a first step before every soot loading, the DPF was weighed in clean conditions right after a previous regeneration.
Once the loading tests were completed, the DPF was weighed in hot conditions to avoid the influence of the porous
medium hygroscopic nature [73]. All the loading tests were performed under steady-state conditions at 2500 rpm,
28% in engine load and SR-EGR rate of 16%. After weighing the DPF to verify the soot load, an active strategy based

on fuel post-injection was applied to regenerate the DPF back to clean conditions with 0.08 in O, molar fraction.

4. Results and discussion

4.1. Experimental validation

The modelling of the regeneration tests has been carried out taking as boundary conditions the exhaust gas mass
flow, the inlet gas temperature and the outlet gas pressure under the assumption of homogenous soot mass distribu-
tion within the monolith. The model calibration is based on methodologies discussed separately in previous works
concerning pressure drop under clean [74] and soot loaded conditions [44], filtration [46] and heat transfer [45]. With
this baseline, Table 5 shows the pre-exponential factors and the activation energy to calculate the Arrhenius kinetic
constants for O, and NO,. These define the soot depletion rate that fits the pressure drop and the outlet gas tempera-
ture and were used for the modelling of all the regeneration cases. Due to the impact of every reactant as a function
of the type of tests, the constants for O, were determined from the active regeneration tests whilst the NO, kinetic
parameters were defined taking as reference the passive regeneration test.

The profiles of the pressure drop and the outlet gas temperature during the active regeneration tests are shown in

plots (a) and (b) of Figure 5 respectively. The model shows good ability to reproduce the thermo-and fluid-dynamic
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response of the DPF independently of the initial soot mass load and inlet gas temperature, which determines the
differences in soot oxidation dynamics. As expected, a sudden initial increase of the pressure drop takes place. It
is due to the temperature increase, which is still not promoting a relevant soot depletion rate. Nevertheless, the soot
oxidation takes importance progressively leading to the maximum in pressure drop. An overestimate in pressure drop
prediction is found during this stage in the regeneration corresponding to 22 g/l in initial soot mass load. In terms
of temperature, the effects of the heating-up and soot oxidation initiation stage are shifted towards the regeneration
end stage because of the monolith thermal inertia and the dynamics of the soot depletion rate, as forward explained.
As a final stage, the pressure drop starts decreasing governed by the gradual reduction in accumulated soot mass and
oxidation rate.

This preliminary analysis evidences the existence of three stages along the active regeneration. Despite discussions
focused on the comparison of inlet and outlet gas temperature [61], the modelling allows explaining the dynamics
of the regeneration process directly by the overall soot depletion rate. Figure 6 unequivocally identifies the different
stages based on the overall soot depletion rate, and hence also on the pressure drop derivative, which is experimentally
available. The initial preheating stage is characterised by a fast increase of the overall soot depletion rate derivative,
as shown in Figure 6(a). It is governed by the inlet gas temperature profile, which determines the soot depletion rate
in the proximity of the inlet monolith cross-section. Alternatively, this first stage is also defined by positive pressure
drop derivative, as observed in Figure 6(b). Once the pressure drop derivative equals 0, the maximum reactivity
stage starts. This stage is bounded by the maximum to minimum values in overall soot depletion rate derivative.
During this second stage, the pressure drop decreasing rate is growing up till a maximum (minimum in pressure drop
derivative) that coincides with the inflection point of the overall soot depletion rate derivative. From this point on, the
late oxidation stage takes place. This stage is characterised by a progressive smooth that slows down the overall soot
depletion rate and the pressure drop decrease, as clearly indicated by the trend in their derivatives.

The fashion in pressure drop dynamics is also related to local properties. Figure 7 shows substrate and flow
properties in three different axial monolith locations (2 cm, 10 cm and 18 cm) for both active regeneration processes.
As a reference, the DPF soot mass variation along the regeneration process is represented in Figure 7(a).

A small portion of collected soot (6%~7.5%) is oxidised during the preheating stage. It coincides with high local
soot depletion rate till 2 cm in monolith length (Figure 7(b)). The soot oxidation in this region slightly affects the
particulate layer thickness, as shown in Figure 7(c). However, it has a relevant impact on the porous wall saturation.
The sudden step in local soot depletion rate indicates the moment at which the model predicts the complete porous
wall regeneration. Consecutive discontinuities in the overall soot depletion rate derivative, which are clearly observed
in Figure 6(a), indicate the gradual removal of the soot within the porous wall. These discontinuities appear during
the maximum reactivity stage. In fact, their effect is also observed in the pressure drop derivative, both modelled and
experimental profiles (Figure 6(b)). In both active regeneration tests, the second stage covers the maximum values
in local soot depletion rate from 2 cm on. This stage is the shortest one, with an approximate duration of 50 s and a
soot mass depletion close to ~26%. At the end of this stage the particulate layer thickness has clearly decreased till
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10 cm, what leads to a quasi-steady value of the filtration velocity. However, the particulate layer thickness is scarcely
affected in the rear end region of the inlet channels. It makes most of the flow be driven across the less loaded inlet
channel region during the late oxidation stage. Consequently, the filtration velocity in the rear end increases slowly.
The limited amount of reactant mass flow gives as a result the lowest O, concentration across the porous medium, in
particular at the porous wall outlet (Figure 7(e)).

Figure 8 shows the progress of the substrate temperature at different monolith cross-sections. The heat released
by the soot oxidation causes an increasing temperature front that moves forwards. As a consequence, the maximum
temperature is reached at the monolith rear end. Besides the soot depletion rate, the maximum temperature peak is also
determined by the monolith thermal inertia, which smooths its magnitude and moves it to the late oxidation stage. In
fact, the temperature peak is even negligible at medium-low soot loads, as shown in Figure 8(b). The combined effect
of reaction rate and thermal inertia modelling provides the accuracy in the prediction of the outlet gas temperature
previously represented in Figure 5(b).

The model validation is completed with the simulation of a soot loading test up to 11 g/1 (30 g). This process
demands a coupled computation of filtration [46] and NO, soot oxidation. The boundary conditions of the test are
defined by 220 ppm in NOx concentration at the DPF inlet and a NO, to NOx ratio equal to 58% once the DOC
thermal transient is completed. Figure 9 compares the experimental and modelled pressure drop as a function of
the soot mass load and time in plots (a) and (b) respectively. The simulation was run with and without regeneration
modelling. As expected, Figure 9(a) shows that the DPF pressure drop can be properly captured without regeneration
as a function of the soot mass load. This kind of representation reduces the modelling requirements to pressure drop
concerns [44]. The properties of the porous medium are estimated with accuracy as a function of the soot mass load
being other parameters, such as the change in substrate and gas temperature, of second-order in terms of pressure drop
prediction. This is due to the low soot depletion rate, which scarcely affects the temperature field.

Besides the soot mass influence, the pressure drop profile during the passive regeneration can be also analysed
with a time-dependent approach. Such a dependence can be only reproduced taking into account both soot collection
and oxidation. The last one is in turn controlled by the NO, reduction being the O, influence neglected due to the
low gas temperature (315°C). Figure 9(b) shows almost perfect agreement in pressure drop as a function of time
between experimental and modelled results when the regeneration model is applied. These results point out that the
instantaneous prediction of accumulated soot mass within the monolith as well as the porous medium properties are
correct as a consequence of the combined filtration and soot oxidation modelling.

As additional insight, the correct modelling of the passive regeneration process is also conditioned by the predic-
tion of the NO, and NO molar concentration at the DPF outlet. Its variation along the soot loading test is represented
in Figure 10. The model captured the dynamics of the passive soot oxidation with good accuracy regarding both soot
oxidation onset, which takes place at time ~ 1500 s, and tailpipe NOx concentration. According to Eq. (13), the
thickness of the particulate layer is the only parameter affecting the reaction rate under steady-state engine operating
conditions. Hence, NOx species concentration shows an almost linear variation at the DPF outlet once the soot oxida-
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tion starts. It points out an increasing soot depletion rate, which is directly governed by the growth of the particulate

layer thickness.

4.2. Effect of internal pore diffusion

As described in Section 2, the limitations in reaction rate caused by the internal pore diffusion step are assessed by
means of the diffusion efficiency. This term is governed by the Thiele modulus and sets the effective internal specific
surface of soot according to Eq. (13). Figure 11 represents the internal pore diffusion efficiency of O, and NO, as a
function of the substrate temperature and the reactant concentration.

Despite a minor impact of the molar fraction range corresponding to O,, the internal pore diffusion efficiency can
be concluded to be determined by the substrate temperature. According to this dependence, the limitations due to
internal pore diffusion can be divided into three different temperature ranges. As a first region, the influence of the
internal pore diffusion is assumed negligible below 400°C for O, and 300°C for NO,. These ranges almost fall into
the range in which these reactants do not promote relevant soot oxidation due to chemical kinetic limitation. As the
temperature increases, the efficiency reaches a linear dependence up to 650°C for O, and 550°C for NO,. This regime
determines a variation in internal pore diffusion efficiency between 0.9 and 0.35 both for O, and NO,. From these
temperatures on, the efficiency reaches an asymptotic behaviour converging to 0.2 for O, and 0.1 for NO, at 1000°C.
These results reveal a significant impact on the effective internal specific surface within the temperature range of high
reactivity for active (O,) and passive (NO,) regeneration processes.

Figure 12 shows the influence of the internal pore diffusion efficiency in an active regeneration event. The test
corresponds to an initial soot mass load of 11 g/I. The results obtained by the modelling of the internal pore diffusion
are compared against a case with the same kinetic parameters but without pore diffusion step (Setting A) and a re-
fitting of these settings when the pore diffusion step is neglected (Setting B). In these two last cases, both the external
and internal soot specific surfaces are considered. The results in plots (a), (b) and (c¢) in Figure 12, which represent the
pressure drop, the outlet gas temperature and the overall soot depletion rate respectively, show that the internal pore
diffusion is very relevant for the accuracy of the regeneration dynamics prediction. The comparison of the baseline
results (w/ diffusion) against the results from Setting A (w/o diffusion) highlights how the internal pore diffusion step
reduces the maximum depletion rate and moves the soot oxidation towards the late oxidation stage. Figure 12(d)
shows a minimum internal pore diffusion efficiency around 0.5 (~ 600°C) being its transient variation depending on
the local substrate temperature profile. These results lead to a relevant underestimation of both activation energy and
pre-exponential factor when the kinetic parameters are re-calibrated for the modelling w/o diffusion, as shown for

Setting B in Table 6.

4.3. Effect of adsorption

According to the Langmuir isotherm, the adsorption process is dependent on the temperature and the reactant

partial pressure. Figure 13 shows the sensitivity against these parameters considering representative ranges for O, and
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NO; molar concentration at 1 bar in absolute pressure. Typical low NO, concentration leads to an almost constant
surface coverage over its common light-off temperature (~ 300°C). However, the O, surface coverage shows high
sensitivity to the temperature within the regular range of active regeneration as well as a minor dependence on O,
molar fraction, i.e. partial pressure.

These results invite to resort to the concept of reaction order, which is commonly imposed as a constant value in
the literature, as discussed in Section 1. According to Eq. (19), the Langmuir surface coverage can be related to an

equivalent reaction order as:

logb,

19)

Negn =

logX,

Taking into account the results in Figure 13, the NO, equivalent reaction order ranges 0.3 — 0.4 within the rep-
resented molar concentration and the typical passive regeneration temperature. The case of O, is more complex. It
is not possible to set a constant representative reaction order for a whole regeneration event. This is mainly because
of the temperature sensitivity. The equivalent reaction order as a function of temperature, O, molar fraction and ab-
solute pressure is represented in Figure 14(a). Two absolute pressures and three molar fractions are considered, thus
representing the effect of 6 partial pressure cases. The equivalent reaction order starts to increase from O once the
temperature is over 350°C. The initial slope is slightly higher for low concentration cases. Nevertheless, the impact
of this parameter can be assumed negligible below 675°C, when the equivalent reaction order reaches a value equal
to 0.84. From this temperature on, the equivalent reaction order shows a reduction in increasing rate but gets more
sensitive to the reactant concentration.

The impact of this behaviour on the soot depletion rate is represented in Figure 14(b). The results are normalised
with respect to the soot depletion rate corresponding to O, molar fraction equal to 0.08 and 1 bar in absolute pressure.
The sensitivity of the soot depletion rate to variations in concentration can be divided into three different zones. As
previously shown, the equivalent reaction order is assumed to be 0 below 350°C for any O, molar fraction. Con-
sequently, there is not impact on the normalised soot depletion rate till this temperature. Next, a transition zone is
identified. From 350°C to 675°C, the normalised soot depletion rate increases almost linearly. This zone is charac-
terised by a gradual increasing difference in equivalent reaction order as the temperature rises for different O, molar
fractions. Nevertheless, unlike reaction order 1, a percentage increase in molar fraction does not lead to the same
percentage increase in soot depletion rate, but to a smaller one. Therefore, the normalised soot depletion rate behaves

as a system of reaction order m,

W
T 602 _ (XOZ) _ (X02 )m
sl2 ™~ o — —\v_

6o, X5, Xo,

(20)

where 7, is the normalised soot depletion rate, which in Eq. 20 is referred to zone 2, and m is between 0 and 1.
The third zone is defined by a lowering of the increase in normalised soot depletion rate, which converges to an
asymptotic value. Within this zone, the differences in reaction order as a function of the O, molar fraction that appear
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as the temperature increases (Figure 14(a)) lead to a behaviour equivalent to a reaction order 1 system over 675°C,

ie.:

y
T<| N 902 — (X/Oz) — & (21)
Y00, X5 Xo,

During an active regeneration, the adsorption process causes spatial and time dependence on the equivalent O,
reaction order and, hence, on the soot depletion rate because of the substrate temperature and partial pressure fields.
On the one hand, a thermal transient is undergone along the monolith. It defines the temperature field in the axial
direction, as considered in 1D modelling. A tangential temperature gradient can be also found across the particulate
layer thickness and the porous wall in high oxidation rate processes [75]. Additionally, a radial temperature field is
found because of the heat transfer towards the environment [45]. On the other hand, the partial pressure field plays also
arole because of the absolute pressure profile along the inlet channel [43] and the absolute pressure and concentration
gradient across the porous medium. This field is in turn highly time dependent due to the pressure drop decrease
during the regeneration.

With these boundaries, Figure 15 shows both the O, surface coverage and equivalent reaction order throughout
the modelled regenerations in Section 4.1. Taking into account that the inlet O, molar fraction is constant, the results
confirm the key role of the temperature being the absolute pressure smoothing covered up by the thermal transient.
The O, surface coverage only varies in the first half section of the monolith during the preheating stage. It gives as
a result a front in equivalent reaction order, which is comparable to that in temperature. At this time, the equivalent
reaction order is very homogenous in all the locations and close to its steady value. The temperature is higher in the
case of initial soot mass equal to 22 g/1 (Figure 8). During the late oxidation stage the equivalent reaction order is
around 0.8, in comparison to 0.4 for the regeneration corresponding to 11 g/1 in initial soot mass. Finally, the late
oxidation stage promotes a second transient phase in equivalent reaction order because of the heat released by the soot
oxidation. At the end of this process, the convergence to the steady values of the O, surface coverage and equivalent
reaction order is reached. The comparison of the regeneration processes underlines the high sensitivity of the O,
equivalent reaction order to temperature but also the capability of the Langmuir isotherm to capture the impact of the

reactants adsorption during different regeneration events.

5. Summary and conclusions

A 1D+1D soot oxidation model for wall-flow particulate filters has been presented in this work. The model is
based on the solution of the governing equations in the inlet and outlet channels coupled to the gaseous reactants
conservation equations across the particulate layer and the porous wall. The conservation equation of every gaseous
reactant includes the definition of the reaction rate as a source term. It accounts for the internal pore diffusion of
the gaseous reactants into the primary soot particles, the reactants adsorption onto the soot particle surface and the
chemical kinetic step.
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As a first step, the capability of the proposed model has been assessed against active and passive regeneration
tests. The overall soot depletion rate derivative during active regeneration events is useful to identify univocally three
regeneration stages, i.e. preheating, maximum reactivity and late oxidation. These stages can be also determined from
the pressure drop derivative, which is available experimentally and as an on-board parameter in real applications.
Its use would result beneficial for an optimum calibration of on-board active regeneration and thermal management
during the filter lifetime.

The inclusion of the internal pore diffusion and the adsorption steps in the reaction rate computation has been
approached to account for internal and external soot oxidation. The limitations related to internal pore diffusion have
been driven to correct the available internal soot specific surface. Its use allows capturing better the regeneration
dynamics. In fact, to put the internal pore diffusion aside would lead to overestimate the temperature effect by means
of a lower activation energy calibration.

The gaseous reactant adsorption has been modelled according to the Langmuir isotherm. The calculation of the
surface coverage as a function of the temperature within a representative range of reactant concentration has revealed
an equivalent NO, reaction order in the range 0.3-0.4 in typical passive regeneration conditions. However, the O,
behaviour shows different regimes of reaction order. At temperature below the light-off, the equivalent O, reaction
order would be 0. It starts growing up with temperature over 350°C. If the temperature is below 675°C, any change
in O, partial pressure has not relevant impact. Therefore, a change in molar fraction at constant temperature leads
to a variation in soot depletion rate governed by a reaction order between O and 1. The equivalent O, reaction order
continues increasing monotonously over 675°C but its value becomes dependent on the O, partial pressure. As a
consequence, a change in O, concentration at constant temperature over 675°C leads to a soot depletion rate variation
behaving like a reaction order 1. The extrapolation of this response to wall-flow particulate filters gives as a result
a field in equivalent O, reaction order that mainly depends on the temperature field. Therefore, the O, equivalent
reaction order is dependent on time and space. Its value is determined by the dynamics of the thermal transient
promoted by the engine to initiate the regeneration event and by the subsequent thermal transient governed by the soot

oxidation rate.
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Appendix: Wall-flow particulate filter model

The regeneration model is implemented into a fluid-dynamic solver for wall-flow particulate filters developed in
previous works that is briefly described next. The PF model is a module of OpenWAM™, which is an open-source
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gas dynamics software for internal combustion engines and components computation developed at CMT-Motores
Térmicos [76, 77]. The PF model solves the governing equations of mass, momentum and energy assuming non-
homoentropic one-dimensional unsteady compressible flow in a single pair of inlet and outlet channels. The flow field

of these channels are coupled by the source terms related to the porous medium [43].

e Mass conservation

d (ij ./) 9 (Pjqu j)
ot * ox

= (=1) 4 (o = 2wpj) pjt, (A.1)

e Momentum conservation

d(pju;F;) . 8 (p3F; + p,F;) L (A.2)
at dx Pirgye = 7PHt .

¢ Energy conservation

9 (60 ioiF j) 9 (hOij”jF j)
ot " ox

= qpiF;+ (=1) 4 (a - 2szj) howp ity (A.3)

e Chemical species conservation

0 (ijk,ij) (9(PijJ”fFf)
ot * ox

= (=1) 4 (e = 2wyj) pjth, Vi, (A4)

In Egs. (A.1)-(A.4), j identifies the type of monolith channel (0 = outlet, 1 = inlet) and takes into account the
existence of the particulate layer. The system of governing equations is solved applying finite difference methods and
closed by the gas state equation in every channel. In particular, the two-step Lax&Wendroff method [78] adapted to
porous channels is applied coupled to a flux-corrected transport scheme [79]. In addition, the monolith channels are
connected to inlet and outlet volumes that are included to account for the inertial pressure drop contribution because
of flow expansion and diffusion. The volumes are solved by a filling and emptying method whilst the boundary
conditions connecting 1D and 0D elements are solved applying the Method of Characteristics [80].

The regeneration model interacts with the solution of the conservation equations in different ways. Firstly, the
soot oxidation defines the gas composition at the porous wall outlet, i.e. the mass fraction of every chemical species
entering the outlet channel (Y ).

Secondly, the regeneration model takes part in the soot mass balance in every region of the porous medium. The
amount of soot, both into the porous wall and in the particulate layer, determines a series of properties affecting the
pressure drop, filtration and heat transfer processes. The solution of the PF model requires the calculation of the

filtration velocity in the inlet channel. It is done as a function of the pressure difference between the inlet and the
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outlet channels, the cellular geometry and the permeability of every porous medium according to the Darcy’s law

applied at every axial node along the particulate layer and the porous wall [43]:

Uy, = Pin — Pout (AS)
HinWw Pm("‘_zwﬂl) + ﬂf"("_zwﬂ’) In a
ky Pour® 2kp1 a=2wp

Known the filtration velocity in the inlet channel, then the one in the outlet channel is obtained considering the
continuity equation across the porous medium:
Uy, Pin ((1 - 2Wpl)

= 7 (A.6)
Pour

Wour

The porous medium properties are dependent on the soot mass load, which varies the micro-geometry and the
monolith meso-geometry because of the particulate layer thickness. Concerning the impact on the micro-geometry,
the porous wall and particulate layer permeabilities applied in Eq. (A.5) are obtained assuming that both porous media
behave as a packed bed of spherical particles [81]. Therefore, the permeability is obtained as a function of the porosity

(&), the unit collector diameter (d.) and the slip-flow correction given by the Stokes-Cunningham factor (SCF) as [44]:

k= f(e)d*SCF (A7)

The diameter of the unit collector in the particulate layer is the mode of the particle size distribution; in the porous

wall it is obtained taking into account the soot mass around a single collector (m,,) applying Equation (A.8)

3

= ofdem , 3ms : (A.8)
o 8 drypsw ) '

where the apparent density of the collected soot is defined as the product of the density of soot aggregates of mean
fractal dimension (p;,,) [60] and a shape factor (y) representing the irregular deposition of the soot around the unit
collector [44]. The variation of the unit collector diameter as the porous wall is loaded involves the porosity change.

Known the unit cell diameter (d,j,,) from clean conditions,

dc wo
dcell,w = - 1 (A9)
(1-&w)?
the porous wall porosity under soot loading conditions is obtained as:
d3
gw=1-== (A.10)
3
dcell,w

The soot mass both in the porous wall and the particulate layer is determined every time-step accounting for the
balance between filtrated and regenerated soot mass in every region. The filtration performance of the PF is governed

by the fluid-dynamic field in the inlet channels and the microstructure [46]. In particular, the filtration efficiency is
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computed in an isolate unit collector accounting for Brownian diffusion, interception and inertial deposition mecha-
nisms. The filtration efficiency of the porous wall is then obtained integrating within the packed bed control volume
using the pore velocity as particle characteristic velocity [82],

_ 3npriQ-ew)wwfspSc

o (A.11)

where npg; is the overall filtration efficiency of an isolated unit collector.

Once the transition from deep bed to cake filtration regime is completed, the porous wall properties remain constant
and the particulate layer acts as a barrier filter. Therefore, all the collected soot is assumed to be deposited on the
particulate layer, which varies its thickness according to

2 Mgpl
AXpA\p[

2 s

a — (07

W = (A.12)

where m ; is the amount of soot in the particulate layer in the control volume of every axial node of the inlet channel.
Finally, the heat released by the soot oxidation also involves an impact on the heat transfer process. The rate of
heat generated by the soot oxidation is included in the thermal balance solved in the porous medium of every control

volume in which the channels are axially discretised:

T, (aZTW & T,

Yo (s =k +4, A.13
PCP at axz 622 )K qreg ( )

In Eq A.13, q’,’eg represents the heat released per unit of volume and time. A lumped nodal model is applied to
solve the general heat transfer equation considering a bi-dimensional discretisation of the porous medium between a
pair of inlet and outlet channels [45]. Besides the regeneration heat source, the model accounts for thermal inertia, gas
to solid heat transfer, axial and tangential heat conduction across the porous medium and radial conduction towards

the external canister, whose temperature is computed considering the heat losses to ambient.
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dcell

dpart,p
D,y
D, k,n
€0
an
Aads.n

Ades.n

M reg

mscell

SN

adsorption pre-exponential factor

filtration area in the control volume

pre-exponential factor of the oxidation reaction with reactant n
pre-exponential factor of adsorption process of reactant n
desorption pre-exponential factor

gas flow molar concentration

specific heat

unit collector diameter

unit cell diameter

primary particle diameter

configurational diffusivity of reactant n

Knudsen diffusivity of reactant n

specific stagnation internal energy

activation energy of oxidation reaction with reactant n
activation energy of reactant n adsorption

activation energy of reactant n desorption

filtration efficiency

cross-section area

momentum transfer coefficient

loaded fraction of porous wall thickness

specific stagnation enthalpy

enthalpy of adsorption process of reactant n

enthalpy of formation of species k

inlet or outlet channel

permeability

kinetic constant of the oxidation reaction with reactant n
equilibrium constant of adsorption process of reactant n
mass flow of species k

soot mass

regenerated soot mass

soot mass per unit collector

mean molar mass

molar mass of chemical species

equivalent reaction order
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qreg
qreg.n
N
qreg

Tps

S,
S,
SCF

~ = =

3]

Greek letters
a

@,

Apppr
Ax

&

(o
Nint,
DRI

K

moles of reactant n

gas pressure

partial pressure of reactant n
heat per unit of time and mass

power released by soot oxidation

power released by soot oxidation with reactant n

reaction power per unit of volume

pore radius of soot primary particle

universal gas constant
soot specific surface
sticking coefficient
Stokes-Cunningham factor
time

substrate temperature
gas velocity

filtration velocity
thickness

axial dimension
molar fraction

mass fraction

tangential dimension

honeycomb cell size
completeness index of reactant n
shape factor

variation

DPF pressure drop

axial discretisation step

porosity

Thiele modulus of reactant n

internal pore diffusion efficiency of reactant n

single unit collector efficiency

thermal conductivity
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Ts

Wy

Acronyms
0D

1D

DPF
EATS
F-TIR

PF

SOF
SR-EGR

Subscripts
ads

cell

¢

des

ext

out

pl

reg

dynamic viscosity
stoichiometric coefficient
Langmuir isotherm of reactant n
density

normalised soot depletion rate

reaction rate of reactant n

zero-dimensional

one-dimensional

diesel particulate filter

exhaust gas aftertreatment system
Fourier-Transform Infrared Spectroscoy
wall-flow particulate filter

soluble organic fraction

short route exhaust gas recirculation

referred to adsorption

referred to unit cell

referred to collector unit

referred to desorption

referred to soot particle external properties
referred to inlet channel

referred to soot particle internal properties
referred to the type of monolith channel
referred to gaseous chemical species
referred to gaseous reactant

referred to outlet channel

referred to reaction product

referred to particulate layer

referred to regeneration

referred to soot

referred to porous wall
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Wo referred to clean porous wall
Win referred to porous medium inlet surface

Wwoy  referred to porous medium outlet surface
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Figure 12. Impact of the internal pore diffusion efficiency in the modelling of an active regeneration event with 11 g/l in

initial soot mass.
Figure 13. Surface concentration of (a) O, and (b) NO, as a function of the molar concentration and temperature at p = 1 bar.

Figure 14. Effect of temperature, absolute pressure and O, molar fraction on (a) the equivalent reaction order and (b) the

normalised soot depletion rate against X, = 0.08 and p = 1 bar case.

Figure 15. O, surface coverage and equivalent reaction order along active regeneration processes with initial soot mass

equal to (a) 22 g/l and (b) 11 g/1.

Table 1: Parameters for the determination of the adsorption equilibrium constant of O, and NO,.
O, 1x10™ [51]
NO, 5% 1073 [42]
O, =77 x10*  [52]
NO, -7.5x10* [53]

As, [-]

AHjg, [J/mol]

Table 2: Soot particles geometric properties.
dpart,p [nm] 25 [29, 57, 60]
rp,s [nm] 0.4 [25]

S pextp M 6.72 % 107 [28, 59
S pextw M 3.31 x 107 [28, 60
S pinepr M~ 1.897 x 108 [28, 59
S pintw M1 9.349x 107 [28, 60

]
]
]
]

Table 3: DPF geometrical parameters.

Diameter [mm] 132
Channel length [mm)] 200
Cell density [cpsi] 200
Cell size [mm)] 1.486
Porous wall thickness [mm] 0.31
Filtration area [m?] 2.5
Porosity [-] 0.41

Mean pore diameter [pum] 12.1
Permeability [x10'3m?] 2.49
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Table 4: Basic engine characteristics.

Type of engine HSDI Diesel
Emission standards Euro 4
Displacement 1997 cm?
Bore 85 mm
Stroke 88 mm
Number of cylinders 4 in line
Number of valves 4 per cylinder
Compression ratio 18:1

Maximum power @ speed 100 kW @ 4000 rpm
Maximum torque @ speed 320 kW @ 1750 rpm

Table 5: Soot oxidation kinetic parameters.

0, 1.1
A, [-]
NO, 6
1x10°
E,, [J/mol]
NO, 9.5x10*

Table 6: Kinetic parameters applied to analyse the effect of the internal pore diffusion on the regeneration dynamics.

w/ diffusion w/o diffusion
Setting A Setting B
Ao, [-] 1.1 1.1 0.007
Eq,, [J/mol] 1 x10° Ix10° 85x10*
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Figure 1: Scheme of the axial channels discretisation and the cross-section geometry of the inlet channel in a wall-flow particulate filter.
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Figure 2: Scheme of the limiting steps in the soot oxidation reaction.

== Model + Lahaye et al. [69]

+ Salatino et al. [66] m  Dubsky and
& Yang and Wong [68] Beran [70]

160000 =
A

.5 1 E24=15229.68+141.17Ty
T = 130000 -
=g )
83
- >. 100000 -
S o J
og
g o 70000 -
be] i *
< "

40000 VT

200 400 600 800 1000
Substrate temperature [K]

Figure 3: Adsorption activation energy as a function of the substrate temperature.
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Figure 5: Comparison of experimental data and modelling results: (a) DPF pressure drop and (b) gas temperature at the DPF outlet during active

regeneration processes with initial soot mass of 22 g/l and 11 g/1.
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Figure 6: Progress of (a) overall soot depletion rate and overall soot depletion rate derivative and (b) experimental and modelled pressure drop

derivatives during active regeneration processes with initial soot mass of 22 g/l and 11 g/1.
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Figure 7: Change in local flow and substrate properties along active regeneration processes with initial soot mass equal to 11 g/I and 22 g/1.
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Figure 8: Progress of substrate temperature at different monolith locations during active regeneration processes with initial soot mass (a) 22 g/1 and

(b) 11 g/L.
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Figure 9: Comparison between experimental and modelled DPF pressure drop during passive regeneration conditions: (a) soot mass dependence

and (b) time dependence.
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Figure 10: Comparison between experimental and modelled molar concentration of NOx species at the DPF outlet during the soot loading test.
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Figure 11: Dependence of the internal pore diffusion efficiency of (a) O, and (b) NO; on the substrate temperature and the reactant concentration.
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Figure 12: Impact of the internal pore diffusion efficiency in the modelling of an active regeneration event with 11 g/1 in initial soot mass.
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Figure 13: Surface concentration of (a) O, and (b) NO, as a function of the molar concentration and temperature at p = 1 bar.
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Figure 14: Effect of temperature, absolute pressure and O, molar fraction on (a) the equivalent reaction order and (b) the normalised soot depletion

rate against Xp, = 0.08 and p = 1 bar case.
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Figure 15: O, surface coverage and equivalent reaction order along active regeneration processes with initial soot mass equal to (a) 22 g/1 and (b)

11 g/L
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