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The present work addresses the modelling aspects of soot deposition inside diesel particulate filters
(DPFs). These wall-flow monoliths are commonly employed in the automotive sector to reduce particulate
emissions of Diesel engines. Simulations were carried out using computational fluid dynamics under
different operating conditions by varying the exhaust-gas inlet velocity, the filter permeability and the
soot particle size. The numerical results show that the flow field inside the filter is highly responsible for
the soot distribution along the axial coordinate: the velocity of the soot laden gas through the porous
wall of the bare filter is not constant along the channel, which in turn promotes an uneven deposition
of particles inside the filter itself. Moreover, it has been shown that the fraction of the particles that
impact the wall surface and are trapped by the porous media is sensitive to the particle size: the collection
efficiency was estimated, and the most penetrating particles were found to range from 200 nm to 500 nm.
The accumulation of soot particles in the porous media (depth filtration) and the subsequent formation
of a soot particles layer on the top of the filter wall (cake filtration) generates an additional pressure drop.
Hence, the gas through-wall velocity evolves towards an “iso-permeability” profile characterized by an
almost constant soot layer thickness, since its permeability is two orders of magnitude higher than that
of the bare filter. Preliminary experimental results have confirmed this behaviour. In addition, it has been
shown that the velocity profile at the inlet of the filter is highly responsible for different soot loadings of
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the inlet filter channels.
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1. Introduction

There is an established awareness of the health effects of diesel
exhaust soot emissions in automotive applications [1], also consid-
ering the market expansion of diesel engines spurred by their fuel
economy benefits, compared to gasoline ones. Assessments of toxi-
city and health effects of vehicle emissions have already shown that
automotive exhausts are not only responsible for adverse effects on
the respiratory and immune systems, but are also potentially car-
cinogenic [2]. In fact, it is almost widely accepted that soot particles
emitted from diesel engines are carriers of a number of substances
associated with health effects, and long-term exposure to fine par-
ticulate matter has been proven to be a risk factor for cardiovascular
disease mortality, as suggested by many authors like Pope et al. [3].
Although the negative health effects are difficult to be quantified
in epidemiological studies [4], several works have been carried out
that focus on characterizing soot particle composition and proper-
ties, and these have been reviewed by Maricq [5] with the aim of
obtaining a better understanding of the health issues and environ-
mental footprint.
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Euro V regulations fixed soot emission limits in Europe as low
as 4.5 mg/km [6]. Advanced engine design is not sufficient to meet
this target, therefore a tailored after-treatment device is necessary.
Soot emissions can currently be reduced by physically trapping
the particles with on-board diesel particulate filters (DPFs): wall-
flow honeycomb monoliths have alternate plugged channels, which
force the exhaust flue gases to flow through the wall. The particu-
late is collected on the surface of the inlet channels, thus causing
an increasing pressure drop, until regeneration takes place (Fig. 1):
the soot nanoparticles are first trapped in the filter porous media,
resulting in a gradual modification of the filter parameters, notably
porosity and permeability, as soot is collected; this phase is known
as depth filtration and generally lasts a few minutes. The regions
of the filter where the maximum packing density in reached then
become almost “impermeable” to the particles, and a soot layer is
built up on the porous filter surface. During this phase, called cake
formation, the pressure drop increases linearly with time, along
with the soot layer thickness. After the pressure drop has reached a
maximum allowable value, entailing a too high fuel penalty, regen-
eration of the filter is induced by post-injecting some fuel which
burns in a catalytic converter and heats the exhaust gases until the
soot ignition temperature is reached. DPFs can be either catalytic or
not: in the former case a catalyst is deposited onto the surface of the
channel walls in order to promote soot combustion at lower tem-


http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:debora.fino@polito.it
dx.doi.org/10.1016/j.cej.2009.03.043

212 S. Bensaid et al. / Chemical Engineering Journal 154 (2009) 211-218

Nomenclature

dp particle diameter (m)

dpore filter pore diameter (m)

D¢ collector diameter (m)

E filtration efficiency

o drag coefficient

g gravity acceleration vector (m/s2)

g(e) Kuwabara function

k permeability (m?2)

N interception coefficient

D pressure (Pa)

AP pressure drop across the filter wall (Pa)
Pe Peclet number

S parameter of the interception mechanism
T temperature (K)

U velocity vector (m/s)

Uq inlet velocity vector of the soot laden gas (m/s)

Greek letters

o volume fraction

e porosity

n collection efficiency

1D collection efficiency of the Brownian diffusion
mechanism

IR collection efficiency of the interception mechanism

w viscosity (Pas)

0 density (kg/m?3)

Subscripts

c continuous phase (gas)

p dispersed phase (particles)

peratures compared to a standard trap [7], resulting in remarkable
fuel savings.

The present work addresses the modelling aspects related to
soot filtration. Several approaches have been adopted in this field
so far: a fundamental work has been carried out by Konstandopou-
los et al. [8-10], with an approach that describes both soot filtration
and filter regeneration. Soot filtration is simulated by resorting to
the collection unit model, which allows to describe the loading of
soot into the porous media and the consequent evolution of the fil-
ter parameters (i.e. porosity and permeability), and also simulates
cake formation, whose properties (cake permeability and density)
are tuned according to experimental data [8]. This model has suc-
cessively been refined by investigating the micro-porous structure
of the porous media by means of computer reconstruction from
SEM images [9,10]. Other works have proposed 1D and 2D analytical
models for the computation of the pressure drop across the fil-
ter, showing good agreement with experimental data [11,12]. Apart
from the evaluation of the pressure drop, another key point is the
assessment of soot collection by the filter with respect to the par-
ticle size. It is in fact foreseen that in the future Euro standards
will regulate not only soot mass emissions but also the number
of soot particles within a certain size range. This would entail fil-
tration devices being tailored to this end. Experimental [13] and
modelling investigations have been carried out with the specific
aim of evaluating the collection efficiency of DPFs by resorting to
unit cell collector models [8], analogous to a fibrous model, and
their modifications taking into account the contribution due to
Brownian motions, which represent the most important deposition
mechanism for nano-particles [14].

An alternative approach in DPF modelling is represented by the
work by Sbrizzai et al. [15], who describe soot deposition in an

Eulerian-Lagrangian framework through three-dimensional com-
putational fluid dynamics (CFD) simulations. In this work, particle
tracking is directed to the evaluation of the forces acting on soot par-
ticles, which determine the particle streaklines into the clean filter
channels. The soot particle streaklines and their potential impact on
the deposition patterns in the DPF channels were studied, whereas
filtration and collection efficiencies were not quantified. Within the
more general field of particle motion in complex geometries, mod-
els of depth filtration based on a lattice-gas automata scheme have
been developed, able to describe even complex phenomena like
pore bridging by explicitly solving the dynamics of individual solid
particles [16].

Although the “particle tracking” approach is very interesting,
it is not easily applicable to the simulation of cake formation and
regeneration and it is very demanding from the computational
point of view. Therefore, the main aim of this work is to develop
a fully predictive three-dimensional CFD model of a DPF, based
on an Eulerian-Eulerian approach that overcomes most of these
limitations. The proposed approach is based on three-dimensional
simulations of the flow field into the filter, coupled with a sub-grid
scale filtration model implemented with User-Defined Subroutines,
in order to describe soot deposition in the filter channels and to
compute the subsequent pressure drop evolution. This analysis
includes the different ability of the particles to be filtered by the
DPF with respect to their size. It should be pointed out that real soot
particles are characterized by very large particle size distributions
which range from a few nanometres to hundreds of nanometres
[13]. For this reason, the simulations were carried out consider-
ing the behaviour of different populations of soot particles with
characteristic sizes between 100 nm and 2 pm.

This Eulerian-Eulerian approach is particularly interesting
because it could be easily coupled to a population balance equation
(PBE) for the description of poly-dispersed solid-gas flows, which
would result in much lower computational costs than alternative
Eulerian-Lagrangian approaches. In fact, a real soot distribution
could be substituted by a series of mono-dispersed particle dis-
tributions, whose size and volume fraction can be calculated by
means of a very efficient algorithm [17], and/or each of these
populations could be treated as an independent dispersed phase,
following the so-called direct quadrature method of moments
[18].

The work is outlined as follows: first, the equations governing
the multiphase flow field, as well as the filtration model, are
presented in Section 2. Then the system geometry, the subse-
quent discretization, and the different operating conditions at
which the code was tested, are described in Section 3. Finally, the
results of the simulations are presented and discussed in detail in
Section 4.

Fig.1. Schematic ofthe flow inside a wall-flow monolith channel (courtesy of Diesel-
net.com).
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2. Governing equations

The Eulerian-Eulerian approach adopted in this work is based
on the idea of describing the particulate and gaseous phases as
interpenetrating media and each phase occupies a certain volume
fraction « of the computational domain. The evolution of the con-
tinuous phase is governed by the continuity and the momentum
balance equation, written below:

0
&(Olcﬂc)+v'(01c,0cUc)=0, (1)

0
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where the first term on the right-hand side of Eq. (2) is the
buoyancy term, the second represents the shear stresses due to
the molecular viscosity of the continuous phase, the third term
is the gravity acceleration, and the last term represents the inter-
phase interaction force due to drag, expressed as a function of the
slip velocity, namely the velocity difference between soot parti-
cles U, and the fluid U.. Continuous phase equations consider the
gas as incompressible, since the pressure drop under any operating
condition considered in this work is too small to make this aspect
relevant, unlike some different operating conditions presented in
literature [9]. The quantity fp reported in Eq. (2) represents the
so-called drag coefficient and under the diluted operating condi-
tions investigated in this work the following expression can be used,
calculated according to [19]:

fo= (1 + 0.15R60'687) (3)

Forces arising from the interaction between the particles them-
selves do not influence the flow field of the dispersed solid
phase, since the system is very diluted. It is worth noticing
that the influence of Brownian forces on the drag force via the
Stokes-Cunningham coefficient, and on particle trajectories in the
channels (through the addition of the Brownian diffusion coef-
ficient in Eq. (2)) is not considered in this work, since for our
particular configuration it can be neglected. In fact, the gas stream-
lines crossing the wall filter are responsible for the deposition
location of the particles, while Brownian forces act just as a random
shift, as highlighted in works with similar geometries and operat-
ing conditions [15]. However, the effect of the Brownian motions is
taken into account in the calculation of the soot deposition rate onto
the surface of the filtering walls through the collection efficiency 1,
as will become clearer below.

The deposition rate of soot into the filter walls can be calculated
as afunction of the local particle velocity Up, density pp, and volume
fraction «p, as well as filter properties such as filter porosity &, col-
lector diameter D¢, and global collection efficiency 5. The resulting
transport equation for the soot volume fraction reads as follows:

1—83HUP||
e 2 D’

and details on the derivation of this equation can be found in
[20]. If the soot particle streaklines are very close to the continuous
phase ones, a faster pseudo single-phase model can be employed,
in which the soot concentration is treated as a scalar quantity, and
only the gas flow field is computed. In this case Eq. (4) remains
unchanged, except for particle velocity Up, and density pp, which
are substituted with the corresponding ones for the gas phase, U
and p, respectively. Details of this are discussed later in the results
section. The features of the porous medium are lumped into one
single parameter D, which represents the diameter of the fictitious

(4)

G
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spheres constituting the porous walls, which are characterized by
the same particle collection efficiency of the real porous medium.
The initial value of D, is calculated as a function of the porosity and
of the mean pore diameter, as described in [8].

The collection efficiency 7 is the probability of the successful
collection of an individual soot particle on each spherical collector,
and the main mechanisms contributing to soot deposition within
our range of particle size are Brownian motions and interception.
In the evaluation of this efficiency [8], the size of the soot particles
has a considerable impact, as will be shown later. The assessment
of the efficiency, and more generally of the soot deposition rate,
is of great interest both in the first stages of filtration, since it is
representative of the capacity of the bare filter to collect particles of
various diameters, and all along the filtration process, when particle
collection is enhanced by the already deposited soot cake.

The Brownian efficiency np (see Eq. (5)) and the interception
efficiency ng (see Eq. (6)) can be considered as independent of each
other and the resulting expression of the global collection efficiency
n (see Eq. (7)) can be hypothesized as follows [8]:

np = 3.5g(e)Pe2/3, (5)
g(e)?
=1.5N2_2" | 6
R a1 NY (6)
1 =1np + NR — NDNR. (7)

The Brownian motion contribution to the collection efficiency
is calculated through the evaluation of the Brownian diffusivity,
taking into account the deviation due to the Stokes—Cunningham
coefficient C. [14]. It is worth noticing that the Brownian efficiency
np is a function of the Peclet number Pe and of the Kuwabara
function g(¢) and it depends not only on the porous media char-
acteristics but also on the gas velocity [21]. The other contribution
to the collection efficiency is given by the interception mechanism,
which depends on the parameter N, namely the ratio between the
particle size and the collector diameter, and on the exponent s,
which is a function of the porosity [8].

As far as the pressure gradient term is concerned, the Darcy
equation is adopted for the assessment of the pressure drop associ-
ated to permeation through the porous media (being modelled as
isotropic):
vp = Ky, (8)

k

Since our system falls within the laminar regime, no turbulence
model is needed for the solution of the governing equations and
the Forchheimer term is neglected in Eq. (8), as confirmed by the
literature [9,15].

The accumulation of soot particles in the filter pores modifies
the characteristics of the filter as follows:

£=¢80—0q (9)

. 1-¢g+0aq 6 1/3
Dp_( 1-¢ E) ’ (10)

2 2-9(1-e)P—e—L1-¢)
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where &g, Dpo and kg are the properties of the clean filter, while
aq is the deposited soot volume fraction [8]. During filter loading,
the local porosity in the filter decreases until a minimum value is
attained, corresponding to the maximum volume fraction of the
soot deposited in the filter. In the regions of the filter where this
limitis reached, a soot layer is built up onto the porous filter surface.
This operation is modelled by setting the velocity of the dispersed
phase equal to zero in the computational cells where the maximum
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Fig. 2. Sketch of the grid used to simulate the flow field in the four channels constituting the computational domain.

soot packing limit is attained and by keeping track of the deposited
soot volume fractions through User-Defined-Memories (UDM) [22].
Due to the uneven deposition rates inside the filter, the maximum
packing limit is reached locally at different loading times. Since a
pressure drop is associated to soot deposition, this modifies the
through-wall velocity profile throughout the entire filtration pro-
cess, as discussed in the results section.

3. Numerical details and operating conditions

The three-dimensional geometry adopted to simulate the
behaviour of the system is depicted in Fig. 2. The four modelled
channels are visible in the xy plane: two of them allow the gas
to enter the filter, while the other two are plugged. At the end
of the filter, the plugs are reversed, and the gas is thus forced to
flow through the DPF channel walls. Before the inlet of the filter,
there is an upstream region, which allows a flat velocity profile
Uc to be set. Similarly, after the filter, there is a downstream
region that allows the flow to fully develop. The mesh is scaled
with respect to the channel width: the lengths of the upstream
region, of the filter, and of the downstream region are 36, 181
and 33 times the channel width, respectively. Each square chan-
nel is .4mm in width and the filter wall is 0.38 mm in depth
(see Fig. 2). The final computational domain is discretized in about
3 x 10° computational cells, thus guaranteeing a grid independent
solution, which was confirmed through successive refinements of
an initial grid. The lateral faces of the domain are set as periodic
in order to model the behaviour of real DPFs, which are char-
acterised by a structure of hundreds of channels (called cells)
per square inch. As far as the discretization of the Navier-Stokes
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equations is concerned, the SIMPLE scheme was used for the
pressure, while a first-order up-wind was used for the momen-
tum.

The initial filter porosity &g is set equal to 0.45, whereas its resis-
tance coefficient (1/kg) is set equal to 2 x 1012 1/m2, these being
typical values of Cordierite monoliths [6]. For the calculation of
the collection efficiency, the mean pore diameter is supposed to
be around 8.5 pm, as supported by Scanning Electron Microscopy
observations, which corresponds to an initial collector diameter Dq
of 15.6 wm. As soot particles deposit into the porosities of the fil-
ter, the solid fraction increases until a maximum packing limit is
reached: this limit was fixed at 15 kg/m?, on the basis of experimen-
tal observations [8-10] of soot loading at similar Peclet numbers,
and in particular of the values of soot particle diameter, through-
wall velocity, filter porosity and pore size.

As far as the properties of soot are concerned, the cake
resistance coefficient (1/k.,e) is set equal to 4 x 103 1/m?2 and
the cake packing density is set to 100kg/m3, according to the
experimental observations of Konstandopoulos et al. [8]. Four
mono-dispersed populations of soot particles with size equal to
100 nm, 200 nm, 500 nm and 2 pm were here considered, all having
a typical solid volume fraction of 5 x 108 (which represents almost
50 mgsoot/kggas when the soot density pp is assumed to be nearly
1000 kg/m3). The gaseous flow has a density equal to 1.225 kg/m?3
and a viscosity of 1.7894 x 10~ Pas, since the simulations are then
compared to experimental results obtained by loading a filter with
a soot laden flow of air, at ambient temperature (see next section).
Simulations are carried out under laminar flow conditions, as the
gas is fed at U.g = 3 m/s in the reference case, even though the effect
of the inlet velocity U,y on the pressure drop and on the soot par-
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Fig. 3. Axial velocity profiles at different axial coordinates of the channel for gas (solid line) and soot particles (dots) for d, =2 um (top) and 100 nm (bottom), U¢ =3 m/s and

for 1/k=2 x 1012 1/m2.
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Fig. 4. Soot mass flow rate and soot volume fraction at the wall surface along the axial coordinate for U =3 m/s, 1/k=2 x 102 1/m? and for different soot particle sizes

(dp =2 pm, 500 nm, 200 nm, and 100 nm).

ticles flow field is enlightened by simulating the behaviour of the
multi-phase flow also at 5.85 m/s.

4. Results and discussion

Fig. 3 shows the profiles of the axial velocity for air and soot par-
ticles at different axial positions in the channel, at the beginning
of the soot filtration process (bare filter). The cases with a particle
size equal to 100nm and 2 wm are here depicted, with U,y equal
to 3m/s and a filter resistance of 2 x 1012 1/m2. Since the compu-
tational domain includes an upstream region, the channel length
runs from an axial coordinate equal to 50.5mm up to 303.8 mm,
which represents the filter outlet. As expected, the soot particles
follow the gas streaklines in any region of the channel, except for
the one close to inlet, where appreciable inertial effects occur, espe-
cially for large particles. These results are in good agreement with
previous works carried out on the same geometry [15] by using
an Eulerian-Lagrangian approach. It is interesting to point out that
the Eulerian-Eulerian approach proposed in this work is character-
ized by much lower computational costs and can be easily extended
to the subsequent filtration steps (namely soot deposition in the
porous media of the filter, soot cake formation and regeneration)
as well as to the treatment of poly-dispersed particulate systems.

If one computes the static pressure drop calculated on the wall
surface at the inlet and outlet channel sides, with respect to the
axial coordinate, it appears that the velocity of both phases through
the filter wall is not constant along the axial direction. In fact, the
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through-wall velocity on the wall surface presents a minimum at
about 40% of the channel length, which is in excellent agreement
with the results presented in [15].

Fig. 4 reports the soot mass flow rate (left) as well as the soot vol-
ume fraction (right) on the wall surface along the axial coordinate.
Inertial effects may occur for large particles, resulting in a veloc-
ity difference between the two phases and an uneven soot volume
fraction distribution along the channel, even when a constant solid
volume fraction of 5 x 108 enters the filter. These inertial effects,
as expected, disappear almost completely for particles smaller than
500 nm and the soot volume fraction becomes constant along the
axial coordinate and equal to the inlet value. Therefore, for very
small particles, the soot mass flow rate (see left side of Fig. 4) has
the same profile as the gas through-wall velocity and it is just scaled
by the soot mass concentration. It is worth noticing that the effect
of soot entrainment at the inlet of the channel is more and more
evident as the inlet velocity increases and although several val-
ues were Investigated. For the sake of brevity only the results for
Uqo =5.85m/s are presented in Fig. 5. As seen, a higher inlet velocity
results in a more uneven soot distribution along the channel length,
although it does not prevent soot from crossing the filter wall at any
part of the inflow region involved in the vena contracta.

The calculated inertial effects suggest that simulations of real
diesel soot populations (diluted system of particles with almost all
diameters below 500 nm) can be carried out within a pseudo-single
phase framework, for these particular operating conditions. Parti-
cle concentration can be treated as a scalar quantity, using a balance
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8x10° d, =100 nm

6x10°
4x10°
2x10°

Soot volume fraction

00 01 02 03 01 02 03

axial coordinate z, m

Fig. 5. Soot mass flow rate and soot volume fraction at the wall surface along the axial coordinate for U, =5.85m/s, 1/k=2 x 102 1/m?2 and for different soot particle sizes

(dp =2 pum, 500 nm, 200 nm, and 100 nm).
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Fig. 6. Soot mass deposition rate at the wall surface (left axis/solid line) and soot fil-
tration efficiency E (right axis/dotted line) along the axial coordinate for U, =3 m/s,
1/k=2 x 10" 1/m? and for different soot particle sizes (dp =2 um, 500 nm, 200 nm,
and 100 nm).

equation with a generation term similar to the one in Eq. (4), but
with the soot particle velocity Up equal to the one of the gas phase’s
one U, and a convective term which becomes zero in the computa-
tional cells where soot volume fraction (the scalar) has reached the
maximum packing limit. This leads to a faster computation of time-
dependent soot loading and cake formation. It should be pointed
out that different engine operating conditions could lead to lower
limits of the particle size at which inertia become negligible, for
instance when high inlet velocities Uy occur, and the two-phase
model can be conveniently used in these cases.

The results reported so far refer to soot particle distributions
and deposition rates along the channel length but not on the real
amounts of soot filtered. In order to estimate these quantities it
is crucial to properly calculate the global collection efficiency 7,
which is a function of the gas and soot properties, notably gas tem-
perature and soot particle size and velocity. A closer observation
of Eq. (7) highlights that the global collection efficiency results

collected soot=0

1.0}(a) |10l ) 1.0(¢)

0.8 0.8/ 0.8

06| | ; 06| 0.6

04| |\ 04 | 0.4

0.2 0.2 0.2 -
0.0

collected soot=0.025

from the contributions due to Brownian motions and interception
(i.e., np and ng, respectively) and presents a minimum between
200 and 500 nm, under the operating conditions investigated in
this work. This minimum arises since very small particles are effi-
ciently collected by deposition due to Brownian forces, whereas
larger particles are collected in the filter pores due to the intercep-
tion mechanism. The collection efficiency is also influenced by the
value of the through-wall velocity via the Peclet number (see Eq.
(5)), therefore its value changes with respect to the axial coordi-
nate. In order to quantify the ability of a generic filter of depth L to
collect soot particles, it is very convenient to calculate an “integral”
filtration efficiency E, defined as the integral along the filter depth
on the right hand side of Eq. (4) at a steady state, which results in:

1-¢3 1L
e 2 DT) '

This filtration efficiency represents the volume (or mass) frac-
tion of the incoming soot particles that are collected by the clean
filter. The expression in Eq. (12) is no longer valid when the filter is
laden with particles, since the properties of the filter have changed
according to the soot volume fraction calculated in each compu-
tational cell of the filter domain (along the axial coordinate, and
especially along the thickness of the wall itself). The integral fil-
tration efficiency E (for a filter depth L of about 0.38 mm) and the
actual “soot mass deposition rate” (namely the rate of soot filtered
by the filter walls per unit of filtration area) are reported along the
axial coordinate in Fig. 6. By comparing these axial profiles with
the soot mass flow rates reported in Fig. 4, it is clear that larger par-
ticles (dp =2 um) are completely filtered by the filter walls, while
the filtration efficiency E is lower than unity for smaller particles,
in particular in the regions where the through wall velocity is high
(see Fig. 6). Higher efficiencies are only obtained when a soot layer
is formed on the filter walls in the successive filtration steps [8,13].

However, the situation presented in Fig. 6 is valid for the clean
filter. As soot particles are trapped into the filter walls the filter char-
acteristics change to a great extent. In particular, the porosity of the
filter decreases, whereas the collector diameter increases, resulting
in different flow fields for the soot particles and the gas phase and in

(12)
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Fig. 7. Normalized through-wall gas velocity at different instants corresponding to different amounts of normalized soot collected volume fractions for d, =100 nm.
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Fig. 8. Thickness of the soot layer along the filter, measured (SEM figure) at the mid point of inlet channel 7 (face at z=2 cm): 150x and 1200x.

higher global filtration efficiencies. Moreover, after the soot volume
fraction deposited in the pores of the filter has reached the maxi-
mum packing limit, the cake starts to build up, and an additional
contribution to the total pressure drop is generated, which again
affects the flow field of both the continuous and dispersed phases.
For the sake of brevity, only the case of a characteristic particle
size of 100 nm is here presented and discussed, as this size is much
more representative of the particle size of modern common-rail
diesel engines. At the beginning of the filtration operation (Fig. 7a),
the through-wall velocity of the gas corresponds to the profile in
Fig. 4 for 100 nm. It then changes as a consequence of soot loading:
the most involved regions are at the ends of the channel, close to
the inlet and close to the plug (Fig. 7b), where the highest deposi-
tion rates occur. As filtration proceeds, soot reaches the maximum
packing limit inside the porosities of the filter and the cake starts
building (Fig. 7c), creating a pressure drop which is highlighted by
the decrease in the through-wall velocity. As the cake grows with
time, the through-wall velocity profile becomes flatter and flatter
(Fig. 7d-f), corresponding to a more or less constant cake thickness
along the axial coordinate.

In conclusion, some preliminary experimental results are pre-
sented in order to compare the behaviour of simulated axial profiles
of the normalized cake thickness with real ones. The tested filter has
300 cpsi, is 17.7 cm long and 2.54 cm in diameter. The filter was can-
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istered with vermiculite in a 4cm diameter pipe, and was loaded
through a synthetic soot generator (Aerosol Generator GFG-1000-
PALAS) at a flow rate of 46 1/min. A conic surface joined the gaseous
inlet pipe (6 mm in diameter, connected to the soot generator) to the
4 cm pipe. The soot concentration was 5 mg/h, and loading lasted
24 h. The inlet velocity was not constant at the front cross sectional
area, since there is a strong maldistribution at the inlet of the fil-
ter and each channel experienced a different velocity. The flow into
the central channels was higher due to the persistence of a gas jet,
generated in correspondence to the 6 mm pipe outflow, and not dis-
sipated in the cone. These phenomena also occur in real full scale
DPFs, since the adduction pipe is far smaller than the diameter of
the monolith and an uneven distribution of the gas in the channels
occurs.

In order to verify such behaviour, the cake thickness inside the
channels has been evaluated from SEM images, thus obtaining a
mean value from local measurements (Fig. 8). The measurements
include channels from the centre to the periphery of the filter,
each one evaluated at different axial positions: this was done
by cutting the filter into segments, while still preserving the
structure of the layer as can be seen in Fig. 8. When comparing
channels at the same axial position (the channels are named 1
to 4 from the centre to the periphery in Fig. 9-right) it appears
that the lateral channels are poorly loaded, while the central one
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Fig. 9. Experimental thickness of the soot layer along the filter. Left: different axial positions (reverse triangles, channel 1; triangles, channel 2; circles, channel 3; squares,

channel 4); right: channel locations (face at z=2 cm).
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is considerably involved in soot filtration, the cake being almost
twice as thick. Instead, if one focuses on the thickness in a single
channel, at different axial positions (Fig. 9-left), the behaviour
predicted by the simulations is confirmed by the experimental
results. Hence, in channel 1 (central one) the cake has a minimum
thickness at around half of the total filter length, while the edges
are more heavily loaded since there the velocity is higher. In the
other channels (2-3-4), whose profiles are similar, the soot cake
is thinner and there is less variation along the axial coordinate,
indicating a lower through-wall velocity, due to a poor inlet flow.
These considerations suggest the importance of coupling the single
channel model described so far with a higher scale model (namely
a full scale DPF model) which is able to correctly describe the flow
field in front of the filter inlet, and therefore to predict the amount
of deposited soot inside the channels at a certain location. This
information is particularly important during soot combustion if
filter regeneration is tackled [7], since excessive concentrations of
soot must be predicted and avoided in order not to generate high
heat release and so cracks or melting of the porous support.

5. Conclusions

A model for the description of soot filtration through DPFs has
been presented and discussed. Particle deposition was found to be
influenced mainly by the gas through-wall velocity, the soot volume
fraction and the filtration efficiency.

The through-wall velocity values are maximum at the inlet and
at the outlet of the channel, while they are at a minimum for approx-
imately 40% of the total channel length. The computation of the
through-wall velocity along the axial coordinate for decreasing per-
meabilities results in a flatter and flatter profile, while the opposite
behavior occurs if the inlet velocity in the DPF is increased.

The second factor is represented by the soot volume fraction,
which enters the filter at a constant value and, due to the iner-
tial effects of soot particles, assumes an uneven profile at different
axial positions. The inertial contribution to the flow of the dispersed
phase can be detected above 500 nm, whereas it is negligible for
smaller particles.

The last factor is the filtration efficiency, which depends on both
the above mentioned through-wall velocity and particle size. Veloc-
ity has a negative effect on soot collection, since it decreases the
capacity of the filter to trap soot particles due to the Brownian diffu-
sion. Particle size is also very important in the evaluation of particle
filtration, and the most penetrating particle sizes were found to be
between 200 and 500 nm.

The progressive deposition of particles into the porous filter
walls (depth filtration) and the formation of a superficial soot layer
(cake formation) modified both the filtration efficiency and the spa-
tial distribution of soot inside the filter. The cake layer assumed an
almost constant thickness for high soot loadings, since the high vis-
cous resistance of such a layer flattered the through-wall velocity
profiles.

An exhaustive experimental campaign over a wide range of oper-
ating conditions is currently ongoing for validation purposes, which

in particular is related to the physical properties of the deposited
soot. At present, preliminary experimental results showed the
peculiar shape of the deposited soot, which is at a minimum at
around half of the filter length. However, the measurements have
highlighted the importance of coupling the single channel model
to a full scale DPF model, which is able to compute the real inlet
velocity in the channels, since they are exposed to an uneven inlet
flow.
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