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Abstract
This paper investigates the impact of thermal treatment on the pressure drop of particulate filters containing ash deposits. A
one-dimensional model has been developed and applied to describe the deposition of soot and ash particles, and estimate the
spatial distribution of the deposits in such filters. Phenomenological models have been developed to describe the potential
sintering and cracking of the ash deposits caused by thermal treatment of the filter. The model results are in good agreement
with experimental measurements of the reduction in the pressure drop in thermally treated filters. It was found that crack
formation in the ash layer can lead to significant reduction of the pressure drop at relatively low temperatures. Sintering of
ash deposits in the wall and the ash plug also contributes towards a decrease in filter pressure drop at higher temperatures.
This work is the first attempt to model the impact of the thermal treatment of ash in particulate filters in order to support
the development of future ash management strategies. The cracking of the ash layer during the thermal treatment has been
identified to be the most critical effect for pressure drop reduction.
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1 Introduction

Internal combustion engines (ICEs) are a major source for
particulate matter (PM) emissions [1]. Particulate matter
is known to have an adverse impact on public health [2]
and the environment [3]. Governing bodies around the
world have been imposing increasingly stringent emission
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standards and more rigorous testing protocols to reduce
pollution [4–7] from ICEs. Diesel particulate filters (DPFs)
have been widely adopted for diesel-fuelled engines in order
to comply with these emission standards [8]. Recently,
the introduction of regulations governing particle number
(PN) emissions has also driven the introduction of gasoline
particulate filters (GPFs) on gasoline direct injection (GDI)
vehicles [9–11].

The typical operating cycle of a particulate filter involves
the collection of solid particles, followed by an active
regeneration process that reduces the pressure drop of the
filter by burning off the trapped particles. The typical
behaviour of a particulate filter during the filtration process
is shown in Fig. 1. Particles are initially trapped in the
porous walls of the filter by deep-bed filtration, leading to
a rapid increase in the pressure drop and an increase in the
filtration efficiency of the filter. As the pore openings in
the filter wall are partially blocked, particles can no longer
penetrate the walls and a soot cake layer is formed on the
surface of the walls. The pressure drop increases at a lower
rate during the cake formation stage. Active regeneration
is triggered when the filter pressure drop reaches a preset
threshold. If the filter is coated with oxidation catalyst,
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Fig. 1 Typical behaviour of
ash-free and ash-loaded filters
during soot filtration. Deep-bed
filtration via soot deposition
inside the porous walls of the
filter leads to a rapid increase in
the pressure drop at low soot
loading in the ash-free filter.
Ash deposits in the ash-loaded
filter lead to an increase in the
pressure drop compared to the
unloaded filter, but prevent
deep-bed filtration of the soot in
resulting a lower pressure drop
compared to the ash-free filter at
high soot loading

passive regeneration which continuously oxidise trapped
carbonaceous particles can also occur under appropriate
operating conditions.

In addition to soot, the particulate emissions from ICEs
contain metallic ash originating from lubrication oil, fuel
additives, engine wear, corrosion and abrasion [12–15].
Unlike soot, the metallic ash is incombustible, such that it
accumulates over the lifetime of the filter [16]. Ash can
deposit within the filter wall, as a particulate layer and as
a plug at the end of filter channels [15]. The distribution of
ash deposits is closely related to the regeneration strategy,
but all forms of ash deposits can be found in actively
regenerated and passively regenerated filters [17]. Whilst
metallic ash makes up only a small amount of diesel PM
[18, 19], PM emitted by GDI engines can have much higher
ash-to-soot ratio [20], with studies showing numbers in the
range of 20–50% by mass [21]. This is because GDI engines
emit less soot than diesel engines due to longer ignition
delay and higher volatility of gasoline fuel [22]. Whilst the
accumulation of the ash contributes to the pressure drop
[23], the presence of an ash layer on the filter walls can
lead to improved filtration efficiency. The ash layer can
eliminate the deep-bed stage of the filtration and, in so
doing, can reduce the pressure drop over the filter at high
soot loadings [24] (see Fig. 1). This is especially beneficial
for GPFs, where soot cake formation is harder to sustain
[25]. On the other hand, ash deposits reduce the available
storage capacity, necessitating an increase in the frequency
of regeneration events and incurring an associated fuel
penalty [26]. Ash deposits can also lead to an increase in
the maximum filter temperature during regeneration [27]
which can damage the filter and limits its service lifetime
[28]. In addition, the ash layer can negatively impact the
effectiveness of passive regeneration by acting as a diffusion
barrier between catalytic washcoat and the soot cake
layer [29].

Many technologies have been considered to minimise the
negative impact of ash accumulation and extend the service
lifetime of particulate filters. The use of lubricants with
minimal inorganic additives (“ashless oil”) can mitigate
the production of lubricant-derived ash [30]. However, the
contribution of corrosion and wear can still be significant,
where it has been found that up to 50% of ash deposits in
GPFs could come from corrosion of the moving parts in
an engine and from eroded upstream catalysts [31]. Some
progress has been made using alternative filter geometries.
Asymmetric Channel Technology (ACT) has been shown
to improve the ash storage capacity of particulate filters
by having larger inlet channels than outlet channels [32].
Alternatives to square channel cross-section designs have
also been shown to reduce ash-induced pressure drop e.g.
hexagonal and octo-square geometries [33]. The engine
system operation may also be optimised to minimise the
impact of ash deposits by modifying the distribution and
properties of the ash within a filter [15].

The deposition of ash in particulate filters has been
studied by Sappok et al. [34–37] using an accelerated ash
loading system. Sappok et al. [36] observed that the pressure
drop of ash-contaminated filters decreased after exposure
to high temperatures. Analysis of the filters showed a
reduction in the bulk volume of ash deposits due to sintering
and crack formation in the ash layer. This indicates the
potential of thermal treatment as a viable ash management
strategy [15]. However, the relative contributions of the
cracking and sintering are unexplored.

The purpose of the paper is to study the impact of
thermal treatment on ash deposits in particulate filters using
a computational model. Modelling allows the exploration of
scenarios that are difficult to investigate using experiments.
The development of the model provides helps quantify
the effects of the thermal treatment process and provides
insights that can aid the optimisation of ash management
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Fig. 2 Spatial representations of
a Wall Flow Monolith (WFM).
When ash deposits exist in the
WFM, additional volume
elements are introduced to
describe the ash layer. The
implicit reduction of the inlet
channel volume due to the ash
layer and ash plug formation is
considered by the model

strategies. In this work we aim to investigate the relative
importance of sintering and cracking on the reduction of the
ash-induced pressure drop in a particulate filter.

The rest of the paper is structured as follows: The model
is described in Section 2. The model is calibrated and
assessed against the experimental data reported by Sappok
et al. [34–36] in Section 3.2. The model for thermally
treated ash deposits is applied in Section 3.3. Suggestions
for future development are discussed in Section 3.4.

2Model Description

The model used in this work considers a pair of inlet
and outlet channels in a Wall Flow Monolith (WFM)
— a common design for particulate filters. Aspects of
the model have been described previously, where it was
used to consider soot filtration [38, 39]. The spatial
representation of the model is shown in Fig. 2(a). The
channels are discretised in the axial and through-wall
directions, resolving gradients along the channels and
through the walls, but neglecting any variation across the
soot cake. Particles are introduced into the filter via exhaust
flowing into the inlet channel. The particles are then either
filtered by the porous wall or exit the filter with the gas flow
through the outlet channel.

In this work, the model is extended to consider ash
deposition. The spatial representation of the extended model
is shown in Fig. 2(b). The presence of the ash layer
is explicitly considered in the model. The ash layer is
formed from incombustible residues that are left behind
when the soot cake is burned off during regeneration of
the filter. The ash layer is expected to be in contact with
the porous wall, with a new soot cake eventually forming
on top of the ash layer. The ash plug is assumed to be
impervious to gas flow, and is outside the spatial domain
considered by the model, but is implicitly considered in the
model in the sense that it reduces the length of the inlet
channel.

2.1 Governing Equations

The engine exhaust first flows into the inlet channels
of the WFM. Since the inlet channels are closed-ended,
the exhaust is forced to flow through the soot and ash
layers (should they exist) and the porous wall. The exhaust
then exits the WFM via the outlet channel. The model
permits gas flow in two directions: in the axial direction
along the inlet and outlet channels, and through the porous
media including the soot cake, the ash layer and the filter
wall in the through-wall direction. These two flows are
perpendicular [40].
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Fig. 3 Illustration of the
primary particle diameter dpri,
the mobility diameter dmob and
the fractal diameter dfrac of a
typical aggregate considered by
the particle model

The gas flow in the inlet and outlet channels is governed
by the Bernoulli equation

Pi−1+1

2
ρi−1u

2
i−1 = Pi+1

2
ρiu

2
i +

FμLi

D2
ui, i ∈

{
Sci inlet channel
Sco outlet channel

(1)

where P is the pressure, ρ is the mass density of the gas,
u is the gas velocity along the channel, F is a friction
factor (F = 28.454 for a square channel [41]), μ is the
dynamic viscosity of the gas, L is the distance between
neighbouring volume elements and D is the side length
of the cross-section of a square channel (i.e. the hydraulic
diameter). Subscript i indexes the volume elements of the
channels and increments in the axial direction. Equation (1)
applies to both inlet and outlet channels, wherePressure
Drop During Soot Filtration Loading the index sets Sci and
Sco reference the volume elements in the inlet and outlet
channels respectively. Equation (1) is solved to obtain P and
u. The parameters F , L and D are provided as inputs based
on the geometry of the particulate filter. The ideal gas law is
used to calculate ρ from the thermodynamic state of the gas
phase. The dynamic viscosity of the gas mixture is assumed
to be that of air.

The pressure and the gas flow from the inlet channel,
through the porous media and into the outlet channel is
governed by Darcy’s law

Pj − Pj+1 = μvjLj

κj

, j ∈ Sci ∪ Spm ∪ Sco (2)

where v and κ are the gas flow velocity in the through-wall
direction and the permeability across the porous medium.
Subscript j indexes the volume elements in the through-
wall direction. The index sets Sci, Spm and Sco reference
the volume elements in the inlet channel, the porous media,
including the soot cake layer, the ash layer and the filter
wall, and the outlet channel respectively. Equation (2) is
solved to obtain P and v. The treatments of L and μ are

identical to Eq. (1). The permeability of porous medium κ

is provided by the filtration model (see Section 2.2).
The temperature of the system is assumed to be constant

and chemical reactions are neglected in the simulations in
this work, such that the thermal energy balance and species
equations are omitted.

Previous applications of the model [38, 39] assumed all
particles to be spherical and purely carbonaceous. These
assumptions are relaxed in this work. Figure 3 illustrates
a typical aggregate considered by the particle model used
in this work. Particle diameters relevant to this work are
shown in Fig. 3. The particle model considered aggregated
composed of spherical primary particles that are equally
sized. The primary particle diameter is denoted as dpri. The
mobility diameter of the aggregate dmob is the diameter
of a spherical particle that has the same aerodynamic
drag coefficient as the aggregate [42]. The fractal diameter
dfrac is the diameter of the minimal enclosing sphere of
the aggregate (i.e. the maximum diameter). Particles are
described by elements of a type space E

E = {magg, npri, mash}, (3)

where magg is the total aggregate mass, npri is the number
of primary particles in the aggregate and mash is the mass
of ash inside the aggregate. The aggregate mass other than
ash is assumed to be carbonaceous material. Carbonaceous
material in all particles is assumed to have identical
composition and hence exhibits the same behaviour.

The size distribution of the particles is described by the
particle number density N . The population balance model is
solved using a sectional method [43]. The sectional method
has been successfully applied in modelling the evolution of
soot particle in flames [44, 45] and engines [22, 46]. The
particle population is divided into sections (i.e. size classes)
according to the value of magg for each particle. All primary
particles belonging to aggregates within a given size class
are assumed to have the same size [22, 45]. In this work,
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population balance equations of the form

dNz,j

dt
= Qz,j Ṅz,j−1, j ∈ Sci ∪ Spm ∪ Sco (4)

are solved for Nagg, Npri and Nash, corresponding to each
element of the type space defined in Eq. (3) and representing
the total number density of aggregates, primary particles
and equivalent ash mass in a size class. Qz,j is the filtration
efficiency of particles of size z calculated from the filtration
model (see Section 2.2). Ṅz,j−1 is the rate of change of the
number density of particles flowing from volume element
j − 1 to volume element j

Ṅz,j = (1 − Qz,j )Ṅz,j−1, j ∈ Sci ∪ Spm ∪ Sco. (5)

The mass of an aggregate magg for a given size class is
known a priori. The other type space variables are calculated

npri,z,j = Npri,z,j

Nagg,z,j

, (6)

mash,z,j = magg,z,j

Nash,z,j

Nagg,z,j

. (7)

The primary particle diameter is calculated

d3
pri,z,j = 6

π

magg,z,j

npri,z,j ρagg,z,j

, (8)

where ρagg is the material density of the aggregate.

2.2 FiltrationModel

The filtration of the particles is described using the classic
unit collector model [47]. The unit collector model is used
to calculate the filtration efficiencies and permeabilities that
are required in Eqs. (2) and (4). The unit collector model has
been widely adopted in particulate filter modelling studies
[48]. It considers the filter wall as a bed of spherical unit
collectors. The model approximates the gas flow through the
porous wall as the gas flow around a spherical unit collector
and is able to describe the filtration of particles via diffusion
and interception [47, 48], as illustrated in Fig. 4.

The diameter of the collector dcoll0 representing the clean
porous wall is calculated as [49]

dcoll0 = 3

2

1 − εw0

εw0
dpore0, (9)

where εw0 and dpore0 are the porosity and pore diameter
of the clean porous wall, and are inputs to the model. The
filtration efficiencies of the porous wall and the ash layer
are calculated using equations of the form

Qz,i = 1 − exp

[
−3ηz,i(1 − εi)wi

2εdcoll,i

]
, (10)

where ε is the porosity of the filter medium, w is the
thickness of the filter medium, dcoll is the diameter of
the collector and η is the efficiency of a single collector.
The single collector efficiency ηz,i and hence the filtration
efficiency Qz,i depends on both the size of the particles
(indexed by z) and the state of the filter medium in volume
element i. The values of ε, dcoll and w depend on the
volume element index i which indicates whether the volume
element represents the filter wall or the ash layer. In the
case of the porous wall, the thickness of the wall is treated
as a constant, whereas the porosity and collector diameter
are calculated based on the particulate loading within the
wall (see Section 2.2.1). In the case of the ash layer, the
porosity and collector diameter are inputs to the model and
are treated as constants during simulations. The thickness of
the ash layer is a function of the mass of ash accumulated
on the surface of the filter wall. The contribution of the soot
cake layer towards filtration is described in Section 2.2.2.

The single collector efficiency η in Eq. (10) combines
contributions from diffusion and interception (see Fig. 4).
These two mechanisms are assumed to act independently,
such that

ηz,i = ηD,z,i + ηR,z,i − ηD,z,iηR,z,i (11)

where subscripts D and R refer to diffusion and interception
respectively. In general, smaller particles are more likely to
be trapped by diffusion since they are more susceptible to

Fig. 4 The unit collector model
approximates the flow in the
porous wall as gas flow through
a bed of equivalent spherical
collectors. Particles may be
trapped by the collectors via
diffusion (“D”) and interception
(“R”)
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the impact of Brownian motion. In contrast, larger particles
are more likely to be trapped by interception.

The diffusional single collector efficiency ηD is a
function of the filter porosity and the Peclet number of the
particle [47, 48]

ηD,z,i = 3.5g(εi)Pe
− 2

3
z,i , (12)

where g(ε) is a Kuwabara geometric function

[g(εi)]3 = εi

2 − 9
5 (1 − εi)

1
3 − εi − 1

5 (1 − εi)2
, (13)

and Pe is the Peclet number which is calculated as per
Konstandopoulos et al. [48]. The relevant length scale for
the Peclet number is the mobility diameter of the particle
dmob. This is calculated as per Sorensen [42]

dmob,z,i =
⎧⎨
⎩

dpri,z,in
0.46
pri,z,i npri,z,i < 100

0.65dpri,z,in
0.56
pri,z,i npri,z,i ≥ 100

, (14)

where dpri is the diameter of the primary particles within the
aggregate. The values of dpri and npri are calculated as per
Eqs. (6) and (8).

The interceptional single collector efficiency ηR is
calculated by [47, 48]

ηR,z,i = 3

2
[g(εi)]3

R2
z,i

(1 + Rz,i)
1− 2

3εi

, (15)

where R is the interception parameter

R = dfrac,z,i

dcoll,i
, (16)

defined in terms of the collector diameter dcoll, see Eq. (10),
and the fractal diameter of the aggregate dfrac [45]

dfrac,z,i = dpri,z,i (Vf npri,z,i )
1

Df , (17)

where the volume filling factor Vf and the fractal dimension
Df are set to 1.43 and 1.8 respectively [45]. The volume
filling factor is a scaling constant that is similar to the fractal
prefactor as reported by Sorensen and Roberts [50]. The
choice of fractal diameter as the relevant length scale in
the ratio defined by Eq. (16) follows from the assumption
that a particle will be collected by interception when the
streamline carrying the particle passes within one particle
radius of the collecting body [51].

2.2.1 Treatment of Clogged Filter Wall

As particles accumulate in the porous wall, the pore volume
available for gas flow is reduced, and the pressure drop of
the filter increases accordingly. This implies a decrease in
the permeability of the porous wall κw which is used in
Eq. (2). The unit collector model calculates the permeability

of the wall as [48]

κw,i = κw0,i

d2
coll,i

d2
coll0,i

f (εw,i )

f (εw0,i )
, (18)

where εw0 and εw are the porosity of the clean wall and
the clogged wall. The permeability of the clean wall κw0

is provided as an input to the model. The porosity of the
clogged wall is a function of the collector diameter of the
clogged wall dcoll [48, 52]

εw,i = 1 − (1 − εw0,i )
d3

coll,i

d3
coll0,i

, (19)

which increases with the mass of particles accumulated in
the wall [48, 52]

d3
coll,i = d3

coll0,i + 6

π

mp,w,i

ρw
, (20)

where mp,w and ρw are the mass and packing density of
the particles accumulated in the porous wall. The mass
of particles mp,w is solved by the model. The packing
density ρw is a model parameter that is typically calibrated
to match experimental observations of the pressure drop
across the filter. It should be noted that ρw should not be
interpreted as the physical bulk density of the ash deposits
accumulated in the filter wall, but as the bulk density of
particles accumulated in the bed of unit collectors. The
accumulation of particles within the pores of the ash layer
is neglected in this work. This assumption is based on the
experimental observation that no deep-bed filtration occurs
when the ash layer is established as shown in Fig. 1.

The function f (ε) appearing in Eq. (18) is the Kuwabara
function with the following form [53]

f (εi) = 1

18

2 − 9
5 (1 − εi)

1
3 − εi − 1

5 (1 − εi)
2

1 − εi

. (21)

Note that this has a factor of 4 difference from the equation
reported by Konstandopoulos et al. [54]. Equation (21)
adopts the formulation from Lee et al. [53] which shows
better consistency between the experimental pressure drop
and primary particle measurements.

2.2.2 Treatments of Particulate Layers

As particles accumulate in the porous wall, the filtration
mechanism changes and the particles start to form a soot
cake at the interface between the wall/ash layer and the
inlet channel. The filtration efficiency of the established
soot cake layer is assumed to be 100%. The transition from
deep-bed filtration to soot cake formation is controlled by
the partition coefficient

Φ = d2
coll,interface − d2

coll0

(ψdcoll,max)2 − d2
coll0

, (22)
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where dcoll,interface is the collector diameter in the volume
element of the porous wall at the interface with the
inlet channel, dcoll,max is the maximum collector diameter
possible, and ψ is the percolation constant. The percolation
constant is a model parameter that is typically calibrated
to match experimental observations of the change in the
rate of increase in the pressure drop across the filter caused
by the transition from deep-bed filtration to cake formation
(see Fig. 1). The maximum collector diameter dcoll,max is
calculated from the porosity of the clean filter wall such that
the unit collector has the same capacity for particles as the
filter wall [52]

d3
coll,max = d3

coll0

1 − ε0
. (23)

The permeabilities of the soot cake and ash layer required
by Eq. (2) are calculated based on their microstructures [54]

κ = f (ε)d2C, (24)

where ε is the porosity of the particulate layer, d is the
diameter of the particles in the layer, C is the Stoke-
Cunningham factor accounting for the slip-flow effect

C = 1 + Kn

(
1.257 + 0.4 exp

[
−1.1

Kn

])
, (25)

and Kn is the Knudsen number calculated based on the
particle diameter d. It should be noted that Eq. (24) requires
a single value of d, even though the particles may be
subject to a polydisperse size distribution. In this work, the
values of the particle diameter d for the soot cake and ash
layer are supplied as single-valued inputs to the model. The
value for soot is referenced from the experimental results
of Sappok et al. [55] and that for ash is calibrated based
on experimental pressure drop measurements of ash-loaded
filters.

2.3 RegenerationModel

The ash layer is formed on the surface of the inlet channels
in the filter from incombustible residues (i.e. ash particles)
in the soot cake that are left behind when the soot is burned
off during regeneration. The ash layers in the particulate
filters studied in this work were deposited over many
loading-regeneration cycles [34]. The regeneration events
are captured by post-processing simulations of the loading
part of each cycle to provide initial conditions for the
simulation of the next loading cycle. It is assumed that all
the soot is burned off during each regeneration event, that
all the ash particles trapped in the soot cake now form part
of the ash layer (see Fig. 2), that the properties of the ash
(in the ash layer and in the ash deposits in the porous walls
of the filter) are unaltered by regeneration and that no axial

transport of ash occurs. The consequence of neglecting axial
transport of the ash is discussed in detail in Section 3.

2.4 Thermal Treatment Model

Two phenomena are expected to occur to ash deposits dur-
ing the thermal treatment of particulate filters: sintering
and crack formation. Both have been observed experimen-
tally [36]. They can also occur during uncontrolled active
regeneration events in real operation which may create
high interior filter temperature [56], or even normal GPF
operation since gasoline exhaust is hotter in general [57].
Sintering can affect the ash-induced pressure drop in two
ways. First, it can reduce the bulk volume of ash deposits,
which leads to decreased resistance to gas flow since the
porous wall will be unblocked and the ash layer will become
thinner. Second, sintering can alter the microstructure of the
ash layer and therefore its permeability. The permeability of
the ash layer can also be affected by crack formation, which
allows more gas to flow through and hence results in an
increase in the permeability.

The overall permeability of the ash layer κash considering
the impact of both sintering and cracking is

κash = κs + κc, (26)

where κs and κc are the contributions to the permeability
of the ash layer arising from sintering and cracking
respectively. In this work, the impact of the sintering and
cracking of the ash deposits is incorporated in the model
by post-processing the results of loading-regeneration
simulations to modify the properties of the ash deposits
to provide initial conditions for subsequent post-thermal-
treatment simulations. Model equations for both phenomena
are described below.

2.4.1 Sintering Model

Sintering between ash particles occurs when the ash is
exposed to high temperatures. The sintering leads to a
reduction in the bulk volume of the ash deposits. A sintering
progress variable X is defined in terms of the relative
reduction in bulk volume of ash deposits Vash,bulk

X = 1 − Vash,bulk

Vash,bulk0
, (27)

where the subscript 0 refers to the volume of the ash
deposit prior to thermal treatment. The value of the
sintering progress variable is used to update the model
input parameters to account for the effect of sintering. It is
inferred from experimental measurements as a function of
the furnace temperature used in the thermal treatment (see
Section 3.3).
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Fig. 5 The combination of the
observed range of ash layer
porosities and the correlation
proposed by Lagemaat et al.
[58] suggests that a typical ash
layer would have a coordination
number in the range 2.1–2.5,
corresponding to a finger-like
microstructure. The ash layer
structure is approximated as
particle columns for the purpose
of developing a relationship
between the particle size and
porosity in the sintering model
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Sintering of Ash in the Filter Walls The effect of sintering
of ash in the walls of the filter is modelled by adjusting the
packing density ρw that appears in Eq. (20)

1

ρw
= 1

ρw0
− X

(
1

ρw0
− 1

ρash

)
, (28)

where ρw0 is the packing density of unsintered ash deposits
and ρash is the material density of the ash (ρash = 3400
kg/m3 in this work [34]).

Sintering of the Ash Layer The effect of sintering in the ash
layer is modelled by adjusting the porosity ε of the ash layer

1

1 − ε
= 1

1 − ε0
− X

(
1

1 − ε0
− 1

)
. (29)

A fully sintered ash layer is expected to have ε = 0.
It is assumed that the porosity is the same everywhere
within the ash layer. As a result, the ash layer shrinks
uniformly during sintering. In addition to the effect on bulk
volume and porosity, sintering effects the permeability of
the ash layer. The permeability of the sintered ash layer
κs is evaluated using Eq. (24), which requires the diameter
of the particles and the porosity of the ash layer as inputs.
Therefore it is necessary to model how sintering affects
these two parameters.

The morphology of the ash layer may be deduced from
the particle coordination number Ncord, which describes the
(average) number of neighbouring particles for each particle
in a bed of particles. A correlation between Ncord and the
porosity of a particle layer ε is reported by Lagemaat et al.
[58]

Ncord = 3.08

ε
− 1.13. (30)

The correlation is shown in Fig. 5. Typical ash deposits
have a porosity in the range 0.85–0.95 [15], implying
a coordination number Ncord in the range 2.1–2.5. This
is consistent with the finger-like structures predicted by
particle deposition simulation studies [59].

In order to derive a relationship between the porosity
and the diameter of the particles in the ash layer during
sintering, the microstructure of the ash is approximated as
having column-like structures, corresponding to Ncord ≈ 2.
The following relationship between the porosity εash and the
diameter dash of the particles in the ash layer can be derived

εash = 1 − 1 − εash0

d2
ash0

d2
ash, (31)

subject to the assumption that all primary particles in the
ash layer have the same size and that sintering causes
the particles in the columns to merge and grow until they
form a mono-layer of particles in point contact. These
assumptions are illustrated in Fig. 5. In other words,
the necking phenomenon between neighbouring particles
during sintering is neglected. This can lead to a maximum
of 33% underestimation of the permeability [60]. It is shown
later in Section 3.3 that this does not incur significant error.
The symbols εash0 and dash0 denote the porosity and particle
diameter of the ash layer prior to thermal treatment. The
detailed derivation of the relationship in Eq. (31) is given in
Appendix A. Note that the relationship breaks down once
the particles sinter beyond the mono-layer. The porosity of
a mono-layer is 1 − π

6 ≈ 0.417. If the porosity of the ash
layer prior to thermal treatment ε0 ≥ 85%, then Eq. (31)
is subject to the limit X ≤ 0.713. These limits are never
exceeded in this work.

Sintering of the Ash Plug In the case of an ash plug, the
effect of sintering is modelled by adjusting the length of the
ash plug

Lplug = Lplug0 − X(Lplug0 − min[Lplug]), (32)

where min[Lplug] is calculated under the assumption that a
fully sintered ash plug would have the material density of
the ash. As the modelled ash plug shrinks, a new portion
of the filter wall and ash layer are exposed to the gas flow
in the inlet channel. The state of this portion of the wall
and ash layer are not tracked by the model (see Fig. 2(b)).
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In this work, it is assumed that they have the same state
as the upstream neighbouring volume elements in the inlet
channel. This approach is supported by the observation
that the axial variation of ash deposits in the porous wall
predicted by the model is negligible (≤ 1%). This is
substantiated in Fig. 17 in the Appendix.

2.4.2 Cracking Model

Crack formation in ash layers has been observed after
thermal treatment [36]. The cracks significantly increase the
permeability of the damaged ash layer. Mahadevan et al.
[61] adapted a damage permeability function from a study
of concrete [62] to model the damage to a soot cake during
regeneration

κd = κ0 exp[(AD)B ], (33)

where κd is the permeability of the damaged media, κ0 is
the permeability of the intact media, A and B are model
parameters and D is a damage variable. The actual form of
D depends on context: it was chosen to be the dimensionless
soot cake mass by Mahadevan et al. [61] and the relative
change in elastic modulus by Picandet et al. [62].

Whilst Eq. (33) has been shown to be consistent with
experimental observations, two problems need to be solved
before it can be applied to the thermal treatment of ash.
Firstly, Eq. (33) needs to be modified in order to consider
the impact of sintering. If sintering occurs, κ0 would not be
constant. The change in permeability due to the cracks alone
κc is [61]

κc = κd − κ0 = κ0(exp[(AD)B ] − 1). (34)

Secondly, Eq. (33) can predict extremely high permeabil-
ities for severely damaged media, which leads to numerical
difficulties in the solution procedure. This was addressed by
Pijaudier-Cabot et al. [63] who opted to use a Taylor expan-
sion of Eq. (33) to avoid the rapid increase in permeability

for severely damaged media. In this work an alternative
formulation of the cracking model in Eq. (34) is proposed

κc

κ0
= θ + γ

(
X − 1

α
exp[α(X − β)]

)
, (35)

where α, β, γ and θ are model parameters. The damage
variable is chosen to be the sintering progress variable X,
see Eq. (27). The apparent increase in number of parameters
is negated by imposing two additional boundary conditions.
First, the minimum value of the crack permeability κc

is set to be 10−19 m2. This value corresponds to granite
which is practically impervious to gas flow [64]. Second,
the maximum value of κc is chosen to be 3 orders of
magnitude higher than the permeability undamaged media
κ0. If the pressure drop due to the undamaged media is
O(103) Pa, then the pressure drop of the damaged media
is capped at O(1) Pa, sufficiently smaller than the expected
experimental error.

The crack model proposed in this work in Eq. (35)
therefore has two degrees of freedom, the same as the
cracking model in Eq. (33). Figure 6 compares the two
models. The ratio between the permeability of the damaged
media and that of the intact media, κd/κ0 is presented.
Excellent agreement between the models can be observed
for 1 ≤ κd/κ0 ≤ 10, the range of practical interest. At
large values of the damage variable, the model used in this
work predicts a finite maximum permeability. This provides
better numerical behaviour.

3 Numerical Study and Discussions

The model was applied to investigate the effect of ash
loading and the subsequent thermal treatment of the ash on
the pressure drop through a particulate filter by simulating
a series of experiments by Sappok et al. [34–37]. All
simulations in this work were performed using the same

Fig. 6 The cracking model
parameterises the permeability
of the ash layer as a function of
the damage variable. The model
used in this work ensures that
the value of the permeability
remains finite at large values of
the damage variable, whilst
retaining good agreement with
the original model proposed by
Picandet et al. [62] in the region
of interest
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Fig. 7 Schematic of the
experimental setup used by
Sappok et al. [34–37]. The filter
can be subject to in-flow from
the engine, the burner or
ambient air. The reported
pressure drop was always
measured with ambient air

spatial discretisation, where the numbers of control volumes
in the axial and the through-wall directions are nax =
10 and nw = 8 respectively. When the ash plug is
present, the portion of the inlet channel available to gas
flow is uniformly discretised into 10 control volumes. An
additional control volume is added in the outlet channel to
represent part of the outlet channel which has no through-
wall gas flow due to the presence of the ash plug, as shown
in Fig. 2(b). This choice of discretisation is consistent with
that in other studies [38, 61].

Key details of the experiments are summarised in
Section 3.1. The initial calibration of the model and
simulation of the pressure drop whilst loading the filter is
reported in Section 3.2. The impact of high temperature
exposure on the ash-related pressure drop is investigated in
Section 3.3. The implication of the results and suggestions
for future studies are discussed in Section 3.4.

3.1 Experimental Setup

The experiments modelled in this work were performed
using an accelerated ash loading system [34–37]. The
experimental setup is shown in Fig. 7. Two particle
sources were included in the accelerated loading system.
A Cummins ISB 300 diesel engine that emitted soot
aggregates with negligible ash content, and a custom-made
burner equipped with an oil injector. The burner was used to
emit soot aggregates with various levels and compositions
of ash content depending on the type and rate of injection of
lubricant oil into the burner. A downstream filter was loaded
with particles from either the engine or the burner. This
work focuses on experiments with platinum-coated DPFs
[36].

The experiments were performed to measure the pressure
drop across the filter in four steps. First, the pressure drop
was measured at different space velocities when the filter
was clean (i.e. without any particle loading). Second, the
filter was loaded with particles from the engine and the
pressure drop measured as a function of soot loading. Third,
the filter was loaded with particles from the burner, using
CJ-4 engine oil to provide a source of ash. The ash was

allowed to accumulate in the filter over multiple loading-
regeneration cycles, and the pressure drop measured as a
function of ash loading after each regeneration event. Two
sets of measurements were performed. One that stopped
when the filter reached a nominal ash loading of 12.5 g/L,
the other when the filter reached 42 g/L. Fourth, once each
filter reached its target loading, a cylindrical core sample
was removed from the filter and subsequently heated at
650 ◦C for an hour to ensure that no soot remained within
the sample. The samples were then heated in a furnace at a
specified temperature for 30 minutes before measuring the
pressure drop across each filter sample. This was repeated
for furnace temperatures increasing from 650 to 1100 ◦C.
Finally, note that the reported pressure drops were all
measured using ambient air.

3.2 Model Calibration

In order to study the impact of thermal treatment on
the pressure drop of ash-contaminated filters, the spatial
distribution of ash within the porous wall, along the inlet
channel surface and within the ash plug must be known.
Likewise, the porosity and the size of the particles in the ash
layer must be known in order to evaluate the permeability
using Eq. (24). Whilst the porosity and thickness profile
of the ash in selected filter channels are reported [65], the
spatial distribution of the ash in the filter wall and the size
of the particles in the ash layer are unknown.

The unknown model parameters (including the size of
the particles in the ash layer) are estimated by progressively
calibrating the model against experimental data, initially
for the pressure drop across a clean filter, then for the
pressure drop across a soot-loaded filter and eventually for
the pressure drop across an ash-loaded filter. Once this is
complete, the spatial distribution of the ash in the filter wall
can be obtained as an output from the calibrated model.

The rest of the section is organised as follows. First,
the contribution of the clean filter towards overall pressure
drop is investigated in Section 3.2.1. Second, the unit
collector model is calibrated using data from soot filtration
experiments in Section 3.2.2. Finally, ash accumulation
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Fig. 8 Pressure drop across a
clean filter. The model shows
good agreement with the
experimental data reported by
Sappok et al. [34]

experiments are simulated in Section 3.2.3, where the
model is used to estimate the particle diameter and spatial
distribution of the ash deposits.

3.2.1 Pressure Drop Across a Clean Filter

The pressure drop across the clean filter arises due to
frictional losses in the flow along the channels and through
the porous wall. These losses are included in the model
via Eqs. (1) and (2). Losses due to contraction and
expansion are neglected since they are only significant at
high flow rates [66]. Since the frictional loss along the
channels is determined by the geometry of the filter, only
the permeability of the clean filter wall κw0 needs to be
calibrated. The calibration is executed as per Tronconi et al.
[67].

A comparison of the pressure drop predicted by the
model versus experimental data [34] for a clean filter
is shown in Fig. 8. Good agreement is observed. The
pressure drop increases with the space velocity. The
experimental pressure drop has a linear relationship with
the space velocity, indicating that the inertial pressure
drop across the filter is negligible. The value of κw0

after calibration was 1.3 × 10−13 m2. This value was
held constant for all subsequent simulations in this
work.

3.2.2 Pressure Drop During Soot Filtration Loading

The unit collector model was calibrated in order to simulate
how the filtration 1efficiencies and permeabilities in Eqs. (2)
and (4) change during soot (and ash) loading.

The porosity εw0 and the pore diameter dpore0 of the
clean filter wall are required as model inputs. No filtration
efficiency measurements were reported for the filters
considered in this study, so the values of these parameters

could not be estimated as per Lao et al. [38]. Rather, the
Rumpf-Gupte correlation [68]

κw0 = 1

5.6
ε5.5

w0d2
pore0, (36)

was used to estimate εw0 and dpore0 from the calibrated value
of κw0. It was assumed that dpore0 has a value of 10 μm
in this work. This is on the lower end of the typical range
of pore diameters (10–30 μm [65]), but is consistent with
the fact that the filters considered in this study are coated
with a platinum-based catalyst, and are therefore expected
to have smaller pore diameters than uncoated filters. The
corresponding value of εw0 was 41%, which is considered
to be reasonable for a coated filter. In practice these two
parameters could also be measured experimentally (e.g.
using X-ray tomography [69]). The remaining unit collector
parameters were calibrated as per Kladopoulou et al. [52]
and Zhang et al. [70]

– Particle packing density in porous wall ρw = 8.0 kg/m3.
– Soot cake porosity εcake = 0.958.
– Percolation constant ψ = 0.96.

The particle packing density is within the range of values
reported in the literature (6.24–14.1) [48, 71]. The soot cake
porosity is within the range of 0.93–0.97 suggested by Liu
et al. [72]. The percolation constant is the similar to that
reported by Gong et al. [73] (0.95).

Figure 9 shows the pressure drop predicted by the
calibrated model during soot loading. Good agreement is
observed with the experimental data reported by Sappok
et al. [34]. The following assumptions were made in the
simulations.

– The in-situ density of soot particles was 1800 kg/m3

[74].
– The space velocity of the soot filtration experiment was

20000 1/h, which is the same as the space velocity used
for pressure drop measurement (see Section 3.1).
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Fig. 9 Pressure drop versus soot
load. The calibrated model
shows good agreement with the
experimental data reported by
Sappok et al. [34]. The change
in gradient at 0.5 g/L is due to
the transition between deep-bed
filtration and soot cake
formation as illustrated in Fig. 1

– The morphology of the inlet soot particles was assumed
to be the same as those produced by ISB 300 engine
at 25% load [55]. The number of primary particles per
aggregate was estimated using Eq. (17). The values of
the volume filling factor and the fractal dimension are
set according to Eaves et al. [45] and the result shown
in Fig. 9 is not sensitive to these parameters.

– The soot filtration experiment operated at 300 ◦C [55].
– No passive regeneration occurred at this condition.

3.2.3 Pressure Drop due to Ash

The model was applied to simulate the ash loading of the
filter. The experimental investigation of the system used
an accelerated loading system that consisted of multiple
loading-regeneration cycles in which the filter was loaded
with burner-generated particles at 250 ◦C for 60 min, and
then regenerated at 620 ◦C for 15 min every cycle [35].
Data from two experiments were reported. One that loaded
a filter up to a nominal ash load of 12.5 g/L, the other that
loaded a filter up to a nominal ash load of 42 g/L. Time-
resolved simulations were performed for the loading part
of each experiment. The simulations were stopped after
each loading cycle, the results post-processed to account for
regeneration, and then restarted to simulate the next loading
cycle as described in Section 2.3.

Figure 10 shows the pressure drop at the end of each
loading-regeneration cycle versus the ash load accumulated
in the filter. The model (black line) uses a calibrated value
of 220 nm for the size of the particles in the ash layer. This
value affects both the filtration efficiency and permeability
of the ash layer (see Section 2.2). The filtration efficiency of
the ash layer controls the proportion of ash deposited in the
wall, and hence the point at which the transition from deep-
bed to cake filtration is observed. The permeability controls
the subsequent rate of increase in the pressure drop as the
ash layer grows during cake formation.

The calibrated model shows good agreement with the
experimental data up to 40 g/L ash load. At ash loads
above this, the model overestimates the pressure drop. The
discrepancy is possibly related to the choice to neglect the
axial transport of ash in the model. One consequence of this
is that the model cannot describe the formation of an ash
plug, and instead predicts an ash layer that is almost uniform
in thickness. The predicted ash layer profiles are shown
in Fig. 11. Without considering axial transport of ash, the
predicted ash layer profiles are determined by the through-
wall velocity profiles during the ash accumulation. This is
reasonable at low ash loads, but disagrees with experimental
observations at high ash loads, which show that the ash plug
can occupy 32–48% of the inlet channel [65].

Sappok [65] measured the ash layer profile in three
inlet channels of the filters used in each experiment shown
in Fig. 10. In order to investigate the impact of the ash
layer, additional simulations were performed in which the
experimental ash layer profiles were imposed on the model.
The imposed profiles are shown in Fig. 11 and were taken
as the average of the profiles measured in each filter. In
addition, the ash load in each simulation was imposed based
on the ash load implied by the volume of the imposed
profile, corresponding to 21.1 g/L and 38.0 g/L, as opposed
to the nominal ash loads of 12.5 g/L and 42 g/L respectively.
It is hypothesised that the difference between the ash loads
implied by the imposed profiles and the nominal ash loads
arises due to variations between the channels in each filter.
As a consequence of this, the pressure drops calculated
by the simulations with the imposed ash layer profiles are
discussed in the context of the pressure drop across the
simulated channel-pairs, as opposed to the pressure drop
across the entire filter.

The hollow circles on Fig. 10 show the channel-pair
pressure drops calculated after imposing the experimental
ash layer profiles on the model. The predicted pressure
drop for the lightly ash-loaded (nominal 12.5 g/L) filter
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Fig. 10 Pressure drop after
regeneration versus the ash load
accumulated in the filter. The
soot load for all pressure drop
data shown in the figure is 0 g/L.
The pressure drop of the
ash-loaded filters predicted by
the model is compared against
experimental measurements
reported by Sappok et al. [34].
The model describes lightly
loaded filters adequately, but the
pressure drop is overestimated at
high ash loading if ash migration
along the channel is neglected

is almost unchanged. This suggests that the pressure drop
is insensitive to the shape of the ash layer profile at this
ash load. On the other hand, the imposed ash layer profile
had a significant effect on the simulation of the heavily
ash-loaded (nominal 42 g/L) filter, resulting in a pressure
drop of approximately 3.5 kPa (not shown). This suggests
that the model underestimated the permeability of the ash
layer of the heavily ash-loaded (nominal 42 g/L) filter using
experimentally measured ash layer porosity (0.911) and
calibrated ash particle diameter (220 nm).

In order to investigate the impact of thermal treatment on
the pressure drop (in the next section), the simulation of the
heavily ash-loaded (nominal 42 g/L) filter shown on Fig. 10
was re-calibrated to use a value of 350 nm for the size of
the particles in the ash layer. It is noted that Sappok [65]
found that the ash layer in the heavily loaded filter had a
lower porosity (0.911) than that in the lightly loaded filter
(0.946), which may be indicative of an increase in particle
size due to sintering or particle growth due to addition of
ash precursor during the repeated regeneration events. By
assumption, sintering during regeneration is excluded from
the model, and the impact of its omission remains an open

question. Finally, it should be emphasised that all other
simulation results shown in Fig. 10 were generated using the
original value of 220 nm for the size of the particles in the
ash layer.

Figure 12 shows the amount of ash accumulated in the
filter wall and in the ash layer at the end of each loading-
regeneration cycle. The data correspond to the model result
(black line) shown in Fig. 10 and apply to both the 12.5 g/L
and 42 g/L filters. The ash load in the filter wall reaches
a maximum value of 0.12 g/L after four cycles. No further
particle deposition within the filter wall occurs after this
point, indicating that the filtration efficiency of the ash layer
is now 100%. The total ash load in the filter at this point is
estimated to be 2.2 g/L. Given that the filter wall is saturated
at low ash loads, the ash plug (if it is present) would have
negligible impact on the ash deposition in the wall.

3.3 Impact of Thermal Treatment

Sappok et al. [36] observed that the pressure drop across the
ash-loaded filters decreased after the filters were heated in a
furnace, with higher furnace temperatures resulting in larger

Fig. 11 Ash layer profiles from
experimental measurements and
simulation results
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Fig. 12 Ash load in the filter
wall and in the ash layer at the
end of each
loading-regeneration cycle. The
ash load in the filter wall reaches
a maximum value of 0.12 g/L
after four cycles. The total ash
load at this point is 2.2 g/L

decreases in the pressure drop. The model developed in this
work was applied to investigate the mechanisms responsible
for this decrease in the pressure drop. On the other hand,
experimental results showed that high gas flow condition
had negligible impact on the ash-loaded filter samples [36].
As a result, this work does not consider any flow-induced
rearrangement of ash deposits.

Figure 13 shows the experimental measurements of the
pressure drop across the thermally treated filters versus the
furnace temperature [36]. In addition, the figure shows the
pressure drop over individual channel-pairs from each filter.
The points at 650 ◦C were simulated using the imposed
experimental ash layer profiles (these data are also shown
in Fig. 10). The points at 700–900 ◦C were estimated based
on the corresponding experimental measurements across
the entire filter and the simulation results at 650 ◦C. It
should be noted that the pressure drop over the channel-
pair in the lightly loaded (nominal 12.5 g/L) filter is larger
than the pressure drop measured across the entire filter.
This is consistent with the difference between the ash

load implied by the imposed ash layer profile (21.1 g/L)
versus the nominal ash load (12.5 g/L), as discussed in
Section 3.2.3. The discrepancy is less severe for the heavily
loaded (nominal 42 g/L) filter.

Both filters show similar pressure drops for furnace
temperatures of 900 ◦C and above. This suggests that the
ash loading in the wall (which is the same for both filters,
see Fig. 12) dominates the pressure drop and that the ash
layer and the ash plug (which are different between the
two filters) has negligible impact at these conditions. One
consequence of this is that the channel-pairs also show the
same pressure drop as the filters under these conditions.

The thermal treatment model (see Section 2.4) uses the
change in the bulk volume of the ash to define the sintering
process variable X which governs the shrinkage of ash
deposits within the wall, ash layers and ash plugs. In this
work, the relationship between the bulk volume of the
ash and the furnace temperature is known experimentally
from dilatometer testing of ash samples removed from the
filters [36]. Measurements were performed using ash from

Fig. 13 Pressure drop of
thermally treated particulate
filters versus furnace
temperature. The soot load for
all pressure drop data shown in
the figure is 0 g/L. Solid circles:
Experimental data [36]. Hollow
circles: Estimates of the
pressure drop across individual
channel-pairs. The points at
650 ◦C were simulated using the
imposed experimental ash layer
profiles (these data were also
shown in Fig. 10). The points at
700–900 ◦C were estimated
based on the corresponding
experimental measurements
across the entire filter and the
simulation results at 650 ◦C
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Fig. 14 Experimental data showing dilatometer measurements of the
change in the length of ash deposits retrieved from field DPFs versus
furnace temperature [36]. These data are used to define the reduction in
the bulk volume of the ash deposits induced by the thermal treatment.

The volume reduction at high furnace temperatures is extrapolated
from the experimental data under the assumption that the apparent
linear trend continues

the filters studied with the accelerated loading system and
from filters installed on vehicles operating in the field.
Unfortunately, only the samples from the vehicles in the
field produced meaningful dilatometer results, and it is these
data that are used here. The data are shown in Fig. 14.
The data only extend up to 1000 ◦C, which is less than
the maximum furnace temperature of 1100 ◦C. The data
are therefore extrapolated, assuming that the linear trend
observed above 900 ◦C continues up to 1100 ◦C.

Figure 15 shows the results of simulations of thermally
treated channel-pairs in the filters with nominal ash loads
of 12.5 g/L and 42 g/L. The model shows good agreement
with the pressure drop estimated from experimental data
when both the sintering and cracking sub-models are
enabled. The cracking model parameters were α = 55.33
and β = 0.00266 for both cases shown in Figs. 15(a)
and (b), and control the temperature at which cracking
starts to occur in the ash layer. A corresponding sharp
decrease in the pressure drop is observed between 700
and 800 ◦C. The pressure drops continue to decrease for
furnace temperatures above 800 ◦C, albeit at a lower rate. It
should be noted that the apparent sharpness of the predicted
pressure drop may be an side effect of the model calibration
since only three data points were available per filter sample
between 700 and 800 ◦C. More experimental data in this
temperature range will be needed to verify whether a
gradual or rapid reduction in filter pressure drop occurred.

Additional simulations were performed to investigate the
impact of the ash layer. The model predictions with and
without the ash layer sub-model enabled (blue solid lines
versus yellow dashed lines in Fig. 15) are coincident for
furnace temperatures above 800 ◦C. This indicates that the
cracked ash layer makes no contribution to the pressure
drop, such that the contribution of the ash to the pressure
drop arises from the ash deposits in the wall and the ash
plug for furnace temperatures above 800 ◦C. Comparison of

the model predictions without the cracking sub-model and
without the ash layer sub-model enabled (red dotted lines
versus yellow dashed lines in Fig. 15) shows that the sharp
decrease in pressure drop is not observed if crack formation
is not considered, and that the difference in the pressure drop
between the two cases is nearly independent of the furnace
temperature. This implies that sintering has negligible effect
on the flow resistance of the ash layer, such that sintering of
the ash deposits in the wall and the ash plug is responsible
for the decrease in pressure drop above 800 ◦C.

3.4 Discussion

Crack formation in the ash layer is responsible for a
significant proportion of the reduction in the pressure drop
observed in thermally treated filters. It is highly desirable
for crack formation to occur because its full advantage can
be achieved without excessive heating, minimising both
the energy demand for the thermal treatment and the risk
of damaging the filter. Lagemaat et al. [58] suggested
that nanoparticle layers with porosity over 75% would
be structurally unstable. Since ash layers typically have
porosities greater than 85% [15], it is likely that crack
formation will always occur when the ash layer is thermally
treated. Future work should seek to substantiate this and
establish the critical conditions for crack formation to
occur in the ash layer. In addition, the change of filtration
efficiency due to crack formation in the ash layer should be
investigated.

Sintering of the ash deposits in the filter walls and the
ash plug can further reduce the ash-induced pressure drop
after the ash layer has cracked. Since the sintering behaviour
of the ash depends on the composition of the lubricant
oil, lubricants which leads to ash with low sintering
onset temperatures may be favourable, such that a greater
reduction in the filter pressure drop can be achieved for
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Fig. 15 Pressure drop of
thermally treated filter
channel-pairs versus furnace
temperature. The soot load for
all pressure drop data shown in
the figure is 0 g/L. Good
agreement between the model
and the pressure drop estimated
from experimental data is
observed when both sintering
and cracking are considered by
the model. The cracking of the
ash layer causes a rapid decrease
in the pressure drop between
700 and 800 ◦C

a given thermal energy input. On the other hand, severely
sintered ash deposits may lead to permanent damage to the
catalytic washcoat in the filter as well as the integrity of
the filter. Good control over the thermal treatment would be
required if the ash sintered too easily.

Several aspects of the model merit further scrutiny.
The formation of the ash plug was not considered in the
simulations of ash loading. An accurate description of
the ash plug formation process will likely improve the
predictive power of the model. Experimental studies have
shown that ash plug is formed by migration of ash deposits
down the channel [75]. Sappok et al. [76] observed that ash
migration can be induced by either gas flow in the channels
or fragmentation of the soot cake layer. Furthermore, the
adhesivenesses between ash, soot and filter wall substrate
have significant impact on the ash migration process [77].
Currently only a few modelling studies are available in
the literature that have attempted to simulate the ash plug
formation process [76, 78]. Future work should investigate

how soot-ash affinity may be affected by the composition of
soot and ash. A deeper understanding of ash migration will
benefit the development of ash management strategies.

In this work, the impact of active regeneration was
post-processed assuming that the ash layer had a uniform
microstructure. In practice, the local porosity and perme-
ability of the ash layer can vary significantly in the axial
direction due to local hot-spots in the soot cake layer and
the ash layer during active regenerations [65, 79]. Consider-
ation of the in-homogeneity of the ash layer, in combination
of an accurate ash migration model, can greatly improve the
predictability of the model.

Experimental data show considerable channel-to-channel
variation in ash layer profiles [65]. Whilst a multi-channel
model may be able to capture the variations between
channels, the development of such a model requires a
good understanding of phenomena occurring within each
individual channel. Future experiments may consider using
a downsized filter with fewer channels to limit the

280 Emiss. Control Sci. Technol. (2021) 7:265–286



variation in measurements across different channels. This
would support the development of more accurate single-
channel models and aid the development of multi-channel
models.

Information about the change in the bulk volume of ash
deposits is critical as substantiated in Section 3.3. In this
work, measurements made using a dilatometer were used
to describe the change in bulk volume of the ash deposits
as a function of the temperature of the thermal treatment.
Although this led to good agreement between the simulation
results and experimental data, a dilatometer requires ash
samples to be removed from the filter before testing.
This risks altering the properties of the ash deposits and
increases the uncertainty of the dilatometer results because
the sintering behaviour depends on the initial morphology
of the ash deposits [80]. Furthermore, Sappok et al. [36]
observed that ash deposits sinter inwards and away from the
filter wall. This can have an impact of the flow resistance
of the ash layer and the filter wall but movement of ash
deposits is not considered by the model used in this work.
The sintering behaviour of ash deposits may be better
understood if measurements by X-ray chromatography [81]
or Magnetic Resonance Imaging [82] were available. The
application of non-destructive imaging techniques would
eliminate the uncertainty introduced by removing ash from
the filter.

4 Conclusions

A particulate filter model has been developed to simulate
the change in the behaviour of ash-contaminated particulate
filters when the filters are thermally treated by exposing
them to high temperatures. The model was calibrated using
experimental data for a clean filter, followed by data for a
soot-loaded filter. The model was applied to simulate the
accumulation of ash in the filter in order to estimate the
spatial distribution of the ash deposits within the filter wall
and the diameter of the particles in the ash layer. Finally,
the impact of heat-induced sintering and cracking of the ash
deposits was examined using the model.

The model suggests that crack formation in the ash
layer leads to significant reduction of the pressure drop at
relatively low temperatures. Most of the benefits due to
crack formation were attained using a treatment temperature
of 800 ◦C. The ash-induced pressure drops of the lightly
loaded and the heavily loaded filters were reduced by 38%
and 48% respectively at this treatment temperature. Further
reduction of the pressure drop at higher temperatures is
controlled by the sintering of ash deposits within the porous
wall of the filter and the ash plug.

The model has been shown to be capable of predicting
the pressure drop of ash-loaded filters when the bulk volume

of the ash deposits is known. The accuracy of the model
prediction for thermally treated filters relies heavily on
accurate measurements of the change in the bulk volume of
the ash deposits.

In this work it is shown that crack formation in the ash
layer is critical to reduce the pressure drop across the filter.
Therefore it is crucial to guarantee crack formation during
the thermal treatment. Further work is required to determine
in more detail the operating conditions and ash properties
that induce crack formation.

Appendix A. Derivation of the sintering
model

This section describes the derivation of Eq. (31)

εash = 1 − 1 − εash0

d2
ash0

d2
ash,

which relates the porosity of the ash layer εash to the size of
the ash particles dash.

The sintering model approximates the ash layer as
columns of equally sized particles as shown in Fig. 16. It
is assumed that the particles merge as sintering proceeds,
until they eventually form a mono-layer of particles in point
contact. The mono-layer is the maximum extent of the
sintering that can be considered by this analogy. This state is
denoted by the subscript “final” in the following equations.
The initial state where sintering has not occurred is denoted
by the subscript “0”. The porosity of the mono-layer εfinal is
independent of the size of the particles

εfinal = 1 −
π
6 d3

p,final

d3
p,final

= 1 − π

6
, (A.1)

Side view Top view

Fig. 16 Side view and top view of the particle columns representing
the ash layer in the sintering model
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where dp,final is the final particle diameter. The initial parti-
cle diameter dp0 can be calculated based on conservation of
the volume of the ash

dp0 = dp,final n
− 1

3
p0 , (A.2)

where np0 is the initial number of particles in a column.
The initial porosity ε0 can be derived by considering

the particle columns from top view shown in Fig. 16. The
porosity of the particle columns scales proportionally with
the cross-section area occupied by the ash particles. As a
result, ε0 can be expressed as

ε0 = 1 − π

6

d2
p0

d2
p,final

= 1 − π

6
n

− 2
3

p0 . (A.3)

The following general equation is assumed to describe
intermediate levels of sintering

ε = 1 − π

6

d2
p

d2
p,final

= 1 − π

6

1

d2
p0n

2
3
p0

d2
p . (A.4)

An expression of np0 can be found by rearranging
Eq. (A.3)

n
2
3
p0 = π

6

1

1 − ε0
(A.5)

Equation (31) can be derived from Eq. (A.4) by substituting
Eq. (A.5)

εash = 1 − 1 − εash0

d2
ash0

d2
ash.

Appendix B. Axial distribution of ash
deposits within the wall

Figure 17 shows the amount of ash accumulated within
the filter wall during the first four ash accumulation cycles
of the simulations discussed in Section 3.2.3. It can be
observed that the ash deposition in the wall is practically
uniform in the axial direction for every cycle. The maximum
deviation between the volume element with the highest ash
load and that with the lowest ash load is 0.9% after the first
cycle. This deviation decreases as more cycles are executed.
The maximum deviation after four cycles is 0.6%. This
substantiates the assumption in the sintering model for the
ash plug (see Section 2.4.1) that the axial variation of the
ash deposits in the wall is negligible.

Fig. 17 Ash load accumulated in the porous wall over the first four
ash accumulation cycles. The ash deposit distribution is practically
uniform. The uniformity increases with increased ash accumulation

Nomenclature

Upper-case Roman

Symbol Definition Unit

A, B Cracking model parameter (literature) -
C Stoke-Cunningham factor -
D Channel side length m
Df Fractal dimension -
E Type space -
F Friction factor -
Kn Knudsen number -
L Length m
N Particle number density 1/m3

Ncord Coordination number -
Ṅ Particle number density flow rate 1/m3s
P Pressure Pa
Pe Peclet number -
Q Filtration efficiency -
R Interception parameter -
S Index set -
V Volume m3

Vf Volume filling factor -
X Progress variable for sintering -

Lower-case Roman

Symbol Definition Unit

d Diameter m
f Kuwabara geometric function –
g Kuwabara geometric function –
i, j Index of volume element –
m Mass kg
n Number of particles –
nax Number of axial discretisation –
nw Number of through-wall discretisation –
t Time s
u, v Velocity m/s
w Thickness m
z Index of particle size class –
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Greek

Symbol Definition Unit

α, β, γ, θ Cracking model parameter –
ε Porosity –
η Single collector efficiency –
κ Permeability m2

μ Dynamic viscosity Pa s
ρ Mass density kg/m3

ρw Particle packing density in filter wall kg/m3

ψ Percolation constant –
Φ Partition coefficient –

Subscripts

Symbol Definition

agg Aggregate
ash Ash
cake Soot cake
c Denotes the cracking sub-model
ci Inlet channel
co Outlet channel
coll Collector
D Denotes diffusional filtration
d Denotes damaged layer
frac Denotes fractal diameter
mob Denotes mobility diameter
p Particle
plug Ash plug
pm Porous media
pore Pore
pri Primary particle
R Denotes interceptional filtration
s Denotes the sintering sub-model
w Denotes parameters in the filter wall
0 Denotes an initial condition

Abbreviations

Symbol Definition

ACT Asymmetric channel technology
DPF Diesel particulate filter
GDI Gasoline direct injection
GPF Gasoline particulate filter
ICE Internal combustion engine
PM Particulate matter
PN Particle number
WFM Wall flow monolith
XRT X-ray tomography
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