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Abstract: Wall-flow filters are applied in the exhaust treatment of internal combustion engines for
the removal of particulate matter (PM). Over time, the pressure drop inside those filters increases
due to the continuously introduced solid material, which forms PM deposition layers on the filter
substrate. This leads to the necessity of regenerating the filter. During such a regeneration process,
fragments of the PM layers can potentially rearrange inside single filter channels. This may lead
to the formation of specific deposition patterns, which affect a filter’s pressure drop, its loading
capacity and the separation efficiency. The dynamic formation process can still not consistently be
attributed to specific influence factors, and appropriate calculation models that enable a quantification
of respective factors do not exist. In the present work, the dynamic rearrangement process during the
regeneration of a wall-flow filter channel is investigated. As a direct sequel to the investigation of
a static deposition layer in a previous work, the present one additionally investigates the dynamic
behaviour following the detachment of individual layer fragments as well as the formation of channel
plugs. The goal of this work is the extension of the resolved particle methodology used in the
previous work via a discrete method to treat particle–particle and particle–wall interactions in order
to evaluate the influence of the deposition layer topology, PM properties and operating conditions on
dynamic rearrangement events. It can be shown that a simple mean density methodology represents
a reproducible way of determining a channel plug’s extent and its average density, which agrees well
with values reported in literature. The sensitivities of relevant influence factors are revealed and
their impact on the rearrangement process is quantified. This work contributes to the formulation of
predictions on the formation of specific deposition patterns, which impact engine performance, fuel
consumption and service life of wall-flow filters.

Keywords: wall-flow filter; lattice Boltzmann methods; porous media; resolved particle simulations;
homogenized lattice Boltzmann method

1. Introduction

Modern exhaust treatment systems of internal combustion engines rely on wall-flow
filters as one of the key components for enabling compliance with present emission lim-
its [1]. In such filters, a porous structure comprised of oppositely arranged inlet and outlet
channels traps the contained particulate matter (PM) with efficiencies of up to 99% [2]. With
increased filter loading, deposition layers are formed on the porous walls’ surfaces and the
filter’s pressure drop increases, accompanied by a degradation of engine performance [3–5].
The introduced PM mostly consists of combustible soot and small amounts of inorganic
non-combustible ash, which allows the filter’s regeneration by continuously or periodically
oxidizing its reactive components. The regeneration affects the deposition layer composi-
tion over the long term, as it leads to an accumulation of ash, which eventually forms larger
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agglomerates. The resulting inhomogeneities can then lead to a break-up of the continuous
layer into individual PM layer fragments, which potentially detach from the filter surface
and relocate inside a channel [3]. This leads to the formation of specific deposition patterns,
which affect a single channel’s pressure drop contribution, its loading capacity and the
separation efficiency.

Various scientific works [4,6–8] contribute to the identification of probable causes
and influence factors leading to the individual patterns, but a universal and consistent
formulation without partially contradictory statements cannot be found. Calculation
models that enable a consistent quantification of relevant influence factors on the individual
parts of the regeneration process are missing completely. Those are, however, vital for
respective predictions on the formation of specific deposition patterns, which impact engine
performance, fuel consumption and service life of wall-flow filters.

In order to close this gap, the authors of the present manuscript approached different
relevant aspects in three previous, consecutive works [9–11]: In an initial work [9], a holistic
lattice Boltzmann method (LBM) approach was presented, which can be employed both for
the simulation of the movement of surface resolved particles and the flow through porous
media. With it, the gas flow and the movement of PM layer fragments was simulated with
the open source software OpenLB [12,13], while super-linear grid convergence and good
agreement with a reference solution [14] could be shown. A literature review addressing
relevant findings on the deposition pattern formation, general numeric approaches to
wall-flow filter modelling and LBM-related research regarding flow through porous media,
as well as surface resolved particle simulations, can be found in this work. The approach
was then used in a following work [10] for the investigation of the detachment, acceleration
and deceleration of individual PM layer fragments, resulting from the fragmentation of
a continuous PM deposition layer during the filter’s regeneration. This work includes a
pressure drop comparison with investigations conducted on an experiment rig described
in Thieringer et al. [15]. In the most recent work [11], a comprehensive quantification of
the stability and accuracy of both particle-free and particle-including flow was provided
for elevated inflow velocities of up to 60 m s−1. By considering static, impermeable PM
layer fragments attached to the porous substrate’s surface, the detachment likelihood of
individual layer fragments, including its dependency on local flow conditions and the
layer’s fragmentation, was determined.

The present and fourth work represents a direct sequel to Hafen et al. [11] by addition-
ally considering the PM fragments’ dynamic behaviour following the layer fragmentation.
This includes the investigation of the detachment and transport of the fragments along
the channel, as well as the subsequent formation of a channel plug. The latter represents a
porous, unordered packing, resulting from the accumulation of PM fragments, which can
occupy a significant amount of the available channel volume [6,8,16,17]. This can only be
achieved by considering the interaction of moving fragments with each other, of moving
fragments with a static fragment accumulation and of fragments with the substrate walls.

One goal of this work is therefore the extension of the resolved particle methodol-
ogy [9–11,18] by a previously developed and thoroughly validated discrete method to
treat particle–particle and particle–wall interactions [19] and its application to dynamic
rearrangement events in wall-flow filters. A second goal is the evaluation of the influence
of the fragmented layer topology, PM properties and operating conditions on the described
process itself and the determination of relevant key quantities. The latter include the final
pressure drop, as well as the size and the mean density of resulting channel plugs.

Contrary to previous works in which the simulations’ stability, accuracy and validity
was accessed with convergence studies, literature findings and experimental results, the
present work does not attempt such evaluations, but rather focusses on the derivation of
quantitative statements. The challenges inherent to experimental investigations of the tran-
sient processes of interest [15], which are the motivation behind the present study in the first
place, impede a thorough validation of the simulation results at this point. Single-valued
key quantities, such as the plug density, are, however, compared to literature findings.
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The remainder of the present work is structured as follows: A brief elaboration on the
mathematical modelling and relevant numerical methods can be found in Section 2. Their
application to a wall-flow filter is then described in Section 3, followed by the discussion
and interpretation of the studies’ results in Section 4. A summary of all relevant findings
and resulting implications can then be found in Section 5. As the considered rearrangement
process consists of multiple individual sub-processes, the present work contains a large
number of flow field visualizations accompanying the quantitative evaluations in order to
improve overall comprehension.

2. Mathematical Modelling and Numerical Methods

Analogous to the previous work [11], the evolution of conserved fluid quantities is
described with the incompressible Navier–Stokes equations (NSE) [20] by using the LBM
as a discretization approach in form of a mesoscopic description of gas dynamics. As an
alternative to conventional computational fluid dynamics (CFD) methods, this enables the
retrieval of a fluid’s velocity u(x, t). and the pressure p(x, t) at a three-dimensional position
x in time t inside a specified domain.

In order to avoid a sole duplication of the existing modelling description, the respective
equations are not carried over from Hafen et al. [11], but rather are referenced here. This
includes a description of the LBM principles, an explanation of porous media and surface
resolved particle modelling and the quantification of errors and convergence behaviour. As
the modelling of discrete particle contacts according to [19] was not part of the previous
works, however, it is laid out in the following:

2.1. Discrete Contact Modelling

In contrast to the contact treatment of spherical particles, the respective treatment for
arbitrarily shaped ones comes with a significantly increased complexity, as the distance
between surfaces cannot simply be deduced from their position and diameter. A model
accounting for the interaction of arbitrary geometries including the computation of the
contact normal nc can be found in Nassauer and Kuna [21]. With it, the magnitude of the
normal contact force

Fc,n = 0.75E∗
√

Vcdc
(
1 + cḋn

)
(1)

can be obtained by means of the overlap volume Vc, the indentation depth dc, the damping
factor c and the magnitude of the relative velocity between two objects in contact in the
direction of the normal force ḋn. Those parameters are computed following the method
described in Marquardt et al. [19]. The effective modulus of elasticity E∗ accounts for the
material properties of both objects. With

E∗ =

(
1− ν2

A
EA

+
1− ν2

B
EB

)−1

(2)

the moduli of elasticity EA and EB as well as the Poisson’s ratios νA and νB of two colliding
objects A and B are combined into a single effective value. According to Carvalho and
Martins [22], the damping factor

c = 1.5
(1− e)(11− e)

(1 + 9e)
1
v0

v0 > 0,

c = 0 v0 ≤ 0 (3)

depends on the initial relative velocity magnitude at contact v0 and the coefficient of
restitution e. The force’s three-dimensional vector components can be obtained via

Fc,n = ncFc,n. (4)
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Inside a dense packing, a particle’s kinetic energy

Υp,kin = Υp,trans + Υp,rot =
mpu2

p

2
+

Ipω2
p

2
(5)

can be used as a threshold to avoid a never-ending evaluation of particle contacts. It
depends on the particle’s moment of inertia Ip, its mass mp, its velocity up and its rotational
velocity ωp, which represent its translational and rotational energy Υp,trans and Υp,rot.

3. Application to a Wall-Flow Filter

The simulation setup of a single wall-flow filter channel used in previous works [9–11,18]
is considered in the present one as well. Figure 1 shows a sketch of the model, which
represents a hashtag-shaped porous structure with a wall thickness of lw = 0.4 mm, which
separates a central inflow channel, four additional quarter-sized inlet channels and four
half-sized outflow channels. It features solid walls at the end of all inflow channels and
at the beginning of all outflow channels, resulting in the described layout of oppositely
arranged inlet and outlet channels.

x

z
y

Figure 1. Sketch of wall-flow filter model, consisting of one central inflow (red) channel with fractions
of surrounding inflow and outflow (blue) channels separated by porous walls.

Within this model, a channel width of ly = 1.6 mm and a scaled channel length
of lx,s = 24 mm is used. The latter accounts for a fifth of a real world representative
of lx = 120 mm in order to achieve a reduction in computational load that enables the
computationally demanding studies in the present work in the first place [11]. All pressure-
related quantities in the present work can therefore be related to each other, but should not
be considered for a quantitative comparison of their absolute value with those reported in
different studies. The model’s general capability in recovering the correct pressure drop
when considering a full-length channel could, however, be ensured by showing quantitative
accordance with literature findings in Hafen et al. [9] and measurements on an experimental
test rig in Hafen et al. [10]. The explicit influence of the gas temperature is not considered
in this work and ambient conditions are assumed for the whole channel domain.

The model domain is spatially discretized with a resolution N that is defined as the
number of cells per channel width ly. Periodic boundary conditions are then applied on
the four surrounding sides, which let it serve as a representation of a real wall-flow filter
comprised of hundreds of individual channels. Dirichlet boundary conditions [20] are used
to impose a constant velocity at the inlets and a constant pressure at the outlets. No-slip
conditions are assumed for the solid walls at the channel end caps on both sides. For
the LBM-specific consideration, a simple bounce-back condition [23] is used for no-slip
wall, regularized local boundary conditions [24] at the inlets and interpolated boundary
conditions [25] at the outlets.

As the present work directly builds upon the results of its predecessor [11], a deposition
layer during break-up due to the oxidization of the majority of its soot content [3] is
considered as well. The individual layer fragments are modelled as a field of identical
cubic discs that cover the porous walls inside an inflow channel. Here, a uniform field of
3× 40 fragments is considered as a base configuration on each of the four porous walls of
the central inflow channel.

In order to avoid numerical instabilities from initially large gradients, all simulation
runs are conducted by smoothly ramping up the inflow velocity to the prescribed one,
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while the fragments are artificially held in place. Afterwards, convergence of velocity,
pressure and hydrodynamic force are evaluated in reoccurring steps in the whole fluid
field analogously to [11]. Contrary to the previous work, however, simulations are not
concluded when reaching a converged state, defined by the convergence criteria for velocity,
pressure and hydrodynamic force. Instead, the fragments are released from their static
state, which enables them to potentially detach and move through the channel when
sufficient hydrodynamic forces are present. In order to retain reproducibility, no artificial
randomness is considered either for the fragmented layer creation or during detachment.
Due to the channel’s symmetry, this leads to the simultaneous detachment of multiple
uniform fragments, which results in an accelerated rearrangement process with respect
to a real-world counterpart. As reproducibility represents one of the prime advantages
of simulations over experiments, this trade-off is chosen deliberately. A simulation is
concluded when the cumulated kinetic energy over all fragments according to (5) falls
below a predefined energy threshold. Every simulation run can accordingly be divided
into four consecutive parts:

1. Fluid velocity ramp-up and convergence with static fragmented layer;
2. Detachment of fragments;
3. Transport of fragments;
4. Plug formation.

While the first one has been thoroughly investigated in the previous work, the present
one focusses specifically on the last one. The conclusion of both periods is denoted frag-
mented layer state and plug state, respectively, and will be referenced throughout this
work accordingly.

While such a rearrangement process may depend on many influence factors, the ones
listed in Table 1 are investigated in this work.

Table 1. Relevant quantities with base value and variation range considered in the respective
investigations.

Quantity Symbol Base Value Variation Range (min, max) Investigation

Fragment height dz 170.0 µm 42.5 µm, 212.5 µm Layer height
Equilateral fragment width dxy 340.0 µm 170.0 µm, 425.0 µm Fragment dimensions
Fragment rows along channel n f ,x 40 20, 60 Layer structure
Fragment density ρp 500 kg m−3 100 kg m−3, 800 kg m−3 PM density
Fragment’s modulus of elasticity Ep 1× 10−1 MPa 5× 10−2 MPa, 5 MPa Contact properties
Adhesion in normal direction FN 0 µN 0 µN, 25 µN Adhesive forces
Inflow velocity ūin 10 m s−1 4 m s−1, 14 m s−1 Inflow velocity

The first three factors cause modifications in the initial fragmented layer topology
and the converged fluid field, respectively. They thus affect the complete rearrangement
process. While the layer height depends on the loading time and PM concentration in
the entering exhaust stream, the variation of fragment dimensions and the layer structure
provides a simplified approach to account for the impact of the local distribution of ash
and soot inside the PM layer. The latter four factors represent additional changes in PM
properties and operating conditions, which impact the individual parts of a rearrangement
process differently. The choice of base values and variation ranges results from a combined
attempt to ensure stability, to keep the analogy to previous studies, to respect physical
limitations and to maximize the sensitivity of the individual factors on the process.

In the previous work [11], an inflow velocity of ūin = 20 m s−1 and a resolution of
N = 96 was selected for all studies of a deposition layer during break-up. Due to the
significantly increased computational demand resulting from the additional consideration
of the transient effects, the present work adopts a smaller inflow velocity of ūin = 10 m s−1,
which enables a lower resolution of N = 64 in order to avoid exceeding the available
computational resources.
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The discrete contact model, described in Section 2.1, requires the specification of
respective material and mechanical properties. While those are in part subject to some
uncertainty, they are kept constant in all studies to nonetheless ensure consistency through-
out all investigations. For the porous substrate, a modulus of elasticity of Ew = 10.0 GPa
and a Poisson’s ratio of νw = 0.2 can be assumed, following experimental measurements
of Cordierite wall-flow filters [26,27]. Due to the lack of respective measurements for the
PM under study, in this work, a Poisson’s ratio of νp = 0.4 is assumed for the PM layer
fragments, adopting the properties of saturated clay [28]. It is worth noting at this point,
however, that the effective modulus of elasticity E∗ in (2) exhibits a minor sensitivity to
changes in the Poisson’s ratio of the fragments, owing to the large magnitudes associated
with the moduli of elasticity in the denominators. Based on its minor stiffness, we assume
a fragment’s modulus of elasticity of Ep = 0.1 MPa. Due to the contact model’s sensitivity
to this parameter and the lack of existing data to substantiate this assumption, its impact is
investigated as representative for the mechanical properties of PM as well (cf. Table 1). In
order to ensure sufficient dissipation for the comparably coarse temporal resolution in the
present work (∆t = 1.32× 10−7 s), a coefficient of restitution of e = 0.3 is used.

Analogous to the previous works [9–11,18], some relevant quantities are averaged at
discrete locations over the cross-section of the central inlet channel and one representative
outlet channel (denoted as Cin and Cout) at recurring intervals and significant points in time.
Next to the axial fluid velocity ux and the pressure p, this work now additionally considers
the PM density ρ, eventually providing a velocity, pressure and density profile ūx(x), p̄(x)
and ρ̄(x) along the channel length both at the converged fragmented layer state and the
plug state. Such a density profile can then provide information about:

• Areas of complete detachment;
• Areas of incomplete detachment and re-deposition;
• Volume occupied by the plug;
• Local compactness inside the plug.

In order to enable a consistent quantification of the plug extent and its properties, a
mean density profile $(x) is evaluated at the plug state. For this, the raw profile at plug
state is smoothed by applying a Savitzky–Golay filter [29] with an order of 2 and a window
size of 40 discrete points. The largest gradient in the smoothed profile is then interpreted as
the transition point on the x-axis between layer and plug region. The original raw profile
is averaged separately in both regions, yielding the mean density profile. This way, the
plug starting position and its average density can be obtained as single-valued quantities,
available for the comparison with other simulation. The individual steps are laid out at the
first occurring of a density profile in Figure 7.

4. Results and Discussion

In the present section, the results from all simulation runs are presented, discussed
and related to each other. First, the rearrangement process assuming the base configuration
in Table 1 is evaluated in detail with respect to initial flow conditions in the converged
state, the transient behaviour during rearrangement events and the final state in Section 4.1.
Afterwards, the impact of influence factors that lead to a change in the fragmented layer
topology on both the initial flow condition and the rearrangement process are laid out in
Section 4.2. Additional PM properties and operating conditions that do not alter the initial
state are then investigated in Section 4.3.

4.1. Rearrangement in Base Configuration

The base configuration represents the channel model with a fragmented deposition
layer, assuming the exact values listed in Table 1. Its converged fragmented layer state
(cf. Section 4.1.1), the following transient behaviour during rearrangement (cf. Section 4.1.2)
and the final plug state are investigated separately in the following (cf. Section 4.1.3).
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4.1.1. Fragmented Layer State

The flow field inside the channel including the fragmented layer at the converged
state is shown in Figure 2.

24 mm

xy
z

0.0 4.0 8.0 12.0 16.0 20.0

|u| in m s−1

Figure 2. Flow field with uniformly fragmented PM layer in gray. Dark yellow structures represent
porous filter substrate, brown structures solid walls. Streamlines exhibit local flow direction. Colour
scale indicates local velocity magnitude.

The flow field is represented by streamlines, which indicate the local flow direction
and are coloured according to the local velocity magnitude. With those, the decrease in
velocity magnitude inside the inlet channels can be identified over the channel length. A
continuous magnitude increase can in turn be found in the outflow channels, eventually
forming a developed channel profile at the outflow. As the fragmented deposition layer
covers a large part of the central inlet channel’s cross-section, the area available for the flow
is reduced, leading to significantly elevated velocities of up to |u| = 16 m s−1 with respect
to the imposed average inflow velocity of ūin = 10 m s−1.

The determination of the hydrodynamic forces acting on the particulate structures and
the deduction of the local detachment likelihood of individual layer fragments, including
their dependency on local flow conditions and the layer’s fragmentation, have been the
subject of the predecessor work [11]. The corresponding velocity and pressure profiles
ūx(x) and p̄(x) in the converged fragmented layer state can thus be found there, but have,
additionally, been added as a reference to Figure 8.

4.1.2. Transient Behaviour

The transition from a uniformly fragmented deposition layer to an immobile plug
configuration consists of detachment and transport of the individual fragments as well as
the plug formation. The transient process in the central inlet channel is shown in Figure 3
at four exemplary points in time T1, T2, T3 and T4.

Time T1 represents the inner view of Figure 2, with the uniformly fragmented PM layer
and a somewhat continuous layer of elevated fluid velocity closely above the fragmented
layer over most of the channel length [11]. The fragments are then released (cf. Section 2),
leading to a consecutive row-by-row detachment, which is caused by both increased flow
exposition of initially shielded fragments and tear-off due to contact with suspended frag-
ments flying by. This way, the number of simultaneously suspended fragments increases
continuously until a major portion of the channel’s cross-section is occupied by them at T2.
Due to the restored channel cross-section in the channel’s front, the local velocity magnitude
decreases significantly here. At time T3, re-deposited fragments can be observed in the
channel-mid, as fragment–fragment contact rather causes interception than tear-off due to
the different flow conditions here. In a previous study on single fragment behaviour [10],
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fragments were found to always travel to the channel end once detached. When consider-
ing multi-fragment environments, this statement has to be extended with the possibility of
interception, respectively. Time T4 shows the channel’s final state, where no fragments are
suspended any more and a compact plug has formed at the channel end with a small region
of undetachable fragments in front of it. Summing the kinetic energy Υp,kin in (5) over all
individual layer fragments results in the cumulated kinetic energy Υkin, which provides a
measure of the progress of the rearrangement process. Its temporal development is shown
in Figure 4.

1 t = 10.8 mst = 10.8 ms

2 t = 16.0 ms

3 t = 24.5 ms

4 t = 80.0 ms

24 mm

x

z
0.0 4.0 8.0 12.0 16.0 20.0

|u| in m s−1

Figure 3. Time series of detachment, transport and plug formation. Dark yellow structures repre-
sent porous filter substrate. Streamlines exhibit local flow direction. Colour scale indicates local
velocity magnitude.

0 20 40 60 80

0

1

2

3

t f rag tplug

t in ms

Υ
ki

n
in

kJ

Figure 4. Transient behaviour of fragments’ cumulated kinetic energy Υkin. Black dots represent
relevant times in Figure 3. Dashed lines indicate time of converged fragmented layer state t f rag and
final plug state tplug.

The cumulated kinetic energy features a steep increase following the fragment’s release
after fluid convergence, as fragments continuously detach and resuspend into the flow.
A maximum is reached when the number of simultaneously suspended fragments is the
highest and detaching fragments approximately equals those joining the plug formation
or being intercepted mid-way. The cumulated kinetic energy then starts to decrease until
reaching a level at around t ≈ 40 ms, where it approaches zero with a shallow slope. During
this period, fragments steadily arrange inside the newly formed plug, whose compactness
continuously increases. The transient development of the cumulated kinetic energy differs
in part significantly throughout the different studies considered in this work. In order
to ensure the comparability, a maximum simulation time of tplug = 80 ms is identified
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as sufficient to capture all relevant transient effects in all simulation runs. That way, it
simultaneously represents the time assumed for the evaluation of the plug state.

By averaging the discrete positions of all layer fragments, the average relative position
of the total PM mass in the channel x̄rel can be determined, which provides a simple
single-valued measure for the spatial development during the rearrangement process. It
can also provide some information about a continuing compaction, which reduces the
channel volume occupied by the plug and may affect the total pressure drop. The temporal
evolution of the relative average PM position x̄rel and the pressure drop ∆p is shown in
Figure 5.

0 20 40 60 80

0.5

0.55

0.6

0.65

0.7

0.75

0.8

0.85

0.9

t in ms

x̄ r
el

0 20 40 60 80

0

2

4

6

8

10

12

14

t in ms
∆

p
in

hP
a

Figure 5. Transient development of relative average PM position x̄rel and pressure drop ∆p. Dashed
lines indicate time of converged fragmented layer state t f rag and final plug state tplug. Black dots
represent sampling points at relevant states.

Due to its symmetry around the x-axis, a uniformly fragmented layer leads to an
initial relative average PM position of x̄rel = 0.5. When the fragments are released after
convergence and start to detach (cf. Section 3), the value increases steeply. The apparent
smoothness of the course shows that the considered total number of fragments of n = 480
can be reasoned to be statistically representative. After the first fragments hit the chan-
nel’s back wall, the slope decreases and starts to gradually approach a constant value,
analogously to the cumulated kinetic energy in Figure 4.

The pressure drop, in turn, settles at a constant value of ∆p = 6.50 hPa right after a
start-up-induced fluctuation. When the fragments start to detach, the additional cross-
section reduction observable at T2 in Figure 3 causes more flux to be redirected through
the porous walls with an elevated wall-penetrating velocity. Here, the momentum loss
increases, causing the pressure drop to rise as well. When the cross-section starts to clear
up due to fewer particles detaching, the pressure starts decreasing again and continues
to get smaller as more volume becomes available again for the flow. Analogously to the
cumulated kinetic energy and the average PM position, the pressure drop then approaches
a constant value. The resulting pressure drop of ∆p = 5.58 hPa is smaller than the one at the
converged layer state, with a difference of ∆p = 92 Pa. This value is defined by the relation
between an increase in the channel’s cross-section and the open flow area through the filter
substrate on the one hand and a decrease in the available channel volume on the other hand.
Both quantities in Figure 5 are sampled at the converged fragmented layer state and the
final plug state for the comparison between different simulations in Sections 4.2 and 4.3.

4.1.3. Plug State

The transient behaviour is concluded when reaching the plug state. A detailed view
of the resulting plug packing is shown in Figure 6. All surfaces are coloured according to
the magnitude of the local hydrodynamic force.
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340 µm

x
y z

0.0 1.0 2.0 3.0 4.0 5.0

|Fhyd| in 10−7 N

Figure 6. Packing at plug state. Fragment surfaces coloured according to local contribution to
hydrodynamic force magnitude |Fhyd|. Porous substrate and flow removed for visual clarity.

It can be observed how the transported fragments form a dense packing over multiple
fragment rows. Some undetached fragments can be found right in front of it, where the
hydrodynamic forces in the normal direction of the substrate’s surface are not large enough
to cause detachment. It also shows some redeposited particles, which have been intercepted
during transport when loosing momentum due to contact with undetached fragments. The
hydrodynamic force’s magnitude |Fhyd| can be seen to decrease quickly when advancing
further into the packing, indicating a continuously decreasing amount of fluid penetrating
the plug. As the filter walls are permeable, they are subject to small currents inside them,
causing a non-zero force contribution on each fragment’s bottom side.

The density profile for both fragmented layer and plug state is shown in Figure 7.
The methodology for the evaluation of a mean density profile as described in Section 2 is
outlined as well.

0 5 10 15 20 25

0

200

400

x in mm

ρ̄
in

kg
m
−

3

states:
fragmented layer
plug

mean evaluation:
plug (smooth)
plug (transition point)
plug (mean)

Figure 7. PM density profile ρ̄(x) at fragmented layer and plug state. Additionally, layout of mean
evaluation methodology according to Section 2.

It can be seen that the fragmented layer state is characterized by a non-negligible
density which exhibits a periodic nature with a constant maximum, directly reflecting the
PM layer height. The plug state, in turn, features a distinct profile, which shows no density
in the frontal part of the channel, a small one in the channel-mid and a clearly identifiable
plug region in the rear part of the channel beginning. The density reaches its maximum
in the middle of the plug and decreases slightly both towards its front and the channel
back wall.

The transition between layer and plug according to the mean density methodology
lies at x = 19.6 mm, which reveals that the plug occupies approximately 18% of the central
inflow channel’s volume at plug state. The resulting mean density profile (denoted $(x)
in the following) exhibits an average plug density of $ = 286 kg m−3, which lies well in
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the ranges of 220 kg m−3 to 330 kg m−3 [6] and 160 kg m−3 to 400 kg m−3 [16,17] reported
in the literature for unsintered lube oil-derived ash.

The respective velocity and pressure profiles ūx(x) and p̄(x) in the central inlet chan-
nel and the representative outlet channel (cf. Section 3) are shown in Figure 8 for both
fragmented layer and plug state.
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Figure 8. Velocity profile ūx(x) and pressure profile p̄(x) in inlet channel domain Cin and outlet
channel domain Cout at fragmented layer and plug state.

In the predecessor work [11], distinct profiles were identified in the fragmented layer
state: The velocity is characterized by a transition from the imposed one ūin to zero in the
inflow channel domain Cin = 10 m s−1 and exhibits the opposite behaviour in the outflow
channel domain Cout. It should be noted at this point that all averaging is performed on the
full channel cross-section. That way, an increase in the axial velocity due to a reduced area
available for the flow does not impact the velocity profile, as fewer but higher velocities
lead to the same average. It consequently represents a measure of the x-directed flux at
a specific position. The pressure, however, decreases at a reduced available cross-section,
as the velocity effectively increases. This results in a sudden pressure drop close to the
inlet in the fragmented layer state. The pressure then gradually increases until reaching
a local maximum near the back wall. The overall pressure level in the inflow channel
results from the momentum loss due to the porous walls between the channels. In the
outflow channel, in turn, the pressure decreases continuously with a decreasing slope,
leading to a continuously increasing pressure difference between the inflow and outflow
channel over its length. At the plug state, the velocity profile in the inflow channel changes
significantly, as the rear part of the channel becomes occupied and the effective volume
available for the flow decreases. As the flow resistance in the remaining part decreases
additionally due to the increase in free substrate surface area, more fluid passes through
the walls in the channel front and the mid-section. This becomes evident when considering
the significantly decreased axial velocity in the inflow channel and the increased velocity
over the whole length of the outflow channel. According to the observations made on
Figure 7, the plug is not completely impenetrable, but rather exhibits a quickly decreasing
permeability, which results in the observed continuously decreasing hydrodynamic surface
force on the fragments. As derived from Figure 5, the pressure in the inlet decreases by
∆p = 93.2 Pa at the plug state. Due to the complete detachment of the first fragment row,
the sudden drop in pressure near the inlet vanishes. The profile then exhibits a shallow
and nearly linear increase until reaching the plug’s beginning. Inside the plug, the pressure
drops quickly to a level that lies even below the average outflow channel pressure.
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4.2. Influence of Fragmented Layer Topology

In the following, the influence of the layer topology on the complete rearrangement
process is investigated by considering differences in the layer height in Section 4.2.1, the
fragment dimensions in Section 4.2.2 and the layer structure in Section 4.2.3. Next to
quantitative evaluations, flow fields are shown for both the converged layer state and the
final plug state.

4.2.1. Influence of Layer Height

A layer as thin as dz = 42.5 µm does not enable any detachment. The remaining range
of considered PM layer heights in Table 1 is enclosed by the borderline cases dz = 63.8 µm
and dz = 212.5 µm, for which the resulting flow field is shown in Figure 9 at the converged
fragmented layer stage.

24 mm

xy
z

0.0 4.0 8.0 12.0 16.0 20.0

|u| in m s−1

Figure 9. Converged flow fields with uniformly fragmented PM layer in gray for layer heights
dz = 63.8 µm (left) and dz = 212.5 µm (right) at fragmented layer state. Dark yellow structures
represent porous filter substrate. Streamlines exhibit local flow direction. Colour scale indicates local
velocity magnitude.

A direct comparison reveals large differences in the fluid velocity over the major part
of the central inlet channel, as a cross-section reduction leads to significantly increased local
and averaged axial fluid velocities. Those already hint at more fragment detachment due
to an increased detachment likelihood [11] and faster fragment transport. The resulting
flow fields at the final plug state are shown in Figure 10.

24 mm

x

z
0.0 4.0 8.0 12.0 16.0 20.0

|u| in m s−1

Figure 10. Final flow fields with PM fragments in gray for layer heights dz = 63.8 µm (top) and
dz = 212.5 µm (bottom) at plug state. Dark yellow structures represent porous filter substrate.
Streamlines exhibit local flow direction. Colour scale indicates local velocity magnitude.

The formulated assumption can be confirmed, as detachment only occurred at the
very first fragment rows for a layer height of dz = 63.8 µm, but over the whole channel
length for a layer height of dz = 212.5 µm. The PM density ρ̄(x) profile and mean density
profile $(x) (as laid out in Figure 7) are shown in Figure 11 for the considered range of
layer heights.
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Figure 11. PM density profile ρ̄(x) (left) and mean density profile $(x) (right) at plug state for
different layer heights dz.

The profile exposes regions of different detachability: while for small layer heights,
only the first few fragment rows detach, nearly complete detachment can be found for the
largest height. The volume occupied by the resulting plug differs accordingly, as more
detachment leads to more PM available for the plug formation, which gradually extends
towards the inlet.

The dependency of the relative average PM position x̄rel and the pressure drop ∆p
on the layer height at both fragmented layer and plug state (cf. Figure 5) is laid out in
Figure 12.
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Figure 12. Relative average PM position x̄rel and pressure drop ∆p for different layer heights dz at
fragmented layer and plug state.

As no detachment occurs for dz = 42.5 µm, both quantities are identical between the
states. With increasing layer height, the relative average PM position then shifts towards
the channel back at plug state due to the increasing number of detachable fragments. After
reaching a maximum position of x̄rel = 0.88 for dz = 148.75 µm, it decreases for larger layer
heights as the plug continues to grow in a negative x-direction. Such a local maximum
can consequently only be found for quantities that impact the detachment likelihood in a
similarly pronounced way. The pressure drop increases continuously for both states, while
exposing a much steeper slope at the fragmented state. This way, the difference becomes
larger with increasing layer heights, with a maximum of ∆p = 153 Pa for dz = 212.5 µm.
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4.2.2. Influence of Fragment Dimensions

The flow fields for the lower and upper end of the considered fragment dimension
range in Table 1 is shown in Figure 13.

24 mm

xy
z

0.0 4.0 8.0 12.0 16.0 20.0

|u| in m s−1

Figure 13. Converged flow fields with uniformly fragmented PM layer in gray for fragment dimen-
sions dxy = 170 µm (left) and dxy = 425 µm (right) at fragmented layer state. Dark yellow structures
represent porous filter substrate. Streamlines exhibit local flow direction. Colour scale indicates local
velocity magnitude.

Similarly to the relation in Figure 9, the larger fragment dimension leads to higher
magnitudes of the fluid velocity due to the reduction in the channel’s cross-section. Ad-
ditionally, the free surface area on the substrate is greatly reduced, which leads to an
inhomogeneous velocity distribution of the channel cross-section with a pronounced layer
of elevated fluid velocity closely above the fragmented layer. The resulting flow fields at
the final plug state are shown in Figure 14.

24 mm

x

z
0.0 4.0 8.0 12.0 16.0 20.0

|u| in m s−1

Figure 14. Final flow fields with PM fragments in gray for fragment dimensions dxy = 170 µm (top)
and dxy = 425 µm (bottom) at plug state. Dark yellow structures represent porous filter substrate.
Streamlines exhibit local flow direction. Colour scale indicates local velocity magnitude.

Due to the large difference in available PM mass, the resulting plug size differs
accordingly. For fragment dimensions of dxy = 170 µm, a larger volume remains available
for the flow. Complete detachment in the front and mid-section of the channel can be
found in both cases, while the smaller fragment size exhibits an undetachable region in the
additional flow volume due to insufficient axial flow velocities. The density profile for all
considered fragment dimensions is shown in Figure 15.
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Figure 15. PM density profile ρ̄(x) (left) and mean density profile $(x) (right) at plug state for
different fragment dimensions dxy.

Contrary to the observations made in Figure 11, no regions of undetachable fragments
can be identified in the front and mid-section, even for small fragment dimensions. De-
tachability can consequently be assumed to feature a negligible sensitivity to the fragment
dimensions in the considered range. Larger fragments, however, seem to be associated
with a higher likelihood for interception during the transport, as non-zero density values
reach further towards the inlet at the plug state. Inside the plug, differences are similar
to those observed for the layer height, as the cumulated mass, hence the mean density,
increases in both cases with larger fragments. The dependency of the relative average PM
position x̄rel and the pressure drop ∆p on the fragment dimensions at both states is shown
in Figure 16.
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Figure 16. Relative average PM position x̄rel and pressure drop ∆p for different fragment dimensions
dxy at fragmented layer and plug state.

Contrary to a variation of the layer height in Figure 12 the average PM position
continuously decreases with increasing fragment dimension. Due to negligible differences
in the detachability, no inflection point can be found here and the average PM position
directly reveals how far the plug reaches into the channel. The pressure increases for both
states, with the difference between them continuously becoming larger. A fragment size of
dxy = 425 µm eventually results in a difference of ∆p = 199.6 Pa.
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4.2.3. Influence of Layer Structure

Depending on the amount and nature of inhomogeneities in the local distribution
of reactive (soot) and inert (ash) components in a PM layer, a fragmentation due to the
oxidation of the reactive components can lead to different amounts of equally sized PM
fragments [3]. The borderline cases for the resulting layer structures are displayed in
Figure 17.

24 mm

xy
z

0.0 4.0 8.0 12.0 16.0 20.0

|u| in m s−1

Figure 17. Converged flow fields with uniformly fragmented PM layer in gray for numbers of
fragment rows n f ,x = 20 (left) and n f ,x = 60 (right) at fragmented layer state. Dark yellow structures
represent porous filter substrate. Streamlines exhibit local flow direction. Colour scale indicates local
velocity magnitude.

While the cross-section at the position of fragment rows remains identical, the free
surface area on the porous substrate differs significantly. Analogously to the observations
in Figure 13, a reduction in free surface area leads to the development of a more inhomoge-
neous velocity distribution over the channel’s cross-section. A layer structure of n f ,x = 20
shows the trailing fluid structures observed in Hafen et al. [11] behind each fragment
row due to the large distance to the next one. When considering n f ,x = 60, in turn, each
fragment row is shielded from the flow by the surrounding ones.

At plug state, the two borderline cases yield the flow fields shown in Figure 18.

24 mm

x

z
0.0 4.0 8.0 12.0 16.0 20.0

|u| in m s−1

Figure 18. Final flow fields with PM fragments in gray for numbers of fragment rows n f ,x = 20 (top)
and n f ,x = 60 (bottom) at plug state. Dark yellow structures represent porous filter substrate.
Streamlines exhibit local flow direction. Colour scale indicates local velocity magnitude.

The plug size, again, directly reflects the difference in available PM mass. The influence
of the layer structure on the density profiles is shown in Figure 19.

It shows similar tendencies as the fragment dimension in Figure 15: Full detachment
can be found for all variations in the channel’s front and mid-section. Solely a small
section right in front of the plug shows a reduced detachability for a greater number
of fragment rows n f ,x due to the reduced exposition to the hydrodynamic forces at this
position. Contrary to the influence of the fragment dimensions, the plug’s mean density
exhibits a smaller sensitivity.
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The relative average PM position in Figure 20 directly reflects the cumulated PM mass
provided at the fragmented layer state, as it depicts plug growth towards the inlet. This
growth leads to a nearly linear increase in the pressure drop at plug state. The pressure
drop at the fragmented layer state exhibits a steeper slope and rises to larger values when
the free substrate surface area becomes smaller. This rise eventually leads to a pressure
drop difference of p = 442 Pa at n f ,x = 60 between both states.
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Figure 19. PM density profile ρ̄(x) (left) and mean density profile $(x) (right) at plug state for
different numbers of fragment rows n f ,x
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Figure 20. Relative average PM position x̄rel and pressure drop ∆p for different numbers of fragment
rows n f ,x at fragmented layer and plug state.

Some intermediate conclusions can be drawn from the investigation of all three topol-
ogy variations, which can be attributed to two major causes: Firstly, the total PM mass
present in the channel. As no continuing soot oxidization is considered, this mass stays
constant throughout each simulation. Secondly, the free substrate surface area available for
the flow at fragmented layer state. A reduction in this area leads to an inhomogeneity in
the velocity distribution over the channel’s cross-section, which includes the development
of a layer of elevated velocities closely above the fragments. This potentially leads to larger
hydrodynamic forces on the deposited fragments and less propulsion in the channel’s cen-
tre during transport. In general, it can be stated that the topology at the fragmented layer
state affects the final plug structure, while the impact on the pressure drop is smaller at
plug state. The pressured dependency at plug state shows a more linear behaviour than the
part super-linearly increasing fragmented layer state with potential jumps (cf. Figure 20).
More specifically, larger layer heights, which represent longer loading times or higher PM
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concentrations, lead to greater pressure drops at plug state and an increased difference
between both states. Larger fragment dimensions, associated with a smaller soot-to-ash
ratio, lead to the same result. The more fragments remain after the soot oxidization, the
larger the final pressure drop, with a pressure jump at n f ,x = 65 and a substrate surface
coverage of approximately 50%. For a given PM mass present in the channel, the transition
towards a plug becomes especially beneficial for the pressure drop when the fragmented
PM layer only provides a small free substrate surface area available for the flow.

4.3. Influence of PM Properties and Operating Conditions

In addition to the investigation of the layer topology’s influence, the four remaining
factors in Table 1, which do not alter the fragmented layer state, are considered in the
following. Those include the PM density in Section 4.3.1, the fragments’ mechanical
properties in Section 4.3.2, the adhesion between fragments and the porous substrate in
Section 4.3.3 and the inflow velocity in Section 4.3.4.

4.3.1. Influence of PM Density

As a variation in the PM density represents a change in the fragment’s properties
that eventually join the plug formation, the plug’s average density directly depends on
the prescribed one. The volume occupied by the plug shows a non-negligible sensitivity,
as it slightly grows with decreasing PM density (c.f. Figure 21). Due to the fact that the
PM density neither impacts the hydrodynamic surface force nor the contact forces in (1), it
only affects a fragment’s inertia, which is solely relevant for the detachment and transport
process. Fragments with higher densities accordingly hit an existing plug structure with
more momentum, causing a small compaction. Such a compaction can clearly be identified
in the behaviour of the relative average PM position x̄rel in Figure 22.
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Figure 21. PM density profile ρ̄(x) (left) and mean density profile $(x) (right) at plug state for
different PM densities ρp.

The pressure drop at plug state decreases respectively with decreasing plug volume.
A larger PM density, therefore, leads to a smaller pressure drop at plug state due to the
formation of a more compact plug as a result of higher inertia.

4.3.2. Influence of Mechanical Properties

The fragments’ mechanical properties neither affect the fragmented layer state nor the
detachment process. While not directly impacting the transport either, any contact with the
substrate wall or other fragments on their way can cause a change in trajectory or velocity.
The density profile in Figure 23 therefore exhibits no distinct difference in the detachability.
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Figure 22. Relative average PM position x̄rel and pressure drop ∆p for different PM densities ρp at
fragmented layer and plug state.
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Figure 23. PM density profile ρ̄(x) (left) and mean density profile $(x) (right) at plug state for
different fragment moduli of elasticity Ep.

It can be observed that a large elasticity of Ep ≥ 1 MPa leads to an increase in the plug
volume, as repulsion forces become larger at fragment–fragment contacts according to (1)
and counteract further compaction. As the density inside the plug becomes smaller for
those as well, the plug’s porosity increases additionally. The relative average PM position
in Figure 24 directly reflects the volume increase due to the less compact packing.

The pressure drop at plug state initially increases with the plug volume. It then
transitions into a nearly constant value of ∆p ≈ 5.9 hPa at Ep = 5× 10−1 MPa due to the
continuous increase in the plug’s porosity, which compensates for the reduced volume
available for the flow. The results suggest that using additives, which decrease the frag-
ments’ stiffness, would be beneficial for the reduction in the pressure drop due to a more
compact plug.
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Figure 24. Relative average PM position x̄rel and pressure drop ∆p for different fragment moduli of
elasticity Ep at fragmented layer and plug state.

4.3.3. Influence of Adhesive Forces

According to the studies conducted in Hafen et al. [11], detachment of the fragments
in the first row is assisted by a hydrodynamic force of FN = 29.2 µN assuming an inflow
velocity of ūin = 10 m s−1. As the acting forces are significantly smaller for all other rows,
no detachment occurs with adhesion forces in normal direction of the substrate’s surface of
FN = 30 µN or larger present. For the remaining range of considered adhesion forces in
Table 1, the density profile is shown in Figure 25.
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Figure 25. PM density profile ρ̄(x) (left) and mean density profile $(x) (right) at plug state for
different adhesive forces FN .

As predicted by the detachment likelihood formulated in Hafen et al. [11], the fragment
rows closest to the inlet detach first when reducing the adhesion force to FN < 29.2 µN. With
a continuous adhesion reduction, more neighbouring fragment rows become detachable.
While the plug volume stays similar for higher values, it increases for FN ≤ 5 µN. Thus, the
relative average PM position in Figure 26 can at smaller adhesive forces be attributed to the
plug volume only. At larger ones, it then reflects regions of partial detachment and fragment
interception, similarly to findings in Figure 12 between dz = 42.5 µm and dz = 148.75 µm.

The pressure drop at the plug state revolves around a small range between 5.40 hPa and
5.59 hPa and stays nearly constant for adhesion forces of FN ≥ 10.0 µN, which corresponds
to the observed similar plug volume. For smaller adhesion forces, the pressure drop
increases slightly due to the increased plug volume. It becomes clear that the removal of the
first few fragment rows already causes the major part of the pressure drop reduction with
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respect to the fragmented layer state. Additionally, it can be observed that adhesive forces
are only relevant around the detachment threshold of the first fragment row, as a further
reduction has a negligible influence on the detachment and the pressure drop accordingly.
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Figure 26. Relative average PM position x̄rel and pressure drop ∆p for different adhesive forces FN at
fragmented layer and plug state.

4.3.4. Influence of Inflow Velocity

The inflow velocity ūin is directly responsible for the magnitude of the hydrodynamic
forces present in the channel. It accordingly impacts the fragmented layer state, the detach-
ment process, the pneumatic transport and the plug formation. A velocity of ūin ≤ 8 m s−1

shows a significant number of undetachable fragments in Figure 27.
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Figure 27. PM density profile ρ̄(x) (left) and mean density profile $(x) (right) at plug state for
different inflow velocities ūin.

For higher inflow velocities, the plug’s density profile exhibits a very similar structure,
with small differences in the plug’s mean density. The relative average PM position in
Figure 28 does not show a large sensitivity on the inflow velocity either.

A slight increase is caused by the continuously increasing inertia of fragments hitting
the plug and causing a compaction similarly to the observations in Figure 22. At smaller
velocities, this effect is superimposed by the increasing number of detachable fragments.
As a result of an increased momentum loss due to a higher wall through-put, the pressure
drop shows a strong sensitivity to the inflow velocity for both states. While the plug state
exhibits a nearly linear profile, the fragmented layer state increases super-linearly, leading
to a continuously growing difference between both states until reaching ∆p = 214.3 Pa
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at ūin = 14 m s−1. In comparison with the strong relation between gas velocity and
momentum loss in the filter substrate, however, the superposed pressure drop dependency
at plug state proves to be less relevant.
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Figure 28. Relative average PM position x̄rel and pressure drop ∆p for different inflow velocities ūin

at fragmented layer and plug state.

5. Conclusions

In this work, the dynamic rearrangement process during the regeneration of a wall-
flow filter channel was investigated using the open source software OpenLB [12,13]. As
a direct sequel to the investigation of the static fragmented layer exposed to elevated
fluid velocities in Hafen et al. [11], the present work additionally investigated the dy-
namic behaviour during fragment detachment, fragment transport and plug formation.
First, the complete rearrangement process was evaluated in detail, considering a constant
base configuration for the influence factors (cf. Section 4.1). With it, it could be shown
that fragments detach row-by-row, confirming the assumption of the predecessor work.
Fragment–fragment contact in the channel’s front turned out to potentially cause tear-off,
while it causes interception in the channel-mid. The inclusion of the discrete contact model
proved to enable the successful formation of an end plug occupying a significant amount
of the available channel volume. A simple mean density methodology was presented and
could be shown to represent a reproducible way of determining the plug extent and its aver-
age density, which agrees well with values reported by Kimura et al. [16], Sappok et al. [17]
and Dittler [6]. Afterwards, the impact of influence factors that lead to a change in the
fragmented layer topology on both the initial flow condition and the rearrangement process
were laid out (cf. Section 4.2). While the topology of the fragmented layer could be shown
to affect the final plug structure, its pressure drop impact on the initial fragmented layer
state was identified to be greater. Larger layer heights, which represent longer loading
times or higher PM concentrations, could be shown to lead to greater pressure drops at
plug state and an increased difference between both states. Larger fragment dimensions,
associated with a smaller soot-to-ash ratio, were shown to lead to the same result. It turned
out that a larger number of fragments remaining after the soot oxidization leads to a larger
final pressure drop. For a given mass of PM present in the channel, the transition towards a
PM plug was shown to be especially beneficial when the fragmented layer only provides a
small free substrate surface area available for the flow. Lastly, additional PM properties and
operating condition that do not alter the initial fragmented layer topology were investigated
(cf. Section 4.3). A larger PM density could be shown to lead to a smaller pressure drop at
plug state due to the formation of a more compact plug as a result of higher fragment inertia.
It was reasoned that the use of additives, which decrease the fragments’ stiffness, would be
beneficial for the reduction in the pressure drop due to a more compact plug. It could be
shown that the removal of the first few fragment rows already causes the major part of the
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pressure drop reduction with respect to the fragmented layer state. Additionally, it could
be shown that adhesive forces are only relevant around the detachment threshold of the
first fragment row, as a further reduction has a negligible influence on the detachment and
the pressure drop accordingly. In comparison with the strong relation between gas velocity
and momentum loss in the filter substrate, the superposed pressure drop dependency at
plug state was identified as less relevant.

While not attempting a systematic comparison of the different influence factors with
each other, it can be argued that the inflow velocity (cf. Section 4.3.4) and the layer structure
(cf. Section 4.2.3) have the largest impact on the final pressure drop. They can, accordingly,
be designated as the most crucial ones for the dynamic rearrangement process in wall-
flow filters.

The present work demonstrated the successful extension of the resolved particle
methodology via a discrete method to treat particle–particle and particle–wall interactions
and its application to the transient rearrangement process in wall-flow filters. Additionally,
it reveals the sensitivity of relevant influence factors related to the fragmented layer topol-
ogy, the PM properties and the operating conditions, and quantifies their impact on the
rearrangement process. This way, it contributes to the formulation of respective predictions
on the deposition pattern formation, which impact engine performance, fuel consumption
and service life of wall-flow filters.
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Abbreviations
The following abbreviations are used in this manuscript:

CFD computational fluid dynamics
LBM lattice Boltzmann method
NSE Navier–Stokes equation
PM particulate matter

Nomenclature
The following symbols are used in this manuscript:

u fluid velocity
p fluid pressure
x position
t time
N resolution of voxel mesh
up particle velocity
ωp particle angular velocity
mp particle mass
Ip particle’s momentum of inertia
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Υp,kin particle’s kinetic energy
lx channel length
ly channel width
lx,s scaled channel length
ūin average inflow velocity
ρp particle density
$ mean density (along layer and plug)
dx fragment’s x-dimension
dyz fragment’s equilateral width
FN hydrodynamic normal force
n f ,x number of fragment rows over channel length
t f rag time at converged fragmented layer state
tplug time at final plug state
Cin Inlet channel domain
Cout Outlet channel domain
Fc,N normal contact force
E∗ effective modulus of elasticity
k contact type constant
Vc contact overlap volume
dc contact indentation depth
c damping factor
dn relative velocity between objects
EA modulus of elasticity of object A
νA Poisson’s ratio of object A
e coefficient of restitution
Cin domain of central inlet channel
Cout domain of representative outlet channel
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