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Abstract

Wall-flow filters are used in exhaust gas after treatment systems to reduce particulate
matter emissions from internal combustion engines. The particles accumulate on the filter
surface during operation, forming a layer that progressively increases the flow resistance
and thus the pressure drop. This layer consists mostly of combustible materials but also
contains inert ash parts. The pressure drop increase leads to the necessity of regenerating
the filter. Filter regeneration may cause particle structure fragments to rearrange within
single-filter channels, leading to specific ash deposition patterns that modify the filter’s
pressure drop, loading behavior, and separation efficiency. This work advances previous
investigations toward application-relevant temperature and inflow-velocity conditions by
extending the existing resolved-particle methodology with turbulence and reaction models,
enabling temperature-dependent effects on particle-structure fragments to be considered.
The rearrangement process is studied in detail. It can be shown that at high velocity, most
gas crosses into the outlet channel at the end of the inflow channel, leading to a pressure
spike. A fragment-local reaction model was introduced and shows qualitative agreement
with the experimental results. These simulations also showed a temperature difference
of about 15 K between particles at the beginning and end of the inlet channel, leading to
faster oxidation close to the inlet. The presented modeling approach helps to assess the
formation of deposition patterns and their influence on filter behavior, engine efficiency,
fuel consumption, and long-term filter durability.

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

1. Introduction
The global need to reduce air pollution and greenhouse-gas-related environmental im-

pacts has led to increasingly strict emission regulations, making exhaust-gas aftertreatment
systems essential for the operation of combustion engines [1]. Wall-flow filters, including
diesel particulate filters, operate based on a pattern of alternating sealed inlet and out-
let channels that force the exhaust stream through the porous walls, which filter out the
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particles. Modern wall-flow filters achieve reliable separation efficiencies of >95–99% for
both particle number and particle mass [2–5]. As the filter becomes increasingly loaded,
particulate layers accumulate on the surfaces of the porous walls, leading to a rise in the
filter pressure drop and a corresponding deterioration of engine performance [6–8]. The
deposited particulate matter (PM) consists predominantly of combustible soot with minor
fractions of inorganic, non-combustible ash, enabling filter regeneration through continu-
ous or periodic oxidation of its reactive constituents. These resulting inhomogeneities can
cause the originally continuous layer to fragment into discrete segments (“soot islands”),
which may detach from the filter surface and relocate within the channel [6]. Consequently,
characteristic ash deposition patterns influence the pressure drop contribution of an indi-
vidual channel, its loading capacity, and its separation efficiency. In situ observations in a
model filter channel confirmed that, during discontinuous regeneration with air at high
gas velocities and sufficiently high temperatures, filter regeneration can trigger particle
layer fragmentation as well as detachment and transport of individual fragments [9,10].
A number of studies [7,11–13] have addressed the question of which mechanisms drive
the formation of these patterns, yet a consistent and broadly accepted explanation has
not yet emerged. However, these transport processes are highly transient and occur on
small spatial scales inside optically and geometrically constrained filter channels. Exper-
iments provide essential phenomenological insight, but a direct quantification of local
forces, fragment trajectories, particle–wall interactions, and temperature-dependent reac-
tion rates remains challenging. Closing this gap is essential, since the resulting patterns
directly affect engine efficiency, fuel economy and the operational lifetime of the filter.
Numerical simulations can complement these measurements by resolving quantities that
are difficult to access experimentally. In this context, the lattice Boltzmann method (LBM)
is particularly attractive because it is well suited for complex geometries, porous media,
and particle-laden flows.

In a sequence of prior publications, Hafen et al. [14–17] have progressively addressed
selected facets of this problem. Hafen et al. [14] introduced an LBM-based framework for
wall-flow filter simulations and demonstrated its ability to describe gas flow and particle
fragment transport. The validation showed that the solution converged at a super-linear rate
with increasing grid resolution and matched the established reference solution [18] closely.
Building on this foundation, the second work [15] employed the framework to examine
the detachment, acceleration and deceleration of individual PM layer fragments during
filter regeneration. The third work [16] extended the model to simulate inlet velocities as
high as 60 m s−1. Hafen et al. evaluated the stability and accuracy for both particle-free
and particle-including flow configurations. When particle-layer fragments were included,
the accessible parameter range was restricted to inlet velocities of 28 m s−1. In the most
recent one [17], the model was extended by a discrete contact model for particle–particle
and particle–wall collisions. This was then used to investigate the plug formation process
in detail for inlet velocities between 4 m s−1 and 14 m s−1. Afterwards, a detailed parameter
study was carried out, showing that the layer structure and the inflow velocity have the
largest influence on the overall pressure drop.

The present work represents a sequel to previous work [17] by including both high-
flow conditions of 60 m s−1, when particle-layer fragments are included, and the influence
of temperature and reaction. The goal of this work is therefore the extension of the resolved
particle methodology [14–17,19–21] with a turbulence model to stabilize particle simula-
tions at higher Reynolds numbers. This is then used to study the break-up, detachment
and transport of the fragments along the channel, as well as the plug formation process
under a high inflow speed of 60 m s−1. This plug forms through the accumulation of PM
fragments into an unordered porous packing that may take up a considerable part of the
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channel volume [11,13,22,23]. To reproduce this behavior numerically, the model accounts
for contacts among moving fragments, interactions between moving fragments and station-
ary fragments, and collisions with the channel walls. The second goal is the extension of
the model to account for the influence of temperature and reaction of particle fragments,
which is then compared with experimental data. In order to incorporate thermal effects on
PM fragments, the simulation framework is extended by a dedicated temperature lattice.
In each discrete reaction step, a volume-averaged temperature is computed for each PM
fragment. This temperature is then used to determine the local oxidation rate and calculate
the decreasing fragment volume.

2. Mathematical Modeling and Numerical Methods
Following Hafen et al. [16], the gas flow is governed by the incompressible Navier–

Stokes equations (NSE) [24]. These equations are treated using the LBM, which yields
the local velocity u(x, t) and pressure p(x, t) at each position x and time t in the three-
dimensional domain. Since the underlying numerical model has already been described
in detail by Hafen et al. [16], the corresponding equations are not repeated in the present
manuscript. It covers the LBM fundamentals, the modeling of porous media and resolved
particle surfaces, and the quantification of discretization errors and convergence properties.
The extension toward discrete particle contacts is adopted from Hafen et al. [17]. This work
therefore only contains the explanation of the turbulence model, heat transfer, advection–
diffusion simulation with LBM and the Arrhenius model used for reaction speed.

2.1. Thermal and Reaction Model

To calculate the local reaction speed of individual soot fragments, the average temper-
ature of each fragment has to be determined. Therefore, the simulation setup is expanded
by a second lattice, solving the heat transfer equation in the form of an advection–diffusion
equation (ADE):

∂T
∂t

+ u · ∇T = κ∇2T + Q (1)

with temperature T, velocity u and given thermal diffusivity κ as well as heat source Q.
Similarly to the Navier–Stokes equation, the advection–diffusion equation can also

be modeled with the LBM [25]. Changing the equilibrium function used is sufficient.
The general LB algorithm is therefore unchanged:

gi(x + ci∆t, t + ∆t)− gi(x, t) = Ωi(x, t) + Qi(x, t) (2)

In this equation, gi is the discrete-velocity distribution function, Ωi is the collision
operator and Qi is used to account for sources.

Here, the simple Bhatnagar–Gross–Krook (BGK) operator was used for the collision:

Ωi(x, t) = −∆t
τg

(gi(x, t)− geq
i (x, t)) (3)

with the relaxation time of the fluid τg,

τg =
κ

c2
s
+

1
2

∆t (4)

and the equilibrium distribution function

geq
i (T, u) = wiT

(
1 +

ci · u
c2

s

)
(5)
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cs = 1√
3

is the lattice speed of sound, ci are the discrete velocities and wi are
the weights.

The macroscopic temperature can be obtained from

T(x, t) = ∑
i

gi(x, t). (6)

Because only the zeroth moment is relevant, a reduced stencil of D3Q7 or D2Q5 can
be used when discretizing the ADE with the LBM.

The above method can be used to simulate heat flow in a single phase. To model
the heat transfer in porous particles, it has to be modified to account for the different
conductivity of the particles and the transition phase.

To set the local heat conductivity, the local relaxation time τg has to be modified,
as described in Equation (4). The local heat conductivity is set by tracking the position and
angles of the respective particles and setting the local relaxation time for each cell.

The reaction rates of the particles are temperature-dependent and are described
through the Arrhenius equation:

∂α

∂t
= −k0,ox · β · exp

[
−Ea

R · T

]
· αn (7)

This approach is based on the global kinetic approach described by Hagen et al. [26]
and used by Desens et al. [10] on the experimental wall-flow filter. The average temper-
ature of each particle is used to calculate the local reaction temperature, with α = m

m0
,

β = ∂T
∂t = 5.0 K min−1, the constant heating rate used in the temperature-programmed

oxidation (TPO) experiment, k0,ox the pre-exponential factor of the rate coefficient, Ea being
the activation energy and n the reaction order. Oxygen is supplied in excess during the
TPO experiment and regeneration simulation, so pO2 is assumed to remain constant. This
constant contribution is absorbed into the effective pre-exponential factor k0,ox, which
allows the oxygen-order term to be omitted from the explicit rate expression in Equation (7).
For this work, the pre-exponential factor, reaction order and activation energy derived from
Desens et al. [10] for carbon black are used. These are k0,ox = 3.59 × 106 s−1, n = 0.95 and
Ea = 162 kJ mol−1. The Arrhenius parameters are material-specific, since soot reactivity
depends strongly on fuel type, formation conditions, nanostructure, and chemical compo-
sition [26–28]. Changing the activation energy, pre-exponential factor, or reaction order
would directly affect the predicted oxidation rate.

The mass difference in a reaction interval is calculated from ∆m = ∂α
∂t · m0∆t, which

can be used to calculate both the volume decrease and the increase in temperature via the
reaction enthalpy of pure carbon.

2.2. Turbulence Modeling

In previous works [14–17,19] reduced velocities had to be used for the simulation,
because fully resolving the turbulence in the wall-flow filter was not possible.

To offset this, the large eddy Smagorinsky model is used to model the turbulence in
the simulation. This model imposes an artificial viscosity νturb, which is calculated from
the Smagorinsky constant CS and the shear stress tensor Sα,β.

νturb = (CS)
2 ·

√
2 ∑

α,β
SαβSαβ (8)

This turbulent viscosity is then added to the laminar viscosity ν0 to form the effective
viscosity νe f f = νturb + ν0.
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The strain rate can be locally calculated from the non-equilibrium populations [25].

Sα,β = − 1
2ρτ∗c2

s
∑
q

ei,αei,β( fi − f eq
i ) (9)

with τ∗ =
νe f f

c2
s
+ 1

2 , which is the modified relaxation time, calculated from the effective
viscosity. The Smagorinsky constant is chosen as CS = 0.14, as is common in engineering
applications; this is backed up by literature values from Pope [29], as well as earlier
numerical studies [30,31]. The lattice speed of sound is given as cs =

1√
3

.
The thermal diffusivity is also modified analogously to account for turbulent mixing:

κe f f = κ0 +
νturb
Prt

(10)

The turbulent Prandtl number Prt correlates the turbulent momentum transport to
the turbulent heat transfer. In simple turbulent flows it is of the order of one (see Pope [29])
and has been chosen in this work as Prt = 0.86, based on common applications.

To prevent calculations of contacts between static particles in the end plug in the
channel, the kinetic energy of particles is used as a threshold to deactivate the movement
of stationary particles. Analogous to Hafen et al. [17], it is calculated from 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.

Υp,kin = Υp,trans + Υp,rot =
mpu2

p

2
+

Ipω2
p

2
(11)

When a particle’s kinetic energy is under a threshold due to being stationary in a
cluster of other non-moving particles, its movement is no longer considered. This reduces
the computational load significantly, because in a plug every particle touches several other
particles at the same time and these collisions would have to be calculated in every timestep.
In addition, the cumulative kinetic energy

Υkin =
Np

∑
p=0

Υp,kin (12)

can be used to quantify the overall state of the rearrangement process.

3. Application to a Wall-Flow Filter
This work uses the same simulation setup as previous works [14–16,19] of a hash-

shaped wall-flow filter, with an overall length of lx = 24 mm. The porous walls of the filter
have a thickness of lw = 0.4 mm. The central square channel has a width and height of
four times the wall thickness at ly = 1.6 mm. It is surrounded by half- and quarter-sized
channels. The quarter-sized channels are square with a side length of 0.2 mm, while the
half-sized channels are rectangular with a size of 0.2 × 0.4 mm. The four quarter-sized
and the center channel act as inflow channels, while the half-sized channels act as outflow
channels. The channel ends are blocked by walls accordingly; see Figure 1. This forces the
fluid to flow through the porous walls of the filter.

Pressure-related quantities are used for relative comparisons within this work.
The model’s ability to predict absolute pressure drops for full-length channels has al-
ready been verified against literature data [14] and experimental measurements [15]. In this
study, the influence of temperature is taken into account. Instead of assuming ambient air
as in the previous works, in this case air at 873 K and ambient pressure are used.
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x

z
1.6 mm
0.4 mm

24 mm

Figure 1. Schematic sketch of the wall-flow filter model, consisting of one central inflow (red) channel
with fractions of surrounding inflow and outflow (blue) channels separated by porous walls [17].

Dirichlet velocity and pressure conditions are used on inlet and outlet, respectively,
prescribing a flow with constant mass flow rates at the inlet. These are realized through
the LBM-specific regularized local boundary conditions [32] at the inlets and interpolated
boundary conditions [33] at the outlets. To suppress numerical instabilities caused by
steep velocity and pressure gradients at the start of the transient simulation, the inflow
velocity is slowly ramped up. The end cap walls of the channels prescribe a no-slip
boundary. This is achieved through the LBM-specific bounce-back boundary condition [34].
The open sides are periodic, mimicking a real wall-flow filter with hundreds of these
channels. The discretization N describes the number of cells per channel width lw. For
the temperature lattice, Dirichlet boundary conditions, prescribing a constant temperature,
are used for the inlet, periodic (on the surrounding sides) and zero-gradient Neumann
boundary conditions on outlets and walls.

For the second part, the computational domain is reduced to the two-channel model
described in [35] to resemble the experimental setup.

As the present work extends the setup of its predecessor [16], it also uses the same
setup for modeling a deposition layer of soot on the walls of the filter, which slowly breaks
up during the simulations. The initial setup of individual fragments of this decomposing
layer are described through a regular 3 × 50 array of identical cubic discs that cover the
porous walls of the center channel. During the velocity ramp-up phase at the beginning of
the simulation, these particles are held in place artificially. The simulation is then run until
convergence, which is defined by a residuum average energy. After this, the fragments
are released.

The decomposition of the deposition layer is random in the real process. To ensure
reproducibility of the simulation results, this is not considered in the setup. As the channel
is symmetric, multiple uniform fragments detach simultaneously, leading to an accelerated
rearrangement process than would occur in an experimental or real filter channel. The sim-
ulation is then run until the cumulative kinetic energy (see Equation (12)) of the fragments
falls below a predefined energy threshold.

Material parameters for the fluid representing air have been taken from [36] and for
the soot particles from [14,26]. The chosen parameters are listed in Table 1.

Table 1. Overview of material parameters.

Material ρ/kg m−3 ν/m2 s−1 cp/kJ kg−1 K−1 λ/mW m−1 K−1

Air 0.31 1505.7 × 10−7 1.163 73.82
Particles 500 - 0.9 120

The first part of this paper focuses on the detachment and deposition at realistic chan-
nel length and inflow velocity. Here, the same parameters as in [17] are used with realistic
velocity and channel length, using the previously described LES model for stabilization.

The second part focuses on reaction. In these simulations, fragment-local reaction
and a temperature field are included. These simulations are then compared to recent
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experiments in a model filter channel [9,10,37]. In these experiments, soot generated by
fuel-rich propane combustion is used. It does not contain inert parts. A time scale of
>20 min in the experiment for the reaction is not realistic for simulation. Therefore, instead
of running the entire simulation, several simulations at different states of the regeneration
are run to check if the trajectory of the pressure loss is correct.

The simulation is divided into two consecutive parts:

• Fluid velocity ramp-up.
• Reaction.

Previous papers [14,17,19] focused on the ramp-up phase and convergence of laminar
flow, the second one on the detachment and the third one on the forming of plugs from
ash fragments and a parameter study. The first part of this paper will focus on plug
formation at realistic flow speed, and the second part will focus on the reaction of stationary
particles. Parameters for the discrete contact model are kept constant from the last work by
Hafen et al. [17].

4. Results and Discussion
In the first part, the influence of a realistic inlet velocity of ūin = 60 m s−1 on the

rearrangement process and plug formation is studied. Because of stability issues in previous
works [14], a LES model is introduced, as described in Section 2.2. This allows for a reduced
resolution compared to [17] to be used (N = 60) while increasing the inflow velocity
from ūin = 10 m s−1 to 60 m s−1. The second part addresses the reaction of the deposited
fragments under the conditions of the model filter channel experiment. An overview of all
cases considered in this work is given in Table 2.

Table 2. Overview of experimental and numerical cases considered.

Case Geometry and Length N ūin/m s−1 T/K Fragment Count

Rearrangement simulation wall-flow filter channel model [17], 24 mm 60 60 873 3 × 50 fragments per wall

Reaction simulation reduced two-channel model [14], 120 mm 60 60 823 600 fragments

Regeneration experiment model filter channel [9], 120 mm – 60 823 soot layer (≈690 at 8 min)

4.1. Rearrangement at High Flow Velocities

The setup is oriented on the fragmented deposition layer base configuration reported
by Hafen et al. [17]. It uses fragments with a height of 170 µm, an equilateral width of
340 µm, and 50 fragment rows along the channel. A particle density of 500 kg m−3 and a
fragment modulus of elasticity of 0.1 MPa are prescribed. The analysis distinguishes
between the converged fragmented-layer state, the transient rearrangement behavior
(cf. Section 4.1.1), and the resulting plug state (cf. Section 4.1.2).

4.1.1. Flow Field and Transient Behavior

The resulting flow field is visualized through streamlines in Figure 2; the contour color
of the streamlines shows the local velocity magnitude |u|. It is clearly visible that the flow
is up to 5 times faster in the inflow channels, with velocities reaching from 60 to 100 m s−1,
than in the outflow channels. The velocity decreases along the length of the inflow channel
and increases in the outlet channels in correspondence. Along the length of the outlet
channel, a regular Poiseuille profile starts to form.
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Figure 2. Flow field with streamlines exhibiting local flow direction. Color scale indicates local
velocity magnitude.

As the fragments detach from the wall, the configuration slowly transitions from a
uniformly fragmented deposition layer to an immobile plug configuration. This transition
is shown in Figure 3 at five uniform steps in time from t1 = 2.5 ms to t5 = 12.5 ms; shown
is the inner view of the central channel. Analogous to Hafen et al. [17], the cumulative
kinetic energy serves as a termination criterion for the rearrangement process. It increases
during fragment detachment and transport, but it decreases again as the fragments settle
into the plug state and approaches nearly zero at t5. At t1 the uniformly fragmented PM
layer is visible. Due to the effectively decreased cross-sectional area of the channel, the local
velocity increases up to ≈100 m s−1 in the entire channel compared to the inlet boundary
condition of 60 m s−1. The pressure drop between inlet and outlet quickly settles to a
constant ∆p = 27 hPa.

As the fragments start to detach from the wall, beginning at t2 the local velocity returns
from its elevated state back to the velocity of the inflow boundary condition in regions no
longer covered by fragments. To the right of the detached fragments a dead-zone with
reduced velocity starts to form. This forces more fluid through the porous walls, thus
resulting in an increase in pressure drop. Afterwards, the fragments are quickly pushed
back through the channel, until an agglomeration is formed at t3, effectively blocking flow
behind it. This causes a pressure spike at the front end of the agglomeration and a drastic
pressure and velocity decrease in the dead-zone behind it. At the same time, a minor
plug is starting to build up at the very end of the channel. During this time, left of the
agglomeration, the cross-section starts to clear up and the pressure drop starts to fall again.
The agglomeration is then slowly pushed back through the channel in t4, while at the same
time the back plug is slowly increasing in size. At t5, the agglomeration reaches the plug at
the end of the channel. At this point, the fragments become mostly stationary. This plug
consists of a dense multi-row arrangement of fragments. Most particulate matter is now
concentrated within the plug at the very end of the channel, with some sticking to the
walls directly in front of the plug. In this final state the pressure drop once again reaches a
constant value of ∆p = 19 hPa. This results from an increased cross-section and a longer
open flow area through the porous walls, which is in turn balanced by the reduced overall
length of the channel caused by the plug.
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1 t1 = 2.50 ms

2 t2 = 5.00 ms

3 t3 = 7.50 ms

4 t4 = 10.0 ms

5 t5 = 12.5 ms

24 mm

x

z
−20.0 0.0 20.0 40.0 60.0 80.0

ūx(x) in m s−1

Figure 3. Time series of detachment, transport and plug formation. Dark yellow structures represent
porous filter substrate and fragmented PM layer in gray.

4.1.2. Plug State

The transient behavior ends with the formation of the plug state in which transported
fragments have accumulated into a stable plug-like packing at the end of the channel.
Figure 4 shows the plug state density in comparison to the mean density in the fragmented
state. It can be seen that in the plug state, the density is zero up to x = 10 mm, then shows
a small increase and then increases rapidly at x = 16 mm, until it reaches a near constant
value of ρ = 294 kg m−3 in the last third of the channel length. This value is only slightly
larger than the one calculated by Hafen et al. [17]. A direct comparison with the literature
requires care since the simulated fragments consist of soot with a prescribed particle density
of ρp = 500 kg m−3, whereas the channel-end plugs characterized by Kimura et al. [22],
Sappok et al. [23], and Dittler [11] are formed from lube-oil-derived ash as a residual from
periodic filter regeneration and soot removal. Reported packing densities of ash end plugs
lie between 100 and 400 kg m−3 [22,23,38], with Kimura et al. [22] reporting 235 kg m−3.
Such ash plugs develop only after a large number of regeneration cycles, during which
the ash itself may sinter, compact or otherwise change its morphology, whereas the soot
agglomerates simulated here represent the transport mechanism by which the ash is carried
towards the channel end in the first place.

Figure 5 compares the axial velocity profile ūx(x) and the pressure profile p̄(x) in
the central inflow channel and in the outflow channel for the fragmented-layer and plug
states. Mean velocities in both inflow and outflow channels are shown; this shows a
continuous decrease in velocity along the length of the inflow channel and a corresponding
increase in velocity in the outlet channels. The velocity and pressure profiles are measured
as averages over the inlet and outlet channel width. This ensures that higher velocities
caused by the reduction in channel width from the soot layer do not impact the velocity
profile, as the increased velocities in the remaining area still lead to the same average.
The pressure is, however, decreased due to the increase in velocity, causing a small decrease
in pressure directly at the inlet of the channel. In the inflow channel at the fragmented-layer
state, the axial velocity decreases from the prescribed inlet value ūin to zero, whereas the
outflow channel shows the corresponding inverse trend. Compared with the lower-velocity
cases of Hafen et al. [16,17], in which the axial velocity decreases more steadily along the
channel, at ūin = 60 m s−1, the velocity profile shows a different behavior: It decreases only
slowly over the length of the channel, but then it decreases rapidly to zero within the last
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millimeters. This also leads to a pressure spike at this point of maximum crossover, which
can be seen both in the plug state as well as in the converged layer state. For the plug state,
this region of maximum crossover and the pressure spike is moved forward by the plug.

0 5 10 15 20 25

0

100

200

300

x in mm

ρ̄
in

kg
m

−
3

states:
fragmented layer mean
plug

Figure 4. PM density profile ρ̄(x) at fragmented-layer and plug states. Additionally, layout of mean
evaluation methodology according to Section 2.
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ū x
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s−

1

0 5 10 15 20 25
0

5

10

15

20

25

x in mm

p̄
in

hP
a

Inflow channel: fragmented layer plug
Outflow channel: fragmented layer plug

Figure 5. Velocity profile ūx(x) and pressure profile p̄(x) in inlet channel domain Cin and outlet
channel domain Cout at fragmented-layer and plug states.

Due to the increased inertia, the majority of air travels to the end of the channel and
only then crosses through the porous filter walls.

In the outflow channel, the velocity increases analogously with the decrease in the
inflow channel. First, it increases slowly over the channel length and then sharply at the end
of the inflow channel, as most gas crosses the porous walls there. In the fragmented-layer
state the pressure drops immediately at the channel inlet. The pressure then decreases
gradually until it rises sharply again near the back wall. In the outlet channel the pressure
decreases continuously as the channel length increases. At the end of the channel, the pres-
sure decreases drastically in the outlet channel at the same time as it increases in the inlet
channel, leading to a large pressure difference at the outlet.

Similar behavior can be seen in the plug state. At the beginning of the plug, a local
pressure maximum occurs, followed by a rapid decline as the velocity drops to near zero.
In the plug state, the inlet channel pressure is 7 hPa lower than in the fragmented-layer
state at x = 0 mm, as the first fragment row has detached completely. Once a plug is
formed, this blocks the flow through the rest of the channel. The pressure spike is therefore
moved forward by the plug from the end of the channel. While the plug is not entirely
impenetrable, the velocity drastically falls once the flow reaches the left end of the plug.
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The increased free substrate area lowers the flow resistance in the remaining open channel
section, causing more gas to cross the porous walls in the front and middle regions.

4.2. Reaction

These simulations were carried out to match experiments on the experimental rig
described in [9]. In the relevant time frame (the first 4 min), neither in the experiments nor
in the simulation did rearrangements occur. The focus of this work was to compare the
reaction of the soot particles under realistic conditions of temperature and inlet velocity in
the simulation. The model filter channel consists of a rectangular channel with a sintered
metal filter element (filtration area: 3 mm× 120 mm). An upstream inlet section of 5 mm
extends the channel, promoting a quasi-steady flow field with minimal vortex formation.
The channel height is 4 mm. The regeneration was recorded through a quartz-glass window
using a high-speed camera (CP90-25P-M72, Optronis GmbH, Kehl, Germany) positioned
perpendicular to the channel. The model filter channel was loaded with a reactive soot
layer generated by fuel-rich propane combustion using a MiniCAST 6204C soot generator
(Jing Ltd., Zollikofen, Switzerland). The operating point of the Jing soot generator was
set to 0.05 L min−1 propane, 2.0 L min−1 quench gas (N2), and 1.0 L min−1 oxidation air.
The experimental procedure followed Desens et al. [10,37] and comprised three phases:
(i) layer formation at ambient temperature at an inlet gas velocity of 13.2 m s−1, (ii) system
heating under inert nitrogen (N2), and (iii) regeneration with particle-free air. The applied
layer containing 18 mg of soot particles had a thickness of approximately 200 µm. An oven
was used to heat up the oxidation gas before the channel. The channel was also heated by a
heating plate. After deposition and preheating under N2, the feed was switched to particle-
free air to initiate regeneration (t = 0 min). During regeneration, the inlet gas velocity was
increased to 60 m s−1, and the oxidation-gas temperature was maintained at 823 K. Figure 6
shows the temporal evolution of regeneration along the channel as a time-resolved image
sequence. At the beginning the soot layer covers the filter surface. With increasing time,
the layer subsequently fragments into discrete soot structures. The magnified region in the
center of the channel highlights a progressive increase in fragmentation and a continuous
reduction in fragment size between 4 and 16 min.

Figure 6. Time-resolved image sequence of the regeneration process of the model filter channel, illus-
trating the progression from the initiation of regeneration at 0 min to 20 min over the entire channel
length. The region marked by the rectangle is shown magnified below, illustrating fragmentation and
the decrease in fragment sizes from 4 min to 16 min.

To account for the influence of temperature on the reaction of the particles, a tempera-
ture lattice and fragment-local particle temperatures were added to the simulation setup.
During each reaction step, for every fragment an average temperature was calculated,
which was then used to calculate the local reaction speed. According to the local reaction
speed, each fragment was then decreased in size and its particle temperature was increased,
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and this temperature increase was then coupled back to the temperature lattice. To be
able to compare the resulting pressure loss, the simulation used the two-channel model
described in [14]. Because it was not possible to run a simulation of several minutes, only
short simulations of 100 ms each were carried out to compare the pressure loss gradient over
time at different stages of the regeneration process. For the same reason a reduced channel
length was used. Therefore, the total pressure loss is increased compared to experimental
results. The number of particles was chosen to be 600 in an evenly spaced grid, similar to
the number of fragments at the relevant time in the experiment. In reality, in later stages of
the regeneration the number of fragments changes through breakup and oxidation.

Computations were carried out after 0 s, 30 s, and 60 s and after the pressure loss
reached a steady state (which corresponds to about 6 min in the experiment). The upper
channel of these simulations is depicted in Figure 7. It can be seen that the temperature of
the fragments closer to the inlet is about 15 K higher than that at the end of the channel.
This is caused by the higher vertical velocity at the end of the channel due to the previously
described pressure spike.; cf. Figure 5. This is consistent with the experimental results
showing that the oxidation is faster at the inlet of the channel and slower at the end; cf.
Figure 6.

t0 = 0 s

t1 = 30 s

t2 = 60 s

t3 = 90 s

Figure 7. Temperature of particle surface in the numerical simulations, shown in red. From top to
bottom: t0 = 0 s, t1 = 30 s, t2 = 60 s, t3 = 90 s. The dark yellow background is the porous filter wall
below the soot layer.

The normalized pressure loss over time is depicted in Figure 8. The maximum differ-
ential pressure at the start of regeneration was normalized to 1, with 0 representing the
pressure loss of a fully regenerated, soot-free filter. In the experiment, a drastic decrease in
pressure loss during the first minute of the regeneration occurred. After that, the pressure
continued to decrease, but much slower. After two minutes, the pressure loss was only
10% above the minimum pressure loss after 10 min. Notably, once the soot layer in the
time-resolved image sequence in Figure 6 visibly broke up, the pressure loss was already
close to the fully regenerated filter level. The data from the simulations does not fully
match the data from the experiments. The rapid decrease in differential pressure at the
beginning of the regeneration is correctly predicted, but it occurs slightly earlier than in the
experiment. This is likely due to the modeling of the particle fragments. With the beginning
of the reaction, they immediately start decreasing in size, leading to reduced pressure
losses as soon as the simulation starts. In the experiment, in the first minute only the
surface layer reacts and does not immediately create free paths for the fluid. After the first
minute the differential pressure decreases more slowly in both experiment and simulation.
At the sampled simulation times, the deviation between the normalized experimental and
numerical differential pressure values was quantified using the mean absolute error (MAE)
and the root-mean-square error (RMSE), resulting in MAE = 0.131 and RMSE = 0.195 for
z = 9 data pairs. The larger RMSE shows that the deviation is not uniformly distributed
over all sampling points. It is influenced by individual larger deviations, particularly
during the earlier decrease in the normalized differential pressure in the simulation.
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Figure 8. Pressure loss over time during regeneration with particle-free air and a channel inlet velocity
of 60 m s−1. Markers indicate the individual simulation data points, while the dashed line is included
as a guide to the eye.

5. Conclusions
In this work, previous works about the regeneration processes in wall-flow filters were

continued with a focus on realistic operating conditions. Again, these simulations were
carried out with the open source software OpenLB 1.8 [39,40]. As a sequel to previous
works by Hafen et al. [14–17,19], in this work similar investigations were conducted with
a focus on realistic conditions in terms of temperature, inflow speed and the influence
of reaction.

In the first part of this work, the influence of realistic inflow speed and temperature on
the fragmented-layer state and the plug state was investigated and compared to previous
works with lower velocities and ambient air. The total pressure loss increased again, as
expected in [17]. Contrary to the findings in [17], the pressure and velocity did not linearly
decrease over the channel length under these conditions. Instead, the velocity decreased
slowly over the channel length and then rapidly from ux = 30 m s−1 to zero within the last
3 mm, while the local pressure increased rapidly to the inlet pressure. However, the plug
formation and its impact are similar, as in [17]. Again, the plug reduced the effective length
of the channel. As it is almost entirely impermeable, the previously described reduction in
velocity at the channel end occurred earlier and therefore from a higher velocity, as it did not
decrease as much. However, the plug density did not increase compared to previous results,
again agreeing with experimental values reported by Kimura et al. [22], Sappok et al. [23]
and Dittler [11].

In the second part of this work, the resolved particle model was extended to account
for the influence of temperature and reaction of the soot particles. This was achieved
by including a temperature lattice and coupling that to the fluid lattice and setting the
different heat transfer coefficients. This was then compared with an experiment running a
regeneration of a model filter channel. These simulations also showed that the regeneration
is slower in the end of the inlet channels because of stronger cooling by advection due to
the high velocity through the porous wall and the particle layer at the end of the channel.

A more detailed validation of fragment-size evolution or local oxidation rates is not
easily done at this stage, as the simulations start from idealized fragments of uniform
size and shape, whereas the experimental layer break-up yields a broad size and shape
distribution. Incorporating experimentally derived fragment distributions is therefore
a key step for future work, both for the transient rearrangement behavior and for the
reaction model.
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Abbreviations
The following abbreviations and symbols are used in this manuscript:

Abbreviations
ADE advection–diffusion equation
BGK Bhatnagar–Gross–Krook
LBM lattice Boltzmann method
MAE mean absolute error
NSE Navier–Stokes equation
PM particulate matter
RMSE root-mean-square error
TPO temperature-programmed oxidation
Symbols
u fluid velocity
p fluid pressure
x position
t time
T temperature
κ thermal diffusivity
Q heat source
gi discrete distribution function
ci discrete lattice speed
wi lattice weights
Ω collision operator
τg fluid relaxation time
cs lattice speed of sound
α mass share
k0,Ox pre-exponential factor of rate coefficient
β heating rate
Ea activation energy
n reaction order
CS Smagorinsky constant
Sαβ shear stress tensor
νe f f effective viscosity
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ν0 laminar viscosity
νturb turbulent viscosity
τ∗ effective relaxation time
Prt turbulent Prandtl number
κe f f effective thermal diffusivity
N resolution of voxel mesh
up particle velocity
ωp particle angular velocity
mp particle mass
Ip particle’s moment of inertia
Υp,kin particle’s kinetic energy
lx channel length
ly channel width
lw wall thickness
lx,s scaled channel length
ūin average inflow velocity
ρp particle density
ϱ 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
z number of data pairs
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