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Abstract

A transient pore-scale model of particle deposit formation in 3D microstructure
of a catalytic filter wall is introduced. It predicts location of particle deposits,
dynamics of their growth, transition from deep to cake filtration regime as well
as the impact on flow field, pressure drop and filtration efficiency. The model is
validated against time-resolved X-ray tomography (XRT) data acquired during a
filtration experiment. The validated model is then used in transient simulations
of the soot filtration process in several different microstructures using cordierite
filter substrate with varied Pd/alu catalyst distribution. The sample with the
coating solely inside the wall pores provides the lowest initial pressure drop but
suffers from low clean filtration efficiency and high pressure drop after the cake
is formed. The sample with partial on-wall coating achieves not only a higher
filtration efficiency but also a lower pressure drop in long-term operation.
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gas aftertreatment

1. Introduction

One of the main pollutants present in exhaust gas from combustion engines
burning carbonaceous fuels is the particulate matter (PM). Especially the fine
particulate matter, comprising particles of diameter under 2.5 pm, has a widely
reported negative influence on human health [1]. All over the world, the PM
pollution is controlled via various emission limits. In Europe, the particulate
matter has been restricted not only by its mass but also a number of particles
since the norm Euro 6¢ (2017) for both diesel and gasoline engines. The latest
legislation, Euro 6d (2020), requires the particle number emissions under 9.0 x
101 # /km with the conformity factor of 1.5 during the real drive emissions
(RDE) test, including the cold start phase [2]. For Euro 7, it is expected that
the range of counted particles will be extended down to 10 nm (the current size
limit is 23 nm and the smaller particles are excluded from the emission tests).

In order to meet the legal requirements on PM emissions, automotive exhaust
gas aftertreatment systems are commonly equipped with particulate filters (PF),
referred also as diesel particulate filters (DPF) and gasoline particulate filters
(GPF) according to their application [2, 3, 4, 5]. Furthermore, PF can be
combined with catalysts for conversion of gaseous pollutants to create a catalytic
filter. The catalytic filter is a monolithic reactor comprising parallel channels
that are alternately plugged at one end. Such a design forces the exhaust gas
to flow through the channels walls that are porous and provide (i) filtration of
particles (soot and ash), and (ii) conversion of gaseous pollutants in contact
with the catalytic material.

A filter coated with three-way catalyst is beneficial in the exhaust gas af-
tertreatment systems for gasoline engines [6, 7, 8]. The filters in diesel engine
vehicles is often combined with diesel oxidation catalyst [9, 10] or with a catalyst
for selective catalytic reduction of nitrogen oxides [11, 12]. All these devices need

to meet requirements that are typically anti-correlated: low pressure drop ver-



sus high catalytic conversion and filtration efficiency. These key performance
parameters are strongly influenced by the device geometry, micro-structural
morphology and PM loading [13].

The device geometry and micro-structural morphology is controlled during
the filter production in order to optimize its performance. Previous studies
included experimental work [14, 15, 16] and numerical models based on compu-
tational fluid dynamics (CFD) to identify suitable coating structure and location
inside or on the filter walls and its impact on transport-limited conversion of
gaseous pollutants [17, 18, 19], clean filtration efficiency [20] and pressure drop
[21]. In parallel, models based on lattice Boltzmann method (LBM) were de-
veloped for the computation of clean filtration efficiency Belot et al. [22] and
[23]. All the mentioned studies worked with 3D reconstructed section of porous
wall with realistic catalyst distribution obtained from X-ray tomography (XRT)
scans, however, they considered just a clean particulate filter.

Such a state corresponds only to a fraction of the filter life span due to
the strong influence of soot accumulation on its performance. The soot/ash
cake buildup improves the filtration performance, but it also increases its pres-
sure drop and, consequently, the engine fuel consumption [24]. To identify the
most suitable life-span morphology of a catalytic filter wall, a micro-structural
model taking into account the growth of particle deposits inside the filter is
required. Several models incorporating the soot deposition influence on the
filter performance were recently developed. Li et al. [25] introduced an LBM
model incorporating the soot accumulation. However, their model treats the
soot deposits as an impermeable wall, similar to filter wall, which results in a
nonphysically high pressure drop and limited percolation. Recently, more real-
istic LBM model including the soot cake permeability was developed Yamamoto
and Yagasaki [26], enabling a parametric study of particle size influence on the
filtration process. However, that model was limited to a bare filter without any
catalytic coating.

In this paper, we present a transient model of particle deposit formation in

3D microstructure of a catalytic filter wall, including the impact of coated cat-



alytic material. In contrast to the LBM-based models [22, 25, 26], the presented
filtration model is built on a weak coupling between an Eulerian CFD solver
used to compute the flow field inside the filter wall and a Lagrangian tracking
of soot particles. The soot deposits are transformed into porous zones in the
CFD model and their volume is periodically updated on the basis of Lagrangian
solver results. In turn, the deposited soot affects gas velocity and pressure field
in the filter wall.

The newly proposed model is first validated against the data obtained by
time-resolved, in-situ XRT of aerosol filtration [27] and then used for transient
simulations of the soot filtration process in several different microstructures
using cordierite filter substrate with various Pd/alu catalyst distributions. At-
tention is paid to the prediction of particle deposits location, dynamics of their
growth, transition from deep to cake filtration regime as well as the impact on
flow field, pressure drop and filtration efficiency, all depending on the distribu-
tion of catalyst in the filter microstructure. The ultimate goal is to identify
suitable coating locations with respect to long-term operation including the im-

pact of accumulated particles.

2. Experimental

The 3D microstructures used as simulation domains were obtained from
the processed XRT images. First, a bare cordierite filter marked as BFO was
examined by time-resolved in-situ XRT during a filtration experiment at the
[13-2 Diamond Manchester Imaging branchline at Diamond Light Source. The
experimental setup is depicted in Figure 1. The cordierite filter had 300 cpsi,
total length 29 mm, channel plug length 1 mm, wall thickness 216 pm, and wall
porosity 63 %. During the filtration experiment, the gas inlet was allowed just
to a single central channel. Using the volumetric flow rate of 21 ml/min, the
mean superficial gas velocity through the wall was 0.0026 ms™—!.

A direct experimental imaging of soot deposition in-situ is unfeasible due to

its low density. Therefore, TiOs or ZnO nanoparticles have been proposed as
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Figure 1: Simplified scheme of the experimental set-up.

suitable alternatives that provide sufficient contrast and allow reliable segmenta-
tion of the particle deposits inside the porous filter wall [27]. In this experiment,
ZnO powder was used as particulate matter and the results were then utilized
for validation of the newly developed transient filtration model. Figure 2 shows
the measured particle size distribution in the ZnO aerosol. At the start-up, the
inlet concentration of particles temporarily increased and only then reached a
stable level. This might be due to dust generator start-up or re-entrainment
of previously deposited particles in the lines. The temporary higher inlet con-
centration at the start-up was accounted for in the simulation, similarly as the
actual density of ZnO particles that differs from soot, Sections 3.2-3.3.

The time-resolved XRT consisted of acquiring tomograms of the region of
interest within the filter sample, then flowing aerosolized ZnO powder through
the sample, redirecting the aerosol flow to bypass, and then re-imaging the
region of interest. This was repeated to create a time series data set with images
acquired after 0 s, 10 s, 30 s, 50 s and 110 s of cumulative aerosol loading.

For these tomograms a radiographic projection was acquired every 0.1° in
an 180° fly scan (1800 projections) with exposure times of 0.03 s. Flat and dark

field images were obtained at each time step in the experiment. The ‘pink beam’
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Figure 2: Particle size distribution of aerosolized ZnO powder measured in the experiment
and used in the model validation simulations. Total steady concentration of particles was

Np =1.9x10°% # cm ™3, increased five times during the start-up.

configuration at 113-2 with several harmonic peaks was used. The ID gap was set
at 5 mm, and the Pt mirror was used; this already filtered the beam sufficiently
so no extra filter was installed. Thus, the spectrum reaching the sample ranged
from 6 to 29 keV, the peak flux was at 17 keV. The 2x objective was used for
this workflow coupled to a LuAg scintillator. This 2x lens resulted in a total
4x magnification with pixel size of 1.625 pm. At the start of the beamtime the
spectrum was optimised such that sufficient brightness and contrast between
the deposit phase and background was observed in the radiographs.

Image processing and segmentation steps allowed the dataset to be seg-
mented into pore/background, cordierite filter, and ZnO deposit phases for later
quantification. Projections were reconstructed using the Filtered Back Projec-
tion algorithm from Astra in Savu [28] with ring removal, distortion correction,
and dark-flat field correction [29, 30]. Each 3D image in the time series was then
rotated, translated and cropped to the region of interest, a 553 x1380x 2440 pm?
section. A histogram matching algorithm was then applied across the whole time

series dataset.



Each of these 3D images in the time series was then registered onto the ‘ze-
roth’ image so that features were aligned across the times series. The ‘zeroth’
image is that which has no ZnO loading within it. The registration used meth-
ods from the Python distribution of SimpleITK. At this point the dataset was
ready for segmentation. First a mask of the cordierite filter in the zeroth image
was obtained using a simple intensity threshold. This was then applied to the
Zn0 loaded images to ‘mask out’ the cordierite phase such that the remaining
high intensity pixels in the image belonged to the ZnO deposit, allowing for
segmentation of the ZnO phase. By then combining the cordierite mask and
ZnO mask from each time step we achieved full segmentation of the dataset.

In addition to the time-resolved XRT, a series of bare and coated catalytic
filters was scanned by standard XRT at New Technologies Research Centre in
Pilsen to obtain the information about the wall microstructure and coating lo-
cation. These samples were prepared by vaccuum washcoating of Pd/v-Al2O3
catalyst suspensions [15] on a cordierite filter substrate with 300 cpsi, wall thick-
ness 216 um and porosity of 66 %. The bare substrate sample from this series
is denoted as BF1, and the related coated catalytic filters are denoted as CF1,
CF2, and CF3. These catalytic filter samples use the same catalyst loading and
differ only by the coating location: in-wall, combined on-wall and in-wall, and
prevailing on-wall for CF1, CF2 and CF3, respectively.

The samples were scanned by X-ray tomograph Xradia MicroXCT 400 with
source voltage 60 kV and power 6 W. The medium-size detector and 10x optical
magnification results in resolution 2016x2016 pixels and voxel size 1.113 pm.
These XRT scans were segmented by brightness thresholds using the software
package Fiji/ImagelJ [31, 32] to identify substrate, coating and pore morphology
[14, 17]. The structures BF1, CF1, CF2 and CF3 were then utilized in a simu-
lation parametric study revealing the coating location influence on the transient
soot filtration process.

Based on the processed and segmented XRT images, computational mesh
for simulations was generated in OpenFOAM [33]. An illustrative reconstruc-

tion procedure of coated filter sample CF2 can be seen in Figure 3. A cut out



of the XRT data (Figure 3a) was transformed into a surface representation of
present solid faces as depicted in Figure 3b. These were used for mesh genera-
tion by snappyHexMesh tool distributed with OpenFOAM, Figure 3c. In case
of catalytic filters, the mesh includes also the coated catalyst zones so that gas
transport through the coating is enabled in general. The meshes are unstruc-
tured with local refinement in the vicinity of the solid walls and at the coating
boundary. The used computational domains ideally cover complete thickness
of the filter wall and approximately one half of the channel width with final
dimensions around 630x320x223 um3. Each mesh consists of approximately

60 million cells.

3. Mathematical model

The reconstructed filter structures were employed in a computational frame-
work represented by Figure 4. The proposed framework includes several inter-
connected solvers: flow, diffusion and reaction [17], solid particle movement [20],
and the newly developed model for particles accumulation, growth of the filtra-
tion deposits and cake formation. In this paper we focus solely on the particles
movement and accumulation in the wall microstructure during the filtration
process.

Based on the results from [34], similarities between gasoline and diesel en-
gines, and classification of coupling schemes and interactions between parti-
cles and flow introduced in [35], only one way coupling between the particles
and the flow is assumed. Similarly, because the soot is diluted in the system
with volumetric fraction below 0.1 ppm [34] and comprises small particles of
dp, < 160nm [20], instantaneous effects of the deposition on the flow are ne-
glected and the system is simulated as decoupled, i.e., the flow is assumed at
steady state during the simulation of solid particles movement and recalculated
only after a deposition of significant volume as will be discussed in more detail

in Section 3.3.



Figure 3: A reconstruction procedure of coated filter sample CF2 demonstrated on a small
section of the wall (111x187x111 um3) a) one slice from 3D scan of the filter channel
with the segmented substrate (white), catalytic coating (red), and free pores (black); b)
surface representation of the wall subsection with substrate in grey and coating in yellow; c)

computational mesh refined near coating and substrate interfaces.
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8.1. Model of gas flow

The fluid flow is assumed laminar and simulated in the whole domain si-
multaneously, including free pores, catalytic coating, and already accumulated
particle deposits. For this purpose, the following variant of the Navier-Stokes
equations for isothermal incompressible flow is considered,

V-(u®u)—V-wVu) = —Vp+s

(1)
V-u

0,

where u corresponds to the fluid velocity, p to the kinematic pressure, and the
coefficient v denotes the fluid kinematic viscosity. Kinematic viscosity v of the

gas flowing through the filter wall is calculated from:

bT3/2
-

P = T+S' (2)
where p is the fluid density computed from the ideal gas equation and p stands
for the dynamic viscosity given by the Sutherland equation (2), with the pa-
rameters b = 1.458 x 1076 kgm?s~ ' K~1/2 and S = 110.4 K [36].

The additional source term s in equation (1) reflects the additional resistance
to the flow present in the catalytic coating as well as in the formed particle
deposits, which both possess internal porosity. This source term is based on the

Darcy permeability model [37] and it is defined as

0 in free pores
s=1¢{ —@s—u in soot deposits (3)

——u in coated zones,

where kg and k. are the local Darcy permeabilities of the corresponding porous
zones. The value of k. for the catalytic coating is estimated from the Carman-
Kozeny equation [38] based on the porosity and characteristic diameter of par-
ticles forming the zone presented in [17] and the k. = 2.76 x 1075 m%. The
structural parameters of deposited soot and surrogate ZnO particles are pro-

vided in Table 1. In the first approximation, ZnO deposit permeability was set
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Table 1: Structural parameters of the deposited soot and surrogate ZnO particles.

Parameter Symbol  ZnO deposits soot deposits

Particle size distribution dp 10-1000 nm, Figure 2  15-150 nm, Figure 5 [40]
Particle density Pp 5600 kgm ™3 1000 kg m™> [41]
Deposit density Ps 2800 kgm 3 90 kgm™? [39]

Deposit porosity €s 0.5 0.91

Deposit permeability K 7.69 x 10714 m? 7.69 x 1071 m? [39]

to the same value as reported for the soot cake [39]. In order to account for a
smooth and continuous growth of particle deposits, s marks the actual local
volume fraction of particle deposit in each finite volume cell, ps = Vi/Veen.

The boundary of the solution domain was divided in three sections (inlet,
outlet and walls). At the inlet, we apply a uniform inlet velocity in the direc-
tion orthogonal to the wall (y axis) and a zero-gradient boundary condition for
the pressure. At the outlet, constant pressure and so-called inlet-outlet bound-
ary condition for w is used, which stabilises the calculation. No-slip boundary
condition was specified at the walls.

Such defined mathematical model of flow was solved by the OpenFOAM
toolbox [33], employing the porousSimpleFoam steady state solver that uses the

consistent SIMPLE algorithm [42, 43] to compute the pressure-velocity coupling.

3.2. Model of particle movement

The particle movement model is based on Lagrangian tracking of individual
spherical particles moving through the actual reconstructed 3D media [20]. Be-
cause the soot particles in the studied system are small and sparsely distributed,
particle-particle interactions are neglected. The initial velocity of each particle
entering the system is equal to gas velocity u,in. The particle motion inside
the system is governed by the Newton’s second law,

duy,

— = F] F 4
dt D+ I'B, ()

Pp Vo
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where my, is mass of the particle and wu,, is its velocity. On the right hand side,
Fp and Fp stand for the drag and the Brownian force, respectively, acting on
the microscopic solid particle at the time ¢ [20]. The laminar drag force Fp is
represented by the Stokes law taking into account the pre-calculated gas flow

field u,

3mud
Fp = =2 (w =), (5)
C
where dj, is the particle diameter and C¢ is the Cunningham slip factor [44]
2\ d
Coc=14—11257+04 1121 . 6
et [rmener () 0

The calculation of Brownian force utilizes the vector of zero-mean indepen-

dent Gaussian random numbers of unit variance G [20],

Fo = pVoGy| ™0 G(t) e R, (7)
At,

The variable Sy is linked to the spectral intensity of the Gaussian white noise

and provides the Brownian force amplitude [45],

216vkgT
So=———"5—, (8)
p
n2pds (f) Cc
where p and p;, are densities of the gas and particle, respectively. The integration
step for particle movement solution according to equation (4) was 1 x 1076 s,

which was necessary for capturing the particle trajectory through the system

including Brownian motion effects [20].

3.3. Particle deposition model

Particle trapping. In line with the clean filtration study [20], the probability
of particle trapping is assumed P = 1 upon particle-wall and particle-coating
contact. To deal with the growing particle deposits, we must define also the
probability of trapping in a cell that is partly occupied by the already accumu-
lated particles. In the first approximation, this trapping probability corresponds

to the volume fraction of deposits in the particular cell, P = ¢s. The test is
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Figure 5: Gasoline soot particle size distribution used in the parametric simulation study of
soot accumulation. Total concentration of particles was Np =1x10% #cm~3. Based on the

data reported in [40].

implemented as a comparison of P with a randomly generated, uniformly dis-
tributed number. This test is performed for each particle just once in each cell
on its trajectory. Once the particle is trapped, the corresponding increase in
the local deposit volume is

1
AV, =Py = —
Ps 1—e¢s

Vo, (9)
where p, and ps are densities of a single particle and porous solid deposit,
respectively, and &5 is porosity of the deposit. The parameters of ZnO and
soot particle deposits are summarized in Table 1. The considered particle size
distributions of ZnO and soot are provided in Figure 2 and Figure 5, respectively.

The growth of particle deposits inevitably includes situations when the par-
ticles are trapped in almost fully occupied cell with ¢s < 1 and adding the
corresponding deposit volume would lead to Vg > Ve, i.e., ¢s > 1, which is
physically unfeasible. To deal with this issue while keeping the particle mass

and volume balance, a localised redistribution of trapped particles from the

overloaded cells was developed.
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Figure 6: Expected behaviour of the particle deposit redistribution algorithm on walls. The
fully occupied cells are magenta, the source cell is bright. The excess particle volume is
redistributed in the direction of white arrows first and later in the direction of yellow arrows.
The target cells are in blue-green color shades indicating lower volume fractions of particle

deposits @s.

Particle deposit redistribution. The demands on particle redistribution model
are as follows. First, the soot should be redistributed in a physically meaningful
manner. Second, the algorithm needs to be computationally efficient, robust,
and easily parallelized. Unfortunately, the aforementioned tasks seem to be
anti-correlated.

The expected algorithm behaviour is demonstrated in Figure 6. The code
needs to take into account a possibility of ¢ > 1 in a cell surrounded by cells
in which g > 1 already. Such a situation is shown in both Figures 6a and
b. However, in Figure 6a, the source cell Qp with ¢ > 1 is placed on an
impermeable wall and the soot is redistributed through all of its available face-
neighbours. On the other hand, in Figure 6b the source cell lies on a pre-existing
continuous layer of cells with s = 1. Hence, the source cell face neighbour
appertaining to the soot layer should not be used for the soot redistribution.
However, the continuous soot layers are not easily identified.

This problem is mitigated by (i) redistributing the trapped particles be-
tween the cells via artificially-defined face fluxes, combined with (ii) a tick-tock
approach to construction of these face fluxes for ¢ modification. Concentrating

on the source cell Qp with ¢s p > 1, in each odd step of the algorithm, only
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the faces shared with the neighbouring cells Qn € {Qn}p with o5y < 1 are
considered for particle deposit redistribution in such a manner that ¢s p = 1
after the algorithm step. In each even algorithm step, the already exploited
faces of the cell Qp are not re-used. But, if required, the previously unused
faces shared with the neighbouring cells Oy € {Qx}p having ps y > 1 are
utilised. This approach allows to increase the stencil available for the soot re-
distribution by one layer of cells each two algorithm iterations, while preserving
the required algorithm behaviour. The developed algorithm for redistribution
of the deposited particles was implemented in the OpenFOAM library and is
available in a repository [46, 47].

Finally, after the simulated particle deposition period Atgin,, the gas flow
field is updated, reflecting the changed morphology of the porous structure,
and the simulation continues in the loop as described in Figure 4. One pos-
sible strategy could be to adapt the value of Aty for flow field recalculation
according to the deposit growth rate, i.e., to trigger the flow field recalcula-
tion only after a significant increase in the deposit volume. However, for the
case of low filtration efficiency and/or low inlet concentration of particles, this
would result in an extremely long Atg,. In combination with the fixed internal
time-step of 1 x 1079 s in the particle movement simulation, this would lead to
computationally expensive simulations.

To make the computation faster, we propose an alternative approach. The
growth of particle deposits is simulated at a virtually increased particle concen-
tration Np ¢im in the inlet gas, leading to an accelerated soot loading compared

to the real particle concentration N ;ca1, Table 2. The acceleration factor is

Atreal _ Np,sirn (10)
Atsim Np,real .

For example, when using ten times higher inlet concentration of particles, the
simulated particle deposition process is ten times faster than in reality. The fil-
tration efficiency increases from bare filter samples to the filters with catalytic
coating, with the on-wall coated samples typically exhibiting the highest filtra-
tion efficiency [20]. The values of N, gim in Table 2 reflect this trend. The initial
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Table 2: Simulation parameters for transient particle deposition.

Sample Npreal (#em™)  Npgim (#em™)  Atgim (5)  Atrear (s)
BF0O - ZnO 1.9 x 10%* 1.90 x 1019* 0.5 5

BF1 - soot 1 x 10° 2.74 x 10"° 0.5 13700
CF1 - soot 1 x 10° 3.42 x 10° 0.5 1710
CF2 —soot 1 x 10° 1.71 x 10° 0.5 856

CF3 —soot 1 x 10° 8.55 x 108 0.5 428

* The number concentrations of ZnO particles Ny rea1 increased five times during the

initial 10 s of the experiment; N, sim was adjusted accordingly.

estimates of N, sim were set according to the expected deposit formation rate
in each sample based on the initially simulated clean filtration efficiency and,
if necessary, revised after few time steps of transient accumulation simulation.
The final IV, i values used in the simulations are provided in Table 2.

With this strategy, it was possible to keep a constant flow recalculation time-
step Atgm = 0.5 s in all simulations. Note that this time step is still an order
of magnitude longer than the mean residence time of gas in the wall (ca. 0.02 s
at uyin = 0.01 ms~1), thus providing a sufficient period for transient particle
trapping simulation. The time evolution of particle deposits obtained from the
accelerated simulation was then scaled back to the real particle concentration
using equation (10). The real concentration of surrogate ZnO particles in the
validation experiment, N, ;ea1 in Table 2, was obtained by integrating the mea-
sured particle size distribution, Figure 2. The soot particle concentration Ny, real
for the subsequent parametric simulation study was set to 106 # cm™2, which

is within the reported span for gasoline engines [48, 13].

4. Results

4.1. Model validation

A time-resolved XRT experiment during the filtration process, described in
Section 2, was used for the model validation, considering ZnO particle size dis-

tribution presented in Figure 2. The ZnO particle density is higher than that of
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soot particle, Table 1. This is accounted for in the model as the particle density
is one of the input parameters used for the calculation of particle momentum
and related forces during the filtration simulation, see equations (4), (7) and
(8).

The predicted evolution of particle deposits is visualised in Figure 7, where
the model predictions are compared to the experimental observation from XRT
scans. For the visualisation of particle deposits in the simulations, the cells
occupied by more than 10% (i.e., with local volume fraction ¢s p > 0.1) are
displayed in red colour. Note that the smallest deposits are not detected by the
XRT due to de-noising and threshold algorithms that must be applied to avoid
artefacts. Thus, the experimental data show only larger domains of aggregated
particles. Nevertheless, it can be seen that the location and dynamics of the
deposits formation in the simulation and experiment correspond reasonably well.
Most of the particles are captured in the top part of the wall, but some of them
penetrate deep into the wall.

This is further quantified by the averaged 1D profiles of the deposited par-
ticles through the the filter wall in Figure 8. The coordinate y corresponds to
the top-down direction in Figure 7, and at each y location the averaging was
performed over the entire 2z plane (represented by a slice of the computational
mesh cells). The external surface of wall is located near y = 50 um. The peak
of captured particles exhibits its maximum ca 5-10 microns below the external
surface, i.e., around y = 5560 pm. A considerable amount of particles still
penetrate up to 30 um deep inside the wall. Then there is a tail of deposits at
much lower but still detectable amount up to y = 145 pum, i.e., 95 microns deep
into the wall. The relatively fast decrease of the particle volume fraction at
that location suggests that there may be some pore neck or other morphological
feature that prevents further penetration of particles. The deposits deeper in
the wall (y > 150 pm) are only minor.

Figure 8 confirms good overall agreement of the model predictions and XRT
scan both in terms of spatial and temporal evolution. A minor difference (few

microns) can be seen in the location of the peak near the wall entrance. The
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(d) (h)

Figure 7: Evolution of particle deposits in a 3D reconstructed section of the BFO filter wall
as observed by time-resolved XRT during the experiment (a-d), and predicted by the simu-
lation (e-h). Substrate = grey, particles = red, snapshot times ¢ = 10s (a,e), t = 30s (b,f),
t =50s (c,g), and t = 110s (d,h).
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Figure 8: Averaged 1D profiles of the deposited particles over the filter wall during the filtra-

tion process. Comparison of model predictions and time-resolved XRT during the experiment.

model predicts slightly deeper penetration while the deposits by XRT are located
more towards the external surface. The biggest difference is in the peak value at
t = 110s, where the model predicts much sharper peak compared to the XRT
scan. This could be caused by the re-entrainment and secondary movement of
particle agglomerates, which is not included in the model yet.

The reason for sudden decrease in the amount of deposited particles in the
middle of the wall around y = 145 pm is further explored in Figures 9—11. The
xz slice through the wall at y = 127 ym (i.e., 77 um deep) shows a significant
accumulation of particles in a pore located in the upper right quadrant, and
another one in the lower right quadrant, with only minor contributions of other
locations, Figure 9. The particle deposition regions predicted by the model agree
reasonably well with the XRT observations during the filtration experiment.
Deeper in the wall, Figure 10, the deposits are observed in the same zz locations,
however, the corresponding pores get narrower, which is particularly visible for
the pores in the upper right quadrant. Finally, Figure 11 shows the situation
at y = 174 pm, which is ca. 124 pm deep inside the wall. Here the region in
upper right quadrant shows only minimum deposited particles. This indicates

that most of the particles were trapped in a narrower and more tortuous part
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of the pores located above, cf. Figure 10. There are just two minor deposits
in the lower right quadrant, the locations of which agree in the simulation and
experiment. Considering the simplifying assumptions of the model as well as
detection limits of the XRT, one cannot expect perfect voxel-to-voxel agreement
between the simulation and experiment, nevertheless, Figures 8-11 demonstrate
that the model is able to predict correctly the locations of increased particle

accumulation in 3D structure of the filter wall.

4.2. Coating location parametric study

The validated model was subsequently used in a simulation study of the
catalytic coating location influencing the filtration process. The samples CF1,
CF2 and CF3 have similar amount of coating but different location, while the
sample BF1 is a bare substrate structure obtained by virtually removing the
catalytic coating from the sample CF1. Soot particle size distribution used
in this study is described in Figure 5 with the related parameters provided
in Tables 1 and 2. The soot accumulation simulations are computed at the
superficial gas velocity through wall u, i, = 0.01 ms~! at temperature 453 K.

Figure 12 compares the samples BF1, CF1, CF2, CF3 in terms of their wall
microstructure (a-d) as well as the distribution of soot deposits formed before
reaching the filtration efficiency 99.9% (e-h). The clean filtration efficiency of all
samples is lower than that, which means that open pathways through the wall
pores must have been closed (at least locally) by the deposited soot in order
to reach the nearly complete filtration efficiency. This process took a different
amount of time for each sample as will be discussed in more detail later.

The bare substrate BF1 had to accumulate the highest amount of soot and
the soot particles penetrated the whole wall, Figure 12e. In contrast, the in-wall
coated sample CF1 with the identical substrate structure needs a significantly
lower amount of soot deposits to reach the complete filtration efficiency, Fig-
ure 12f. This is in line with the reduced volume of the wall pores that are
partly occupied by the coated catalyst. Still, a relatively large part of soot

penetrated inside the wall structure, particularly in the pathway of the largest
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(b)

(©)

Figure 9: Comparison of the predicted and scanned particle deposits for time 50 s at y =
127 pm, which is ca. 77 pm deep inside the wall: a) wall section with the marked slice location,
b) deposits in the slice as seen in the segmented XRT scan, c¢) deposits and local gas velocity

magnitude predicted by the simulation. Deposited particles = red, substrate = grey.
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Figure 10: Comparison of the predicted and scanned particle deposits for time 50 s at y =
143 pm, which is ca. 93 pm deep inside the wall: a) wall section with the marked slice location,
b) deposits in the slice as seen in the segmented XRT scan, c¢) deposits and local gas velocity

magnitude predicted by the simulation. Deposited particles = red, substrate = grey.
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(¢)

Figure 11: Comparison of the predicted and scanned particle deposits for time 50 s at y =
174 pm, which is ca. 124 pm deep inside the wall: a) wall section with the marked slice location,
b) deposits in the slice as seen in the segmented XRT scan, c¢) deposits and local gas velocity

magnitude predicted by the simulation. Deposited particles = red, substrate = grey.
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(b) ()
(c) ()
(d) (h)

Figure 12: 3D reconstructed section of filter wall with gas streamlines for samples BF1, CF1,
CF2, CF3 (a-d), and soot deposits with local volume fraction ¢s p > 0.1 after reaching the
filtration efficiency 99.9% (e-h). Substrate = grey, catalytic coating = yellow, particles = red,
sample BF1 (bare) (a,e), CF1 (in-wall) (b,f), CF2 (combined) (c,g), and CF3 (on-wall) (d,h).
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permeating pore in the middle of the reconstructed section, as indicated by the
gas streamlines.

The sample CF2 with part of the coating located on top of the wall shows
a reduced soot penetration depth, Figure 12g. Though there are still few dom-
inant permeation pathways, they lead mostly through the cracks and other
imperfections in the coated layer on top of the wall. These narrower passages
are soon closed by the soot deposits and the deep bed filtration is finished. The

sample CF3 with a continuous layer of the catalyst on top of the wall shows
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practically no penetration of soot and the deposits remain on the external sur-
face, Figure 12h. In this case, just a little amount of soot is needed to reach the
complete filtration efficiency.

The predicted evolution of filtration efficiency depending on the soot particle
diameter and the accumulated soot mass is shown in Figure 13 and Figure 14.
For the soot particles around 100-200 nm, direct interception is the dominant
filtration regime and the efficiency does not depend much on the particle di-

ameter. On the other hand, filtration efficiency of the smaller particles grows
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due to increasing impact of Brownian motion [20]. The accumulated soot mass
is recalculated from the simulated microscopic section of the wall to the vol-
ume of the whole monolith, using the wall thickness and channel density values
provided in Section 2.

Somewhat counter-intuitively, the clean filtration efficiency of the bare sam-
ple BF1 is slightly higher then that of CF1 with the in-wall catalyst coating,
Figure 13. This phenomenon was already reported before [24, 49] and is ex-
plained as follows. As a certain part of the wall pores is blocked by the coating,
the local gas flow rate in the remaining free pores is higher, which may slightly
decrease the filtration efficiency. However, during the filtration process, the
sample CF1 shows much faster formation of soot cake than BF1 and its filtra-
tion efficiency increases more quickly with the deposited soot mass, Figure 13.
The amount of deposited soot required to reach the complete filtration efficiency
in the coated sample CF1 is more than ten times lower than in the bare filter
BF1.

The initial clean filtration efficiency increases with the catalytic coating lo-
cated in the on-wall layer, see the results for the samples CF2 and CF3 in
Figure 14. Co-currently, the deposited soot mass required to reach the com-
plete filtration efficiency decreases, which means that the whole process becomes
much faster.

Figure 15 compares the transient evolution of average filtration efficiency
for all the studied samples. The sample CF3 with a continuous catalyst layer
on top of the wall reaches the complete filtration efficiency within 15 minutes
of its operation. The sample CF2 with non-compact catalytic layer on the
wall requires 85 minutes of soot accumulation, and the sample CF1 with just
the in-wall catalyst coating reaches the full filtration efficiency after 4 hours.
The bare sample BF1 needs much more time on stream and, though its initial
filtration efficiency is higher than that of CF1, reaches the efficiency of 99.9%
only after more than 60 hours of operation, which makes it unacceptable for the
real operation.

The corresponding evolution of pressure drop over the wall of the individual
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samples is shown in Figure 16. Note that the pressure drop of the whole fil-
ter consists of contraction/expansion effects at the channel inlet/outlet, friction
along the channel, and pressure drop over the wall [21]. The micro-scale model
used in this simulation study accounts just for the evolution of the latter contri-
bution. With a relatively thin cake, the other two contributions remain similar
to the clean filter and the computed evolution of wall pressure drop represents
well the overall change. However, when the on-wall cake gets thick and occupies
a significant part of the channel cross-section, the pressure drop at the channel
inlet as well as the friction along the channel start to contribute to the increase
of pressure drop. Modelling of this impact is out of the scope of this paper and
we focus solely on the pressure drop over the wall.

Figure 16 reveals that the superior clean filtration efficiency of the sample
CF3 with a continuous catalytic layer on top of the wall is accompanied by
high initial pressure drop, which further increases during soot accumulation.
The slope of pressure drop curve is quite steep from the beginning but grad-
ually decreases and becomes significantly milder after 15 minutes, indicating
transition from deep bed to cake filtration regime. After ca. 1 hour, the slope
stabilizes and pressure drop increase of CF3 becomes linear as expected in a
fully developed cake filtration.

The combined sample CF2 possesses cracks and local openings in its thinner
on-wall layer, which significantly decreases the initial pressure drop in compar-
ison to the uniform layer of coating present in the sample CF3, Figure 16. The
soot accumulation period needed to close the open pathways in the wall and
reach the complete filtration efficiency is longer for CF2, but the final pressure
drop after transition to the cake filtration regime is approximately 65% lower
than in CF3. The final slopes of the pressure drop increase in CF2 and CF3 are
similar, confirming the transition to cake filtration regime.

The sample CF1 with the catalyst deposited only inside the wall exhibits
the lowest initial pressure drop from the three coated samples. There is also
a significant lag in the CF1 pressure drop increase after the start of the filtra-

tion process — almost no change in pressure can be seen within the first hour
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of operation, Figure 16. This is caused by the relatively low clean filtration
efficiency and large open pores present in the CF1 structure. It takes a consid-
erable amount of time to build a significant deposits in the CF1 wall pores before
they start to affect the pressure drop. When the CF1 pressure drop evolution
is compared to the corresponding filtration efficiency curve in Figure 15, it can
be concluded that the effect of the deposited soot on the filtration efficiency is
immediate, while the impact on pressure drop develops with a certain delay. On
the other hand, when the pressure drop starts to grow, its slope is quite high and
continues even after 4 hours of operation, when the complete filtration efficiency
has been reached. This indicates ongoing deep bed filtration regime with filling
the wall pores by the deposited soot. The cake filtration regime, with a milder
slope and linear pressure drop curve is reached only after more than 6 hours
of operation. The extensive deep filtration period of the sample CF1 leads to
a noticeably higher final pressure drop compared to the sample CF2 with the
partial on-wall coating that speeds up the transition to cake filtration regime.
The sample CF2 thus outperforms CF1 not only in terms of filtration efficiency
but also when comparing the pressure drop after soot loading; the benefit of the

low initial pressure drop of CF1 is lost during the filtration process, Figure 15.

5. Conclusions

The developed pore-scale model of particle deposition in the filter wall struc-
ture was first validated against time-resolved X-Ray tomography data acquired
during the filtration experiment. The validated model was then used for simula-
tions of soot deposition in different filter structures utilizing the same cordierite
substrate with different distribution of catalytic coating.

The results revealed that the best trade-off between high filtration efficiency
and low pressure drop can obtained with a combined catalytic coating located
both inside and on top of the filter wall. The sample CF3 with practically all
catalyst on top of the wall provided an excellent clean filtration efficiency but

unacceptably high pressure drop. The sample CF1 coated only inside the wall
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provided the lowest initial pressure drop, however, it increased significantly with
time on stream as a result of deep filtration. The sample CF2, possessing part
of the catalytic material in a thin catalytic layer on top of the wall, showed
much faster transition to the cake filtration regime, leaving the wall pores free
and achieving lower pressure drop after soot loading.

The particle accumulation model presented in this paper together with the
convection-reaction-diffusion model for catalyzed reactions of gaseous pollutants
[17] represent a powerful toolbox for further tuning of catalyst distribution on/in
the filter wall. These simulation tools help to reach the ultimate goal for the
practical application — the development of microstructures with optimum per-

formance over the whole operating cycle of a catalytic filter.
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6. Nomenclature

Sutherland equation parameter, kgm? s~ K—1/2
diameter, m

force, N

mass, kg

number concentration, # m~3

probability of particle trapping, 1

pressure, Pa

Sutherland equation parameter, K

N »n " Yz IR

temperature, K

~

time, s
1

S

linear velocity, ms™

x spatial coordinate perpendicular to the flow direction, m
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y spatial coordinate in the flow direction, m

Greek letters

€ porosity, 1

) volume fraction, 1

K Darcy’s permeability, m?

L dynamic viscosity, Pas

v kinematic viscosity, m?s~!

Q computational domain

Qp cell in computational domain
Qn face-neighbour of Qp

p density, kgm—3

Subscripts and superscripts

B Brownian

c coated catalyst (porous)
D drag

in inlet

p particle

s soot deposit (porous)
Abbreviations

CFD computational fluid dynamics
DPF diesel particulate filter

GPF gasoline particulate filter
LBM  Lattice Boltzmann method
MIP mercury intrusion porosimetry
PF particulate filter

PM particulate matter

XRT  X-ray (micro)tomography
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