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Abstract

This paper introduces a newly developed methodology for the pore-scale simula-
tion of flow, diffusion and reaction in the coated catalytic filter. 3D morphology
of the porous filter wall including the actual distribution of catalytic material is
reconstructed from X-ray tomography (XRT) images and further validated with
the mercury intrusion porosimetry (MIP). The reconstructed medium is then
transformed into simulation mesh for OpenFOAM. Flow through free pores in
the substrate as well as through the coated zones is simulated by porousSim-
pleFoam solver, while an in-house developed solver is used for component dif-
fusion and reactions. Three cordierite filter samples with different distribution
of alumina-based coating ranging from in-wall to on-wall are examined. Veloc-
ity, pressure and component concentration profiles are calculated enabling the
prediction of permeability and component conversion depending on the actual

microstructure of the wall. The simulation results suggest that the gas pre-
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dominantly flows through remaining free pores in the filter wall and cracks in
the coated layer. The mass transport into the coated domains inside the filter
wall is enabled mainly by diffusion. Large domains of compact catalytic coating
covering complete channel wall result in a significant increase of pressure drop
as the local permeability of the coating is two orders of magnitude smaller than
that of bare filter wall.

Keywords: catalyst, filter, X-ray tomography, mathematical modeling, CFD,

reaction

1. Introduction

Current automotive exhaust gas aftertreatment systems consist of several
clean-up devices: catalytic converters for abatement of gaseous pollutants such
as CO, hydrocarbons (HC) and nitrogen oxides (NOy) and a filter trapping
the particulate matter (PM). So far only cars with Diesel engines have been
equipped with the filter (DPF) but the EURO 6¢ particulate number limits
valid from the year 2017 enforce the use of particulate filters also with gasoline
engines (GPF) [1, 2]. Both catalyst and filter have the shape of a cylindrical
monolith with a large number of parallel channels in a honeycomb arrangement.
However, standard catalytic converters are flow-through while the filter chan-
nels are alternately plugged at the inlet or outlet so that the exhaust gas is
forced to permeate through the porous wall from one channel to another, fil-
tering out the soot [3]. Several different catalysts often need to be combined
together to achieve complete conversion of all pollutants [4, 5] which makes
the exhaust aftertreatment system space-demanding and delays its heat-up to
desired operating temperature.

To make the system more compact, the catalytic materials can be coated
in several layers on a single substrate [6, 7], or the catalyst can be deposited
directly into the filter as on-wall layer or inside the porous wall [3, 8]. The
frequently used combination for Diesel engines is SCR catalyst for selective

catalytic reduction of nitrogen oxides coated on filter (SCRF) [9, 10, 11]. Three-



way catalyst (TWC) coating is a typical option for gasoline particulate filter [2].
The advantages of catalytic filters are space, weight and cost savings, reduction
of overall heat-losses and easier soot combustion in the presence of catalyst
[3, 8, 12, 13, 14]. On the other hand, the distribution of catalytic material on
or in the porous filter walls has to be carefully optimized to meet the opposing
requirements of maximum filtration efficiency, high conversion of gas pollutants,
and minimum pressure drop [2, 8, 11]. Filtration efficiency and pressure loss in
the filter depend mainly on size and inter-connectivity of large macropores in
the filter wall and spatial distribution of washcoat domains. The gas tends to
follow the path of smallest resistance and flow may by-pass some of the coated
zones, leading to undesired slip of unreacted gas components at higher flow rates
[9].

In this paper we present recent developments in the methodology for pore-
scale simulations of flow, diffusion and catalytic reactions in the wall of catalytic
filter. The first attempts of such detailed simulations in Diesel particulate filters
were reported in the work of Konstandopoulos and co-workers that used Lat-
tice Boltzmann method for flow solution combined with finite volume method
for component diffusion and reaction in virtually generated material structures
[15, 16, 17, 18]. Other researchers applied a commercial CFD software to run
the flow simulations in 3D reconstructed fibrous filters [19] or ceramic material
[20]. The development of X-ray microtomography [21, 22] enabled the use of
directly reconstructed porous filter in Lattice Boltzmann simulation of flow and
reactions, although the location of catalytic coating was not explicitly defined
[23].

Our current approach enhances the state-of-the-art towards the area of cat-
alytic particulate filters by utilizing the recent developments in 3D imaging of
porous structures with multiple solid phases. We apply the XRT for structural
characterization of coated filters, revealing actual pore morphology of the sub-
strate as well as spatial distribution of the coating on or inside the filter wall
including possible cracks in the coated zones [24, 11]. The obtained 3D images

are then transformed into simulation domains for solution of convection, diffu-



macro-scale

wall thickness
& =250 pm

filter channels
porous filter wall length L= 10 cm
coated with catalyst diameter d = 1 mm

Figure 1: Schematics of the studied micro-scale system represented by porous filter wall with

catalytic coating, and its relation to the full scale of monolithic filter.

sion and reaction, providing predictions of flow patterns through the filter wall,
catalyst efficiency and wall permeability that affects filter pressure drop. The
approach is schematically depicted in Figure 1. The ultimate goal of detailed
models is to obtain quantitative relationship between the material microstruc-
ture and its macroscopic properties, similarly as it was accomplished for the

catalytic coating of open monoliths [25].

2. 3D reconstruction and characterization of filter morphology

Three samples of particulate filters were examined in this study. All the
samples were based on the same commercial cordierite filter substrate and were
coated in the lab with v-Al;Og slurry, dried and calcined. The coating process
was controlled to obtain three different distributions: (i) in-wall and (ii, iii) a
combination of in-wall and on-wall coating with a different in-wall/on-wall coat-
ing volume ratio. These samples were denoted CF1, CF2 and CF3, respectively.
For the purpose of this study, 7-AlsO3 was not impregnated with platinum
group metals as they do not affect porous structure and transport properties
of the coating. The y-Al,Os-based coatings are typical for three-way catalysts
(TWC), Diesel oxidation catalysts (DOC) and NOy storage catalysts (NSRC,
LNT) [7].



A section of an inlet channel was cut out of each filter sample and scanned by
X-ray tomograph Xradia MicroXCT 400. The highest achievable resolution with
this machine is 0.8 pm with the detector 2048 %2048 pixels. During the scanning,
the positions of source and detector were fixed while the sample rotated step-
wise 360 ° around its vertical axis. This axis was aligned along the channel.
In every position a transmission image of the scanned sample was captured
and the final 3D image was reconstructed from the series of 2D projections
obtained at different angles of view. The filter samples were scanned with
the following parameters: source voltage 60 kV, source power 6 W, voxel size
1.1132 pm, detector resolution 2016x2016 pixels (binning 1), 1800 images per
360 ° rotation, 7 s exposure of each image, overall scanning time 4.5 hours,
temperature 28 °C. The samples were imaged with medium-size detector and
10x optical magnification as it offered the best trade-off between the resolution,
field of view covering the entire channel cross-section, and contrast necessary to
distinguish filter substrate and coated catalyst material.

The used XRT scanner offers two major enhancements to contrast: (i) pro-
prietary Phase Enhanced detector system, and (ii) propagation-based phase
contrast capabilities. The combinations of the detector system with a source
operating at low kV and the propagation-based phase contrast technique (by
varying source-sample and sample-detector distances) enable the MicroXCT-400
to image both high- and low-Z materials and/or enable to differentiate mate-
rials with similar atomic weight. In the case of alumina coated on cordierite
substrate, the coating exhibits a lower absorbance and therefore is darker in the
resulting image than the substrate. Similar situation occurs with zeolite-based
SCR catalyst coated on SiC substrate [11]. In the case of TWC or DOC cat-
alyst formulations containing highly absorbing Ce or Ce-Zr oxides, the coating
appears with a higher brightness than the substrate so that it is still possible
to perform segmentation of the two solid phases and determine the distribution
of active catalytic material in the filter wall.

The XRT resolution was not sufficient to detect small internal pores in the

coated zones, therefore additional analyses by mercury intrusion porosimetry



Figure 2: 3D image of a filter channel reconstructed from the XRT scan.

(MIP) were necessary to obtain the information about the pore size and porosity
of the coating. For each filter sample, small section from the inlet side (1-2 cm?
in volume) was placed in the measurement cell of a MicroMeritics AutoPore IV
9500 porosimeter. The cells were degassed, filled with mercury and the pressure
was increased step-wise (3 — 60000 psi) which forced the mercury to intrude
pores in the sample. Pore diameter can be directly calculated from applied
pressure using Washburn equation [26]. The following values of mercury surface
tension and contact angle were used: 485 dyn/cm and 130 °, respectively.

The 3D scan (Figure 2) was exported into a set of 2D slices and further
processed using the software package ImageJ-Fiji [27, 28]. Examples of single
2D slices (1 of 1600 per 3D scan) are depicted in Figure 3 — the differences in the
washcoat location (on-wall x in-wall) as well as presence of cracks in the on-wall
layer can be observed. The full scans were cropped either to 1132x180x1600
(CF1 sample) or 1132x268x 1600 voxels (CF2, CF3), covering one of the four
walls of the filter channel. This crop is marked in green in Figure 3b and shown

in detail in Figure 4. Brightness and contrast were adjusted and de-noising filters



were applied to increase contrast between the individual phases. Finally, the
images were thresholded so that each voxel in the image was assigned (according
to its brightness) to just one of the three phases: solid filter substrate, alumina
coating, or free pore (Figure 4b).

The segmented media (Figure 4b) were saved in the form of matrices where
the numbers represent the phase present in each voxel. These matrices can
be used for evaluation of various morphological descriptors, such as volume
fractions of individual phases. In the first example, washcoat loading and dis-
tribution in CF1, CF2 and CF3 is compared. It can be seen that while the
washcoat volume fractions in all samples are similar, in CF1 the coating is only
located inside the wall and in CF2 and CF3 the coating forms a layer on top of
the wall. Overall, the on-wall/in-wall coating volume ratio ascends in the order
of CF1 < CF2 < CF3 (Figure 5a).

Figure 5b compares the average pore volume fraction (=porosity) of the sam-
ple CF1 and the uncoated substrate. The addition of coating partially blocks
large pores in the substrate, which is reflected both in porosity (CF1 < bare
substrate, Figure 5b) and pore size distribution measured by MIP (Figure 6a).
The pore size distribution shows that CF samples contain pores in three sizes:
(i) large macropores in the substrate (approximately 2-50 pm), (ii) smaller
macropores in the coating between the alumina particles (100 nm—2 pm), and
(iii) mesopores inside the alumina particles (d < 50 nm). The smaller macrop-
ores inside the coating (d < 2 pm) are too close to/under the XRT resolution
which results in smaller porosity evaluated by XRT compared to MIP in CF1
sample (Figure 5b). However, the porosities converge when we do not include
the smaller pores (d < 2 um) in the MIP porosity. As expected, both techniques
give similar porosities of uncoated substrate (Figure 5b). A detailed comparison
of XRT and MIP characterization techniques applied to the catalytic filters in
combination with scanning electron microscopy (SEM) is provided in [11].

In addition to pore size distributions in the coated filters (Figure 6a), size
distribution of alumina particles forming the coating is presented in Figure 6b.

The v-Al;O3 particle size was measured by static light scattering (Malvern



Figure 3: A single 2D slice from the 3D scan, samples: a) CF1, b) CF2, ¢) CF3. White:

substrate, grey: coating, black: pores. Note the differences in coating distribution.



Figure 4: a) A detail of the CF2 sample, white: substrate, grey: washcoat, black: pores. b)

The same image after processing and segmentation, the coating is highlighted in red.

MasterSizer 2000) in the alumina slurry prior to the coating procedure. The
particle size distribution corresponds well with the size of smaller macropores
detected in the alumina coating (ca. 200 nm—2 pm in Figure 6a).

The processed and thresholded XRT images were then used for the genera-
tion of computational mesh for the subsequent simulations in OpenFOAM [30],
an open source C++ library specialized in problems of computational contin-
uum mechanics (CCM) and finite volume method. Our selected mesh generator
was snappyHexMesh that generates three-dimensional meshes suitable for CCM
calculations from triangulated surfaces [30]. Therefore, we first needed to cre-
ate triangulated surfaces of (i) the filter substrate and (ii) the coated catalytic
material, which was done independently in two steps.

The surface reconstruction algorithm for each phase is based on a consecutive
testing of voxels in the thresholded XRT image. If the current voxel corresponds
to a solid phase of interest, its neighbours are tested. If the current tested
neighbour corresponds to a free pore or if it does not exist (the current voxel is
at the system boundary in this direction), the face between the current tested
voxel and the current tested neighbour is included in the surface representation.

After the surface reconstruction, snappyHexMesh was applied to create final
mesh that involved free pores and coated zones relevant to gas transport and
reaction processes. In order to simulate as big part of the filter channel wall

as possible while fully resolving all the flow and reaction features we generated
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Figure 7: Example of the used finite volume mesh for a small section of porous filter wall with
the coated catalytic material. The mesh covering free pores and coated zones is depicted in
the foreground. An auxiliary view with the coating depicted in purple and the free pores in

black is shown in the background.

unstructured meshes with local refinement in the vicinity of the solid walls and
at the coating boundary. A detail of the final mesh structure is depicted in
Figure 7, showing a part of the porous filter wall adjacent to the free channel
with dimensions 110x120x110 pm?®, consisting of approximately 1.3 million
cells. The volume elements in the simulations were performed in a channel
section marked by yellow frame in Figure 3b, covering complete thickness of
the filter wall and one half of the channel width. This section has dimensions

630x300x445 pm?® and consists of approximately 35 million cells.

3. Mathematical model

The goal of the performed numerical simulations was to obtain approxima-
tions of the velocity, pressure and concentration fields in the system correspond-
ing to porous filter wall coated with catalytic material. In all simulations, the
studied micro-scale system was considered isothermal and at steady state. Fur-
thermore, we assumed all the constitutive fluids to be incompressible and to
form a perfect mixture. The assumption of incompressibility is well acceptable
due to relatively small variation of pressure over the studied system.

The applied solution procedure was a segregated one. First, we resolved the

12



flow without taking into account any effects of the reaction. This is justified
by low concentrations of reactants, typically present in the exhaust gas from
ppm level to few percent, and thus negligible change in total number of moles.
Then, the obtained velocity field was used for the subsequent calculations of the
concentration fields of the species of interest.

The simulated system is represented in model equations as follows: 2 C R3
is a simply connected open domain including both the free pores (Q,) and the
coated zones (€)), such that Q@ = Q, UQ. and Q, N Q. = 0, and T is the

boundary of the domain ).

8.1. Model of flow

A steady state isothermal flow of an incompressible fluid was considered.
The characteristic dimension of the flow through open pores in the filter wall
was in order of 1075 m and the corresponding Reynolds number in order of 0.1
so that laminar flow was assumed.

To simulate the flow in both open pores (,) and coated zones (€2;) simul-
taneously, we considered the following variant of the Navier-Stokes equations,

Vi(u@u)—V-T = —-Vp+s
(1)
V-u = 0,
where u corresponds to the velocity field, p to the kinematic pressure and T
to the viscous stress tensor defined as T = vVu. The coefficient v denotes the
fluid kinematic viscosity. All the external body forces exerted on the fluid are
neglected.
The additional source term s in equation (1) was obtained from the Darcy

permeability model [29] and it is defined as follows,

s = (2)

where k. is the local Darcy permeability through the coated catalytic material.
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Table 1: Boundary conditions for the flow solution. By yp and y; we denote the position
of the inlet and outlet planes. Symbol np denotes the outer unit normal to the boundary.

Symbol ® = nr - u.

Boundary Condition

Din={(z,y,2) €ET:y=w0,} nr-Vp=0, u=(0,u%n,0)T
Tow = {(z,5,2) €T :y=m} p=0, nr-Vu=(0,0,0Tifd >0, otherwise u = (0,0,0)"
Fwan = 1_‘\(Fin U Fout) nr - Vp =0, uw= (07 07 O)T

The system (1) needs to be completed with suitable boundary conditions.

The boundary I" of the solution domain 2 was divided as,
I = Fin U 1—‘ou‘n U 1—‘wall . (3)

At the inlet, we prescribed a uniform inlet velocity in the direction of the y axis
and a zero-gradient boundary condition for the pressure. A standard no-slip
boundary condition was prescribed at the walls. At the outlet, we specified con-
stant pressure and so-called inlet-outlet boundary condition for w that stabilizes
the calculation. The complete specification of the applied boundary conditions
is given in Table 1.

The numerical solution was obtained by the OpenFOAM toolbox [30], em-
ploying the porousSimpleFoam steady state solver that uses the consistent STM-

PLE algorithm [31, 32] to compute the pressure-velocity coupling.

3.2. Model of component diffusion and reaction

The concentration fields of the species of interest were obtained by solving
component mole balance in a steady-state diffusion-convection-reaction system.
All the species were assumed to be diluted and any effects of the cross-diffusion

were neglected. The obtained equation for the i-th specie takes the form of

V- (uc;) = DSV - (Ve)=r, i=1,...,n, (4)

where ¢; denotes the concentration of the i-th specie, D is the effective diffu-

sion coefficient of the i-th specie and r; is the source term due to the reaction.
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For the case of an isothermal flow in an isobaric environment, it is possible
to calculate the total concentration of the gas in the solution domain from the

state equation of ideal gas,

_pr
cT = ReT ) (5)

where pr is the mean pressure in the system, R® is the universal gas constant
and T is the system temperature. Utilizing the total concentration, we may
change the main variable of interest from the concentrations ¢; to the molar
fractions of the studied species y; = ¢;/cr. The corresponding modification

of (4) for the i-th specie is,

v-(uyi)fpfffv-(vyi):;"—;, i=1,....n. (6)

Because the pressure differences in the system are small compared to the at-

mospheric pressure, the error introduced by this approximation is, according to
our tests, lower than 0.1%.

The free pores in the filter wall (€,,) and the coated zones (£2.) have signifi-

cantly different properties from the point of view of both the diffusivity Dfﬁ and

the reaction kinetics r;. The reaction itself is assumed to take place exclusively

in the catalytic coating,
0 in Qp
ri = (7)

¢
ry in e,

On the other hand, the internal pore size in the coating is significantly
smaller than the size of the free pores in the filter wall. Therefore, the effective

diffusivity is calculated as

vol -
D in Q,
eff __ _
DSt = e Dol , i=1,...,n (8)
c,ML/; .
——  in Q.
Tec

where DY°! is the volume diffusivity of the i-th specie. The diffusivity through
coated zones in porousSimpleFoam is defined by scaling the volume diffusivity

by macroporosity €. m and tortuosity 7. factors of the coated material.

15



Table 2: Boundary conditions for the solution of the concentration fields.

Boundary Condition

1_‘in Yi = Yi,in, 1= 17...7TL
1-‘outul—‘wall nr~Vy¢:0,i:1,...,n

To complete equations (6) we applied a Dirichlet boundary condition at inlet
to fix the concentrations of reactants there. At 'yt and ['yay the zero-gradient
boundary condition was applied. The complete specification of the respective
subsets of I' and of the applied boundary conditions is given in Table 2.

The system (6) is solved via the means of the OpenFOAM library with a
user-defined solver. The solution is based on the finite volume method [33] and
it has a few specifics.

First, the Dirichlet boundary condition imposed at the inlet behaves effec-
tively as the Danckwerts boundary condition [34]. To describe the situation, let
us for a moment assume a one-dimensional problem. At the inlet and for the
i-th specie, we impose the condition 4 = Uiy, ¥i = ¥i,in- In other words, we

prescribe the inflow of the i-th specie into the solution domain,

fi,in = /np-uinyi,indS, 1= 1,...,n. (9)
[in

Now, let us denote the discretization of the solution domain €2 into the finite
volume cells as Q". Furthermore, let Q% be the cell adjacent to the boundary
and Q% its neighbor inside the domain. The balance for the i-th specie in the

cell Q’Ié, is

fiin = fi,PﬂNﬁL/Ti dV = / nrpy - (wyip — D§TVy; p) dSJr/Tz' dv, (10)
Qp Tpn an,

where by f; p_,n we denote the flux of the i-th specie from the cell Q% to the cell

Q?V and by I'py the face between the cells Q’}) and Q?V Enforcing the balance

equation (10) including the diffusion flux then causes a Danckwerts-like jump

in the concentration field between the inlet boundary and the cells adjacent to

it.
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The second particularity connected to the usage of the OpenFOAM library
is the fact that the system (6) is solved in a segregated manner, i.e. for each
component separately, iteratively and in a linearized form. The only possibly
non-linear term in (6) is the reaction rate r;. The term r;, ¢ = 1,. .., n, linearized

at k-th iteration takes the form of,

TP AT (y(aux)) + gﬁ' (y(aux)) (y§k) - yikil))

3

(11)
y@) = (B ff‘”)T :
which coincides with the Taylor expansion of the term 7; with respect to y;
around the point yf‘l. Also, mind that when dealing with the i-th component
of y, the components y1,...,y;—1 have already been updated. The updated
values are used in the approximation of the term r;.

For the purpose of this study, CO oxidation was considered as a model

reaction in the catalytic filter:
1
CO + 502 — COy. (12)

The steady-state reaction kinetics of CO oxidation on Pt/~-AloO3 catalyst [35]

was employed:
r—k Yco YO, - (13)
(1+ Kinnyco)

where k£ and K, are the reaction and inhibition constants, respectively, ob-

tained from the corresponding Arrhenius relations,

—FE, E
k = kgexp <R8T> , Ky = Kgexp <?> ) (14)

The component reaction rates of CO, Os and CO, were obtained as
ri =ir, 1= C0,05,COq, (15)
with 7; being the respective stoichiometric coefficients.
3.3. Model parameter values
The parameters characterizing internal structure of the coating are presented

in Table 3. The coating macroporosity . m was evaluated from the MIP intru-

sion curve as the volume fraction of relevant pores in the range 50 nm-3 pm
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Table 3: Structural parameters of the coated material.

Parameter Symbol  Value
Macroporosity €c,M 0.30
Mean macropore diameter dumt 1 pm
Mesoporosity €c,m 0.38
Mean mesopore diameter dm 10 nm
Mean particle diameter dp 3 pum

(Figure 6a), related to the volume of the coating. The mean macropore size
dy was calculated from the MIP pore size distribution in the same range of
pore sizes. Similar procedure was repeated for mesoporosity €., and mean
mesopore size dp,, taking into account pore size range 2-50 nm. Note that the
mesoporosity €. defined here is also related to the total volume of the coating.
The mean ~-Al;O3 particle diameter was calculated from the v-Al,O3 particle
size distribution (Figure 6b). Variation of these parameters among the samples
CF1, CF2 and CF3 was only minor so that the same (averaged) values given in
Table 3 were used for modeling of the coated zones in all samples.

The value of mean macropore diameter dy indicates that only volume diffu-
sion is relevant to macropores [25]. The correlation (16) for volume diffusivity

of the i-th specie in the reference gas "ref” was adopted from [36]:

1.449% 1072 L7 / p
2’
\/2 / (1073/M; +10-3/Myer) (01 + 017

where o; is the diffusion volume of the component ¢ (20.1, 18.9, 16.6 and 26.9

vol __
D% =

(16)

m? /mol for air, CO, Oy and CO,, respectively) [36]. Air was considered as the
reference component (carrier gas).
In small mesopores, the transport is dominated by Knudsen diffusion and

the local diffusivity is calculated as follows:

dw [8ReT
Din — 1/ 17

The overall effective diffusivity through the coated material is then calcu-
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lated from the random-pore model considering the contributions of both larger

macropores and smaller mesopores [37]:

4(ee,m — EgM)

e
(D301+W

c,m ™

DS = e M? DY + £ 2 DE" + (18)

Having the estimate of effective diffusion coefficient D$® in the coating from
the random pore model (18), the tortuosity factor 7. required by porousSimple-
Foam is calculated from the equation (8) using the known coating macroporosity
gc,M. The resulting tortuosity value for the coated zones with the parameters
given in Table 3 is 7, = 3.3.

The Darcy permeability of the coated material k. is estimated from the
Carman-Kozeny equation [38]:

3

2
dPEQM

- PreM 1
36kK(1 — EC,M)2, ( 9)

Re

where dp is the mean particle diameter in porous coated zone (see Table 3).
The Kozeny constant kk is approximated by the value 5.0, see the discussion
in [39]. The resulting estimate of permeability . in the coated zones is then
2.76 x 1071 m? which equals to 0.00276 Da.

Kinematic viscosity v of the gas flowing through the filter wall was calculated

from:
1
V==, 20
5 (20)
bT3/2
= — 21
H=rys (21)

where p is density computed from the ideal gas equation and p stands for the
dynamic viscosity given by Sutherland equation (21), with the parameters b =
1.458 x 1076 kgm?s ' K~/2 and S = 110.4 K.

The reaction kinetic parameters for CO oxidation on Pt/y-Al,O3 were adapted
from [25] and their values are summarized in Table 4. In this paper, we use the
original rate law according to [35] without any extension so that the rate con-

stant ko in Table 4 corresponds to Ch ko,co/T reported in [25].

19



U (m/s)
1.0000

0.6667

0.3333

0.0000

U (m/s)
1.0000

0.6667

0.3333

0.0000

Yeo (1)
0.0010

0.0007

0.0003

0.0000

¢)

Figure 8: Section of filter sample CF1 (in-wall coating) at T=453 K: a) Reconstructed wall
structure (substrate = grey, catalytic coating = yellow) with streamlines of gas flow, b) stream-

lines in the complete volume of the simulated domain, and ¢) CO concentration profile.
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Figure 9: Section of filter sample CF2 (combined in-wall and on-wall coating) at T=453 K: a)
Reconstructed wall structure (substrate = grey, catalytic coating = yellow) with streamlines
of gas flow, b) streamlines in the complete volume of the simulated domain, and ¢) CO

concentration profile.
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Figure 10: Section of filter sample CF3 (compact on-wall coating combined with in-wall) at
T=453 K: a) Reconstructed wall structure (substrate = grey, catalytic coating = yellow) with
streamlines of gas flow, b) streamlines in the complete volume of the simulated domain, and

¢) CO concentration profile.
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Table 4: The values of reaction kinetics parameters.

Parameter Value Unit

ko 7.84 x 10  mols ! m™3
E. 90 x 10% J mol™!

Ko 80 1

E 1x 10° K

4. Results

Examples of gas velocity and CO concentration profiles obtained by convection-
diffusion-reaction simulation in the section of catalytic filter wall are shown in
Figures 8-10. The simulation temperature 453 K was selected close to the light-
off for CO oxidation in order to clearly reveal the differences in CO conversion
between the individual samples. For each filter sample (CF1, CF2 and CF3),
the simulation was repeated with eight different sections to obtain statistically
representative results. The overall permeability of the coated filter wall k®V&
was then evaluated from the Darcy equation utilizing the calculated average
pressure drop over the simulated system Ap?vs:

Uin 1 5ave
Apan

KAVE —

: (22)

where 02V8 denotes mean thickness of the coated wall in direction of the imposed
flow (y axis in our case). Note that in the laminar regime with low Reynolds
number the evaluated permeability of the wall does not depend on the chosen
gas velocity, viscosity and wall thickness, which makes this parameter suitable
for the comparison between different filter structures. The filter wall with a
higher permeability exhibits a lower pressure drop at the same flow rate, which
is desired for the application in the automotive exhaust gas aftertreatment.
The calculated overall permeabilities of the studied samples CF1, CF2 and
CF3 are summarized in Figure 11. For each sample, the results were obtained
by averaging the permeabilities k*® obtained in flow simulations of eight dif-

ferent sections. To understand the background of these results, it is necessary
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Figure 11: Predicted overall permeability of the filter wall with different distribution of cat-

alytic coating (averaged over 8 different sections of each sample).

to analyze the calculated velocity and concentration profiles for the individual
distributions of the coated material in more detail.

The catalytic coating in the sample CF1 is located completely inside wall
pores (Figure 8). The flow pattern in the given section is quite non-uniform.
Majority of the substrate pores is completely blocked by the catalytic mate-
rial but there still exist few unrestricted pathways through incompletely coated
substrate pores. These open pathways are predominantly used for the gas flow
(Figure 8a,b) because the local permeability of the coated zones is more than
two orders of magnitude lower (0.00276 Da as predicted from equation (19)).
This results in a slip of unreacted CO as the local velocity on the dominant
pathway is quite high (an order-of-magnitude higher than averaged superficial
velocity through the filter wall), and gas transport into the coated zones is lim-
ited mostly to relatively slow diffusion (Figure 8c). On the other hand, the
permeability of this sample is the highest of the studied ones (Figure 11), which
corresponds to the lowest pressure drop over the wall.

The sample CF2 exhibits more uniform flow distribution over the studied
domain (Figure 9). The streamlines reveal that the flow pattern is largely

influenced by the cracks in the layer coated on top of the wall (Figure 9a,b).
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Figure 12: CO conversion profile across the filter wall with different distribution of catalytic

coating (averaged over 8 different sections of each sample).

Slightly higher loading of catalytic material in combination with more uniform
flow distribution results in a lower CO slip and higher conversion than in the case
of CF1 sample (Figure 8c). The relatively large number of small cracks provides
open pathways for the gas flow and helps to keep the overall wall permeability
of the CF2 sample reasonably high (Figure 11).

The layer coated on top of the wall in the sample CF3 (Figure 10) is almost
crack-free. In this case, the gas is forced to flow uniformly through the coated
layer (Figure 10a,b). The improved mass transfer results in the lowest slip
of unreacted CO (Figure 10c). However, this result is counter-balanced by
the significantly lower overall permeability of the CF3 filter wall (Figure 11)
resulting in a quite high pressure drop. This is in line with the previous findings
that the filter coated with a compact on-wall layer results in a higher initial
pressure drop of a clean filter. Even if this configuration may offer a better
filtration efficiency and a milder and more linear increase of pressure drop during
soot accumulation [40], the nominal pressure drop of a clean CF3 filter would
probably disqualify it from the practical application in automotive exhaust gas
aftertreatment.

The CO conversion profiles in the sections of samples CF1, CF2 and CF3
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are compared in Figure 12. The profiles are averaged in zz plane and plotted
along the imposed flow direction (y axis, inlet at yo, outlet at y;, see Table 1).
The conversion profiles reflect spatial distribution of the catalytic coating in
each sample. The onset of CO conversion in the sample CF1 corresponds to the
substrate wall boundary as the catalytic material in this sample is located only
inside the wall pores. The samples CF2 and CF3 possess also catalytic layer on
top of the wall which shifts the CO conversion onset upstream. The sample CF3
shows the steepest initial increase of conversion but there is almost no further
increase deeper in the wall due to the lack of catalytic material (majority of
the coating is located on and in the upper part of the wall). This represents
a potential risk in the case of cracks or other defects in the coated layer. The
samples CF1 and CF2 exhibit much more uniform increase of conversion inside
the wall.

The outlet CO conversion in Figure 12 is similar for the samples CF2 and
CF3, while the extent of CO oxidation in CF1 is somewhat lower. When we
combine these findings with the calculated permeabilities in Figure 11, we can
characterize the performance of the studied samples in the following way: CF1
provides the lowest pressure drop but also the lowest conversion. The sample
CF3 achieves a higher conversion, however, at the expense of a high pressure
drop (i.e., very low permeability). The sample CF2 reaches the same conver-
sion as CF3 while keeping a relatively high permeability, which represents a
reasonable compromise between the conversion and pressure drop demands.

The necessary condition for obtaining meaningful output from the detailed
pore-scale simulations is to have a sufficiently large domain that contains statis-
tical representation of the morphological features present in the studied system.
In our case we chose the simulated section size in such a way that its height
covers complete wall thickness, width one half of the channel, and the depth
similar to wall thickness. The reason is that this system can be comfortably
simulated on a current standard desktop computer with 128 GB RAM, avoid-
ing the need for special computers and making the methodology accessible for

common users. However, the flow profiles given in Figures 8-10 reveal that
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there might be just few open pathways for flow in such domain. Therefore the
simulations were repeated with eight different sections from each sample in or-
der to obtain average results that are statistically representative. The variation
of permeability in the individual sections is illustrated in Figure 13. The lowest
variation is observed for the CF2 and CF3 samples with on-wall coating (except
one CF3 section with a significantly higher permeability resulting from the local
non-uniformity of the coating). The variation in all samples is obviously related
to the existence of major open pathways through the wall—they significantly
increase the permeability. This situation occurs most frequently in the sample

CF1 with the coating located only inside the wall.

5. Conclusions

The detailed pore-scale models of reaction and transport in combination
with X-ray tomography represent powerful tools that are able to predict macro-
scopic properties such as permeability (pressure drop) and conversion in the
filter wall depending on its microstructure. The results presented for three dif-
ferent distributions of catalytic coating cover the range of structures varying
from completely in-wall coating to the coating with majority of the material in
a layer on top of the wall.

The results suggest that the gas predominantly flows through cracks in the
coated layer and remaining free pores in the filter wall. The mass transport
into the coated zones inside the filter wall is enabled mainly by diffusion. Large
domains of compact catalytic coating covering complete channel wall result in
a significant increase of pressure drop as the local permeability of the coating
is more than two orders of magnitude smaller than that of bare filter wall. On
the other hand, the samples with on-wall coating exhibit increased conversion
of pollutants. From the studied samples, the most promising structure was CF2
combining in-wall and partial on-wall coating.

The developed models open the doors to computer-aided optimization of

coating distribution in particulate filters, aiming on a balanced performance
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Figure 13: Relative variation of the wall permeability in individual sections of the filter sam-

ples.
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with respect to the pressure drop, filtration efficiency and conversion of gas

components.
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