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Abstract
This paper is part of a research focused on simulating (i) the catalytic conversion of environ-
ment endangering gases, and (ii) trapping of the particulate matter in automotive exhaust gas
aftertreatment. Historically, the catalytic conversion and the filtration of soot particles were
performed in independent devices. However, recent trend is to combine the catalytic converter
and soot filter into a single device, the catalytic filter. Compared to the standard two-device
system, the catalytic filter is more compact and has lower heat losses. Nevertheless, it is highly
sensitive to the catalyst distribution. This study extends our recently developed methodology
for pore-scale simulations of flow, diffusion and reaction in the coated catalytic filters. The
extension consists of enabling data transfer from macro- to pore-scale models by preparing
geometrically realistic macro-scale CFD simulations. The simulation geometry is based on
XRT scans of real-life catalytic filters. The flow data from the newly developed macro-scale
model are mapped as boundary conditions into the pore-scale simulations and used to improve
the estimates of the catalytic filter filtration efficiency.
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1 Introduction

The increasing number of vehicles and higher interest in ecology lead to increasingly stringent
regulations on automotive exhaust gas aftertreatment. Formerly, the automotive exhaust gas
aftertreatment comprised several clean-up devices. The present research is focused on catalytic
converters for conversion of health and environment endangering gases, e.g. CO, hydrocarbons
or nitrogen oxides (NOx) and filters trapping the particulate matter (PM) such as the soot and
similar substances [2].

Because of many technological similarities of both catalytic converters and PM filters, recent
trend is to combine them together into one device – a catalytic filter. The catalytic filter is a
cylindrical monolith with hexahedral channels in a honeycomb arrangement. The channels are
plugged at alternate ends to force the exhaust gas to flow through porous walls coated with a
catalytic layer. The overall structure of a monolithic catalytic filter is depicted in Fig. 1.

Using a catalytic filter makes the whole exhaust gas aftertreatment system more compact,
reduces its heat-losses and consequently facilitates the conversion of dangerous exhaust gases.
On the other hand, the behavior of the system is substantially sensitive to the distribution of
the catalytic coating in the filter. Hence, the catalytic coating distribution has to be carefully
optimized in order to achieve maximal filtration efficiency with minimal pressure drop, i.e. with
minimal losses of the engine power.

With the ongoing development of numerical tools and available computing power, the methods
of computational fluid dynamics (CFD) have become a useful tool for understanding the behav-
ior of catalytic filters. In this work, we build on previously published results [2] and prepare a
geometrically realistic CFD 3D macro-scale model of the flow in a monolithic catalytic filter.

The present research has two main objectives. First, to enable a consistent data transfer
between macro- and pore-scale models for medias with catalytic coating present both inside and
on the porous filter walls. Second, to evaluate the effect of improvement of pore-scale model flow
field on PF filtration efficiency estimates.
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Figure 1: Complete monolithic catalytic filter (left), detail of alternately plugged channels (middle)
and a representative element unit of a catalytic filter with marked symmetries.

2 Developed models

The present work is an improvement to an existing multiscale simulation framework aimed at
estimating performance of catalytic filters. From the point of flow and filtration, the framework
consists of three main models, (i) macro-scale flow model, (ii) pore-scale flow model, and (iii) pore-
scale filtration model. The main contribution of the present work lies in improving the macro-scale
flow model. Therefore, most of the model description will focus on it. The remaining models
will be only outlined here. The pore-scale flow model is described in detail in [2]. The pore-scale
filtration model is a subject of an individual article [4].

2.1 Macro-scale flow model

The macro-scale flow model is used to compute the overall velocity field in the macro-scale channels
of the monolithic catalytic filters. The macro-scale geometry is depicted in the right hand side of
Fig. 1. The filter channels are approximately 1 mm wide and the whole device is about 110 mm
long.

The computed macro-scale velocity field is later used to generate such boundary conditions in
the pore-scale model that the flow field in the pore-scale geometry corresponds to a selected section
of the macro-scale geometry. The principle of the data transfer between the macro- and pore-scale
models is depicted in Fig. 2.

2.1.1 Realistic macro-scale model geometry generation

The main challenge in the development of the macro-scale model is an automatic geometry gener-
ation reflecting the real coated catalytic filter with accuracy sufficient for a successful data transfer
from macro- to pore-scale. Note that in the pore-scale, the geometry corresponds to the data
from 3D x-ray tomography with tolerance of approximately 1µm. For a detailed description of
reconstruction of pore-scale filter morphology, see [6] or [2]. In the present paper, we examine three
different structures with cordiarite filter substrates coated with γ-Al2O3, see Fig. 3.

For the case of the purely in-wall coating (Fig. 3-left, CF1), a simple macro-scale model ge-
ometry with hexahedral channels may be used. The situation is different for the structures with
a significant amount of on-wall coating (Fig. 3-center and right, CF2 and CF3). The amount of
coating present on the filter walls could be included in the macro-scale simulations via a symmetri-
cal extension of filter walls, see Fig. 4a) and b). However, when the catalytic layer is deposited on
the channel walls, it accumulates mostly in corners of the channel. Therefore, the geometry with
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Figure 2: Data transfer between macro-scale and pore-scale model. The macro-scale computational
domain was mirrored for better readability. The red dots in the pore-scale geometry represent
trapped soot particles.

Figure 3: Different examined catalytic filters. Examples of cross-sections of 3D XRT data are
given in the top row. Reconstructed geometries with auxiliary streamlines depicted for better
identification of main gas pathways are shown in the bottom row. The examined structures differ
by the coating distribution from purely in-wall (left, CF1) through a combination of in-wall and
on-wall (center, CF2) to mostly on-wall (right, CF3).

symmetrical extension of channel walls does not conform to the geometry of the pore-scale model
and a consistent data transfer from macro- to pore-scale is not possible, see Fig. 4c).

To enable a consistent data transfer from macro- to pore-scale, it was necessary to design and
implement an algorithm for simple and automatic generation of a simulated macro-scale monolithic
structure conforming to the available XRT data. This has been achieved by a construction of a
linear interpolation spline passing through the points defining the location of the on-wall coating
layer. The interpolation points were gathered from image data. The process is schematically
illustrated in Fig. 4d). Note that numerous XRT images were available to locate the catalytic
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coating edges. The available data were processed automatically via an in-house developed program
and the final used positions of the catalytic coating are averaged.

(a) (b) (c) (d)

Figure 4: (a) RTG image of channel with green interpolation points (b) cross-section of channel
with highlighted even wall extension and interpolation points (old model) (c) non-conformity of
the old model to pore-scale geometry (d) cross-section of channel with curved catalytic layer (new
model).

2.1.2 Flow governing equations

The flow model in both macro- and pore-scale [2] was implemented under assumptions of an
isothermal laminar flow at a steady-state. Furthermore, the gas was considered to be ideal and
Newtonian. The fluctuations in local pressure p compared to the total system pressure pT were
considered small enough for the gas to be modeled as incompressible. This system can be described
by the following variant of the Navier-Stokes equations,

∇ · (u⊗ u)−∇ · (ν∇u) = −∇p̃+ s, ∇ · u = 0 , (1)

where u is the velocity, p̃ = p/ρ is the kinematic pressure and ν is the fluid kinematic viscosity.

s =


0 in channels (ch)

− ν

κow
u in on-wall coating (owc)

− ν

κiw
u in coated wall (cw)

(2)

The source term s in (1) expresses the additional resistance to the flow in porous zones and it is
computed from the Darcy permeability model, see (2). The model parameters, κow and κiw in (2)
stand for the local Darcy permeabilities of the on-wall coating and the porous coated filter wall,
respectively. In the multi-scale framework, the values of κow and κiw are supplied by the pore-scale
model [2].

The flow governing equations for macro-scale model were supplemented by a standard set of
boundary conditions. In particular, a uniform velocity in the direction concordant with the filter
channels was prescribed on the inlet to the system and completed with zero-gradient boundary
condition for pressure. On all the system walls, we prescribed the standard no-slip boundary
condition. Finally at the outlet, the pressure was directly prescribed and completed by the zero-
gradient boundary condition for velocity. The resulting model as well as all the other simulations
were solved in the finite volume method-base open-source CFD code OpenFOAM.

2.2 Data transfer from macro- to pore-scale model

The data from the flow field in the realistic macro-scale geometry were used as an input for
computations of flow field in the pore-scale geometry. The agreement between the macro- and
pore-scale geometries for CF2 filter is depicted in Fig. 5-a). The macro-scale velocity field at a
selected location along the filter channel used to define the velocity boundary conditions at the
pore-scale is shown in Fig. 5-b) with the pore-scale geometry included for better orientation in the
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(a)

(b) (c)

Figure 5: (a) Realistic macro-scale model geometry (b) source macro-scale velocity field (c) pore-
scale velocity field with mapped boundary conditions.

figure. In Fig. 5-c) we show the geometry of the pore-scale simulations colored according to the
converged pore-scale velocity field.

Figure 6: Example of available data and polynomials used for generation of pore-scale model bound-
ary conditions. The principal flow direction is along the z axis the scale factor Uz approximately
by an order of magnitude greater than Ux and Uy.

To obtain the velocity field given in Fig. 5-c), we prescribed the velocity field at the pore-
scale model boundaries based on the data from the macro-scale model. In particular, symmetry
boundary conditions were prescribed on the diagonal boundary and the adjacent vertical bound-
ary oriented along the channel, cf. Fig. 5-c). Furthermore, symmetry boundary conditions were
prescribed on all the vertical boundaries adjacent to the catalytic filter wall. On all the remaining
boundaries but one, the velocity field was prescribed using the relations

ua = Uaũa, ũa(φ, ψ) =
2∑

i=0

2∑
j=0

αijφ
iψj , a = x, y, z

(φ, ψ) ∈ 〈0, 1〉 × 〈0, 1〉 := D, ũa ∈ 〈−1, 1〉, ∀(φ, ψ) ∈ D
(3)

with coefficients αij determined by fitting the polynomial ũa to the data obtained for the given
patch from the macro-scale model. The variables (φ, ψ) span a local planar coordinate system
at each boundary. The polynomial ũa is of the second degree for each of the variables (φ, ψ)
and its highest degree term is φ2ψ2. Hence, some oscillations of the polynomial may be expected
for low-quality input data. Still, this particular polynomial was selected as it provides a suitable
trade-off between oscillations, closeness of the fit and simplicity of regression and implementation.
An illustration of available data and the resulting fit for the patch transversal to the main flow
direction placed above the porous wall, i.e. for the best visible patch in Fig. 5-c), is provided in
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Fig. 6. Finally, to ensure well-posedness of the problem, the zero-gradient boundary condition for
velocity and a Dirichlet boundary condition for pressure were prescribed on the last boundary.

2.3 Pore-scale flow and filtration modeling

The size of soot particles taken into account ranges from 30 to 900 nm and their mass is of order
of 10−22 kg. The size of macro-pores in the pore-scale models is of order of 10−5 m. Even with the
inflow of particles into the pore-scale model in order of 105 # s−1, the volumetric fraction of solid
phase in the pore-scale computational domain is so low and sparsely distributed that it is safe to
assume that the particles do not influence the flow. Therefore, the pore-scale filtration is solved in
a segregated manner. First, we pre-solve the flow in the catalytic filter microstructure. Next, the
resulting velocity field is used in the Lagrangian particle tracking simulation.

The flow governing equations in the pore-scale model are formally the same as the ones used in
the macro-scale model, see (1). However, the pore-scale source term sp is simpler and defined as

sp =


0 in free pores

− ν

κc
u in coating ,

(4)

where κc is the local Darcy permeability in the coated catalytic material. For the tested γ-
Al2O3 based coating, the value of κc was estimated from the Carman-Kozeny equation as κc =
2.76 · 10−15 m2 = 0.00276 Da. For details on estimation of κc, see [2].

The filtration itself is based on tracking of individual particles as they move in a pre-computed
flow field. The particle motion was resolved within the Lagrangian framework, i.e. via a direct
integration of the Newton’s second law,

mj
s

duj
s

dt
= F j

D + F j
B , j = 1, . . . ,M , (5)

where M is the total number of particles in the system, mj
s is mass of a j-th particle and uj

s is
its velocity. Because of the size and number of soot particles in the system, the particle-particle
collisions are highly improbable and are neglected. In fact, only two forces were taken into account
in this study, the drag force (FD) and the Brownian force (FB).

The considered particles are smaller than the standard threshold for continuum modeling.
Therefore, in the computation of the drag force, we include the Cunningham slip correction factor
[1] and the drag is computed as

FD =
3πµds
CC

(u− us) , CC = 1 +
2λ

ds

[
1.257 + 0.4 exp

(
−1.1

ds
2λ

)]
, λ =

kBT√
2πd2airp

, (6)

where ds is the soot particle diameter, CC is the Cunningham correction factor, dair is the air
collision diameter, kB is the Boltzmann constant, T is the temperature and p is the pressure in the
system.

Our evaluation of the Brownian force in (5) is based on the work [3]. The Brownian force is
simulated as a white noise and evaluated from

FB = msn(t), n(t) = G

√
πS0

∆t
, n(t) ∈ R3 , S0 =

216νkBT

π2ρd5s (ρs/ρ)2CC
, (7)

where n(t) represents a random vector of force amplitudes at time t, G is the vector of zero-mean
independent Gaussian random numbers of unit variance, ∆t is the simulation time step and ρs
and ρ is the soot particle and fluid densities, respectively. Note that S0 is linked to the spectral
intensity of the Gaussian white noise and as such works as an amplitude of the Brownian force.

3 Results

3.1 Discretization of the computational domains

The system governing equations on all scales were solved using the finite volume method. In order
to obtain relevant data from the multi-scale framework, it is necessary to use suitable resolutions
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of the finite volume meshes. The spatial discretization on the pore-scale model was discussed in
detail in [2]. The resulting pore-scale mesh is derived from the resolution of the XRT machine used
to provide morphology of the porous filter walls. In particular, the voxel size as detected by the
machine is a3v = 1.1132µm3. The pore-scale mesh is locally refined in the vicinity of the pore walls
and in and around the catalytic coating in a way that cell size is (0.5av)3. On the other hand, the
mesh in the centers of marco-scale pores inside the walls has cell size of (2.0av)3.

The mesh used for macro-scale simulations had to have a sufficient resolution to (i) provide
mesh independent results, and (ii) generate enough data points for the construction of the pore-
scale model boundary conditions (3). Channels in the studied catalytic filter are 11.4 cm long with
side of 1.25 mm. The model geometry corresponding to a single representative element unit of the
filter is 12.85 cm long with side of 1.47 mm. The increase in the geometry length is due to the
addition of buffers in front and behind the studied channel. The buffers were added to obtain a
realistic flow field at the channel inlet and outlet similarly to [5]. The geometry width corresponds
to the channel width extended by the width of the porous wall.

The coarsest tested macro-scale mesh had the cell size of approximately 250 µm3, which cor-
responds to a single cell per the porous wall. Next, refined meshes were defined with cell sizes of
125, 62.5, 50, 40, 30 and 20µm3, respectively. The variable of interest for the mesh size indepen-
dence study was the pressure drop of the filter (∆p). The simulation results were compared with
a simulation performed with approximate cell size of 15µm3. The filter pressure drop leveled-out
for the cell size of approximately 40 µm3. However, to have enough data for the construction of
polynomials (3), we used the mesh with the cell size of 20 µm3.

3.2 Improvements in pore-scale filtration estimates

Due to geometrical discrepancy between the original macro- and pore-scale models, it was not
possible to define the pore-scale model boundary conditions based on data from the macro-scale.
Using the new macro-scale model geometry, consistent data transfer between macro- and pore-scale
was achieved. Effects of change in the flow boundary conditions on filtration efficiency estimates
for tested filter structures are shown in Fig. 7.
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Figure 7: Effect of change in flow boundary conditions on the pore-scale filtration efficiency of CF1
and CF3 structures. Qualitative view of flow fields and distribution of trapped soot particles in
CF1 sample is included for illustration.

In Fig. 7, we show filtration efficiency estimates for CF1 and CF3 structures, cf. Fig. 3. The
measured filtration efficiencies of these filters are 55 and 100 %, respectively. Such a high filtration
efficiency for CF3 filter is caused by the presence of the thick on-wall coating layer that traps
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practically all the soot particles. Note that the model with a simple flow boundary conditions
corresponding to the uniform gas inflow in the direction orthogonal to the filter wall tends to
severely under-estimate the device filtration efficiency.

When the new boundary conditions are employed, it is necessary to distinguish flow fields at
different positions along the PF channels. Three different positions along the channel were selected
for the purpose of this study. The first (inlet) was located directly behind the plug at the inlet
to the channel. The second (center) at the channel center and the last (pre-outlet) approximately
one centimeter in front of the plug at the outlet of the channel.

At all the three selected locations, the estimated filtration efficiency increased with the employ-
ment of the new boundary conditions. The increase is the most visible at the ”inlet” and ”center”
positions because there is the biggest difference between the simplified and realistic flow fields.
Furthermore, the increase in the filtration efficiency estimates is more pronounced for CF1 than
for CF3. This is caused by the already high filtration efficiency of CF3 due to the presence of the
thick on-wall coating layer. The discrepancy between the updated estimates and the experimental
data may be caused by the fact that the experiments were conducted using a real engine in which
a significant portion of particulate matter is evaporated during the residence time in PF. In the
considered model, all such changes are neglected.

4 Conclusion

In the present paper, we briefly presented outlines of a multi-scale modeling framework focused on
estimating the pressure drop, conversion of gaseous pollutants and filtration efficiency of catalytic
filters in automotive exhaust gas aftertreatment. The primary focus was on the description of
the generation of the macro-scale filter channel geometry consistent with pore-scale 3D XRT data
and to the transfer of flow data from macro- to pore-scale. Finally, the newly-developed approach
to link different model scales was applied to improve filtration efficiency estimates for real-life
catalytic filter structures.
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[5] Tesař, V.: Aerodynamics of monolithic matrices for supporting solid reactant or catalyst.
Energies, vol. 12: (2019) pp. 3398-1–3398-13.
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