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Modeling the Flow and Transport
Dynamics in Gasoline
Particulate Filters to Improve
Filtration Efficiency
We propose a new pore-scale/channel model, or hybrid model, for the fluid flow and par-
ticulate transport in gasoline particulate filters (GPFs). GPFs are emission control devi-
ces aimed at removing particulate out of the exhaust system of a gasoline direct injection
engine. In this study, we consider a wall-flow uncoated GPF, which is made of a bundle
of inlet and outlet channels separated by porous walls. The particulate-filled exhaust gas
flows into the inlet channels, and passes through the porous walls before exiting out of
the outlet channels. We model the flow inside the inlet and outlet channels using the
incompressible Navier–Stokes equation coupled with the spatially averaged
Navier–Stokes equation for the flow inside the porous walls. For the particulate trans-
port, the coupled advection and spatially averaged advection–reaction equations are
used, where the reaction term models the particulate accumulation. Using OPENFOAM, we
numerically solve the flow and the transport equations and show that the concentration
of deposited particles is nonuniformly distributed along the filter length, with an increase
of concentration at the back end of the filter as Reynolds number increases. Images from
X-ray computed tomography (XCT)-scanning experiments of the soot-loaded filter show
that such a nonuniform distribution is consistent with the prediction obtained from the
model. Finally, we show how the proposed model can be employed to optimize the filter
design to improve filtration efficiency. [DOI: 10.1115/1.4046151]

1 Introduction

Gasoline direct injection (GDI) engines are touted as providing
superior performance, in terms of power out and fuel economy, to
port fuel injection technology by using a stratified charge as
opposed to the conventional homogeneous charge. The heteroge-
neous charge, though, is responsible for certain diesel-like fea-
tures leading to particles emitted by GDI engines to be higher
than the Euro 6c limit of 6� 1011#=km. The higher operating
fuel pressure in GDI systems and better atomization of the fuel
entering the cylinders allow for higher power out when compared
to port fuel injection engines. The problem of fuel wall wetting in
the port is avoided in GDI engines as fuel is directly injected into
the engine cylinders thus optimizing the mass of fuel with a more
precise air–fuel ratio control. As the penetration of GDI engines
in the market has seen an exponential growth over the past decade
with positive trend predicted in the coming years, concerns reside
in the unwanted and hazardous particulates emitted by GDI
engines. Fuel droplets not completely evaporated that exit the
engine as unburned hydrocarbons due to the direct injection of
fuel into the chamber and the shorter air/fuel mixing times are the
causes of such an undesired output [1]. Particulate matter is a
complex mixture including organic and inorganic particles, such
as soot and smoke, that vary in size and composition. Of interest
in this paper is the fine particulate matter with a diameter of
2.5 lm (PM2:5) or less. Soot particles, which can make up to 20%
of fine particles [2] and are regenerated by initiating a carbon oxi-
dation reaction [3,4], are mainly constituted by carbon. The mean
diameter of the particles is of the order of 70� 80 nm at peak con-
centration [5]. Several particulate emission mitigation options for

GDI engines are being actively pursued, from the development of
new engine control strategies (i.e., multiple-injection strategy)
and modification of fuel properties [6,7] to the adoption of emis-
sion mitigation devices, such as gasoline particulate filters (GPFs)
[8–10]. The adoption of GPFs to meet the new real-world-driving
emissions standards to reduce particulates generated by GDI
engines is the solution pursued today by all automakers.

Gasoline particulate filters, installed in the tailpipe of GDI oper-
ated vehicles, have been synthesized in a variety of shapes ranging
from circular to oval cross section [11]. A wall-flow GPF is made
of cordierite, a monolithic porous ceramic body with axially paral-
lel channels alternately blocked off by plugs to force the flow
across the porous walls and trap soot inside the walls. With a char-
acteristic pore size, l, in the range of 10� 20 lm and porosity, /,
of 0.5 [12], GPFs are similar to diesel particulate filters (DPFs)
[13,14]. A cross section of the cylindrical GPF used in this study
is shown in Fig. 1.

Over time, the accumulated soot increases the back pressure to
the engine, impacting engine performance and fuel economy and

Fig. 1 (a) Cross section of the ceramic monolith used in gaso-
line particulate filters with the multiple channels of pathways
through which both exhaust gas transport and soot particle
accumulation occur. (b) Zoom-out of the filter substrate with
alternate channels blocked off by plugs.
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inducing the permeability of the porous structure to decrease.
Regeneration, or oxidation, of soot must be performed periodi-
cally to remove the soot trapped in the filter. This can be initiated
either passively or actively. Passive regeneration consists in a
spontaneous oxidation process during normal driving conditions.
To promote the oxidation reactions, a catalytic coating of the
porous wall is generally required. The coating material for GPF is
similar to those used in three-way catalytic converters [15] and it
mainly consists of Ceria and mixture of precious metals. The cata-
lytic coating serves two main functions. First, it decreases the acti-
vation energy for the oxidation reaction, so the oxidation happens
at lower temperature. Second, it stores/releases the oxygen when
the engine operates under a nonstoichiometric condition. The
active regeneration, instead, is commanded by the engine control
unit by triggering off high oxygen concentration under high tem-
perature conditions in the exhaust system. The active regeneration
mechanism is not adopted in today’s GPFs.

Despite having the same design, filtration mechanisms in GPF
and DPF are different. In DPFs, the filtration mode changes after a
saturation load value is reached and a soot cake starts to grow on
the porous wall and acting a “plug” toward the back of the channel
[16]. Experimental evidence shows that DPF can operate in the
so-called deep bed filtration, or cake filtration, regime character-
ized by a linear dependence of the pressure drop on the accumu-
lated particulate mass in the filter [7]. In GPFs, on the other hand,
one can ignore the deep bed filtration regime, as the particle con-
centration is smaller and the exhaust is hotter, and a cake never
develops [17]. Moreover, experimental measurements of particle
concentration inside the filter show that the process of the particu-
late deposition is nonuniform [12,18], in that the particles tend to
accumulate predominantly at the back end of the filter. It was also
shown that the filter length does not play a crucial role in the fil-
tration efficiency [19]. Here, authors showed that the particulate
emission does not change significantly and stays below the target
value when varying the GPF length from 5 cm to 12:7 cm. Model-
ing tools are desirable to understand, analyze, and optimize the
performance of the system in light of such an experimental evi-
dence. The knowledge of the flow and the particulate transport
dynamics could greatly help to optimize GPF design, for instance,
under different flow conditions. As the GPF is the proposed tech-
nology to reduce the amount of particulate matter from vehicle
exhaust, improvements in the filtration efficiency, active regenera-
tion, and reduction of the pressure drop across the filter call for ad
hoc modeling tools to assist the design of real-time estimation and
control strategies.

In this paper, we develop a computationally efficient pore-
scale/channel, or hybrid, model to predict the flow and particulate
transport dynamics in GPFs. To the best of our knowledge, this
constitutes the first ever proposed physics-based high fidelity
model of such a device. The model has the following purposes:
(1) to study filtration efficiency, monitor particles deposition, and
characterize design properties and flaws and (2) to serve as a mod-
eling platform and benchmark to design lumped-parameter (or
reduced-order) models for on-board estimation and control strat-
egies. Such tools will accelerate the advancement of on-board
diagnostics and health monitoring methods, particularly relevant
for emission testing under real world driving conditions. Prelimi-
nary results of the proposed model were first presented by the
authors in Ref. [20].

The paper is structured as follows: In Sec. 2, we revise different
modeling approaches proposed in the literature for GPF dynamics,
and outline the challenges of designing a GPF multiscale dynami-
cal model. In Sec. 3, the periodic unit cell is introduced to define
the computational domain with the periodic boundary conditions
(BCs). In Secs. 4 and 5, the flow and transport equations, as well
as their dimensionless formulation, are presented. In Sec. 6, we
perform numerical simulations of the flow and the transport equa-
tions and show that the concentration of particles inside the
porous wall increases with the distance downstream of the flow.
In Sec. 7, a CT-scan imaging study performed over uncoated

clean and soot-loaded filters is presented. The CT-scan images are
used to extract the longitudinal distribution of the particle inside
the filter. Such an information is shown to be consistent with the
results obtained from the numerical simulation. In Sec. 8, conclu-
sions of the work presented are summarized and a new simulation
study showing how the proposed hybrid model can be used to
develop new filter designs to achieve improved filtration effi-
ciency is outlined in future work.

2 Modeling Approach

Although a wealth of literature and experience exist on DPFs,
in terms of experimental investigation, available data, and model-
ing tools, quite little, on the other hand, has been done for GPFs,
particularly on physics-based modeling at different scales.

The flow in the wall-flow filter modeled in [21] shows that the
suction velocity is nonuniform along the porous wall of the inlet
channel and that this effect is more drastic when the flow velocity
at the inlet is higher. Reference [22] models the dynamics of soot
oxidation in an uncoated GPF using a zero-dimensional model for
the thermal and the soot oxidation dynamics, where spatial
dependence of the temperature, the flow, and the species concen-
tration were neglected. A zero-dimensional model for a coated
GPF was developed in [23], where authors consider the oxygen
storage dynamics in addition to the soot oxidation and internal
temperature. In Ref. [24], a 2D model of the flow, the thermal,
and the chemical dynamics were modeled and experimentally
validated for an uncoated GPF.

In Refs. [25] and [26], the authors propose a probability density
function-based approach to estimate the filtration efficiency in
GPFs. Particles size distribution, flow velocity, and pore-size het-
erogeneity were treated as stochastic parameters and the filtration
efficiency estimated from the probability density function
approach was compared with measured data showing good agree-
ment with model predicted results. Despite providing the reasona-
ble estimation of the efficiency, this approach does not explain the
nonuniform particles deposition and its relation with the channel
geometry. A 1Dþ 1D single-channel model was proposed in [27]
and experimental and simulation studies were performed to inves-
tigate the cold start behavior of the filter. Filtration and regenera-
tion mechanisms in GPFs, which continuously oxidize loaded
soot, were not clearly understood.

The lack of a thorough understanding of regeneration and accu-
mulation events, is the main reason behind the absence of model-
ing tools to describe in detail the GPF dynamics. This constitutes
the main motivation of this paper. For the very first time, a multi-
scale (pore-to-continuum) modeling framework is proposed to
resolve the mass, energy, and momentum transport of the exhaust
gases within the porous medium of the GPF. In proposing a new
hybrid model for the fluid flow and the particulate transport, we
assume periodicity of the GPF geometry and analyze the flow and
transport equations both in the channel and the porous domains.
The equations across the two domains are then coupled and create
the hybrid model, which tracks particulates at the pore scale and
solves for the flow equations at the channel scale, which is several
orders of magnitude larger.

For the porous wall, spatially averaged equations are used to
model the characteristic pore size. For the flow, the spatially aver-
aged Navier–Stokes equation with the momentum loss term is
used, where the loss term accounts for the resistance of the porous
wall. For the transport, the spatially averaged advection–reaction
equation is adopted, where the reaction term accounts for the par-
ticulate trapping. The diffusion and dispersion terms can be
neglected in the transport model since the transport is strongly
dominated by the advection mechanism [28]. An example of the
hybrid approach for the transport in the fractured porous medium
is given in [29]. It is shown that the diffusion and dispersion terms
can be ignored within the transport equations since the equations
are strongly dominated by the advection mechanism. In this paper,
we propose to perform the coupling, at different length-scales,
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based on the phase indicator function. The coupling of partial dif-
ferential equations across different domains is a challenging prob-
lem [30]. The pore-scale Navier–Stokes equations and the theory
of the particle-laden flows (lower-left corner on the scales diagram
in Fig. 2) would have generated a computationally costly model
mostly associated with the separation of length-scales [26]. The
characteristic pore size of the ceramic filter is of the order of
10 lm, while the length of the wall is a few orders of magnitude
bigger (see Table 1). Another factor which challenges the first
principle modeling approach, is the uncertainty of the pore-scale
geometry. To obtain the detailed pore geometry, one has to scan
the porous wall using a micro-CT scanner with a submicron reso-
lution, then process the resulting images with a segmentation
algorithm, and finally combine the images to create the three-
dimensional (3D) GPF model. This justifies our choice to pursue
the development of a hybrid model to generate high fidelity pre-
dictions of the flow and transport dynamics inside the GPF.

3 Computational Domain

We consider the ceramic-uncoated GPF of diameter �D and
characteristic pore size l ¼ 10 lm. The GPF is composed of a
bundle of parallel squared channels of length L and height hc. The
geometric parameters of the GPF used in this study are given in
Table 1. A graphical representation of the 3D and two-
dimensional (2D) periodic unit is shown in Figs. 3(b) and 3(c),
respectively, where the 3D periodic unit is given by the inlet chan-
nel surrounded by four halved neighborhood outlet channels and
separated by the porous walls, and the 2D periodic unit is obtained
by taking the cross section of the 3D periodic unit.

The channels are alternately blocked off by plugs forming a
staggered pattern (see Fig. 4). The bundle of the staggered chan-
nels can be represented by the collection of spatially distributed
periodic units, as shown in Fig. 3(b). The porous medium is

represented by the representative elementary volume (REV)
defined to be the smallest part of the medium that includes all top-
ological features.

The periodicity breaks down at the filter boundary and the accu-
racy of the periodic representation scales as �1=

ffiffiffiffiffi
Nc

p
, where Nc is

the total number of channels [31]. To calculate the longitudinal
distribution of the deposited particles, we model the dynamics in
the longitudinal direction of the 2D cross section of the “unit”
shown in Fig. 3(c). A detailed representation of the “unit” cross
section is shown in Fig. 5. The inlet channel is plugged at the end,
and on the top and the bottom of it, the outlet channels are
plugged at the front. The flow and particulates entering the inlet
channels go through the porous walls which trap the soot.

The computational domain where the model is evaluated con-
sists of two subdomains, Xv and Xw, as shown in Fig. 6. The sub-
domain Xv represents the void space of the inlet channels and the
subdomain Xw represents the porous wall. In the subdomain Xv,
the first-principle flow and transport equations are used, whereas
in the subdomain Xw, the upscaled model, or channel model, is
employed. We impose the inlet BCs at the left boundary (Bl) and
outlet BCs at the right boundary (Br). The top (Bt) and the bottom
(Bb) boundaries have periodic BCs. Around the plugs (the solid
wallsW in Fig. 6), the solid wall BCs are imposed.

4 Flow

The incompressible fluid flow is modeled across two spatially
separated domains Xv and Xw. The flow inside the empty channels

Fig. 3 Schematic representation of (a) GPF, (b) 3D periodic
“unit,” and (c) longitudinal cross section of the 3D periodic
“unit,” i.e., 2D periodic “unit”

Fig. 2 Computational burden versus length scale diagram of
GPF models

Table 1 Geometric characteristics of the uncoated GPF used
in this study

Property

Material Cordierite
Diameter �D ¼ 118 mm
Length L ¼ 127 mm
Wall thickness hw ¼ 0:22 mm
Channel height hc ¼ 1:03 mm
Plug length lp ¼ 7 mm
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(subdomain Xv) is governed by the Navier–Stokes equation as
follows:

@û

@ t̂
þ û � r̂ð Þû ¼ � 1

q̂
r̂p̂ þ �r̂2

û

r � û ¼ 0; x̂ 2 Xv

(1)

where û is the flow velocity, q̂ is the fluid density, p̂ is pressure, �

is the kinematic viscosity, r̂ ¼ f@=@x̂; @=@ŷg is the gradient
operator, and x̂ ¼ fx̂; ŷg indicate the two-dimensional spatial
coordinates. The compressibility effects are neglected since the
flow velocity is orders of magnitude smaller than the speed of

sound. For the flow inside the porous wall X̂w, we use the spatially
averaged Navier–Stokes equation with the moment loss term as
follows

@hûi
@ t̂
þ hûi � r̂
� �

hûi ¼ � 1

q̂
r̂hp̂i þ �r̂2hûi � �

k̂
hûir � hûi ¼ 0;

x̂ 2 Xw

(2)

where k̂ is the porous medium permeability and h�i denotes the
volume averaging over the fluid phase of the REV. Nonlocal
terms are neglected in Eq. (2). We assume that the permeability
does not change during particulate accumulation. Equations (1)
and (2) are supported by the proper boundary conditions on the
domains Xv and Xw.

The following dimensionless quantities are used from now on

v ¼ v̂=uin; t ¼ t̂=ðhc=uinÞ
x ¼ x̂=hc; p ¼ p̂=ðqu2

inÞ
(3)

where uin is the horizontal component of the velocity at the inlet
and hc is the width of the inlet channel (see Table 1). Combining
Eqs. (1) and (2) into a single hybrid equation written in terms of
the dimensionless quantities (3) yields to

@�u

@t
þ �u � rð Þ�u ¼ �r�p þ 1

Re
r2�u � a xð Þ

Re

1

k
�u

r � �u ¼ 0; x 2 Xc [ Xw (4)

where Re ¼ uinhc=� is the Reynolds number and aðxÞ is the indi-
cator function. When x 2 Xc, a¼ 0, whereas when x 2 Xw, a¼ 1.
The hybrid velocity �u models the flow velocity, u, in the empty
channels when a¼ 0 and the average flow velocity in the porous
medium hui when a¼ 1. Equation (4) is supported by the bound-
ary conditions (see Fig. 6)

�ux ¼ 1;
@�p

@x
¼ 0; x 2 Bl

�u ¼ 0; x 2 S
n � r�u ¼ 0; �p ¼ 0; x 2 Br

�u xð Þjx2Bb
¼ �u xð Þjx2Bt

; �p xð Þjx2Bb
¼ �p xð Þjx2Bt

(5)

The volume-averaged flow velocity magnitude inside the porous
domain is given by

Ufiltration ¼
1

jXwj

ð
Xw

j�u x; y; tð Þjdxdy (6)

Fig. 6 Schematic plot of the computational domain used to
develop the hybrid model of GPF. The dot-dashed vertical lines
show the inlet boundary (Bl ), the outlet boundaries (Br ), and the
periodic boundaries (Bb ; Bt ), along with the plugs. The solid
lines framing the plugs represent the solid wall (nonpenetrable)
boundaries (W). The porous subdomain Xw and the void space
subdomain Xv are also shown.

Fig. 5 Schematic representation of the longitudinal cross sec-
tion of the 2D periodic “unit” and zoomed-in view of REV. The

REV size is l 3 l. The flow enters the channel (subdomain X̂v )

and passes through the porous walls (subdomain X̂w ).

Fig. 4 (a) Top and (b) bottom views of the GPF with their
zoomed-in views of inlet/outlet channels and plugs, respec-
tively. The inner square in (a) is the inlet channel whereas the
inner square in (b) is the plug. The borders around the inlet
channels and the plugs are the porous walls.
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and inside the empty channels by

Uchannel ¼
1

jXvj

ð
Xv

j�u x; y; tð Þjdxdy (7)

where jXwj and jXvj are the volumes of the porous and void
domains, respectively. Moreover, the average pressure at the inlet
is given by

Pinlet ¼
1

2 hc þ hwð Þ

ð
Bl

p x; tð Þdx (8)

and the longitudinal distribution of the velocity magnitude inside
the porous wall by

U x; tð Þ ¼
1

2hw

ð
Xw

j�u x; y; tð Þjdy (9)

5 Particulate Transport

The particulate transport in the empty channels (subdomain Xv)
follows the advection–diffusion equation

@ĉ

@ t̂
¼ r̂ � Dr̂ĉð Þ � r̂ � ûĉð Þ x̂ 2 X̂v (10)

where ĉ is the particulate concentration, D is the particulate diffu-
sion coefficient, and û is the flow velocity defined by Eq. (1).
Rewriting Eq. (10) in terms of the dimensionless quantities in Eq.
(3) yields to a dimensionless form of the transport equation

@c

@t
¼ 1

Pec
r � rc�r � ucð Þ

x 2 Xv (11)

where Pec ¼ hcuin=D is the P�eclet number of the transport in the
empty channels and the concentration is rescaled as c ¼ ĉ=cin,
where cin is the concentration at the domain’s inlet.

The characteristic value of particulate diffusion inside the fluid
can be estimated by the Stokes–Einstein equation

D ¼ kBT

6p�qr
(12)

where kB is Boltzmann’s constant, T is the fluid temperature, and
r is the particle’s radius.

For a characteristic radius of the soot particle of r ¼ 50 nm,
characteristic temperature of the fluid in the exhaust pipe of
T ¼ 600 K, flow velocity of uin ¼ 10 m=s, and kinematic viscosity
of air of � ¼ 51:29� 10�6 m2=s and air density of
q ¼ 0:59 kg=m3, the estimated value of the P�eclet number is
Pec ¼ 3:55� 107, which corresponds to the advection-dominated
transport regime. Thus, the diffusion can be neglected in Eq. (10)
and the transport is governed by the advection equation

@c

@t
¼ �r � ucð Þ x 2 Xv (13)

Analyzing the macroscale transport equation for the porous walls
(subdomain Xw) is not straightforward, since the pore-scale advec-
tion term contributes to the macroscale dispersion tensor D? [32].
For such analysis, the asymptotic theory developed in Ref. [33] is
used. Starting from the pore scale analysis, the transport is gov-
erned by the advection–diffusion equation with the Neumann
boundary condition as follows:

@c

@t
¼ 1

Pew
r � rc�r � ucð Þ�n � rc ¼ Dac (14)

where the spatial coordinate is rescaled to the thickness of the
porous wall x ¼ x̂=hw, the velocity is rescaled to the characteristic
pore-scale velocity uw, the P�eclet number is Pew ¼ hwuw=D, and n
is the normal vector to the fluid/surface interface. The boundary
condition in Eq. (14) accounts for the particulate collection in
the wall surface. Damk€ohler number in the boundary condition
Da ¼ hwK=D defines the ratio of the particulate collection and dif-
fusion time scales where K is the rate of the particulate collection.
By introducing the scales separation parameter e, the transport
equation can be written as [33]

@c

@t
¼ emr � rc�r � ucð Þ (15)

where e is the ratio of the pore-scale and the thickness of the
porous wall, namely, e ¼ l=hw. The power of e, m, defines the
type of the macroscale equation for the porous wall. If m is greater
than 2, the dispersion term can be neglected in the macroscale
equation, i.e., D?r � rhci � 0 [32].

From the characteristic pore size of the porous wall of
l ¼ 10 lm ¼ 10�5 m, the scales separation parameter is equal to
e ¼ 0:0454. The estimated flow velocity in the porous wall, uw, is
139 times less (see Table 2) than the velocity in the inlet channel,
uw ¼ 0:072 m=s, where the velocity uw was estimated by the
numerical solution of Eq. (4). The P�eclet number for the porous
wall is Pew ¼ 5:43� 104 and the power of e is equal to
m ¼ �logðPewÞ= logðeÞ ¼ 3:52. Thus, the dispersion for the mac-
roscale transport can be neglected and the transport inside the
porous wall is governed by the dimensioned advection–reaction
equation

@hĉi
@ t̂
¼ �r̂ � hûihĉið Þ � K̂hĉi x̂ 2 Xw (16)

where K̂ is the dimensioned rate of the particulate collection. In
Eq. (16), the nonlocal memory effect is neglected [33]. Equation
(16) is rescaled using the concentration at the domain inlet cin and
quantities introduced in Eq. (3). Finally, the dimensionless macro-
scale transport equation for the porous walls is

@hci
@t
¼ �r � huihcið Þ � Khci x 2 Xw (17)

where the particulate collection rate is rescaled as
K ¼ K̂=ðuin=hcÞ.

Finally, combining Eqs. (13) and (17) by means of the indicator
function aðxÞ yields to the hybrid equation

@�c

@t
¼ �r � �u�cð Þ � aK�c x 2 Xc [ Xw (18)

where �u is governed by Eq. (4). Equation (18) is supported by the
boundary conditions

�c ¼ 1; x 2 Bl

n � r�c ¼ 0; x 2 S
@�c

@x
¼ 0; x 2 Br

�c xð Þjx2Bb
¼ �c xð Þjx2Bt

(19)

The filtration efficiency is defined as one minus the ratio of partic-
ulate flux at the outlet over the flux at the inlet

U ¼ 1�

ð
Br

�ux�cdx

ð
Bl

dx
(20)

where �ux is the x component of the flow velocity, �c is the normal-
ized concentration, and the x component of the flow velocity is 1
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at the inlet. The filter has zero efficiency when the two fluxes are
equal.

Since the particulate absorption is proportional to the concen-
tration, we calculate the longitudinal distribution, C, of the depos-
ited particles as

C x; tð Þ ¼
1

2hw

ð
Xw

�c x; y; tð Þdy (21)

The flow and the transport problems are solved numerically to
estimate the key parameters of the filtration, such as the filtration
velocity (see Eq. (6)), U filtration, the filtration efficiency, U.

6 Numerical Simulations

We numerically solve the flow and the transport equations, Eqs.
(4) and (18), with the boundary conditions expressed by Eqs. (5)
and (19) using the finite volume framework Open source Field
Operation And Manipulation (OPENFOAM). OPENFOAM is a Cþþ
toolbox for the development of customized numerical solvers and
solution of continuum mechanics problems including computa-
tional fluid dynamics. OPENFOAM includes the mesh utilities, cus-
tomizable solvers of partial differential equations, and
postprocessing utilities. We create the solver for the hybrid flow

equation by modifying the large time-step transient solver for
incompressible flow pimpleFOAM. For the solution of the hybrid
transport equation, we modify the advection–diffusion solver
transportFOAM.

We create the Cartesian computational mesh using the block-
Mesh utility. The lower right point of the mesh has coordinates
ðx; yÞ ¼ ð�10;�1:2135Þ and the upper right point ðx; yÞ
¼ ð119:9029; 1:2135Þ. The x coordinate of the central inlet is 0.
The mesh has 5252 cells along the x direction and 100 cells along
the y direction. Using the snappyHexMesh utility, we define the
plugs inside the mesh. For the mesh preparation, we use the stand-
ard set of parameters [34]. The flow simulations were run using
the five values of Reynolds number

Re ¼ f20; 50; 100; 250; 500g

The above characteristic values of Re used in the simulations
were estimated from the lowest or highest values of the mass flow
rate and the exhaust temperature reported in Galindo et al. [35]
and the diameter of the GPF from Table 1. These values are char-
acteristic of the vehicle exhaust system [24].

Fig. 7 Steady-state distribution of the flow velocity magnitude
for Re 5 f20;50;100; 250;500g. The plugs are indicated by the
brown rectangles. (a) Re 5 20, (b) Re 5 50, (c) Re 5 100, (d)
Re 5 250, and (e) Re 5 500.

Fig. 8 The color-coded streamline plot of the steady-state flow
for Re 5 f20; 50; 100;50;500g as a function of the velocity mag-
nitude. The dark gray regions indicate the location of the
porous walls whereas the brown rectangles indicate the plugs.
(a) Re 5 20, (b) Re 5 50, (c) Re 5 100, (d) Re 5 250, and (e)
Re 5 500.
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The permeability of the filter porous walls, k, was estimated
based on the permeability value of the clean GPF from Ref. [18].
The results of the flow simulations are shown in Figs. 7 and 8.
Because of the initial aspect ratio the computational domain is
2:5=127. For illustration purposes, the images are rescaled to the

aspect ratio 25/127. The simulations of the flow and transport
equations converge to the steady-state solution with an accuracy
of 1� 10�6.

The streamline plot in Fig. 8 shows the direction of the fluid
flow. The streamlines are noticeably denser at the back end of the
inlet channel. This effect increases with the Reynolds number.
The streamline plots also show the path of the particulate transport
in the advective transport regime. Particulate is forced to pass
through the porous walls toward the back end of the channel. This
phenomenon has also been observed in the literature [12,18].
Despite the domain and the boundary conditions being symmetric,
the steady-state solutions are asymmetric. Notwithstanding what
intuition might lead to think, the periodic boundary condition
assumption does not resolve into a symmetric behavior. In fact,
the breaking of the flow symmetry in a channel with sudden
contraction/expansion is confirmed by the numerical and experi-
mental investigation conducted in Ref. [36]. The steady-state par-
ticulate concentration is shown in Fig. 9. The dimensionless value

Fig. 9 Steady-state particulates concentration distribution for
Re 5 f20; 50; 100;250; 500g. (a) Re 5 20, (b) Re 5 50, (c) Re 5 100,
(d) Re 5 250, and (e) Re 5 500.

Fig. 10 Filtration efficiency versus Reynold number calculated
from the steady-state numerical solution of the transport
model. The exact numerical values are shown in the last row of
Table 2.

Table 2 Volume-averaged flow velocity magnitude inside the
porous walls, volume-averaged flow velocity magnitude inside
the void space, average pressure at the inlet, and filtration effi-
ciency for various values of the Reynolds number

Re ¼ 20 Re ¼ 50 Re ¼ 100 Re ¼ 250 Re ¼ 500

Ufiltration 9:3� 10�3 9:3� 10�3 9:3� 10�3 9:5� 10�3 9:5� 10�3

Uchannel 1.29 1.32 1.39 1.53 1.74
Pinlet 166.74 69.56 37.42 18.82 13.47
Filtration
efficiency, U

0.817 0.815 0.808 0.762 0.663

The parameters were calculated using Eqs. (6)–(8) and the steady-state
numerical solution of the flow model. The filtration efficiency was calcu-
lated using Eq. (20).

Fig. 11 Longitudinal concentration of the particles inside the
porous walls (subdomain Xw) calculated from the steady-state
numerical solution of the transport model. This shows how
driving conditions, in the form of mass flowrate changes, affect
the particulate deposition along the filter.

Fig. 12 Longitudinal velocity magnitude inside the porous
walls (subdomain Xw) calculated from the steady-state numeri-
cal solution of the transport model
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of the particulate collection rate was set to K¼ 0.1, which corre-
sponds to a filtration efficiency approximately equal to 0.8. Using
Eqs. (20) and (9), the filtration efficiency, the longitudinal distri-
bution of the deposited particles, and the spatial distribution of the
velocity magnitude for different Reynolds numbers are calculated
and shown in Figs. 10–12, respectively.

Transient simulations of the flow and particulate transport were
conducted where the flow velocity at the inlet was set in such a
way that the Reynolds number was following a staircase type of
function—as a function of time (see Fig. 13). Simulations were
run until the solution reached steady-state. The spatial distribution
of particulate concentration at three different time instants is
shown in Fig. 14.

7 X-Ray Computed Tomography Scan

X-ray computed tomography (XCT) scanning is a widely used
technique for nondestructive and noninvasive 3D imaging of a
solid sample. The output of the XCT experiment provides a 3D
distribution of the relative attenuation of the scattered X-ray
beam, where the beam intensity depends on the distribution of the
sample density.

To obtain the longitudinal distribution of the deposited par-
ticles, we perform XCT scanning over a clean and soot-loaded fil-
ter. The scanning was performed using the General Electric
HiSpeed CT/i X-ray scan at Stanford University, Stanford, CA.
For the GPF under study, the achieved axial resolution of the
imaging is approximately 0:3� 0:3 mm and the longitudinal reso-
lution approximately 3 mm. The scanner has a dedicated laser
positioning system that allows accurate 3D slice-wise scanning,
which is performed in the axial plane. The intensity of the X-ray
beam is suitably adjusted to achieve the best possible contrast. As
a result, scanning experiment outputs a pile of gray-scale images,
where each image shows the distribution of the GPF density at a
given axial plane location. The 3D renders from the XCT images
of the fresh and the soot-loaded filters and examples of the single
images are shown in Figs. 15 and 16. The imaging scanning
experiment for the clean GPF produced 35 images, whereas for
the soot-loaded GPF, 27 images were obtained. The dimension of
each image was 512� 512 pixels. The results of the XCT scan
can be represented as a 3D array, I , as follows:

I ¼ fvijk; i ¼ 1; ::;Nx; j ¼ 1; ::;Ny; k ¼ 1;…;Ng (22)

where vijk is the gray-scale intensity for the pixel with coordinate
i, j for the kth image, Nx and Ny are the image dimensions, and N

Fig. 13 Concentration of particles inside the porous wall over
time (dashed line) as Reynolds number at the inlet changes in
time according to the staircase type of profile (circles and solid
line)

Fig. 14 Spatial distribution of particulate concentration during
transient simulations: (a) t 5 500, (b) t 5 1000, and (c) t 5 3600

Fig. 15 (a) Volumetric render from the XCT images of the clean
filter and cross section image (b) obtained from the coordinate
where the green plane is shown in (a). (a) Volumetric render and
(b) image.
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is overall number of images. The first image, k¼ 1, corresponds to
the frontal face of the filter, while the last image, k¼N, to the
back of the filter.

To identify the longitudinal distribution of the deposited par-
ticles, images containing the plugs were excluded. Following the
image rearrangement process, the subscript k¼ 1 is used to indi-
cate the first slice after the plugs and k¼N the last slice before the
plugs. Finally, the images were postprocessed by subtracting the
average intensity of the first image from the average intensity of
each image

Ik ¼
1

NxNy

XNx

i¼1

XNy

j¼1

vijk � I1 (23)

The discrete nature of the photons and the thermal fluctuations of
electrons of the electronic components introduce noise in the XCT
images. Such a noise is Gaussian in nature with zero mean [37].
As an implication, images taken at the same location show fluctu-
ation in pixel intensity. Moreover, output from XCT experiment is
an ergodic and stationary process. The ergodicity property guaran-
tees the same behavior averaged in time and space, and the proba-
bility density function of pixel intensity related to the same
density of the sample is also Gaussian. Moreover, the noise from
the XCT experiment cancels out after the average procedure. The
accuracy of the averaged quantities estimated from XCT

experiment was shown in Ref. [38] where a comparison of the
porosity value estimated from the image processing and the direct
experiment was conducted.

Figure 17 shows the image average intensity Ik for the clean
and soot-loaded filters. The XCT measurements are consistent
with the concentration distribution predicted by the proposed
model showing that particulates tend to accumulate more toward
the back end of the filter. The clean filter shows almost no change
in the average intensity.

8 Conclusions and Future Work

In this paper, we have proposed a hybrid model for the flow and
particle transport dynamics in GPFs by using the concept of peri-
odic unit cell and by coupling equations for the empty channel
with averaged equations for the porous wall using the indicator
function approach. Simulation results show that the proposed
model captures the nonuniform distribution of the particulate dep-
osition, the dependence of the filtration efficiency on Reynolds
number, and the particle concentration distribution along the lon-
gitudinal coordinate. In designing the proposed model, the partic-
ulate trapping rate value, K, was treated as an input parameter for
the simulation study. In future work, we plan to conduct experi-
ments aimed at estimating the values of K across different filter
operations. In particular, we plan to determine the breakthrough
curve of the filter under different flow operating conditions. More-
over, the results obtained in simulations, confirming the experi-
mental evidence that the filtration efficiency is not uniform along
the entire filter length, have motivated us to investigate alternative
filter designs. Using the proposed hybrid model, we are showing
that a new internal geometry of the channel could lead to an
improved filtration efficiency. This is detailed in Sec. 8.1.

8.1 A New Channel Design to Improve Filtration Effi-
ciency. We expand the numerical analysis shown so far to investi-
gate how improvement of the filtration efficiency could be
achieved through a modified geometry of the inlet channel. The
new geometry accounts for placing small solid pins on the surface
of the porous wall of the inlet channel with the aim of redistribut-
ing uniformly the flow inside the porous wall. The pins create an
additional momentum perpendicular to the porous wall, which
enforces the flow to be redistributed uniformly in the porous wall.
Such a design has the aim of increasing the effective filtration sur-
face of the porous wall. We conducted two simulations scenarios,
both at Reynolds number of 250. In the first scenario, the pins are
placed both on the top and the bottom of the channel at the same
spatial location, whereas in the second scenario, the pins are alter-
nately spaced and placed on the top and the bottom of the channel.

Fig. 16 (a) Volumetric render from the XCT images of the soot-
loaded filter, and cross section image (b) obtained from the
coordinate where the green plane is shown in (a). (a) Volumetric
render and (b) image.

Fig. 17 Relative particle concentration inside the GPF along
the normalized x direction for the clean and soot-loaded filters.
x 5 0 is the coordinate at which the first image is taken at the
front of the filter after the plug and x 5 1 is the coordinate of the
last image at the back end before the plug.
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Each pin has a normalized height and width of 0.2 and 0.5, respec-
tively.3 Simulations are conducted to calculate the steady-state
flow velocity distribution, steady-state particulate concentration

distribution, and the filtration efficiency according to Eq. (20).
The average pressure at the inlet is also estimated to ensure that
the inclusion of the pins does not create high back-pressure. The
filtration efficiency of the channel for the standard configuration
without pins and the new ones with pins is calculated. For both
scenarios, the filtration efficiency is 0.78, which results in a 2%
improvement when compared to the case of channel without pins
(see Table 2). For the channel with pins equally spaced (at the bot-
tom and the top of the channel), the average pressure at the inlet is
20.20 and for the channel with pins alternately placed the average
pressure at the inlet is 19.57. Simulation results for the first and
second scenarios are shown in Figs. 18 and 19, respectively. A
systematic model-based optimization study aimed at improving
the filtration efficiency through the new design by exploiting the
hybrid model presented in this paper is the subject of future
investigation.
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Nomenclature

Bb ¼ bottom boundary of the computational domain
Bl ¼ left boundary of the computational domain
Br ¼ right boundary of the computational domain
Bt ¼ top boundary of the computational domain
�c ¼ particulate concentration ðkg=m3Þ

cin ¼ particulate inlet concentration ðkg=m3Þ
D ¼ particulate diffusion constant ðm2=sÞ
�D ¼ diameter of GPF (m)

Da ¼ Damkohler number of the particulate absorption
hc ¼ height of the channel (m)
hw ¼ thickness of the porous wall (m)
K ¼ particulate trapping rate
k̂ ¼ permeability ðm2Þ
K̂ ¼ particulate trapping rate ð1=sÞ
kB ¼ Boltzmann’s constant ðJ=KÞ

l ¼ pore size ðmÞ
L ¼ length of GPF (m)
lp ¼ length of the plug (m)
n ¼ normal vector

Nc ¼ number of channels
�p ¼ coupled pore- and macro-scales pressures
p̂ ¼ pressure (Pa)
hp̂i ¼ macroscale pressure ðPaÞ
Pec ¼ Peclet number for the channel
Pew ¼ Peclet number for the porous wall

r ¼ particle radius ðmÞ
S ¼ solid wall boundary of the computational domain
T ¼ fluid temperature ðKÞ
t̂ ¼ time ðsÞ

û ¼ pore-scale velocity ðm=sÞ
hûi ¼ macroscale velocity ðm=sÞ

�u ¼ coupled pore- and macro-scales velocities
uin ¼ horizontal component of the inlet velocity ðm=sÞ

x ¼ coordinate
x ¼ horizontal coordinate
x̂ ¼ horizontal coordinate (m)
y ¼ vertical coordinate
ŷ ¼ vertical coordinate (m)
a ¼ void/porous space indicator function
r ¼ gradient operator
r̂ ¼ gradient operator (1/m)
e¼ scales separation parameter
� ¼ fluid kinematic viscosity ðm2=sÞ
q ¼ fluid density ðg=m3Þ
/ ¼ porosity

Xv ¼ void space of the computational domain

Fig. 18 Steady-state distribution of the flow velocity magni-
tude (a), streamlines (b), and particulates concentration (c) in
the GPF channel with the new geometry under Re 5 250 condi-
tion. Pins are placed at the same location both at the bottom
and top of the channel. The brown rectangles indicate the plugs
and white small rectangles indicate the pins. (a) Velocity magni-
tude, (b) streamlines, and (c) particulates concentration.

Fig. 19 Steady-state distribution of the flow velocity magnitude
(a), streamlines (b), and particulates concentration (c) in the GPF
channel with the new geometry under Re 5 250 condition. Pins
are alternately placed both at the bottom and top of the channel.
The brown rectangles indicate the plugs and white small rectan-
gles inside the channel indicate the pins. (a) Velocity magnitude,
(b) streamlines, and (c) particulates concentration.

3The normalization is done with respect to the channel height whose value is
shown in Table 1.
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Xw ¼ porous space of the computational domain
Re¼ Reynolds number
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