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Abstract

Currently, a diesel particulate filter (DPF) is used to trap particulate matters (PMs) of diesel soot. Since the pressure drop
during the PM filtration, a filter regeneration is needed for soot oxidation. However, PM includes incombustible substances
originated from the engine lubricant oil additives, and ash remains after the regeneration. There are two types of ash, wall-
ash and plug-ash. In this study, by changing the ratio of wall-ash and plug-ash, we have simulated the flow and the soot
filtration of DPF with different ash layer distributions. The single channel of the DPF was considered, by using the wall
substrate structure scanned by the X-ray CT. When the initial pressure drop before the soot deposition is divided into four
contributions at the DPF inlet, across the filter wall, at the DPF outlet, and in the channel due to the friction loss, the pres-
sure drop across the filter wall is the largest, accounting for more than 86% of the total pressure drop. The initial pressure
drop increases at higher ratio of the wall-ash. In the case of no ash or plug-ash only, the transition of the depth filtration to
the surface filtration is observed. On the other hand, when the DPF wall is fully covered with ash, only the surface filtration
occurs, which suppresses an increase in the pressure drop. Overall, the wall-ash largely reduces the pressure drop by avoid-
ing the depth filtration, but the thicker wall-ash layer increases the pressure drop on the condition that the total amount of
the wall-ash and the plug-ash is the same.
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1 Introduction

To remove diesel soot in exhaust gas, named particulate
matter (PM), a well-known diesel particulate filter (DPF)
is used in the after-treatment system [1-7]. It is a wall-flow
filter, which consists of cells with inlet and outlet channels
separated by porous filter walls. For reducing NOx, a selec-
tive catalytic reduction (SCR) system is also used. Ximinis
et al. have investigated the suitable placements of DPF and
SCR to increase the efficiency of the catalytic reaction [8].
It is important to optimize the DPF and SCR placement,
because the DPF/DOC degradation may allow particles to
pass downstream to the SCR, resulting in the reduction of
the SCR catalytic activity. In recent years, stricter PM regu-
lations on gasoline exhaust emissions have necessitated the
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use of gasoline particulate filters (GPFs) as well [9-12],
because higher particle emissions from spark-ignition direct-
injection (SIDI) engines have been reported [13].
However, PM-loaded DPF increases the pressure drop
due to agglomeration of deposited particles, causing engine
performance degradation and fuel consumption deteriora-
tion [14-18]. Therefore, the DPF regeneration process is
necessary to burn out (oxidize) the deposited soot particles
[1, 2, 7]. As for the DPF regeneration, there are so-called
active and passive types [19, 20]. As for the active regenera-
tion, it is initiated by the post-fuel injection in the engine’s
cylinders during the late expansion stroke or directly in the
exhaust line so that the exhaust gas temperature is increased
by the diesel oxidation catalyst (DOC) [21]. The approxi-
mate temperature for the active regeneration is about 500
to 550 °C [22, 23]. Frequent of active regeneration events
cause the extra fuel consumption. As for the passive regen-
eration, the temperature at which soot is oxidized by NO, is
about 260 to 320 °C [24]. Nevertheless, since PM includes
incombustible substances, ash remains after the regenera-
tion, typically composing of calcium, zinc, and magnesium
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compounds in the form of various metallic oxides, sulfates,
and phosphates. It is reported that more than 90% of the ash
in the DPF originates from the engine lubricant oil addi-
tives [25]. It should be noted that there are two types of ash:
wall-ash, which is deposited in a layer on the inlet channel
surfaces of the filter wall of the DPF, and plug-ash, which
plugs at the outlet of the DPF [26-28]. Resultantly, the pres-
sure drop cannot recover to the level of the clean filter even
after the regeneration, and the regeneration needs to be more
frequent, reducing the service life of the DPF [20].

So far, many fundamental researches have been con-
ducted. For example, Zhang et al. have investigated the effect
of the ash on the active regeneration of the DPF using the
engine test bench [25]. Aravelli et al. [26] have found that
in some cases the ash will reduce the high pressure drop
associated with depth filtration of soot into the substrate
during the soot filtration, corresponding to a membrane
effect. Sappok et al. have investigated the effects of the ash
composition, reporting that the pressure drop is a function
of the ash chemistry due to the ash particles have differing
particle size, packing characteristics, particle morphology,
and ultimately permeability [27, 28]. Ishizawa et al. have
investigated the effect of the temperature during regeneration
on the ash deposition and its composition [29]. Jiang et al.
have proposed a mathematical model of ash and clarified the
effects of the ash on the filtration efficiency of the DPF [30].
Fang et al. have investigated the size and the composition
of deposited ash during the DPF regeneration process [31].
Lao et al. have conducted a numerical study of thermal treat-
ment of the filter with plug-ash [32]. In some simulations
[22, 33-35], the filter wall has been assumed to be uniform
media. To evaluate the pressure drop with soot deposition,
the substrate wall permeability is set. In this case, a model
parameter is needed to consider the transition of the depth
filtration to the surface filtration [36]. However, at the earlier
stage of the soot filtration, soot is deposited inside the non-
uniform filter wall, which causes the large pressure drop
[37]. However, the ash prevents the depth filtration in the
DPF pores, resulting in the smaller pressure drop [38]. Thus,
to reproduce the depth filtration, we must consider the flow
and soot deposition inside the filter wall with complex sub-
strate structure. Few studies have systematically examined
how wall-ash and plug-ash separately affect the soot depo-
sition process and the pressure drop. For this purpose, it is
desirable to investigate the soot deposition behavior and the
pressure drop of the DPF with the ash layer by the numeri-
cal simulation.

In our previous studies, we have used the lattice Boltz-
mann method (LBM) to simulate the flow and the soot depo-
sition in the DPF [6, 37, 39-44]. Our approach is the numeri-
cal simulation coupled with an X-ray CT measurement for

scanning the substrate structure of the DPF, which is called
a tomography-assisted simulation. Then, the flow field in the
real ceramic filter can be produced to examine the filtration
process in detail. However, in our simulation, only a part of
the filter wall has been considered, because the image size
of the X-ray CT measurement is limited. In this study, a new
trial was tested to construct the single channel by using the
DPF wall of the X-ray CT substrate structure. The original
substrate structure of the DPF wall without ash was referred
to case 1. Additionally, five cases were considered, in which
ash was deposited by changing the ratio of the wall-ash and
the plug-ash. By comparing the numerical simulations in
these six cases, we tried to clarify how the wall-ash and
the plug-ash could affect the flow and the soot deposition
process, based on the change in the pressure drop due to the
ash layer distribution.

2 Model Description
2.1 Governing Equations and Filtration Model

For simulation of flow with soot deposition in the DPF, we
have used a lattice Boltzmann method (LBM), which is suit-
able for the porous media flow [45]. Here, the approach and
the equations are explained. To conduce the 3D simulation,
a D3Q15 model [46] was applied. In this velocity model, 15
discrete velocities in the lattice space are used, which are
described by
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where ¢, (¢=1 to 15) is the advection velocity in the lattice
space. The evolution equation for the flow is

7,—0.5

Po(X+C,8,1+8,) = pu(x,1) = —% [Pae, ) — p%i(x, )] — - F,

(2)
where 6, is the time step, 7, is the relaxation time to the
equilibrium distribution caused by the molecular col-
lision in the flow, and F; is the external force term (see
Eq. (7)). The kinetic viscosity is expressed by the formula

of v=(2z,—-1)/6 c25,. The equilibrium distribution function
of p,°?is

4 — yp + 3(ca.u)+2(c”.u)2_§"'”
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where w,=1/9 (a=1:6), w,=1/72 (a=7:14), and w;5=2/9.
The sound speed, c,, is ¢/ \/ 3 with the ideal gas equation of
Po=poRTy=poc,%, where p, and p,, are the pressure and the
density at the reference temperature (room temperature). In
this simulation, only the soot filtration is simulated with the
constant temperature of the exhaust gas. The pressure and
the flow velocity of u = (u,, Uy, u,) are evaluated in terms of
the low Mach number approximation [47]. All variables of
the flow are obtained by the LBM, by considering the simi-
larity of the Reynolds number of Re = U;,W/v and the Mach
number of Ma= U, /c,. Here, U,, is the inflow velocity of the
exhaust gas at the inlet and W is the thickness of the filter
wall. The pressure and the local velocity are obtained by

p= Zpa 4)
_ 20 ZaCela o s5p ®)
Do
=_Y
f=u ©)
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where r is the density of the exhaust gas, f is the exter-
nal force, and « is the permeability. It is known that the
permeability of the soot layer depends on the flow of the
exhaust gas that passes through the filter wall, the diameter
of the primary soot particles, and the diffusion coefficient
of aggregate soot particles. In the simulation, based on the
Peclet number (Pe) of the soot deposited by the filter [48],
the permeability is given.

On the other hand, the mass fraction of soot is obtained
by solving the following distribution function of soot.

Fralx+C8,148) —f. (6,0) = —Tl_ [fc.a(x, 0 — £, z)]
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As for the relaxation time 7., the same value of 7, in
Eq. (2) is used. The mass fraction of soot is calculated by

Yo=Yofea (10)

At the filter wall, the ash layer and the soot deposition
region, the soot deposition occurs, which is calculated by

fi?l(x,t)=waYC{1+3<

Psoot (x’ I+ 51) = psoot(x’ t) +p ch,a(x’ t) ® Miotal (] 1)
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where r,, is the density of the soot deposition region and
hya 18 the total filtration efficiency. At the surface of the ash
layer, the non-slip wall for the flow is set. Since the flow can-
not pass through the soot layer, the soot is deposited only on
the surface of the ash layer. It is noted that the soot which is
not deposited is re-entrained to the original gas flow. Based
on Eq. (11), the total density of the deposited soot region at
the lattice node is calculated, and it reaches the threshold;
this node is treated as the soot deposition layer. At the next
time step, the soot deposition region is moved to one node
next to the original boundary of the soot layer. In this way,
the soot layer is thickened. The threshold is determined by
the density of the soot layer, which is given by Pe [48]. As
for the filtration efficiency, the Brownian diffusion and the
interception effect are considered [36, 44], in which the total
filtration efficiency is expressed by the filtration efficiency
of the Brownian diffusion, /4, and that of the interception
effect, h,, respectively.
(=)
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Here, g is a geometric coefficient, e, is the porosity of
the filter wall (=0.62), and d, is the mean particle diameter
of the filter wall.

2.2 Substrate Structure and Numerical Conditions

As explained, the three-dimensional substrate structure of
the DPF was obtained by the X-ray CT measurement. In this
study, the wall-flow uncoated cordierite DPF was consid-
ered. The voxel size of this measurement was 1 um. Figure 1
shows a part of the measured filter substrate structure. In the
simulation, the soot filtration in the single channel of the
DPF was examined, and the spatial grid size in the simula-
tion must be as large as possible for the reduction of the
computational costs. Therefore, using the original substrate
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Fig. 1 Filter substrate measured by X-ray CT (unit is millimeter, mm)

Fig.2 Numerical domain to
investigate the spatial resolution

structure with the CT resolution of 1 um, we created sev-
eral two-dimensional substrate structures with coarse reso-
lution by the binarization. In the preliminary simulation,
the dependence of the grid size was checked. The original
substrate structure with the resolution of 1 um is shown in
Fig. 2a, together with the grid sizes of 2, 4, 8, and 16 um
prepared by ourselves in Fig. 2b-e. In the coordinate system,
the direction in which the exhaust gas passes through the
DPF wall is the y-axis (flow direction), and the direction
perpendicular to the y-axis is the x-axis. After the spatial
grid was finally determined, the whole numerical domain
for the single channel of the DPF with density of 300 cpsi
was produced, which is shown in Figs. 3 and 4.

Next, we explain the procedure for creating the DPF
wall with the substrate structure by the X-ray CT. As
shown in Fig. 3, we created the whole DPF wall by turn-
ing over and repeating the original substrate structure

with resolution of a 1 pm, b
2um, c4,d 8 um, e 16 um

X (mm)

X(mm)

0.1F

X (mm)
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Fig. 3 Procedure for producing
filter wall with the substrate
structure of X-ray CT

Fig.4 Filter wall of the resolu-
tion of 4 um in the numerical
domain

Inlet

Y(om )
4

Filter substrate

Exhaust gas Outlet

15 L v —
0. I

0 2 4

several times. The obtained two-dimensional substrate
structure and the numerical domain are shown in Fig. 4.
The front part of the DPF is located at x=1 mm. The
exhaust gas flow is roughly indicated by the arrow, and the
size of the entire numerical domain is 20 mm (x) X 1.8 mm
(¥). Numerical simulations were performed in six cases:
case 1, without ash deposition layer, and cases 2 to 6,
in which different ratios of the wall-ash and the plug-
ash were placed by keeping the total amount of ash was
Pash =46.6 g/L. It is noted that the total amount of ash is
the ash amount divided by the filter volume [49], which is
an important parameter for discussing the ash limit in the
DPF. To calculate the total amount of ash in the present
simulation, the ash packing density of 0.7 g/cm?® [33] is
used. Figure 5 shows the location of the ash layer in the
numerical domain, where the area of the yellow color is
the ash layer. The thickness of the ash layer is constant
along the wall, although realistic ash cake layers typically
have a parabolic shape where the thickness increases from
inlet to the top of the ash plug [49]. Table 1 shows the
ratios of the wall-ash and the plug-ash. In this table, the
initial pressure drops obtained by the steady flow before
the soot deposition are shown.

@ Springer
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Finally, the boundary conditions are described. The
exhaust gas temperature was 423 K [4, 17]. As for the soot,
the agglomerate particle size was 100 nm and its mass fraction
in the exhaust gas flow was 0.1. At the inlet of the numerical
domain which is located at x=0 mm in front of the DPF, the
inflow velocity was 43 cm/s. At the outlet passing through the
rear end of the DPF, the pressure was kept constant at atmos-
pheric pressure. At the upper or lower boundary of the numeri-
cal domain, a symmetrical boundary with a slip wall condition
was adopted. On the other hand, a non-slip wall condition was
applied at the surface of the filter substrate. The permeabil-
ity of the soot deposition layer was set to be 2.0x 1074 m?
referring to Ref. [50], and that of the ash layer was set to be
6.5x 107 m? referring to Ref. [28]. The density of the soot
deposition layer was 38 kg/m°.

3 Results and Discussion
3.1 Flow Field Before Soot Deposition

First, the flow before the soot deposition was simulated,
where a steady flow field was obtained. It was to determine
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Fig.5 Distributions of ash layer in the DPF for cases 1 to 6
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Table 1 Fraction of wall-ash or plug-ash of the total amount of ash,
with initial pressure drop

Case Wall-ash (%) Plug-ash (%) AP, (kPa)
1 0 0 0.176
2 100 0 2.62
3 0 100 0.208
4 20 80 1.32
5 50 50 1.88
6 80 20 2.30
15+
< Lo 1
) ]
A ]
<1 r L) 1
0.5F .
0 I ) ] \ 1 N ! ) ]
0 5 10 15 20

Grid size (1m)

Fig. 6 Initial pressure drop at different grid size

the appropriate grid size for the reduction of the computa-
tional costs as much as possible. The numerical domains
of the preliminary simulation with five different grid sizes
are shown in Fig. 2. Different from Fig. 4 of the single
channel of the whole DPF wall simulation, the smaller
numerical domain was considered by changing the grid
size. As a result, it is found that the flow fields with grid
sizes of 1, 2, and 4 um are quite similar, but those of 8 and
16 um show different flow patterns. This is because pores
appearing in the porous filter wall are inevitably different
due to the coarse spatial grid. To make clear the depend-
ence of the spatial grid size, the initial pressure drop was
examined, which is plotted in Fig. 6. It is found that the
initial pressure drops of the grid size of 2 and 4 um are
almost the same as that of the original grid size of 1 um of
the X-ray CT measurement, and that those of 8 and 16 um
are very large. Resultantly, the grid size of 4 um was used
for further simulation of the single channel in Fig. 4.
Unfortunately, even in the two-dimensional simulation, a
huge number of grid points would be required if the size of
all grids was set to be 4 um for the entire numerical domain.
It should be noted that, different from the region of the
porous filter wall, the larger grid size can be applied for the
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gas phase where the flow and the pressure would not change
much. Therefore, the grid size of 40 um was used for the
gas phase, which was 10 times larger than 4 um, except for
three regions of the inlet of the DPF, the DPF wall and the
outlet of the DPF. Besides, the fine grid of 4 um would be
needed on the filter wall surface where the soot is expect-
edly deposited. For using two different spatial grids in the
lattice Boltzmann simulation, it is necessary to interpolate
the distribution function of the flow at the boundary of the
numerical domain with the different grid size. Then, the
interpolation LBM scheme proposed in ref. 47 was used to
estimate the distribution function at coarse grids. To validate
the simulation of the soot filtration by the interpolation LBM
scheme, we compared the soot deposition profiles obtained
by (1) the simulation of the combination of 4 pm and 40 pm
spatial grids and (2) the simulation with the uniform grid
of 4 pm. Since both soot deposition profiles were matched,
we could confirm the validity of the present interpolation
LBM scheme.

Next, we performed numerical simulations of the flow
field with different ash layer in Table 1. The flow fields
with velocity vectors in cases 1 to 6 are shown in Fig. 7,
corresponding to the steady flows with different ash layer
distributions. For better understanding the velocity field
affected by the ash layer, the axial distributions of wall
flow velocity in cases 1 to 6 are shown in Fig. 8. This is
because the wall flow velocity is important during the soot
filtration. These distributions are obtained at y=0.76 mm,
just before the filter wall. The flow field without ash is
shown in Fig. 7a and b. It should be noted that, in the case
of the wall-flow filter, the exhaust gas flows into the inlet
channel, passes through the filter wall, and flows out from
the outlet channel. At the inlet of the DPF of x=1 mm, the
flow changes largely because the flow is forced to enter the
open channel [48]. After that, the flow parallel to the DPF
wall is observed, a part of which passes through the filter
wall and merges again. At the outlet of the DPF located
roughly of x=19 mm, the flow is slightly expanded. Based
on the distribution of the wall flow velocity in Fig. 8a, it
is found that the flow passes through some region pref-
erentially, because there are limited paths across the fil-
ter wall. As seen in Fig. 7b, the similar flow field to that
in Fig. 7a is observed in case 2 with wall-ash only. By
comparing with Fig. 8a, the wall flow velocity in case
2 in Fig. 8b becomes relatively flat due to the wall-ash.
Expectedly, different from case 1, the flows in cases 3 to 6
change due to the plug-ash. That is, the wall flow velocity
is enlarged in Fig. 8c-f, because the effective filter volume
is reduced due to the plug-ash [25, 32]. It is quite reason-
able, because the flow tends to avoid the region of the
plug-ash which imposes the large pressure drop.

Needless to say, the pressure drop must be changed when
the flow is forced to pass through the ash layer, which may
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Fig. 7 Flow field with velocity vectors in cases 1 to 6

have a significant effect on the soot deposition process. The  In other words, compared with the plug-ash, the effect of
pressure drop before the soot deposition was examined.  the wall-ash on the initial pressure drop would be larger. For
The initial pressure drops for conditions 1 to 6 are shownin  further investigation, we examined where the large pressure
Table 1. It is found that the pressure drop increases as the  change was created. Then, the initial pressure drop in Table 1
fraction of the wall-ash of the total amount of ash is higher. was divided into four contributions: the pressure drop at the
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Fig.8 Axial distributions of
wall flow velocity are shown; a
case 1, b case 2, ¢ case 3, d case
4, e case 5, fcase 6
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Table 2 Four contributions of initial pressure drop are shown, which
are AP, at the DPF inlet, AP, across the filter wall, AP; at the DPF
outlet, and AP, in the channel

Case AP, (%) AP, (%) AP, (%) AP, (%)
1 0.409 96.204 0.018 3.372
2 2.328 95.436 0.001 2.235
3 0.357 86.117 0.011 13.515
4 0.077 89.421 0.002 10.500
5 0.538 93.526 0.001 5.935
6 1.554 97.956 0.001 0.489

DPF inlet (AP,), the averaged pressure drop across the DPF
wall (AP,), the pressure drop at the DPF outlet (AP;), and
the pressure drop in upper and lower channels due to the
friction loss (AP,) [51]. The results are shown in Table 2.
Surprisingly, for all cases, the value of AP, is much larger,
accounting for more than 86% of the total pressure drop.
In comparison with the pressure drop across the filter wall,

@ Springer
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the pressure drop in the channel is small, but it is relatively
larger when the plug ash exists.

In our previous three-dimensional DPF simulation of
the soot filtration [6, 37, 39—44], we only considered a
small part of the DPF wall, because the area of the DPF
wall scanned by the X-ray CT was limited. Fortunately, as
shown in Table 2, most of the pressure change is observed
when the exhaust gas passes through the DPF wall, even
though the different ash layer distribution is given. In the
case of the DPF filtration [4, 15, 16], it is well-known that
the soot in the exhaust gas is firstly deposited inside the
DPF wall, called the depth filtration (or the deep-bed fil-
tration), and then, the soot deposited on the surface of the
DPF wall where the pores on the filter surface are blocked
with soot, called the surface filtration. In either case, the
deposited soot would increase the pressure drop across
the DPF wall. Therefore, for predicting the filtration pro-
cess, the numerical simulation with the small part of the
DPF wall can give us useful information for discussing
the pressure drop.
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3.2 Soot Deposition Affected by Ash Layer

Next, the soot deposition simulation was performed to inves-
tigate the effect of ash on the flow and the pressure drop.
First, the result of case 1 without ash layer is described.
Figure 9 shows the distributions of the soot deposition at
different times. To observe the soot deposition region in
detail, an enlarged area of Fig. 9 indicated by dotted line

Enlarged area

is shown in Figs. 10, 11 and 12. Here, 7 is the elapsed time
after we flowed soot from the inlet of the numerical domain
at x=0 mm. In these figures, the area of the red color is the
soot deposition region, that of the light blue is the filter sub-
strate. Later in Fig. 13, the ash deposition layer is shown by
the area of the yellow color. As seen in Figs. 9b and 10b at
t=21 s, the depth filtration with soot deposition inside the
filter wall is observed. At t=54 s, soot is deposited on the

m X(mn)

(a)t=0s

(b)t=21s

(c)t=54s

(d)t=86s

X (e

(e)t=118s

Fig.9 Soot deposition region without ash layer in case 1
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(e)t=118s

Fig. 10 Enlarged soot deposition region without ash layer in case 1

filter wall surface, in which half of the pores on the filter sur-
face are blocked. At =86 s, all pores are blocked due to the
soot deposition. At =118 s, the soot layer on the filter wall
surface is thickened, indicating that the filtration process
completely shifts to the surface filtration. Based on these
results, the transition from the depth filtration to the surface
filtration is reproduced by the two-dimensional simulation
of the single channel of the DPF wall.
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Figure 11 shows the time-variations of the deposited soot
mass and the pressure drop in case 1, respectively. The pres-
sure drop is the difference between pressures at the inlet
and at the outlet of the DPF. It is confirmed that, at =30 to
60 s, the pressure drop increases rapidly as the amount of the
soot deposition increases. However, roughly after t=70 s,
the increase in the pressure drop is almost linear. The same
increase of the pressure drop is observed in the filter with
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Fig. 13 Distribution of soot deposition region of p,,,=1.57 g/L in cases 1 to 6

no ash [15, 32]. The relationship between the deposited
soot mass and the pressure drop is shown in Fig. 12. The
simulated pressure change is quite similar to the change in
the pressure drop using the engine bench test [4, 16, 36]. It
is reported that the pressure drop increases rapidly in the

depth filtration. On the other hand, in the surface filtration,
the pressure drop is proportional to the amount of depos-
ited soot, because the thickness of the soot layer increases
linearly. Therefore, in this study, the relationship between
the deposited soot mass and the pressure drop of the DPF
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can be realized to some extent even by the two-dimensional
simulation.

Next, the effects of the ash layer on the soot deposi-
tion were investigated by changing the ratio of the wall-
ash and the plug-ash. Figure 13 shows the distributions of
soot deposition region when the deposited soot mass is of
Psoot = 1.57 g/L. Tt is noted that these distributions in cases
1 to 6 are obtained at different times, because the time-var-
iations of the deposited soot mass are different. Compar-
ing Fig. 13a and b, the effect of the wall-ash on the soot
deposition process can be identified. As seen in Fig. 13b,
the soot deposition occurs only on the surface of the ash
layer, because the soot cannot pass through the ash layer,
corresponding to the “membrane effect.” It is reported that
when the ash penetrates pores of the DPF wall, the depth
filtration disappears and only the surface filtration occurs
[25]. In the case of the plug-ash in Fig. 13c, most of the soot
deposition occurs at the region without the ash, because less
flow passing through the plug-ash is observed (see Fig. 7c¢).
Since the area for the filtration is limited to the region with-
out the plug-ash, the thickness of the soot deposition layer is
larger than that in case 1. Similarly, comparing Fig. 13b with
Fig. 13d-e, the soot layer on the surface of the wall-ash
becomes thicker when the ratio of the plug-ash is higher.

In order to examine quantitatively the effect of
the ash layer distribution in Fig. 13, the soot deposi-
tion region was divided into five sections with the
same width of the filter wall. From the upstream sec-
tion of the filter inlet, we named regions 1 to 5. Since
the filter wall is placed at 1 mm <x< 19 mm, there
are the region 1 at 1 mm <x <4.6 mm, the region 2 at
4.6 mm < x < 8.2 mm, the region 3 at 8.2 mm<x<11.8 mm,
the region 4 at 11.8 mm <x < 15.4 mm, and the region 5 at
15.4 mm <x < 19 mm, respectively. To see the different pro-
files of the deposited soot, the ratio of the soot mass depos-
ited in each region to the total amount of deposited soot was

Fig. 14 Fraction of deposited 30

defined as R. The results are shown in Fig. 14. Needless to
say, in cases 1 to 6, the ash amount of each region is differ-
ent. From the results, it is found that more soot is deposited
mostly in the upstream or the middle of the DPF, while less
soot is deposited in the downstream of the DPF even in the
case of no ash or wall-ash only. That is, the amount of soot
deposited in the back of the DPF is relatively smaller. This
tendency is different from the uniform distribution of depos-
ited soot along the filter wall which was predicted by the
one-dimensional steady flow simulation [34]. Comparing
cases 1 and 3, it is found that the amount of the deposited
soot in the region without the plug-ash is larger, resulting
in the thicker soot layer. Comparing cases 4 to 6, it is found
that, except for region 5 covered with the plug-ash, more
soot is deposited in regions 1 to 4.

Figure 15 shows the time-variations of the deposited soot
mass and the pressure drop in cases 1 to 6. It can be seen
that the amount of the deposited soot is almost the same
except for case 3. However, each pressure drop shows dif-
ferent tendency. The pressure drop is slightly larger as the
ratio of the plug-ash increases, probably because the effec-
tive filtration area is reduced by the plug-ash. On the other
hand, the pressure drops in cases 1 and 3 are much larger
than those in other 4 cases. That is, the increase of the pres-
sure drop with the wall-ash is much lower, because the ash
layer prevents the depth filtration [30]. Only in cases 1 and
3, the depth filtration is observed, which would make the
pressure rise steeper [15, 37]. Additionally, the value of the
deposited soot mass in case 3 is larger, because the flow with
soot is changed due to the plug-ash. Therefore, due to the
reduced filtration area, the plug-ash could affect the amount
of deposited soot as well as the pressure drop.

For further discussion on the effects of the plug-ash and
the wall-ash, the relationship between the deposited soot
mass and the pressure drop was investigated. The results
are shown in Fig. 16. By comparing profiles in cases 1 and

soot at 5 regions for cases 1 to 6
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Fig. 16 Relationship between deposited soot mass and pressure drop
in cases 1 to 6

3, the pressure drop in case 3 is unexpectedly larger even at
the same amount of the deposited soot. Also, by compar-
ing profiles in 1 and other four cases 2, 4-6, it is derived
that the wall-ash has an opposite effect on the reduction in
pressure drop. In cases 2 and 4-6, the wall-ash fully covers
the surface of the DPF wall. Hence, the wall-ash can avoid
the depth filtration which causes the steep pressure rise. It

is also found that the pressure drop is larger as the ratio
of the wall-ash is higher. In summary, the wall-ash largely
reduces the pressure drop by avoiding the depth filtration,
but the thicker wall-ash layer increases the pressure drop on
the condition that the total amount of the wall-ash and the
plug-ash is the same.

4 Conclusions

In this study, a single channel of the DPF was simulated
using a small part of the substrate structure obtained by
the X-ray CT measurement. To examine the effect of the
ash layer on the flow and the soot deposition, the different
ash layer distributions with the wall-ash and the plug-ash
were used, on the condition that the total amount of the ash
was the same. As a result, the following conclusions were
derived.

1. To reduce the computational costs, the different spatial
grid size was tested. By comparing the steady flow, the
initial pressure drop converges to a constant value when
the grid size is 4 pm or smaller. Then, we simulated the
soot deposition with the combination of 4 and 40 pm
spatial grids. When the initial pressure drop before the
soot deposition is divided into four contributions at the
DPF inlet, across the filter wall, at the DPF outlet and
in the channel due to the friction loss, the pressure drop
across the filter wall is the largest, accounting for more
than 86% of the total pressure drop. In comparison with
the pressure drop across the filter wall, the pressure drop
in the channel is small, but it is relatively larger when
the plug ash exists. Since the value of the initial pressure
drop increases at higher ratio of the wall-ash, the wall-
ash has the larger effect than that of the plug-ash.

2. In the case of no ash or plug-ash only, the transition of
the depth filtration to the surface filtration is observed.
During the depth filtration, the pressure drop increases
largely. However, when the DPF wall is fully covered
with the ash, soot is deposited on the surface of the ash
layer, and only the surface filtration occurs, which sup-
presses the increase in the pressure drop associated with
the depth filtration. Comparing the case without ash,
the plug-ash also increases the pressure drop, because
it reduces the effective filtration area. Overall, the wall-
ash largely reduces the pressure drop by avoiding the
depth filtration, but the thicker wall-ash layer increases
the pressure drop on the condition that the total amount
of the wall-ash and the plug-ash is the same.
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