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a b s t r a c t

To reduce particulate matters (PM) in diesel exhaust gas, stricter exhaust emission standards such as Euro
V are being set in many countries. Recently, for the after-treatment of exhaust gas, a diesel particulate
filter (DPF) has been developed. Latest researches have shown that DPF filtration efficiency can be as high
as 99%. However, the filter would be plugged with particles to cause an increase of filter back-pressure,
which must be kept at lower levels, because the higher back-pressure increases fuel consumption and
reduces available torque. Here, we are focusing on NOx-soot conversion system. There are two stages for
PM oxidation. At the first step, the catalyst oxidizes NO in exhaust gas into NO2. At the next step, NO2
omputed tomography reacts with soot to produce CO and CO2. However, the reaction rate and quantitative effect of NO2 on soot
oxidation is not clear, because it is difficult to observe small-scale phenomena in DPF experimentally, and
there is not enough information on the PM oxidation. In this study, we simulated the above two-stage
system. In the first part, the reaction with Pt catalyst for the oxidation of NO to NO2 was simulated in
non-porous flow-through filter. The catalytic reaction mechanism was discussed. In the second part, we
simulated the flow in wall-flow filter to confirm the effectiveness of regeneration process by NO2 in the

real cordierite DPF.

. Introduction

The pollution emitted by diesel cars such as heavy-duty trucks
nd buses causes environmental problems. The fine particles
nown as particulate matters (PM) can penetrate deep into the
ungs and pose serious health risks including aggravated asthma,
ung damage, and human carcinogen [1]. In many countries, stricter
xhaust emission standards such as Euro V are being set. Then, the
fter-treatment of diesel exhaust gas is needed.

Recently, for the after-treatment of soot particles in exhaust gas,
diesel particulate filter (DPF) has been developed. One of the com-
on types of DPF is a monolithic wall-flow filter. One example in

ig. 1 is a cordierite filter used in this study. PM is trapped when
xhaust gas passes its porous wall (Fig. 1b). It is the most efficient
fter-treatment device. Latest researches have shown that DPF fil-
ration efficiency can be as high as 99% [2–4]. However, the filter
ould be plugged with particles to cause an increase of filter back-
ressure, which must be kept at lower levels, because the higher
ack-pressure increases fuel consumption and reduces available

orque [5]. There are two methods, on-board and off-board regen-
rations. As for the off-board regeneration, the DPF is periodically
eplaced, or removed to eliminate hydrocarbons and particles by
n electric heater. The system equipped with a temperature con-
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troller, compressed air source, and combustion devices is relatively
large and complicated.

It is more appropriate to use the on-board regeneration,
although it is still under development. It is passive regeneration,
and its process is spontaneously conducted during the normal
engine operation, which is called continuously regenerating trap
(CRT). The filter surface is coated with noble metal catalysts such
as platinum, mainly to reduce the temperature of soot oxidation
[6]. So far, there are two approaches for on-board regeneration.
One is to use a Ce-based fuel additive [7]. Its disadvantage is that,
if the temperature is not sufficient, the presence of additive could
prevent the direct soot oxidation by oxygen. Also, it should be sub-
stantially confirmed that the combustion products from Ce are not
harmful to the environment.

We are focusing on NOx-soot conversion system. The commer-
cial DPF system such as Johnson Matthey CRT has been developed
[8,9]. There are two stages for PM oxidation. At the first step, the
catalyst oxidizes NO in exhaust gas into NO2 in non-porous flow-
through filter. At the next step, NO2 reacts with soot to produce
CO and CO2 in wall-flow filter. It has been pointed out that NO2 is
much more reactive for soot oxidation [10–12]. So far, the reaction
rate and quantitative effect of NO2 on soot oxidation have not been

clear. To confirm the applicability of the above system, we need to
understand the phenomena in the real wall-flow filter. Typically,
the inlet size of filter monolith is about 2 mm, and the thickness
of the filter wall where soot particles are removed is only 0.2 mm.
It is difficult to observe the small-scale phenomena inside the fil-

http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:kazuhiro@mech.nagoya-u.ac.jp
dx.doi.org/10.1016/j.cattod.2010.02.064
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Fig. 1. (a) Photograph of cordierite DPF and (b) PM trap inside wall-flow filter.
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freely at the exit. The lower side of channel is catalytic wall surface.

2.1.2. Governing equation of gas phase

F
s

alculation domain in Fig. 4 is roughly shown by dotted line.

er experimentally, and there is not enough information on the PM
xidation with catalyst.

In this study, we simulated the flow in DPF by lattice Boltz-
ann method (LBM). The structure of the real cordierite filter was

canned by a 3D X-ray CT (Computed Tomography) technique. Non-
estructive nature of the CT technique allows visualization of filter

nner structure actually used. In our previous study [13–15], we
ave confirmed the applicability of the tomography-assisted sim-
lation. In the present simulation, we employed a similar data
rocessing technique. Figure 2 shows a CT image of the filter. The
patial resolution is 1 �m/pixel, which is the finest level in the
eported CT measurements. Left figure shows the image area of
he filter in x–y plane, and right figure shows digitized data used
n simulation. Its total size is 400 �m(x) × 400 �m(y) × 200 �m(z).
omplex porous structure with variety of pore size is well observed.
ased on 3D CT data, it is found that the averaged porosity is about
.4. By conducting tomography-assisted simulation, it is possible

o discuss local velocity and pressure distributions in the real filter,
hich are hardly obtained by measurements.

ig. 2. Inner structure of DPF is obtained by X-ray CT technique. Left figure shows the i
imulation.
Fig. 3. Schematic of analytical model for non-porous flow-through filter.

2. Numerical method

In this study, two stages in the NOx-soot conversion system were
simulated separately. One is the catalytic oxidation of NO to NO2,
and the other is NO2 reaction with soot to produce CO and CO2. In
this section, numerical models for these processes are explained,
respectively.

2.1. Catalytic reaction

In the first process of NO oxidation in the flow-through filter,
the detailed reaction scheme was used in the simulation. In the
gas phase, the elementary reaction kinetics was considered. On
the other hand, in the solid phase, the adsorption, desorption, and
surface reaction on platinum catalysts were considered. Then, the
details of NO2 formation from NO on Pt can be discussed.

2.1.1. Analytical model
Figure 3 shows an analytical model of two-dimensional parallel

channel for honeycomb catalyst, which is the non-porous flow-
through filter. A Cartesian coordinate system is employed: x is in
the principal flow direction, y is in the transverse direction. The
origin is on the lower side of channel at the inlet. The width d and
length l of channel are 1 mm and 4 mm, respectively. The upper side
of channel is the boundary of a symmetry plane. The gas flows out
The governing equations of gas phase are the overall continu-
ity equation, the Navier–Stokes equation, the energy equation, and
species continuity equation and the equation of state.

mage area of the filter in x–y plane, and right figure shows digitized data used in
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= �RT

Ng∑
i=1
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hese governing equations were discretized using the finite volume
ethod. The SIMPLE (Semi-Implicit Method for Pressure-Linked

quation) method proposed by Ptankar was used for the coupling
f velocity and pressure fields [16,17]. Convective terms were com-
uted by adopting the first-order up-wind scheme, and the full

mplicit Euler method was used for the time advance. The time
tep was 1 �s in the simulation.

As for the physical properties, the thermodynamic constants
ere taken to be temperature-dependent, and the species specific
eats at constant pressure were approximated by a polynomial fit
f the temperature to the JANNAF data [18]. Transport properties
ere calculated according to the simplified transport model pro-
osed by Smooke [19]. GRI-mech.3.0 was applied to the chemical
inetic model in the gas phase, where 53 chemical species (Ng = 53)
nd 325 elementary reactions were considered [20].

As for boundary conditions, the inflow velocity and temperature
re Uin = 1.0 m/s and Tin = 650 K at inlet, respectively. The mixture
t inlet was assumed to be that in diesel exhaust gas with mass
raction Yi = Yi,in. Its composition consists of 500–1500 ppm NO,
00 ppm CO, 10 mol% O2, 6 mol% CO2, and 7 mol% H2O, and the rest

s N2 [15,21].

x = Uin (7)

= Tin (8)

he boundary conditions for the upper side of channel are as follows
ased on symmetry:
∂F

∂y
= 0 (F : vx, Yi, T) (9)

y = 0 (10)
day 153 (2010) 118–124

The boundary conditions for the exit of channel are based on the
developed boundary condition:

∂F

∂x
= 0 (F : vx, vy, Yi, T) (11)

2.1.3. Governing equation of solid phase
The governing equations of solid phase are the conserva-

tion equations of surface chemical species. These equations are
expressed in terms of the time changes in the coverage of surface
chemical species, which are controlled by catalytic reactions. The
catalytic reactions consist of adsorption A(i), desorption D(i) and
surface reaction R(j), where i is the chemical species in gas phase,
and j is the number of elementary surface reaction. As for NO oxi-
dation by platinum catalyst adopted in the present study, there
are 6 surface species (O2, NO, NO2, CO, CO2, and H2O) and 18 ele-
mentary catalytic reactions in Eqs. (12)–(29), where the symbol(s)
indicates the surface species, and Pt(s) indicates the catalytic site
non-occupied with species. Eqs. (12)–(17) represent the adsorp-
tion, Eqs. (18)–(23) represent the desorption, and Eqs. (24)–(29)
represent the surface reaction, respectively [22,23].

Adsorption

A(O2) : O2 + 2Pt(s) → 2O(s) (12)

A(NO) : NO + Pt(s) → NO(s) (13)

A(NO2) : NO2 + Pt(s) → NO2(s) (14)

A(CO) : CO + Pt(s) → CO(s) (15)

A(CO2) : CO2 + Pt(s) → CO2(s) (16)

A(H2O) : H2O + Pt(s) → H2O(s) (17)

Desorption

D(O2) : 2O(S) → O2 + 2Pt(s) (18)

D(NO) : NO(S) → NO + Pt(s) (19)

D(NO2) : NO2(S) → NO2 + Pt(s) (20)

D(CO) : CO(S) → CO + Pt(s) (21)

D(CO2) : CO2(S) → CO2 + Pt(s) (22)

D(H2O) : H2O(S) → H2O + Pt(s) (23)

Surface reaction

R(1) : NO + O(s) → NO2(s) (24)

R(2) : NO2(S) → NO + O(s) (25)

R(3) : CO(s) + O(s) → CO2(s) + Pt(s) (26)

R(4) : CO2(s) + Pt(s) → CO(s) + O(s) (27)

R(5) : NO(s) + O(s) → NO2(s) + Pt(s) (28)

R(6) : NO2(s) + Pt(s) → NO(s) + O(s) (29)

The adsorption rate of Wa
i

, desorption rate of Wd
i

, and surface
reaction of Wr

j
are expressed in Eqs. (30)–(32), respectively.

Wa
i = Ka

i Si, Ka
i = pi√

2�miRT
· NA · A, Si = S0

i

(
1 − �all

)n
(30)

Wd
i = Kd

i �i′(s), Kd
i = Ai exp

(
−Ed

i
− ˛i�i

RTs

)
(31)

( )

Wr

j = Kr
j �i(s)�i′(s), Kr

j = Aj exp −Ej − ˛j�j

RTs
(32)

where NA is the Avogadro constant, Si is the sticking coefficient, Ai
is the desorption constant, ˛i and ˛j are the constant, and �i is the
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overage for each species. The surface area per catalytic site of A is
× 10−20 m2.

.2. Soot oxidation

In the second process of soot oxidation, we considered the wall-
ow filter. We obtained the porous structure of cordierite filter by
3D X-ray CT technique. The simulation was conducted in 3D, and

he lattice Boltzmann method (LBM) was used.

.2.1. Lattice Boltzmann method (LBM)
The fundamental idea of the LBM is to construct simplified

inetic models that incorporate the essential physics of micro-
copic or mesoscopic processes so that the macroscopic averaged
roperties obey the desired macroscopic equations such as the
–S equation. It is well known that, due to easy implementation
f boundary conditions, LBM is appropriate for the simulation of
orous media flow [24]. The LBM fulfills these requirements in a
traightforward manner.

Here, we explain the numerical procedure [13–15]. The flow is
escribed by the lattice BGK equation in terms of the distribution
unction. The 3D LBGK model evolves on the lattice space with the
ollowing 15 discrete velocities.

[ c1 c2 c3 c4 c5 c6 c7 c8 c9 c10 c11 c12 c13 c14 c

=

⎡
⎢⎣

1 −1 0 0 0 0 1 −1 1 −1 1 −1 1 −1

0 0 1 −1 0 0 1 −1 1 −1 −1 1 −1 1

0 0 0 0 1 −1 1 −1 −1 1 1 −1 −1 1

here c is the advection speed. The evolution equation using the
ressure distribution function is:

˛(x + c˛ıt, t + ıt) − p˛(x, t) = −1
�

[p˛(x, t) − peq
˛ (x, t)] (34)

here ıt is the time step, and � is the relaxation time that controls
he rate of approach to equilibrium. The equilibrium distribution
unction, peq

˛ , is given by:

eq
˛ = w˛

{
p + p0

[
3

(c˛ · u)
c2

+ 9
2

(c˛ · u)2

c4
− 3

2
u · u

c2

]}
(35)

here w˛ = 1/9 (˛ = 1:6), w˛ = 1/72 (˛ = 7:14), and w15 = 2/9. The
ound speed, cs, is c/

√
3 with p0 = �0RT0 = �0c2

s . Here, p0 and �0
re the atmospheric pressure and density at the room tempera-
ure, respectively. In this study, to consider the variable density,

e adopt the Mach number approximation. The pressure and local

elocity of v = (vx, vy, vz) are obtained using the ideal gas equation:

=
∑

˛

p˛ (36)

Fig. 4. Calculation domain and coordinate for wall-flow filter.
day 153 (2010) 118–124 121

⎤
⎥⎦ (33)

v = �0

�

1
p0

∑
˛

c˛p˛ (37)

The relaxation time is related with transport coefficients, such as
kinetic viscosity and diffusion coefficient using 	 = (2� − 1)/6c2ıt .
Then, through the Chapman–Enskog procedure, the Navier–Stokes
equations are derived from these equations [24]. The LBM formula
for temperature and concentration fields is:

Fs,˛(x + c˛ıt, t + ıt) − Fs,˛(x, t)=− 1
�s

[Fs,˛(x, t) − Feq
s,˛(x, t)] + w˛Qs,

s = T, Yi (38)

where Qs, is the source term due to chemical reaction. The equilib-
rium distribution function, Feq

s,˛, is given by:

Feq
s,˛ = w˛ · s

{
1 + 3

(c˛ · u)
c2

+ 9
2

(c˛ · u)2

c4
− 3

2
u2

c2

}
(39)

The temperature, T, and mass fraction of species, Yi, are determined
by these distribution functions:

T =
∑

˛

FT,˛ (40)

Yi =
∑

˛

FYi,˛ (41)

2.2.2. Analytical model
Figure 4 shows the calculation domain for wall-flow filter. As

seen in Figs. 1b and 2, the direction of flow into the filter is x. Then,
y is the direction across the filer wall, and z is the direction nor-
mal to x and y. The size is 80 �m(x) × 400 �m(y) × 80 �m(z), and
the total number of grids is 81 × 401 × 81. The grid size is of 1 �m,
which is the spatial resolution of the X-ray CT measurement. The
filter is placed in the center part in this calculation domain. The
inflow velocity, Uin, is 1 m/s, and the soot mass fraction at the inlet,
YC,in, is 0.01. As for the boundary condition, the inflow boundary is
adopted at the inlet. At the sidewall, the slip boundary condition is
adopted, considering the symmetry. At the outlet, the pressure is
constant (atmospheric pressure, pout), and the gradient of species
concentration and temperature is zero. On the surface of the fil-
ter or deposited soot layer, bounce-back rule for non-slip wall is
adopted.

The reaction rate has been estimated based on previous exper-
imental data [25]. The values of Arrhenius factor and activation
energy are A = 146 1/s, E = 79.5 kJ/mol with NO2, and A = 1.20 1/s,
E = 64.9 kJ/mol without NO2.

3. Results and discussion

3.1. Catalytic reaction and reaction route

First, NO and NO2 concentrations in flow-through filter are
examined to discuss the catalytic reaction. The distribution of NO2

mass fraction is shown in Fig. 5 when NO mole fraction at the inlet is
1000 ppm. It is found that NO2 mass fraction increases in the down-
stream. This indicates that NO2 is formed on the catalytic wall, and
is transported downstream. The profiles of NO2 mass fraction in the
cross-sections of x = 1 mm, 2 mm, 3 mm, and 4 mm are compared in
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Fig. 5. NO2 mass fraction in flow-through filter: Uin = 1.0 m/s; Tin = 650 K;
XNO,in = 1000 ppm.
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ig. 6. Comparison of profiles of NO2 mass fraction in cross-sections of
= 1 mm, 2 mm, 3 mm, and 4 mm in flow-through filter: Uin = 1.0 m/s; Tin = 650 K,
NO,in = 1000 ppm.

ig. 6. Needless to say, NO2 is formed on the catalytic surface, and
O2 concentration is gradually increased along y-direction due to

he diffusion.

The reaction route of NO oxidation by platinum catalyst is shown

n Fig. 7. The route and magnitude of catalytic reaction rate are
xpressed by the direction and thickness of arrow. The gas phase
pecies such as NO, O2, CO, NO2 and H2O adsorb in or desorb from

ig. 7. Reaction route of NO oxidation is shown. The route and magnitude of catalytic
eaction rate are expressed by direction and thickness of arrow. It is considered that
as phase species adsorb in or desorb from catalyst.
Fig. 8. Conversion ratio of NO2 from NO is shown at different NO concentrations at
the inlet: Uin = 1.0 m/s; Tin = 650 K; XNO,in = 500 ppm, 1000 ppm, and 1500 ppm.

catalyst. It should be noted that the reaction rates of R(3), R(4), R(5),
and R(6) are very small. Thus, NO in the gas phase and O(s) adsorbed
on the catalyst become NO2(s) via the surface reaction of R(1). Then,
NO2(s) desorbs from catalyst and becomes NO2 in the gas phase. The
difference between the reaction rates of R(3) and R(4) is very small,
and the difference between reaction rates of R(1) and R(2) is equal
to that between the reaction rates of D(NO2) and A(NO2). It means
that O(s) does not contribute the production of CO2, but relates in
the formation of NO2. The reactions of A(H2O) and D(H2O) for the
formation of H2O are isolated from other reaction routes.

Here, the distribution of coverage �i for each species is exam-
ined. The coverage changes largely at the inlet, and is almost
constant in the flow direction. The catalytic surface is almost occu-
pied by O(s). The coverage of CO2(s) is the smallest. Thus, the surface
reaction R(1) between NO in the gas phase and O(s) adsorbed on
the catalyst is the most important for the formation of NO2.

Then, the effect of NO concentration is investigated. The mole
fraction of XNO,in in the exhaust gas is changed from 500 to
1500 ppm. Expectedly, when NO concentration at the inlet is
increased, NO2 concentration at the exit is larger. Here, the con-
version ratio of NO2 from NO is defined as follows:


x =
(1/MNO2 )

∫
0

d/2
�vxYNO2 dy

∣∣∣
x=x

((1/MNO)�inUinYNO,in)(d/2))
(42)

where MNO and MNO2 are molecular weights of NO and NO2, � is the
density, and vx is the velocity in the flow direction. The distribution
of conversion ratio in the flow direction is shown in Fig. 8. The
conversion ratio of NO2 increases almost linearly in flow direction,
showing that the amount of formation of NO2 almost increases in
proportion to the concentration of NO in the exhaust gas. At the exit,
its value is about 0.4. Thus, NO2 concentration can be increased, as
the channel length is simply longer.

3.2. Flow and soot oxidation in DPF
Next, to see the velocity field inside wall-flow filter, we first sim-
ulated the flow without soot oxidation. Figure 9 shows the flow field
inside the filter, which is under steady state with small velocity per-
turbation. The velocity vector is shown, with filter substrate by gray
region. Three different slice images are shown at (a) y = 40 �m, (b)
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observed in the deposited soot layer. The flow is accelerated due
to the temperature rise. Since the heat release occurs due to soot
combustion, the maximum temperature is higher than the initial
soot layer temperature by 90 K.
ig. 9. Flow field in wall-flow filter is shown. Filter substrate is described by gray
egion: (a) y = 40 �m, (b) y = 190 �m, and (c) y = 340 �m.

= 190 �m, and (c) y = 340 �m. It should be noted that the cordierite
lter has many small pores. Then, the velocity and its direction are

argely changed when the flow passes through the filter wall.
We examined the pressure field along the flow direction (in y-

xis), which is shown in Fig. 10. This pressure is the averaged value
n x–z plane. For comparison, we checked the porosity distribution.
he filter wall is located in the range of 50 �m < y < 350 �m, and the
orosity outside this region is unity. It is well known that, in case of
omogenous porous media, the pressure linearly decreases along
he flow direction, and the pressure gradient is constant [13,14].
owever, as seen in this figure, since the porosity inside the fil-

er wall is largely varied from 0.2 to 0.6, the pressure gradient is
hanged. In particular, at the filter inlet, the steep pressure gra-

ient is observed, mainly due to the smaller porosity. Therefore,
epending on the non-uniformity of pore structure, both flow and
ressure are largely changed inside the wall-flow filter.

Finally, the soot oxidation was simulated for the filter regener-
tion process. Since it took more time to simulate the combustion
Fig. 10. Distributions of pressure and porosity across filter wall.

field, smaller calculation domain was used. The area is of
20 �m < x < 60 �m and 20 �m < z < 60 �m in Fig. 4. The oxygen con-
centration is 10% in the inflow gas, and the temperature is 650 K. To
initiate the soot reaction, the temperature of both filter region and
deposited soot layer is increased to 1200 K. Although the tempera-
ture of 1200 K may be too high in the passive regeneration, it could
be possible in the active regeneration using excess fuel injection.
The time, t, is counted after we set this temperature. For the initial
soot distribution, the accumulated soot in DPF was 1.14 g/l.

Figure 11 shows the distributions in x–y plane of (a) filter region
and deposited soot layer, (b) mass flux in y-direction, (c) pres-
sure, and (d) temperature at t = 4 ms. These are the results with
the reaction rate under NO2 coexistence. In Fig. 11a, the light blue
region is the filter substrate, and red region is the deposited soot
layer. The velocity vector is also shown. The large pressure drop is
Fig. 11. Combustion field in x–y plane of (a) filter region and deposited soot layer
with velocity vector, (b) mass flux in y-direction, (c) pressure, and (d) temperature:
t = 4 ms.
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ig. 12. (a) Maximum temperature of reaction region on the surface of soot layer
nd (b) mass of remained soot in DPF to observe effect of NO2 on soot oxidation.

To evaluate the effect of NO2 on the soot oxidation, two simula-
ions were conducted using the reaction rates with and without
O2. Figure 12a shows the maximum temperature of reaction

egion on the surface of soot layer. For comparison, the mass of
emained soot in DPF is shown in Fig. 12b. Since the reaction is
ery slow without NO2, the temperature change is very small in this
eriod, and most of soot is not reacted. In contrast, under NO2 coex-

stence, the large temperature increase is observed. Resultantly,
ore soot is oxidized. From this comparison, it is clear that the

oot oxidation is largely accelerated in the flow with NO2, and the
ffectiveness of regeneration process by NO2 is confirmed in the
imulation of real wall-flow DPF system.

. Conclusions

We have simulated the flow in DPF to examine the catalytic
eaction and soot oxidation for filter regeneration process. Inner
tructure of the cordierite filter was obtained by a 3D X-ray CT

echnique. Especially, the effect of NO2 on the soot oxidation was
valuated. The following results are obtained.

(a) In the flow-through filter with Pt catalyst, the catalyst surface
is almost occupied by O(s). The surface reaction between NO

[
[
[
[
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in the gas phase and O(s) adsorbed on the catalyst is the most
important for the formation of NO2.

(b) The conversion ratio of NO2 from NO increases almost linearly
in the flow direction. The amount of formation of NO2 increases
in proportion to the concentration of NO in the exhaust gas.

(c) The complex flow pattern is well visualized inside the wall-flow
filter. The pressure distribution depends on the non-uniformity
of pore structure.

(d) In combustion simulation, the filter regeneration process is well
observed. When NO2 is added, the soot oxidation is promoted
to burn more soot in the filter. The effectiveness of regeneration
process by NO2 is confirmed in the real DPF system.

These are useful information to develop future NOx-soot regen-
erating DPF system in the after-treatment of exhaust gas.
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