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In order to investigate the distribution characteristics of gas-particle two-phase flow in the diesel particulate filter in the capture
process, a mathematical model of gas-particle two-phase flow for inside-and-outside filter had been established in the capture
process according to the mass conservation equation, momentum conservation equation, and k-ε turbulence equation. The
model verification was carried out with the experimental and simulated of flow distribution characteristics of gas-particle two-
phase. The obtained results showed that the static pressure gradient along the radial distribution was greater at the inlet of the
filter in capture process in the diesel particulate filter, which could easily lead to causing eventual fatigue damage due to stress
concentration in the front-end of filter; moreover, the weaker the vortex strength of gas-particle formed in expansion pipe was,
the better uniformity of flow velocity and soot concentration distribution were. Therefore, the established mathematical model
can be used for predicting gas-particle flow velocity distribution in the diesel particulate filter.

1. Introduction

It is well known that a critical factor in the city’s pollution is
the exhaust pollution [1–3]. The emission, especially the par-
ticle matter from the diesel engine, is the main source of air
pollution [4, 5], which seriously affects people’s physical
and mental health and quality of life, but also hinders the sus-
tainable development of the city [6–8]. Thus, controlling the
exhaust pollution of the diesel engine to protect the atmo-
spheric environment has become an important issue and
strategic task for the international automobile industry to
spend a lot of human [9], financial [10, 11], and material
resources [12]. The improvement of the emission control
technology for the diesel engine can improve the environ-
mental quality [12–15], complete the integrity and stability
of the ecosystem [13, 14], and promote the high integra-
tion with environmental protection [15] and economic
society [16]. So human health has been fully guaranteed
and eventually improved the national sustainable develop-
ment capacity [17].

The diesel particulate filter is considered to be the most
promising solution to reduce the level of PM emissions to
the ambient background levels [18, 19]. At present, the
research on diesel particulate filter mostly focuses on captur-
ing efficiency of the diesel particulate filter, deposition char-
acteristics of gas-particle motion inside filter, and filter
regeneration [20, 21], while the research work on the distri-
bution characteristics of the particle flow in the diesel partic-
ulate filter had been limited [22]. In fact, utilization ratio,
regeneration cycle length, and service life of the filter in the
diesel particulate filter are determined by the distribution
characteristics of the particle flow [23], especially the unifor-
mity distribution characteristics of the flow velocity and the
soot concentration in the diesel particulate filter [24].

At present, the problems of the gas-particle two-phase
flow mainly are solved through the analysis of gas-particle
two-phase interaction, with the analytic methods of which
including tracking the movement orbits of particle by using
Lagrange coordinate and researching mixed-phase move-
ment in Euler coordinate system [25]; in former, it is more
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difficult to obtain the spatial distribution of continuous par-
ticle velocity and concentration and a great deal of calcula-
tion is needed in pseudo particle model because that
particle-phase and gas-phase are separated [26]. On the other
hand, in latter, it is easy to describe the concentration field of
particle-phase and just only small amount of calculation is
need [27]. Due to the greater differences between flow princi-
ple and flow characteristics when air flow through inside and
outside filter, thus it is necessary to separately establish math-
ematical models for gas-particle flow inside and outside of fil-
ter [28, 29].

Therefore, based on the gas-particle flow theory and
porous medium theory, the gas-particle flow characteristics
in the diesel particulate filter are studied in the paper. The
calculation and analysis show that distribution characteris-
tics of the flow velocity and the soot concentration are
obtained, which will provide important theoretical basis for
optimizing and designing new-type diesel particulate filter
device and controlling of the regeneration process.

2. Model andMethod of Soot Capture Process in
the Diesel Particulate Filter

2.1. Working Principle of Diesel Particulate Filter. As shown
in Figure 1, the diesel particulate filter is comprised of an
air inlet pipe, expansion pipe, filter, shrink pipe, and exhaust
pipe. Black smoke containing carbon particles from diesel
engine enters into the diesel particulate filter through a spe-
cial pipeline and flows through its internal intensive-setting
filter; meanwhile, carbon particles are absorbed on the wall-
flow honeycomb ceramic filter.

With the increase of working time, the particles in the
diesel particulate filter are increased gradually and lead to
the increase of the engine back pressure and the decrease of
the performance of the diesel engine. Finally, deposition par-
ticles are removed by means of recycling technology and then
filtration performance is recovered for the diesel particulate
filter.

2.2. Establishment of Mathematical Models. As shown in
Figure 2, according to the flow characteristics of the capture
process in the diesel particulate filter, some assumptions
may be made as the follows:

(a) When exhaust flowing through the filter wall, it will
not be flowed from the filter wall in directions y
and z; hence, seepage velocity and soot concentration
gradient in directions y and z are much less than that
in direction x; therefore, the soot concentration is
assumed to be constant in directions y and z when
exhaust flowing through the filter wall

(b) According to the research [30], change of seepage
velocity at the filter wall is very small in direction x;
therefore, it can be regarded as a constant

(c) For clean filter, the porosity, permeability, and
micropore size of filtration surface are all assumed
to be equal everywhere [31]

(d) For convenience of calculating the flow resistance of
the filter, the hypotheses proposed from [30, 32] are
used in this paper, i.e., particle layer formed on the
surface of a filter wall is assumed to be uniform dis-
tribute along directions y and z

2.2.1. Mathematical Model of Gas-Particle Two-Phase Flow
Outside Filter. Research results show that a vortex is pro-
duced by exhaust gas when flowing through the expansion
pipe [33], so there is turbulent motion for exhaust outside fil-
ter in the diesel particulate filter. In this model establishment,
the k-ε turbulent model is used to describe the turbulence
phenomenon.

The mass conservation equation of gas-particle two-
phase flow outside filter is expressed as Eq. (1).

∂ αiρiuið Þ
∂x

+ ∂ αiρivið Þ
∂y

+ ∂ αiρiwið Þ
∂z

= −1ð Þi〠m, ð1Þ

where i = 1 denotes gas-phase and i = 2 denotes particle-
phase; ρi is the material density of gas-phase (or particle-
phase); ui, vi, and wi, respectively, are velocity in directions
x, y, and z for gas-phase (or particle-phase);∑m is the quality
source propagation of gas-phase (or particle-phase); αi is the
volume fraction of gas-phase (or particle-phase) where the
relation satisfied α1 + α2 = 1.

The momentum conservation equation of gas-particle
two-phase flow outside filter is expressed as Eq. (2).

∂ αiρiuiuið Þ
∂x

+ ∂ αiρiuivið Þ
∂y

+ ∂ αiρiuiwið Þ
∂z

= −αi∂p
∂xi

+∇ ⋅ τi+〠Rin + αiρi Fin + F lift,in + FVm,inð Þ,
ð2Þ

where xi, respectively, are the directions x, y, and z when i = 1
, 2, and 3; uin, Rin, Fin, F lift,in, and FVm,in, respectively, are the
velocity in directions x, y, and z of the gas-phase (or the par-
ticle-phase), interaction force, and external body force as well
as virtual mass force; τi is the pressure-strain tensor of the
gas-phase (or the particle-phase).

The k-ε turbulent equation of the gas-particle two-phase
flow outside filter is expressed as Eq. (3).

∂ ρmumkð Þ
∂x

+ ∂ ρmvmkð Þ
∂y

+ ∂ ρmwmkð Þ
∂z

= ∂
∂x

μt,m
σk

⋅
∂k
∂x

� �
+ ∂
∂y

μt,m
σk

⋅
∂k
∂y

� �

+ ∂
∂z

μt,m
σk

⋅
∂k
∂z

� �
+Gk,m − ρmε,

ð3Þ

where k is the turbulent kinetic energy; ε is the turbulent dis-
sipation rate; ρm is the mixed density of gas-phase and
particle-phase; μt,m is the turbulent viscosity; Gk,m is the pro-
duction term of turbulent kinetic energy; σk is the Prandtl
number corresponding to turbulent kinetic energy.
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Based on Eq. (1)-Eq. (3), Eq. (4) can be obtained.

∂ ρmumεð Þ
∂x

+ ∂ ρmvmεð Þ
∂y

+ ∂ ρmwmεð Þ
∂z

= ∂
∂x

μt,m
σε

⋅
∂ε
∂x

� �
+ ∂
∂y

μt,m
σε

⋅
∂ε
∂y

� �
+ ∂
∂z

μt,m
σε

⋅
∂ε
∂z

� �

+ ε

k
C1εGk,m − C2ερmεð Þ,

ð4Þ

where C1ε, C2ε, and σε are the model constants; according to
recommended values and subsequent experiments, C1ε =
1:44, C2ε = 1:92, and σε = 1:3.

2.2.2. Mathematical Model of Gas-Particle Two-Phase Flow
inside Filter. For the reason that the diesel particulate filter
is actually a porous medium with seepage characteristics, so
the fundamental equations of the gas-particle two-phase flow
inside filter are established by using porous medium theory
and multifluid model theory.

The mass conservation equation of gas-particle two-
phase flow inside filter is expressed as Eq. (5).

∂ δαiρiuið Þ
∂x

+ ∂ δαiρivið Þ
∂y

+ ∂ δαiρiwið Þ
∂z

= −1ð Þi〠m, ð5Þ

where δ is the porosity of porous medium.

The momentum conservation equation of the gas-
particle two-phase flow inside the filter is expressed as Eq.
(6).

∂ δαiρiuiuið Þ
∂x

+ ∂ δαiρiuivið Þ
∂y

+ ∂ δαiρiuiwið Þ
∂z

= −αi
∂ δpð Þ
∂x

+∇ ⋅ δτið Þ+〠Rin + αiρi

· Fin + F lift,in + FVm,inð Þ + αi
μ

κ
uin,

ð6Þ

where αiμuin/κ is the seepage resistance of porous medium
for gas-phase (or particle-phase); κ is the seepage rate.

2.3. Initial Conditions and Boundary Conditions. It is
assumed that the inlet airflow is impressed, and its speed
without radial component is uniform. So velocity boundary
conditions are used as inlet boundary conditions, and pres-
sure boundary conditions are used as outlet boundary condi-
tions, where the outlet pressure boundary conditions are set
to zero and the pressure just only considers the relative value.
No slip boundary conditions are imposed on the entire wall,
namely, all velocity components are taken as zero.

For the temperature of exhaust gas from the diesel,
engine is about 300°C; therefore, temperature of the material
density and dynamic viscosity of the gas-phase are set to
300°C too.

Taken turbulence intensity and hydraulic diameter as the
turbulence inputs, turbulence intensity I can be calculated as
Eq. (7).

I = 0:16 Re−1/8, ð7Þ

where Re is the Reynolds number, and Re =Ud/ν; then, U is
the fluid velocity, m/s; D is the diameter of air inlet pipe, m; ν
is the kinematic viscosity, m2/s.

At present, the exhaust particle diameter of diesel engine
is about 0.1~1μm in range, and the particle diameter is set to
0.5μm in the paper.

A

A

B

B

C

C D

D3

4

5
2

1
Exhaust gas

Purified
exhaust gas

d
2 d
1

d
2

L1 L1

L2

𝛼

Figure 1: Structure of the diesel particulate filter. Note: A, B, C, and D: the relative position of each calculation section; 1: inlet pipe; 2:
expansion pipe; 3: filter; 4: shrink pipe; 5: exhaust pipe.
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Figure 2: Model of inlet and outlet channel of the DPF.
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For that, the main components of the exhaust particulate
from diesel engine are carbon (about 75%) whose density is
2000 kg/m3, and the 25% of the exhaust particulate rests are
high boiling hydrocarbon. Therefore, the density of the par-
ticle material can be estimated to 1600 kg/m3.

Literature [30] pointed out the apparent density of the
exhaust particulate from diesel engine is 75 kg/m3. Therefore,
the volume fraction of inlet particle can be estimated to 0.05
according to Eq. (8).

α = ρb
ρs

, ð8Þ

where ρb and ρs, respectively, are the particle apparent den-
sity and the material density (kg/m3).

Input parameters are expressed as shown in Table 1 in
calculating process.

2.4. Meshing of Geometric Model. The geometric model of the
diesel particulate filter is meshed by using the GAMBIT soft-
ware with unstructured grids mixed with hexahedron and
wedge. In order to calculate more accurate flow characteris-
tics of expansion pipe, the mesh size of expansion pipe is
set to 5 and the others are set to 5.

Take the Table 2, for example, the meshing numbers of
the air inlet pipe and expansion pipe, filter, and outlet pipe
are, respectively, 277582, 252442, and 164768.

In order to improve calculation accuracy, the type of the
two-order upwind difference is used for discrete momentum
equations [34] and the Interphase Slip Algorithm (IPSA) is
used to solve the meshing model of the diesel particulate filter
[35, 36].

2.5. Model Validation. In the paper, it is due to the fact that
exhaust gas of the diesel engine is discharged in the pulse
form accompanied by intense pressure fluctuation, accumu-
lation of the soot particles will affect the measurement of flow
velocity in the experimental process. The measurement of the
flow characteristics cannot be operated in a diesel engine
exhaust system. Therefore, considering that the experiment
mainly focuses on the study of the distribution characteristics
of the flow velocity, the experimental device can satisfy the
requirements of the experiment. And airflow velocity is mea-
sured by the hot wire anemometer with type AN1002. The

schematic diagram of experimental equipment is shown in
Figure 3.

When the inlet velocity is changed, the relevant parame-
ters will change. But the changed trends are very similar. Thus,
in the conditions of the inlet velocity of exhaust remaining a
constant 40m/s, the measurement values and the simulation
values of the axial velocity in section A-A, section B-B, and
section C-C are shown in Figure 4. As shown in Figure 4,
the simulation values of airflow velocity match with the actual
measurement values. The difference between the actual mea-
surement value and the simulation value is mainly caused by
self-measurement error, the precision of the instrument, and
the simplification of the mathematical model.

In general, the simulation values of the airflow velocity in
the diesel particulate filter agree with the measurement value.
In addition, the relative error of maximum difference between
the actual measurement value and the simulation value is less
than 4.6%. Therefore, the established mathematical model in
the paper can be employed to predict gas-particle flow velocity
distribution of the diesel particulate filter.

3. Analysis on Simulation Results

3.1. Calculation and Analysis of Gas-Phase Flow
Characteristics. The distribution characteristics of axial
velocity and radial velocity of expansion pipe are shown in
Figure 5 in section A-A (where X = 90mm), section B-B
(where X = 125mm), section C-C (inlet-end surface of the
filter, where X = 150mm), and section D-D (the outlet-end
surface of the filter, where X = 435mm).

As shown in Figure 5, an axial airflow velocity indicated a
gradual decrease in the 4 sections with the radial position
increasing. The axial airflow velocity both in section I and
section II are negative, indicating that there is a vortex exist-
ing on those two sections. From the negative abscissa range, it
is obvious that the vortex region area of section I is bigger
than that of section II. This is because section II is near the
filter, and the vortex region around section II is caused by
the interaction from the increase of the diameter of the
expansion pipe and the recirculation of the exhaust gas on
the filter face. Moreover, Figure 5 can also show that vortex
phenomena do not appear in the inlet surface of the diesel
particulate filter or the outlet surface of the PDF.

Due to the comparative analysis on the axial velocity change
of the exhaust gas on four sections as shown in Figure 5(a), it

Table 1: Numerical simulation of the input parameters.

SN Input parameters Value

1 Inlet velocity of gas-phase uin/(m·s-1) 50

2 Inlet velocity of particle-phase usin/(m·s-1) 50

3 Volume fraction of particle-phase α2 0.05

4 Material density of gas-phase ρ1/(kg·m-3) 0.3827

5 Dynamic viscosity of gas-phase/(Pa·s) 2:946 × 10−5

6 Material density of particle-phase ρ2/(kg·m-3) 1600

7 Diameter of particle-phase ds/μm 0.5

8 Turbulence intensity 0.43

9 Hydraulic diameter d/mm 50

Table 2: Structural parameters of diesel particulate filter.

SN Structural parameters Value

1 Diameter d1 of the diesel particulate filter/mm 160

2 Length L1 of the channel/mm 75

3 Filter length L2/mm 305

4 Length L3 of porous medium/mm 0.5

5 Wall thickness ws of the channel/mm 0.31

6 Porosity δ 0.5

7 Diameter d2 of inlet channel/mm 50

8 Cone angle α of expansion pipe/o 60
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can be concluded that the larger axial position from the inlet is,
the smaller the difference of the axial velocity of the exhaust gas
between the center line and the boundary of the diesel particu-
late filter is, which shows that the axial velocity of the exhaust
gas is of better uniformity along the radial direction.

Curve 3 and curve 4 in Figure 5(a) also show that the axial
velocity distribution of the exhaust gas from the inlet to the out-

let of the diesel particulate filter. And it can be concluded that
the axial velocity of the exhaust gas is of better uniformity along
the axial direction of the diesel particulate filter; therefore, the
differences of the flame propagation velocity in each filter’s pore
channel are small in the heating regeneration process, which is
very useful for improving the regeneration efficiency in the
heating regeneration process of the diesel particulate filter.

Air compressor

Inlet Velocity controller

Cold dryer Electric heater

Sampled-data
systems

DPF
PC display

Valve 1 Valve 2Gas analyzer

Figure 3: Schematic diagram of experimental equipment.
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Figure 4: Comparisons of the measurement values and the simulation values.
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Figure 5(b) shows the distribution of the gas-phase veloc-
ity along the radial direction. As shown in Figure 5(b), the
radial gas-phase velocities in sections A-A, B-B, and C-C
are regularly changed from increase to decrease and their
maximum is increased gradually with the increase of the
radial position. For example, there is the maximum of the
radial gas-phase velocity in section II when r/R = 0:54.

Figure 6 reveals pressure distribution of the diesel partic-
ulate filter. As shown in Figure 6(a), there is the vast majority
of pressure loss of the diesel particulate filter on the wall sur-
face of wall-flow honeycomb ceramic filter and there is the
other pressure loss resulting from frictional resistance in
the channel and local resistance in the inlet and the outlet
for section mutation. Pressure loss in the channel of the filter
is the main pressure loss in the diesel particulate filter. Fur-

thermore, the region nearby expansion pipe and shrink pipe
is also an important part producing pressure loss.

As shown in Figure 6, for the diesel particulate filter,
there is the maximum value of the static pressure in the cen-
ter of the inlet-end surface where the gradient of the static
pressure is larger along the radial, which will cause stress con-
centration on the front-end of the diesel particulate filter and
even lead to producing fatigue damage in the filter forepart.

3.2. Calculation and Analysis on the Characteristics of the
Particle-Phase Flow. Comparison chart of particle velocity
with gas velocity for section B-B is shown in Figure 7.

Obviously, the axial velocity of particle-phase in section
II is slightly lower than that of the gas-phase, but radial veloc-
ity of particle-phase in section II is slightly higher than that of
the gas-phase. Those illustrate that there is the relatively
small difference between the particle velocity and the gas
velocity.

The soot concentration distribution of the diesel particu-
late filter in the capture process is shown in Figure 8. In sec-
tions I and II of expansion region, the soot concentration first
remains about 0.05, then decreases slowly, and finally turns
back to increase with the change of the radial position.

Compared with Figure 5, vortex phenomenon causes
soot concentration in section A-A and section B-B being
decreased, and the radial position in section A-A and section
B-B where the soot concentration begins to decrease matches
with radial position where axial and radial gas-phase velocity
become negative. This is because the centrifugal force caused
by the vortex makes the particles separated to all directions,
which will lead to the decrease of the soot concentration in
vortex center. With the increase of radial position, vortex
intensity will decrease gradually along radial position, and
soot concentration will gradually increase in the position
where vortex intensity is relatively weak.

As shown in Figure 8, with the increase of radial position,
there is a smaller change of the soot concentration in section
I, but there is the larger change of the soot concentration in
section III. For example, the soot concentration in section
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Figure 5: Velocity distribution of the exhaust gas of the diesel particulate filter.
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Figure 6: Pressure distribution of the diesel particulate filter.
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III slowly decreases from the maximum value (namely,
0.0567) to the minimum value (namely, 0.0464) and then
turns up to 0.054. Obviously, the minimum value of the soot
concentration is obtained when r/R = 0:6.

As shown in Figure 8, some phenomena can be expressed
as follows:

(1) The soot concentration will be increased sharply in
axial direction inside filter when r/R = 0

(2) The soot concentration will be decreased gradually in
axial direction when r/R = 0:7 (i.e., Y = 55mm)

Corresponding interpretations for above phenomena are
expressed as follows:

(1) There is the large axial velocity and small radial
velocity near the center line of the expansion pipe,
which causes the exhaust particulates being gathered

near the filter midline. Moreover, due to coupling
effect from the gradual decrease of the axial velocity
and the gradual increase of the radial velocity in the
expansion pipe region, there is a vortex region in
the expansion pipe. The vortex region will lead to
decreasing the polymerization degree of the particle
and the soot concentration

(2) When r/R = 0:7 (i.e., Y = 55mm), there is a biggest
vortex intensity in the expansion pipe and the biggest
vortex intensity makes the soot concentration of the
position be smallest. When the value of the r/R con-
tinues to increase, the degree of the particle polymer-
ization begins to increase again due to the gradual
decrease of the vortex intensity; therefore, the soot
concentration will turn back to increase

The above analysis reveals that the distribution charac-
teristics of the soot concentration in the diesel particulate
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Figure 7: Comparison chart in section B-B between the soot velocity and the gas velocity.
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filter are determined by the velocity distribution of the
exhaust gas in the expansion pipe region. Therefore, the big-
gest factor affecting the concentration distribution in the die-
sel particulate filter is the vortex phenomenon in the
expansion pipe region.

4. Conclusions

Energy crisis [37–40] promotes the more stringent emission
regulations enacted by governments around the world, which
means that it is very urgent to develop new combustion [41–
43] and emission reduction technology [44–50] for minimiz-
ing engine emissions [51–54]. In the paper, a mathematical
model of gas-particle flow characteristics is established and
employed to investigate the characteristics of gas-particle
flow. The conclusions are expressed as follows:

(a) There is a larger static pressure phenomenon in the
inlet-end when r/R is equal to 0.00, and there is a
big static pressure gradient along the radial distribu-
tion which easily leads to stress concentration of the
front-end of the filter and causes fatigue damage

(b) The important factor in affecting the soot concentra-
tion distribution in the diesel particulate filter is the
vortex phenomenon in the expansion pipe region.
The weaker the vortex strength is, the better the uni-
formity of velocity and soot concentration distribu-
tion are

(c) In order to improve the velocity uniformity of distri-
bution and soot concentration distribution, the struc-
ture improvement of the diesel particulate filter
should be applied to reduce vortex strength in the
future work

(d) The simulation results of the flow velocity of the die-
sel particulate filter in each section fundamentally
agree with the experimental results, and the relative
error is in the allowable range; therefore, the estab-
lished mathematical model is reliable

The results of the study have recommended a mathemat-
ical model that investigates accurately the distribution char-
acteristics of gas-particle two-phase flow in the diesel
particulate filter in the capture process. This improvement
is helpful to reduce the soot emission of diesel engine, so as
to reduce the energy and environmental problems caused
by traditional fuel combustion. In future studies, the effects
of structural parameters on the capture process in DPF will
be investigated.

Nomenclature

C1ε: The model constants
C2ε: The model constants
D: The diameter of air inlet pipe, m
Fin: The inlet velocity of exhaust gas, m/s
F lift,in: The interaction force, N
FVm,in: The external body force, N

Gk,m: The production term of turbulent kinetic energy
k: The turbulent kinetic energy, m2/s2

Re: The Reynolds number
Rin: The velocity in direction y of the gas-phase, m/s
U : The fluid velocity, m/s
ν: The kinematic viscosity, m2/s
ui: The velocity of exhaust gas in direction x, m/s
uin: Inlet velocity in direction x of the gas-phase, m/s
μt,m: The turbulent viscosity, Pa·s
vi: The velocity of exhaust gas in direction y, m/s
wi: The velocity of exhaust gas in direction z, m/s.

Greek Symbol

αi: The volume fraction, %
ρ: The material density of gas-phase, kg/m3

ρb: The particle apparent density, kg/m3

ρs: The material density, kg/m3

ρm: The mixed density, kg/m3

ε: The turbulent dissipation rate, %
δ: The porosity of porous medium
σε: The model constants
σk: The Prandtl number
τ: The pressure-strain tensor, N
κ: The seepage rate, %
∑m: The quality source propagation of gas-phase.
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