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Particulate matter has important influences on premature human mortality. Diesel 
particulate filter is one of the most effective means to reduce particulate matter 
in exhaust gas. In order to study the 3-D flow characteristics of diesel particu-
late filter porous structure, lattice Boltzmann method is used to study the flow and 
heat transfer characteristics of different structures. In some software, the spherical 
structure is used as diesel particulate filter porous structure. In paper, the spherical 
structure, the quartet structure generation set structure, and the computer tomog-
raphy technique structure are constructed. The computer tomography technique 
structure is constructed by the serial sections of diesel particulate filter porous 
structure. The flow and heat transfer characteristics in different structures were 
simulated by lattice Boltzmann method. The 3-D computer tomography technique 
structure is constructed by superposing the serial section data of diesel particu-
late filter. The results show that the pressure gradient and temperature gradient 
of structures are greatly affected by the structure. The pressure gradient and tem-
perature gradient of the spherical structure is the lowest. The spherical structure 
and the quartet structure generation set structure are different from the porous 
structure of diesel particulate filter in pressure gradient and temperature gradient. 
By comparing different structures, it can be seen that although the pressure gra-
dients of the computer tomography technique structure and the quartet structure 
generation set structure are similar, the temperature gradient of the two structures 
are more different.
Key words: lattice Boltzmann method, diesel particulate filter, porous structure, 

flow and heat characteristics, 3-D

Introduction

Particulate matter (PM) is one of the main pollutants in the atmosphere, have aroused 
the attention of researchers in different regions around the world [1]. The PM has important 
influences on premature human mortality, and an increase in exposure to PM2.5 is associated 
with increased COVID-19 fatality [2]. Gasoline particulate filter and diesel particulate filter 
(DPF) are the main methods to control engine particulate emission. At present, DPF is widely 
used to control particulate emissions from Diesel engines. The working principle of DPF is 
when engine exhaust passes through DPF, the particles are captured by DPF porous media 
* Corresponding author, e-mail: liuxiaori@hebut.edu.cn
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through the principles of diffusion, intercep-
tion, inertial collision and gravity settlement, so 
as to achieve the purpose of reducing particles 
in exhaust [3]. By alternately blocking the ends 
of the holes of diesel filter monoliths, the diesel 
aerosol is forced to pass through the wall com-
posed of porous media, so that the particles are 
trapped in the wall holes. Its schematic diagram 
is shown in fig. 1. At present, the efficiency of 

DPF can generally reach more than 90% [4], but the distribution of pressure and temperature 
in DPF will affect the efficiency. So, it is necessary to study the pressure and temperature 
distribution inside DPF.

Lattice Boltzmann method (LBM) is a mesoscopic method based on Boltzmann 
equation. This method cannot only capture the microscopic characteristics of fluid, but also 
describe the macroscopic characteristics of fluid. The LBM is based on the kinetic molecular 
theory, which is discrete on the macroscopic scale and continuous on the microscopic scale. 
Therefore, it has great advantages in the mesoscopic scale field unlike traditional numerical 
simulation methods. The LBM is simple to set boundary conditions. Therefore, LBM is usually 
used when dealing with complex boundary problems such as flows in irregular pore channels 
of DPF porous medium.

As early as the 1980's, researchers have carried out microscopic simulation of flows in 
porous media on the pore scale and verified some basic laws [5]. The LBM has become an im-
portant tool for calculating flows in complex porous media. Many scholars have used LBM to 
study the flow and heat transfer characteristics of porous media [6, 7], but there are few studies 
on the porous media of DPF. The researches on DPF porous media are mainly as follows. Fu 
et al. [8] and Wu et al. [9] studied the flow and heat transfer characteristics of different struc-
tures, including 2-D circular porous media and 2-D porous media structures constructed using 
quartet structure generation set (QSGS). Kong et al. [10] established a 2-D mesoscopic model 
using the incompressible LBM of fluid and the cellular automatic probability method of particle 
motion. A 2-D DPF simulation model was constructed to study the statistical characteristics of 
particle deposition and distribution in DPF porous media. Lee et al. [11] established a randomly 
overlapping sphere array to simulate the porous media of the diesel particulate trap, and used 
the LBM to study the flow at the pore scale. Hayashi, and Kubo [12] established a structural 
model simulating DPF porous media using discrete element method. In SiC-DPF, porous media 
is composed of silicon carbide powder particles with diameters of tens of microns. The porous 
media of DPF was analyzed by LBM. Matte-Deschenes [13] and Vidal et al. [14] reconstructed 
a fragment of a porous cordierite DPF wall using a classical simulated annealing technique, 
and investigated the impact of thermophoresis on soot capture in the clean cordierite porous 
wall of DPF. Tsushima et al. [15] digitized the porous cordierite matrix into a 3-D matrix using 
micro-focus X-ray computer tomography (CT), and the LBM method was used to simulate the 
convection and diffusion behavior of diesel particles in the microporous channel. Yamamoto et 
al. [16] obtained the internal structure of cordierite DPF using 3D X-ray CT technology, and 
simulated the flow of DPF to investigate the catalytic reaction and soot oxidation filter regen-
eration process.

In some software, the spherical structure is used as DPF porous structure. In paper, 
the spherical structure, the QSGS structure and the CT technique structure are constructed. The 
flow and heat transfer characteristics in DPF were simulated by LBM. 

Figure 1. The principle diagram of the DPF
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Theoretical basis 

The fundamental of LBM

The D3Q19 model is adopted for the 3-D LBM 
model, as shown in the fig. 2.

The D3Q19 model has the following set of dis-
crete velocities [17]:
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The evolution equation fα of its density distri-
bution:

( ) ( ) ( )eq1, ( , ) , ,t tf r e t f r t f r t f r tα α α α αδ δ
τ
 + + − = − −  (2)

where fα is the distribution function, r – the position vector, fα
eq – the equilibrium distribution 

function of particles in all directions, and τ – the dimensionless relaxation. The equilibrium 
distribution function fα
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eq. (4):
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The macroscopic density and velocity of the fluid ρ and u are, respectively:
fα

α

ρ = ∑ (5)

u e fα α
α

ρ = ∑ (6)

 The macroscopic pressure, p:
21

3
p cρ= (7)

For temperature, the evolution equation gα of its distribution and the equilibrium dis-
tribution function gα

eq are shown as eqs. (8) and (10):

( ) ( ) ( ) ( )1, , , ,eq
t t

g

g r e t g r t g r t g r tα α α α αδ δ
τ

 + + − = − −  (8)

where τg is the dimensionless relaxation which based on thermal diffusion coefficient, α, the 
equation is:

Figure 2. The model of D3Q19
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The internal energy:
3 R
2

E T= (11)

The macro temperature:
3 R
2

T gα
α

ρ = ∑ (12)

Boundary conditions

In order to simulate the local structure of 
DPF, the boundary is set as periodic boundary, 
and the liquid-solid boundary is set as bounce-
back scheme. The expression of the bounce-
back boundary conditions:

( ) ( )2,5,6 4,7,8,0, ,0,tf i t f i tδ+ = (13)

For periodic boundary, when the fluid pat-
icles leave the flow field from one side boundary, 
they will enter the flow field from the other side 
boundary at the next moment. Periodic boundary 
can strictly guarantee the conservation of mass and 
momentum of the whole system. For the boundary 
of the stationary solid, the usual treatment method 
is to bounce the particles at the boundary.

According to Guo et al. [18], the 
temperature boundary condition is a non-
equilibrium extrapolation format. The 
distribution function of boundary node O is 
shown as the eq. (12). As shown in fig. 4, 
assuming that C, O, A is on the boundary and E, 
B, D is in the flow field:

( ) ( ) ( ) ( )eq eq, , , ,g O t g O t g B t g B tα α α α = + −  (14)

Figure 3. Schematic diagram of standard 
bounce-back boundary condition

Figure 4. Non-equilibrium extrapolation 
format
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Parameters setting of LBM

In the simulation, dimensionless parameters are used. The dimensionless parameters 
make the calculation more convenient. The thickness of DPF porous medium is about 0.2 mm, 
the filter speed of DPF filter wall is generally not more than 0.05 m/s [19]. The grid number 
of calculation area adopted in this paper is 200 × 200. In the modelling of the porous media 
of the particulate filter, the calculation area of the 2-D porous media is 100 × 100 μm2. There-
fore, the resolution is δxm = 0.5 μm. The grid spacing is δx = 1. According to the formula  Lt = δxm/δx, the length Lt is 5 ⋅ 10−7 m. In the simulation, the relationship between the lattice 
viscosity, n, and the relaxation time, τ, the lattice viscosity is n = c2

s(τ – 0.5) In the formula,  
τ = 1, and the lattice viscosity n = 1/6. According to the equation Re = Lu/µ, Reynolds number 
can be calculated. Through calculation, it can be concluded that the Reynolds number in the 
filter wall of DPF is about 7.5, so the Reynolds number adopted in this paper is less than 10.

The verification of code 

The feasibility of the code is verified by 
the 3-D lid driven cavity flow. Figure 5 is the 
schematic diagram of the 3-D lid driven cavity 
flow model. The top surface of cavity is the 
driving surface, the velocity is along the x-axis 
direction, and the other walls form a closed cube 
cavity. The initial density of the flow field is 1.0, 
the top drive velocity is 0.1 and Re = 100, 400. 
According to the definition of Reynolds number, 
the kinematic viscosity can be calculated.

The results are compared with the numer-
ical values of Jiang et al. [20]. Figure 6 is the 
compare of the velocity distribution on the center 
line of y-axis with the values in literature under 
different Re. It can be seen from two curves that the result of 3-D lid driven cavity flow is basi-
cally consistent with the research data of Jiang, which can prove the accuracy of the LBM code. 

 
Figure 6. Velocity distribution of the center line on the section with y/L = 0.5;  
(a) Re = 100 and (b) Re = 400

Figure 5. The model of 3-D roof drive flow



Yang, Q., et al.: Simulating Flow and Heat Transfer in a Variety of Diesel ... 
4588 THERMAL SCIENCE: Year 2022, Vol. 26, No. 6A, pp. 4583-4593

The structure of porous media 

 In paper, the spherical structure, the QSGS structure and the CT technique structure 
are constructed. For DPF filter layer, fluid-flows in from the top of porous medium, it passes 
through a porous medium and then flows out from the bottom of porous medium. The flow di-
rection is consistent with the real flow direction. Since the CT technique structure is constructed 
based on real DPF section data, the material of DPF is made of cordierite, the height is 20 cm, 
the diameter of DPF is 15 cm, and the Channel diameter of DPF is 2.5 mm, the hole number 
is 400. The DPF porous structure was obtained by the Skyscan1174 tomography scanner. The 
porosity of these structures are set to be the same as that of the CT technique structure for 
convenience of comparison.

The spherical structure

Figure 7(a) shows the parallel distribution of the spherical structure. The white areas 
are solids and the black areas are pores, the porosity is 0.48. Figure 7(b) is the sectional view of 
structure. It can be seen from the fig. 7(b) that the channels are connected.

 
Figure 7. The spherical structure; (a) the picture of 3-D structure and  
(b) the sectional view of structure at y = 25

The structure of quartet structure generation set 

Wang et al. [21] proposed the QSGS, which is closely combined with LBM, to construct 
porous structures. This method can control the structure of the porous media by changing the 
parameters, such as the growth core probability, cd, the direction of growth probability di, and 
the porosity. Figure 8(a) is the porous structure constructed by the QSGS. The porosity is 0.48. 
The growth core probability cd is 0.005, d2-d7 along the direction of 2~7 is 0.01, d8-d19 along the 
direction of 8~19 is 0.001. Figure 8(b) shows several channels and ensure the fluidity.

The structure of CT technique 

As a mature technology, the serial sections are the direct way to visualize 3-D mi-
cro-structure. The method is to scan the material layer by layer, take high resolution imaging 
of the surface, and stack the images of serial section data together to obtain the 3-D image of 
the pore space. Lymberopoulos and Payatakes [22] proposed and verified the feasibility of this 
technique. In this simulation, DPF filter layer is scanned continuously, then different sections 
are selected to generate 2-D structures, the 2-D structures are superimposed to generate 3-D 
structure. The basic process is shown in fig. (9). Figure 10 shows the structural constructed from 
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a continuous picture, in which white areas are 
solid and black areas are pores. The porosity, ε, 
is calculated as 0.48.

Figure 11(a) is the cross-section at x = 20, 
and fig. 11(b) is the corresponding tomography 
scan. The cross-section of CT technique struc-
ture is basically consistent with the structure of 
corresponding DPF.

The analyse of results 

Figure 12 shows that the pressure gradient 
with different Reynolds number of structures. 
As the Reynolds number increases, the pressure 
gradient increases. When Reynolds number is 8, 
the difference of pressure gradient of structures is obvious. The pressure gradient of the QSGS 
structure is the closet to the CT technique structure. Through the aforementioned analysis, it 
can be seen that the pressure gradient of QSGS structure is most similar to the CT technique 
structure. The pressure gradient of the spherical structure is the minimum.

According to the fig. 12, the pressure gradient of different structures is obvious when 
Re = 5. Figures 13-15 show the 3-D pressure iso-surface and the velocity contour slice of struc-
tures when Re = 5. The blank areas in the figs. 13(a)-15(a) are the fibrous structure. As can be 
seen from the fig. 13(a)-15(a), there is high pressure area at the flow inlet of structures. The ve-

Figure 8. The QSGS structure; (a) the picture of 3-D structure and  
(b) the sectional view of structure at y = 30

Figure 9. The schematic of method

 Figure 10. The CT technique structures
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locity contour slice of different structures at high 
pressure are shown in figs. 13(b)-15(b). Accord-
ing to the cross-section, the structural channels 
become narrow or the flow blocked at high pres-
sure areas. The flow resistance is larger and the 
flow velocity is higher. The flow passage of the 
spherical structure is regular. The flow resistance 
is small, the pressure distribution is uniform. The 
other structures are relatively complex. The flow 
channel of structures are twists and turns and there 
are many inflection points and dead corners. The 
flow resistance is larger and the pressure is high.

 

Figure 13. The sphere structure; (a) the pressure iso-surface and (b) the velocity contour slice at y = 25

Figure 16(a) show the temperature iso-surface of CT technique structure when  
Re = 10. The high temperature region appears at the inlet of the structure. The reason is that 
the pressure of the structure is high at the entrance, the flow resistance is great, and the heat 
transfer is low. Figure 16(b) shows the temperature gradients of structures with different 
Reynolds number. With Reynolds number increases, the temperature gradient decreases. The 

Figure 11. The structure of CT technique; (a) the sectional view of structure 
at y = 30 and (b) the tomography of DPF

Figure 12. The pressure gradient of 
structures
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QSGS structure with parameters is the closest to the CT technique structure. The variation law 
of pressure gradients and temperature gradients of 3-D porous structures is similar to that of 
2-D porous structures in [8]. According to the analysis, it can be seen that the distribution of 
structure has a great influence on temperature and pressure distribution.

 
Figure 16. The heat transfer of different structures; (a) the temperature of CT technique  
and (b) the temperature gradient

Figure 14. The CT technique structure; (a) the pressure iso-surface and  
(b) the velocity contour slice at y = 20

Figure 15. The QSGS structure; (a) the pressure iso-surface and  
(b) the velocity contour slice at y = 40
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Conclusion 

In this paper, the flow and heat transfer characteristics of different structures are ana-
lyzed. The results show are as follows.

 y The pressure gradient increases with the increase of Reynolds number. The temperature 
gradient decreases with the increase of Reynolds number. The flow channel in the spherical 
structure is simple, so the gradient of temperature and pressure is the smallest. 

 y The spherical structure and the QSGS structure are different from the porous structure of 
DPF in pressure gradient and temperature gradient. By comparing different structures, it can 
be seen that although the pressure gradients of the CT technique structure and the QSGS 
structure are similar, the temperature gradients of the two structures are more different.
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Nomenclature
cd – probability of growth core (QSGS)
cs  – lattice sound speed
di – probability of growth in direction i (QSGS)
E  – internal energy, [J]
eα – lattice velocity in a direction
fα  – density distribution function
fα

eq – equilibrium distribution function for fα 
 gα  – energy distribution function
gα

eq – equilibrium distribution function for gα 
L  – length, [m] 
∇p  – pressure gradient, [Pa]
Re  – Reynolds number (=Lu/μ)
r  – position vector
T  – temperature, [K]
t  – time
u  – velocity vector, [ms–1]

Greek symbols

α  – thermal diffusion coefficient
δx  – lattice spacing
δt – time step in lattice unit
µ – dynamic viscosity, [kg m–1s–1]
n  – kinematic viscosity, [m2s–1]
ρ  – density, [kgm–3] 
τ  – dimensionless relaxation time
ωα  – weight coefficient

Acronyms

CT   – computer tomography
D3Q19 – 3-D nineteen-velocity lattice model
DPF   – diesel particulate filter
LBM   – lattice Boltzmann method
PM  – particulate matter 
QSGS  – quartet structure generation set
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