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Abstract: To study the flow and heat transfer character-
istics of diesel particulate filter wall porous media, Lattice
Boltzmann Method (LBM) is used to simulate and analyze
different structures in this article. On studying the heat
transfer and flow characteristics of regular structures
such as parallel and staggered structures, it is proved
that the distribution of porous media structure has an
effect on the heat transfer and flow characteristics. The
effects of different structure distributions on the flow and
heat transfer characteristics are analyzed by studying the
complex structures such as random structure and the
structure of Quartet Structure Generation Set (QSGS).
The influences of different fiber diameters on the para-
meters under the parallel arrangement, the staggered
arrangement, and the random arrangement is consid-
ered. The flow and heat transfer characteristics of the
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QSGS structure and Sierpinski carpets structure are also
considered. Under the same porosity, different fiber dia-
meters have effect on dimensionless permeability coeffi-
cient, pressure gradient, and filtration efficiency. The
different structures of porous media affect the tempera-
ture and pressure distribution. For the relatively complex
structure, the flow resistance is greater. The increase in Re
will reduce the temperature gradient, and with the increase
in Re, the flow in the structure will be more uniform.

Keywords: lattice Boltzmann method, particulate filters,
porous media, cellular automata method, Quartet Structure
Generation Set

1 Introduction

Particulate matter (PM) emissions from diesel engines
have always attracted much attention because they not
only affect the environment but also have some toxic
and carcinogenic effects, affecting human physical and
mental health [1]. Most of the soot particles emitted by
the engine are between 10 nm and 1pm [2]. These tiny
particles can be transported to the deeper parts of lung
tissue where they densely fill the alveoli [3]. In addition,
PM can be suspended in the air for a long time, which will
lead to environmental degradation [4]. The deposition
of PM will affect the operation of machinery [5]. As a result,
many countries, such as the United States, Japan, Europe,
and China, have enacted stricter regulations on PM emis-
sions. With the increasingly strict emission standards of
diesel engines, diesel particle filter (DPF) has been used
to reduce the nano patrticles in the diesel exhaust.

Porous media have been widely used in scientific and
industrial applications due to their good heat and mass
transfer characteristics, such as fuel cells, heat exchan-
gers, and particle filters [6]. In the engineering applica-
tions of particle filter, gas-solid two-phase flow through
porous media has always been the focus of attention. DPF
has become an indispensable diesel aftertreatment device
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from the 1980s to till date in order to solve the diesel
particulate emission problem [7-9]. Wall-flow DPF is a
ceramic monolithic honeycomb multi-channel structure
with alternating blockage of inlet and outlet channels.
Waste gas is forced to flow through the porous wall of
the passage, and soot particles are trapped in the blocked
inlet channel. As the exhaust passes through its porous
walls, it intercepts most of the PM. Recent studies have
shown that the filtration efficiency of DPF exceeds 99%
[10,11]. The thickness of DPF porous medium is about
0.2mm, so it is difficult to observe the small-scale phe-
nomenon inside the filter in the experiment. With the
development of computer, numerical simulation methods
are gradually used to simulate and predict the heat transfer
and flow characteristics in porous media. In order to study
the porous media, many researchers have given many similar
definitions. Bear [12] defined porous media as the space occu-
pied by heterogeneous matter. Collins [13] defined porous
media as solid materials containing connected and uncon-
nected pores. Dullien [14] defined that the porous media
need to contain pores and have very high permeability.
The fluid flow process is described in three levels: the
macroscopic level; Microscopic level; and Mesoscopic
level. Most of the experiments reflect the change in macro
parameters through the study of micro-scale. For example,
Zheng et al. [15] and Chen et al. [16] analyzed the flow and
heat transfer characteristics of nanofluids. At the macro
level, most of the existing field simulation methods are
macro methods, such as finite volume method, finite
difference method, and finite element method. At the
micro level, Alerder and Wainwright [17] used molecular
dynamics to study the equation of state of gas and liquid
under the hard ball model. Lattice Gas Automata, Lattice
Boltzmann method (LBM) and DSMC method are all com-
monly used for simulation. LBM derived from lattice gas
automata has received more and more attention recently.
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 where traditional numerical
simulation methods, such as finite volume method and
finite element method, are difficult to obtain ideal results.
The LBM is considered as one of the most promising
numerical simulation methods [18]. And the LBM is simple
to set boundary conditions [19]. The Knudsen number (Kn)
is used to determine whether a fluid fits the continuity
hypothesis. Figure 1 shows the scope of different equations
[20]. There is no Knudsen number limit to lattice Boltzmann
equation. The main advantage of LBM simulation is that it can
obtain detailed flow information inside the porous medium,
which is helpful to reveal the relationship of macroscopic
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Figure 1: The scope of different equations.

seepage and microscopic mechanism. Therefore, the wall of
the particle filter with high solid volume fraction and complex
geometry needs to be analyzed by pore scale simulation.
Many scholars have studied the filtration mechanism
of the engine particulate filters through macroscopic experi-
ments and mesoscopic numerical simulation. Manz et al.
[21] applied LBM to study the influence of Reynolds number
(Re) on fluid flow in porous media on the pore scale, and
proved the feasibility of LBM in simulating flow on the pore
scale. Pan et al. [22] used LBM to simulate the seepage
problem of porous media composed of spheres and studied
the relationship between permeability and Re. Tang [23]
applied LBM method to study the flow of thin gas in
micro-scale porous media and analyzed the effect of Kn
on the permeability of porous media. It is found that there
is a linear relationship between pressure gradient and
micro-scale porous media in low-speed flow. This phenom-
enon is consistent with Darcy's law. The permeability is
related to the Kn. For the same porous medium, the perme-
ability increases with the increase in Kn. Yamamoto et al.
[24,25] obtained the internal structure of DPF using three-
dimensional X-ray CT technology, and studied the flow and
heat transfer characteristics of DPF porous media by using
LBM. Liu et al. [26] used Lagrangian method to simulate
particle movement and deposition, and proved the influ-
ence of resistance on particle movement and deposition.
With the increase in Re, the inertial force on the particles
increases, but the influence of Brownian motion decreases;
Lee et al. [27] established a randomly overlapping solid ball
array model to represent the porous medium of DPF. It is
proved that the random overlapping array structure model
can simulate the flow of porous media reliably and accurately
within the range of solid volume fraction of 0.01-0.8. Kong
et al. [18] established a two-dimensional mesoscopic gas-
solid two-phase flow model with incompressible lattice
Boltzmann model and described the transport of solid
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particles with cellular automata (CA) probabilistic model.
Fu et al. [28] used LB-CA method to simulate the move-
ment law of PM and studied the efficiency. Eshghinejad-
fard and Thévenin [29] used LBM model to consider the
interaction between fluid and PM, and used thermal lattice
calculation. Yamamoto and Sakai [30] used LBM to study
the influence of the pore structure of diesel particulate
filter on soot deposition.

For most of the engineering software, the DPF porous
media model adopts a spherical structure with regular dis-
tribution. For real DPF, its porous media structure is more
complex. In this study, the Sierpinski Carpets structure and
the structure of QSGS are constructed and its related char-
acteristics are studied. Many scholars used LBM to study the
flow characteristics of DPF porous media, but the tempera-
ture characteristics of structures were not clear and needed
to be further studied. In this article, the heat transfer and
flow characteristics of regular structures such as parallel
structures and staggered structures are analyzed, and the
flow and heat transfer characteristics of random structures
and the structure of QSGS are also studied.

2 Theoretical basis

2.1 The fundamental of LBM

Qian et al. [31] proposed the DAQm model (d-dimensional
space; m-discrete velocities). DdQm is the family of models
with m velocities on a simple cubic lattice of dimension d.
By determining the distribution function of equilibrium
state, the relationship between microscale and macroscale
is established. Chapman-Enskog multi-scale expansion
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Figure 2: (a) D2Q4 and (b) D2Q9 velocity sets.
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[32] was adopted to restore the mesoscopic Boltzmann
equation to the Navier-Stokes equation of macroscale.
D2Q4, D2Q5, and D2Q9 are commonly used in LBM models
for two-dimensional problems. The calculation precision
will increase and the calculation time will increase accord-
ingly. The following figures are D2Q4 model and D2Q9
model. The model adopted in this article is D2Q9 model,
the velocity field can be derived from the evolution of its
density distribution function (Figure 2).

The speed configuration of the D2Q9 model is as fol-
lows [31]:

(0, 0), a=0,
c(cos[(a — Dmt/2], sin[Ra - 1)m a=1-4,

ea=19 /2D, 1)
V2c(cos[(2a - 9)m/4], a=5-8,
sin[Qa — 9)m/4]),

where ¢ = 6x/6t, 6x and 6t are the lattice constant and
time step, respectively.

The density distribution function of f, is as fol-
lows [33]:

fu(r + e,0t, t + 6t) — fu(r, t)

- - Lo - me=o-9, @
where f, is the density distribution function, f5? is the
equilibrium distribution function, 7 is the dimensionless
relaxation time based on kinematic viscosity, and e, is
the lattice velocity in a direction. The equilibrium distri-
bution function f39 is defined as [34]:

e (equt) (eau)z u?
aquwa1+c—52 T;‘_E’ 3)
86 e2 e5
e e
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e
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where ¢, is the lattice sound speed, and w, is the weight
coefficient.

4/9 a=0
Wy =419 a=1-4¢, (4)
1/36 a =5-8

In the Egs. (5) and (6), p is the macroscopic density
and u is the macroscopic velocity [35].

p= Zf = ) fas (5)
pu = Zeafa = Zeaf;q- (6)

The macroscopic pressure p is determined by Eq. (7).
p = pcs. )

The evolution equation of temperature distribution func-
tion g, is shown as Eq. (8) [36]. Since the temperature is a
first-order scalar, the temperature model adopts D2Q4 model.
And the D2Q4 model for temperature simulation can reduce
the calculation time and ensure the calculation accuracy [37].

g (r+elt, t +6t) — g, (r, t)

= Ligm o - g 0,
Tg

(8)

where a = 1, 2, 3, and 4, and 7, is the dimensionless
relaxation time based on thermal diffusion coefficient.

The temperature equilibrium distribution function
g1 is defined as [38]:

(equ) ) 9)

<81, ) = w T, r)(l NG
C

Macro temperature is as follows [38]:

T=)g,
a

(10)

2.2 Boundary conditions

The inlet and outlet boundaries are the periodic bound-
aries. When fluid particles leave the flow field from one
boundary, they will enter the periodic boundary of the
flow field from the other boundary at the next moment.
Periodic boundary format is as follows [39]:

f1,5,800, j) = fi,5,8(Ny, ),
f3,6,7(NX + 11]) :ﬁ,6,7(11j)-

The flow boundary condition is a standard rebound
format, which is implemented as follows:

fr56(, 1) = f4,7,8(1, 1),

(11)
(12)

(13)
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where f, 7 5(i, 1) is obtained from f,(i, 2), f7(i + 1, 2), and
fs(@ — 1, 2), respectively.

The temperature boundary condition is a non-equilib-
rium extrapolation format, which is implemented as fol-
lows [40]:

8,00, 1) = .90, t) + [g,(1, 1) - g4, )],  (14)

where 0 is the boundary node.

2.3 CA method

The CA method is used to simulate the random motion of
PM. The cell automation probabilistic approach is pro-
posed by Chopard and Masselot [41], the probability of
each particle moving to an adjacent node is proportional
to the projection of the actual displacement of the particle
in that direction. The improved method of Wang et al.
[42] was used to calculate the displacement vector AXp.
The steps of CA approach: (1) Calculate the displacement
AXp of the next time step. (2) Determine the probability of
motion P,. (3) Generate random numbers and determine
the location of the next particle

AXEHOt = AXL + et + Aesbt + Asesbt + Ayendt, (15)
where A, is a Boolean variable which is equal to 1 with
probability P, or equal to O with probability 1 — P,,.

ot AX,
B, = max (0, (upea)a) = max (0, 6—xpea)’ (16)

a=1-4,

where u,, is the velocity of the particle, which is defined as
u, = dX,/dt.

For Figure 3, since P, > 0, P, >0, P; =0, and P, = O,
there are four possibilities for particles to move, remain
stationary, move to the east, moving north, and moving
northeast. The probabilities are (1 — P;)(1 — P,), Ps(1 — P,),
P,(1 - P,), and P,P,_For this experiment, two random num-
bers r, and r, are generated, which are obedient to a uniform
distribution in the interval [0,1]. Then, through comparing
the values of two groups (r; and P;; 1, and P,), the new site
of the particle is determined, which follows Eq. (17).

and r, > p,, X510 = X}

and n, > p,, X5 = XL + e,6t

ifr, > py
ifr < py
{ifn > p; andn < p,, X5 = Xbe, + 6t 17)
and r, < p,, X5 = X5 + e,6t + et

= X}t) + e56t.

ifn < py
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2.4 Parameters setting of LBM

The calculation formula of velocity in this simulation is
shown in Eq. (18). Re is Reynolds number, p is the
dynamic viscosity, p is the fluid density, and L is the
characteristic length. In this simulation, L is the diameter
of the fiber. The inlet velocity is determined by dynamic
viscosity, Re and fiber diameter.

Re = ﬂ (18)
u

Darcy's Law is generally used to describe flows within
the porous media [12]. Darcy's law applies to low flow
rates. Darcy's law applies when the Re is less than some
value between 1 and 10. Darcy's Law is described by Eq.
(19). The permeability coefficient k is an index reflecting
the permeability ability comprehensively. There are many
factors influencing the permeability coefficient, such as

the shape, size, and non-uniformity of the fiber structure.

u= —lkVP, (19)
U

where p is the fluid phase viscosity, and VP is the pressure

gradient. The permeate by a Newtonian fluid flowing with

low Re, the Darcy relation may be generalized in terms of

permeability k.

In the simulation, dimensionless parameters are used.
The dimensionless parameters make the calculation more
convenient. The thickness of DPF porous medium is about
0.2mm, the filter speed of DPF filter wall is generally not
more than 0.05m/s [43]. The grid number of calculation
area adopted in this article is 200 x 200. In the modeling of
the porous media of the particulate filter, the calculation
area of the two-dimensional porous media is 100 pm?® x
100 um®. Therefore, the resolution is 6x,, = 0.5pum. The
grid spacing is 6x = 1. According to the formula L; = 6x,,/

Xpte,0t Xp+esdt

Xpte ot

Figure 3: Particle motion diagram in CA probability model.
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X
>

Figure 4: The model of the two-dimensional lid driven cavity flow.

6x, the length L, is 5 x 10~ m. In the simulation, the
relationship between the lattice viscosity v and the relaxa-
tion time 7 and lattice sound velocity isv = ¢2(r — 0.5). In
the formula, 7 = 1, and the lattice viscosity v = 1/6.
According to the Eq. (18), Re can be calculated. Through
calculation, it can be concluded that the Re in the filter
wall of DPF is about 7.5, so the Re adopted in this article is
less than 10.

2.5 Program validation
2.5.1 Lid driven cavity flow

A two-dimensional lid driven cavity flow (as shown in
Figure 4) is taken as an example to carry out numerical
simulation of flow conditions with different Re, and the
results are compared with those of the traditional method
to verify the correctness of the program. The D2Q9 model
is used for the evolution of density distribution function.
The moving boundary of the roof adopts the non-equilib-
rium extrapolation scheme, and the rest of the solid wall
adopts the standard rebound format. The initial den-
sity p of the flow field is 1.0, the driving speed of the
top U = 0.1, and the mesh number is 100 x 100. According
to the Eq. (18), the kinematic viscosity coefficient v can be
calculated.

Figures 5 and 6 show the numerical comparison between
the simulation results of the code and the experimental
study of Ku et al. [44], which, respectively, compares the
velocity distribution u along the Y direction and the veloc-
ity distribution v along the x direction. Figures 4 and 5 are
a comparison of the results when Re is 100 and 400. It can
be seen from the figure that the simulated data are basi-
cally consistent with the research data of Ku, which can
prove the accuracy of the LBM code.
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Figure 5: The comparison of the results when Re = 100: (a) the velocity along the x direction and (b) the velocity along the y direction.

2.5.2 Poiseuille flow of porous media

The Poiseuille flow of homogeneous porous media is
simulated by LBM. The D2Q9 model is used for simula-
tion. When the flow field reaches the steady state, the
flow satisfies the following Eq. [45]:

o[t

cosh (gr)

_ Gk
Jon

u(y) 1- , (20)

wherer = \/e/k, G, is the volume force, u is the viscosity,
€ is the porosity, h is the length of the calculation

0.4

0.3+ = simulation

e Kuetal
0.2

0.1
0.0 ¢ »
o
0.1 e
[
-0.2 []
']
-0.3 4 2
-0.4 4

-0.5

0.0 0.2 0.4 0.6 0.8 1.0

(2) "

domain, u is the velocity, p is the initial density, k is
the permeability, and y is the location.

In the simulation, the inlet and outlet are periodic
boundaries, and the upper and lower walls between the
plates are standard rebound boundaries. The calculation
domain is 200 x 200, the porosity of the porous media
between the plates is 0.2. The viscosity of the fluid is 1/6,
and the initial density p is 1. The Re is 0.1. Figure 7 shows
the velocity distribution of the longitudinal section of the
simulated region and the comparison with the analytical
solution. As can be seen from the Figure, the velocity
distribution is consistent.

1.0 — —:
o -

0.8
®  simulation
e Kuetal

0.6

>

0.4

0.2

0.0 T T T T T T T

(b) ’

Figure 6: The comparison of the results when Re = 400: (a) the velocity along the x direction (b) the velocity along the y direction.
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Figure 7: Comparison of simulation results and analytical solutions
for Poiseuille flow.

2.5.3 The heat transfer of porous medium cavity

The natural convection heat transfer in a square cavity
filled with porous media is simulated using the LBM
method. The left wall of the square cavity has high tem-
perature, and the right wall has low temperature. In this
example, the Darcy number (Da) is 1072, the Prandtl
number (Pr) is 1, and the porosity is 0.4. According to
Eq. (21), the average Nussel number (Nu) is:

H oT

H
1
Nigye = — | - ——d 21
Havg H.[ ATayy @)
0

The average Nu (Nu,ye) When the Rayleigh number
(Ra) is 10°, 10%, and 10’ is calculated. The average Nu on

0.00030
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Table 1: Comparison of average Nusselt number

Rayleigh number 10° 10* 10°

Literature [46] 1.010 1.408 2.983
Simulation 1.032 1.394 2.994
Relative error 2.25% 0.99% 0.36%

the hot wall is compared with the results in literature
[46], and the results are shown in Table 1. It can be
seen from Table 1 that the relative errors are all within
2.3%, the numerical results simulated by the LBM method
in this article are close to those in the literature [46].

2.5.4 Mesh sensitivity analysis

The dimensionless permeability reflects the perme-
ability of porous media. The dimensionless permeability
is related to the porosity, the geometry of the pores
along the liquid permeation direction and the arrange-
ment direction. Permeability is obtained by equation
k = p*u/AP (k-permeability, p-viscosity, and AP-pres-
sure gradient). Figure 8 shows the effect of grid on
dimensionless permeability. The result shows that the
grid density has an effect on dimensionless perme-
ability. As shown in Figure 8, when the number of grids
increases to 150 x 150, the permeability hardly changes
any more, but with the increase in the number of grids,
the calculation time increases significantly. Therefore,
200 x 200 grid is adopted in this simulation, which not
only ensures the accuracy of the calculation but also
reduces the calculation time.

0.00025

0.00020

0.00015

0.00010 +

Dimensionless permeability k

0.00005

0.00000

Figure 8: Mesh sensitivity study for dimensionless permeability.

T T T T T T T
50x50 100x100 150x150 200x200 250x250 300x300 350x350
Grids number
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3 The study on flow and heat
transfer characteristics

3.1 Construction of porous media model

The internal structure of cordierite DPF porous media was
obtained using a Skyscan 1174 tomography scanner. A
valid image was sampled at intervals of 0.02mm in the
direction of passing through the wall. The DPF porous
media is shown in Figure 9. The black area is porous
and the white area is solid. The image was imported
into Photoshop to collect the number of black and white
pixels, and the porosity of the sample was calculated to
be about 0.6. The distribution of fiber structure is very
complex.

Five different structures are constructed in this article,
which are the parallel structure, the staggered structure,
the random structure, the Sierpinski Carpets structure,
and the structure of QSGS. The parallel arrangement struc-
ture, staggered arrangement structure, and the random
arrangement are composed of a certain number of circular
fibers with equal diameter in order or random arrange-
ment. According to Yazdchi and Luding [47,48], this
model could well represent the steady-state filtering pro-
cess of the porous medium. Sierpinski carpets structure
belongs to the fractal structure of porous media. Since
Mandelbrot [49] introduced the concept of fractal, the con-
cept of fractal has been related to the study of actual
porous media, and now it is generally accepted that fractal
structure model of porous media is getting more and more
attention in many disciplines, mainly for two reasons: (1)
using the fractal theory, highly complex geometric struc-
tures can be simply constructed and (2) many scholars
have proved that the structure of porous media has fractal
characteristics within a certain scale by numerical simula-
tion or experimental methods. Huai and Wang [50]
introduced the concept and basic principle of fractal
geometry, expounded the fractal characteristics of the

DE GRUYTER

porous media structure, and then, based on the fractal
geometry principle, constructed the porous media of Sier-
pinski carpets structure for simulation research. Wang et al.
[51] used QSGS method to reconstruct the porous media
model. This method controlled and generated the micro-
structure of porous media through four parameters (solid
phase distribution probability, directional probability,
probability density, and porosity) which could be closer
to the real porous media. The CPU operation time of the
structures is as follows: the parallel structure is 731.533 s,
the staggered structure is 764.646 s, the random structure
is 869.573 s, the Sierpinski Carpets structure is 1092.874 s,
and the structure of QSGS is 946.076s.

3.2 Flow and heat transfer characteristics of
parallel and staggered structures

Figure 10 shows the parallel distribution structure and
the staggered distribution structure. The white areas are
solid areas and the black areas are pore areas. The simu-
lated domain is 200 x 200. In the Figure 10, the porosity is
0.6 and fiber diameter is 25. Fiber diameter is the dimen-
sionless diameter. The fiber diameter in the calculation
area is the number of grids. In the simulation, the length
L;is 5 x 107" m, so the fiber diameter of 10 is equal to is 5 x
10~ m. The left side is the entrance boundary and the
right side is the exit boundary.

Figure 11 shows the parallel structure when porosity
is 0.6 and fiber diameter is 10 and 40. As shown in the
figure, with the decrease in the fiber diameter, the number
of fiber structures increases and the structure density
increases. When the diameter of fiber is 10, there are
more interstructural channels. As shown in Figure 11b,
when the diameter of the fiber is 40, the distance between
the left and right sides of the fiber gradually decreases.

Figure 12 shows the dimensionless permeability chan-
ging with fiber diameter. According to Lee et al. [27], the

Porous wall

7
|
\ ' Porous wall

Figure 9: The structure of the inner wall of the particulate filters using tomography.
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Figure 10: (a) Parallel arrangement structure and (b) staggered arrangement structure.
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Figure 11: The parallel structure distribution of different fiber diameters: (a) dia = 10 and (b) dia = 40.
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(2)
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(b)

Figure 13: The fiber diameter is 35 and the porosity is 0.7. (a) Parallel arrangement and (b) staggered arrangement.

permeability of porous media remains at a constant value
in the Darcy flow region (Re <1), so the Re of this case is
0.5. It can be seen from the figure that the permeability k
increases with the increase in the fiber diameter, and the
permeability coefficient of parallel structure is larger than
that of the staggered structure. When the fiber diameter is
35, the two curves in the figure increase sharply. Figure 13
shows the structure of parallel arrangement and staggered
arrangement when the fiber diameter is 35. By calculation,
when the fiber diameter is 10, 15, 20, 25, 30, and 40, the
porosity of the structure is 0.6. When the diameter of
the fiber is 35, the porosity of the generated structure is
0.7 due to the distribution requirements. The dimension-
less permeabilities of the parallel structure and staggered

structure are 0.0015287 and 0.00062241, respectively.
Because the permeability is affected by the shape and
distribution of the structure, the permeability is dif-
ferent. Figure 14 shows the parallel structure and stag-
gered structure with porosity of 0.6 by changing the
structure distribution. And the fiber diameter of the par-
allel structure and staggered structure is 35. The dimen-
sionless permeabilities of the parallel structure and
staggered structure are 0.000239 and 0.000314, respec-
tively. The dimensionless permeability is reduced.
Figure 15 is a graph of pressure drop VP and fiber
diameter. It can be seen from the figure that the pressure
drop of the staggered arrangement structure is higher
than that of the parallel arrangement structure, and the

(a) (b)

Figure 14: The fiber diameter is 35 and the porosity is 0.6. (a) Parallel arrangement and (b) staggered arrangement.
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Figure 17: The velocity distribution under different fiber diameters. (a) dia = 10, (b) dia = 20, (c) dia = 30, and (d) dia = 40.
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Figure 18: The flow curves at different Reynolds number. (a) Re = 5 and (b) Re = 10.

pressure drop decreases with the increase in fiber dia-
meter. When the fiber diameter reaches 20, the pressure
gradient changes little and remains stable.

Figure 16 shows the relationship between filtration
efficiency and fiber diameter. It can be seen from the
figure that the filtration efficiency decreases with the
increase in fiber diameter, and the filtration efficiency
of the staggered distribution structure is higher than
that of the parallel distribution structure.

Figure 17 shows the velocity contour when the fiber
diameter is 10, 20, 30, and 40. As can be seen from the
figure, the high-speed area exists between the upper and
lower gaps of the structure. With the increase in fiber
diameter, the gap between upper and lower of fiber struc-
ture increases, the gap between staggered fiber structure
decreases, and the region of high speed changes.

Figure 18a and b shows the flow vectors of pore flows
when Re = 5 and Re = 10. Figure 19a and b are corre-
sponding velocity distribution diagrams. It can be seen

from the figure that when Re is small, the flow flows up
and down along the surface of the fiber structure where it
meets the fiber structure, and when Re is large, the fluid
flow back to the inlet where it meets the fiber structure.

Figure 20 shows the temperature of the parallel struc-
ture when Re is 0.01, 0.1, 1.5, and 6. It can be seen from
the figure that with the increase in Re, the temperature
gradient decreases as the high temperature region moves
to the right.

3.3 Flow characteristics and temperature
characteristics of randomly distributed
structures

Figure 21 shows the random distribution structure. Com-
pared with the parallel distribution structure and the
staggered distribution structure, the spherical fiber struc-
ture is more disordered.

Figure 19: The velocity distribution at different Reynolds number. (a) Re = 5 and (b) Re = 10.
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Figure 20: The temperature distribution at different Reynolds number. (a) Re = 0.01, (b) Re = 0.1, (c) Re = 1.5, and (d) Re = 6.

Figure 22 shows the velocity distribution contour
under different fiber structures. With the decrease in fiber
diameter, the structure of the fiber is more densely dis-
tributed. The channel becomes more winding, and the
velocity distribution becomes more complex.

Figure 23 shows the temperature distribution contour
when Re is 1 and 3. When the Re is 1, the temperature
distribution is relatively uniform. When the Re reaches 3,
a high temperature region appears in the upper part of
the region. In the region corresponding to the velocity
contour, the velocity is very small and close to the stag-
nant state, and the convective heat transfer is weak, so
the temperature gradient here is large.

Figure 24 is the pressure distribution contour with
fiber diameters of 10 and 20. The more complex the fiber
structure, the greater the flow resistance, and the pressure
will increase. As can be seen from Figure 24, the pressure
is distributed regionally. By comparing Figure 24a and b, it ~ Figure 21: Random structural diagram.
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Figure 22: The velocity distribution of different fiber diameters. (a) dia = 20 and (b) dia = 15.
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Figure 23: The temperature distribution at different Re. (a) Re = 1 and (b) Re = 3.

Figure 24: The pressure distribution of different fiber diameters. (a) dia = 20 and (b) dia = 10.
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Figure 25:

4 Flow and heat transfer analysis of
Sierpinski Carpet structure, QSGS
structure and IPM structure

4.1 The structure of Sierpinski carpets

The Sierpinski Carpets method [52] is used to construct

the porous medium structure. The Sierpinski carpets

method is very representative among the many methods

of constructing the fractal model of porous media. The

construction process of the classic Sierpinski carpet is

introduced, where i represents the depth of the structure,

the specific steps are as follows:

(1) When i = 0, construct a square;

(2) When i =1, the square in step (1) is divided into 9
small squares (3 x 3);

(3) When i =2, divide the 8 remaining squares in step (2)

can be seen that this phenomenon is due to the difference into 8 smaller squares respectively, using the same

in the density of the fiber structure distribution. rule as step (2);

Figure 26: The structure of Sierpinski carpets.

(a) 20 40 60 80 100 120 140 160 180 200

Figure 27: The velocity distribution at different Re. (a) Re = 1 and (b) Re = 3.
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Figure 29: The temperature distribution and the streamline of the structure. (a) The temperature distribution and (b) the streamline.

(4) If the above steps are repeated, the squares constitute
Sierpinski carpet structure at all levels.

The evolution process is shown in Figure 25. Figure
26 shows the Sierpinski carpets structure when porosity
is 0.6.

Figure 27 shows the velocity distribution when Re =1
and Re = 3. Figure 28 shows the corresponding pressure
distribution. At low Re, the flow is stable and the pressure
distribution is uniform. At a high Re, because the Sier-
pinski Carpets model structure is very complex, there are
many twists and turns in the channel, the flow is more
complicated, and the pressure is higher.

Figure 29 shows the temperature distribution and the
streamline of the structure when Re = 0.5. It can be seen
from Figure 29a that the temperature distribution is not

Figure 30: Quartet Structure Generation Set.
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Figure 31: The structure of DPF porous media. Figure 32: The QSGS structure of this simulation.

160 180 200

Figure 33: The results of Quartet Structure Generation Set. (a) The velocity distribution when Re is 1, (b) the velocity streamline when Re is 1,
(c) pressure distribution when Re is 1, and (d) the velocity distribution when Re is 3.
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(a)

uniform due to the different thermal conductivity between
the structure and the pore. The temperature distribution
is affected by the structure distribution. As shown in
Figure 29b, when Re is low, the flow is more uniform.

4.2 The structure of QSGS

The porous media structure of particle filter constructed
by QSGS is shown in Figure 30. This method can control
the morphology of the generated porous media by adjusting
the parameters. The three basic parameters of this method
(growth core probability Cd, directional growth probability
D;, and porosity €) control the microstructure of the porous
media, and each parameter has its physical significance.
Figure 30 is the porous medium structure of the diesel
particulate filter constructed by the QSGS. Where the por-
osity € is 0.6, the probability of the growth core Cor is 0.1,
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Figure 34: The local flow of pores at different Re. (a) Re = 0.1 and (b) Re = 3.

the probability of the horizontal direction D, 3 is 0.001, the
probability of the vertical direction D,, is 0.001, and
the probability of the quadrangle direction Ds_g is 0.001.
The results are shown in Figure 30. Compared with Figure 31,
it can be found that its distribution structure is very similar.
Therefore, by setting different parameters, the real porous
media structure of diesel particulate filter can be approxi-
mately simulated. However, this simulation only involves
two-dimensional research. In order to ensure the pore con-
nectivity of the generated structure, appropriate parameters
should be adjusted to generate an appropriate structure
model.

Figure 32 shows the structure diagram generated by
the QSGS under different parameters used in the simula-
tion. Where the porosity € is 0.6, the probability of the
growth core Cor is 0.1, the probability of the horizontal
direction D,5 is 0.001, the probability of the vertical
direction D,, is 0.001, and the probability of the
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(b) temperature gradients with different Re.

quadrangle direction Ds_g is 0.001. In the Figure 32, the
flow is continuous, and several channels are guaranteed
to be connected with each other.

Figure 33a is the velocity distribution diagram when
Re is 1, and Figure 33c is the pressure distribution dia-
gram of the flow. According to the pressure diagram,
there is a high-pressure region in the upper left region.
By observing the velocity flow diagram (Figure 33b), the
channel is narrow at the same location, and when it flows
through this structure, the pressure becomes high. Figure
33a and d are the velocity distributions under different
Re. When the Re is low, the fluid mainly flows along a
main path, but as the Re increases, the fluid gradually
flows into the pores of each connecting channel.

Figure 34 shows a close-up section with a subset of
the velocity vector field taken from the same position of
the pore space. Each vector represents the magnitude and
direction of the local velocity. The flow between struc-
tures is separated. When Re is low, the fluid pathway
follows the shortest path through the backbone, but
when Re is high, the flow will separate. The path of the
main flow is determined by the geometry of the local void
space [53].

The Figure 35 shows the temperature gradient curve.
Dy is the thermal conductivity of the solid, and Dy is the
thermal conductivity of the fluid. In Figure 35a, the tem-
perature gradient is studied when the D/D; ratio is 1, 10,
25, 50, and 100. As the ratio increases, the temperature
gradient increases. Figure 35b shows the change curve of
temperature gradient with different Re. The Re is linearly
related to the temperature gradient. With the increase in

Re, the flow velocity increases, and the inertia force of the
fluid plays a major role. In the process of flow, the dis-
turbance increases, the heat exchange increases, and the
temperature gradient in the whole calculation domain
decreases.

5 Conclusion

In this article, the structure of porous media is con-
structed with different methods and the flow and heat
transfer characteristics of different structures are studied.
The regular structures such as parallel structures and stag-
gered structures are constructed by different methods. The
fractal structure of the porous media is also constructed.
Due to the complex structure of DPF porous media, the
random structure and the structure of QSGS are also
studied.

1) For parallel arrangement and staggered arrangement,
with the increase in fiber diameter, the gap between the
structures increases. The dimensionless permeability k
increases with the decrease in fiber structure diameter.
And with the increase in the fiber diameter of the struc-
ture, the pressure gradient and the filtration efficiency
decrease. Through the study of the structures, it can be
seen that the dimensionless permeability is affected by
the structure.

The random structure and the structure of QSGS are
more complicated and the structure distribution is
random. The porosity of complex structure is more

2)
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3)

4)

5)

tortuous, and the flow resistance increases, which
affects the dimensionless permeability and pressure
gradient. The uneven distribution of the structure
makes the pressure distribution regionalized.

The temperature gradient decreases with the increase
in Re. As the D/Ds ratio increases, the temperature
gradient increases. For regular structures, the flow is
more uniform. For the complex structure, the passage
becomes more tortuous, there are many dead corners.
At low Re, the fluid flows along the main channel, and
the heat transfer efficiency is different in each region
of the structure. The heat transfer efficiency is dif-
ferent, and high temperature will appear in the flow
stagnation area. With the increase in Re, the flow
becomes more uniform, the heat transfer in each
region of the structure becomes more sufficient, and
the temperature gradient becomes smaller and smaller.
According to the study, the pressure distribution and
temperature distribution of the porous media are rela-
tively regular by using a uniformly distributed circular
structure. It can be seen from the section of DPF that
the structure distribution of DPF porous media is com-
plex. The flow and heat transfer characteristics appear
inhomogeneous and uncertain due to the irregularity of
the structure inside the actual porous media. In the simu-
lation, the Sierpinski Carpets structure and the structure
of QSGS can better describe the flow and heat transfer
characteristics of the DPF porous media structure.

The structure of DPF porous media is complex, and
there are the regions of high temperature and high
pressure in the structure. The increase in pressure
and temperature can be detrimental to DPF. It has
been studied that areas of high temperature and high
pressure can be reduced when the flow in the DPF is
more uniform.
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