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Chapter

The Diesel Soot Particles Fractal
Growth Model and Its
Agglomeration Control
Ping Liu and Chunying Wang

Abstract

Based on the fractal growth physical model of soot particles from large diesel
agriculture machinery, this chapter simulates the morphological structure of
collision for the single particles and single particles, single particle and clusters,
clusters and clusters, firstly. Moreover, combining with the collision frequency,
the fractal growth is controlled to agglomeration using the main environmental
factors interference for diesel engine soot particles, in order to make them
condensed into regular geometry or larger density particles, reduce the viscous
drag for capturing by the capturer or settlement and to realize the control of the
pollution of the environment. The results of numerical simulation show that the
proposed method is feasible and effective, which will help to understand and
analyze the physical mechanism and kinetics of non-equilibrium condensation
growth behavior of the actual carbon smoke particles and provide the solution
to further reduce emissions of the inhalable particulate matter from diesel
engines.

Keywords: soot particles, agglomeration, fractal growth, control, diesel engine

1. Introduction

Large diesel agriculture machinery plays an important role in economic deve-
lopment, but it also brings sharp problems in environmental protection. Diesel
emissions are one of the most important sources of air pollution. There are many
kinds of harmful substances, such as HC, CO, NOX, and soot particles, but the
emission of harmful gases from diesel engines, such as HC and CO, is quite low;
NOX emissions are also in the same order of magnitude as gasoline engines.
The soot particles emitted are respirable particles, causing the most serious air
pollution [1, 2].

Particles emitted by diesel engines are usually composed of soot, organic
soluble components, and sulfides [3]. The main components of particles
discharged from a typical heavy-duty diesel engine under transient conditions
are shown in Figure 1. Usually, soot accounts for 50–80% of total particulate
matter. It is one of the most important harmful emissions [3]. Therefore, it is of
great significance to control the emission of soot particles from diesel engine
emissions.
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Soot is a very fine particle formed by a complex reaction mechanism in the flame
of the fuel-rich region when burning hydrocarbons in the absence of air, mainly
composed of a mixture of amorphous carbon and organic matter [4]. Since the
concentration and particle size of soot particles emitted by the gasoline engine is
lower than that of the diesel engine [5], this chapter mainly analyzes the soot
particles of the diesel engine.

At present, the study of soot particles in diesel engines has focused on
optical properties, chemical composition, particle size distribution, source
analysis, and human health assessment [6, 7], but research on particle mor-
phology (morphology and surface structure) is almost blank, especially the
morphological structure of the particles. Most soot particles have complex
fractal morphology [8, 9], affecting the nature of the particles. By studying its
fractal structure, the deposition of particles, the viscous resistance of the par-
ticles and the adsorption of toxic molecules can be deduced. Therefore, it is
necessary to control the fractal condensation and growth morphology of diesel
soot particles.

Based on the fractal growth physical model of soot particles from large
diesel agriculture machinery, this chapter simulates the morphological structure
of collision for the single-single particles, single-clusters, clusters-clusters, firstly.
Moreover, combining with the collision frequency, the fractal growth is
controlled to agglomeration using the main environmental factors interference
for diesel engine soot particles, in order to make them condensed into regular
geometry or larger density particles, reduce the viscous drag for capturing by
the capturer or settlement and to realize the control of the pollution of the
environment.

2. The condensation growth process of the soot and its simulation
method

2.1 The generation process of soot

The soot particles generation process undergoes complex chemical reactions
and physical processes. Firstly, it undergoes gas phase reactions, phase transitions
from gaseous to solid state. Then the formation of soot particles in diesel cylinders
undergoes the evolution of kinetic events such as nucleation, condensation,
collision fragmentation, growth, and surface oxidation [10–14]. The specific
formation process described by the soot particle model is shown in Figure 2.

Figure 1.
The composition of particulate emissions from the heavy-duty diesel [3].
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2.2 The simulation method of soot structure

According to the characteristics of the soot growth process, the dynamic Monte
Carlo method [15] is used to establish the soot fractal growth model. As shown in
Figure 3, in a two-dimensional Euclidean space with many particles, one initial
particle is set as the target particle, and the other particles are candidate particles.
One of the candidate particles is selected to collide with the target particle according
to a randomly generated locus, and adheres according to the adhesion probability.
One other candidate particle repeats the above process, and the analogy eventually
forms an agglomerate. If the motion reaches the boundary of the space, the particle
is absorbed by the target particle and disappears. After the particles are released,
they do Brownian motion, and they are required to move to the neighboring left,
right, upper, and lower surrounding squares with a probability of 1/4. The process
will continue until the particles leave the boundary or reach the agglomerate. There
are two kinds of collision for particles: the collision of the particle with particle
(Figure 4), the collision of the cluster with cluster (Figure 5).

Taking the collision of the single particle as an example to illustrate the collision
of the particles, the trajectory vectors of two collision particles is firstly determined

Figure 3.
The diagram of growth process. ((a) set target particle; (b) collide with target particle; (c) analogy of collide
with target particle; (d) form an agglomerate).

Figure 2.
The soot generation process.
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in Figure 6. Two small balls are defined as B1 (target particles) and Bm (random
particles) to represent two separate particles, with radius R1 and Rm, respectively.
The coordinates of B1 are given, the coordinates of Bm are random, and the radius of
the concentric sphere Bs of the small ball B1 is defined as Rs(Rs ¼ R1 þ Rm). Then let
Bm move according to a random trajectory. When Bm meets the fixed ball B1, Eq.(1)
is satisfied, where x0s is the center of the ball B1.

∣xs � x0s ∣ ¼ Rs: (1)

When the random particle Bm adsorbs and condenses on the target particle B1,
its random motion trajectory vector v exactly intersects with or intersects the ball
B1, and can be defined as Eq.(2),

xm ¼ x0m þ cnv, cn ∈ 0;∞½ Þ: (2)

where xm is the sphere center coordinate after the collision of the ball Bm, and x0m
is the initial sphere center coordinate of the ball Bm.

Figure 4.
The collision of single particles and single particle.

Figure 5.
The collision of clusters and clusters.
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The collision of two small balls can be defined Eq.(3).

∣xm � x0m∣ ¼ ∣ x0m � x0s
� �

þ cnv∣ ¼ Rs: (3)

Solve both sides of squared Eq.(3) simultaneously to obtain a quadratic equa-
tion with unknown cn. cn is the judgment factor, if cn has no solution, two balls
cannot collide; if cn has a solution, the two balls collide with two cases. One is that
when there is a unique solution, the two balls just collide with each other; when
there are two solutions, the smallest solution is cmin according to the physical
conditions. Then the coordinates of randomly moving ball Bm are also determined
as Eq.(4). This process describes a simple collision process between particles and
particles. Based on this, it can be used to simulate the collision and clustering
process between clusters and clusters. The collision process is still established by
using Monte Carlo method.

xm ¼
x0m þ cminv, intersect,

x0m þ cminv, tangent:

(

(4)

The shape of aggregates formed by fractal growth of soot is closely related to
the radius of gyration, soot radius, and fractal dimension, which is shown in
Figure 7. The Rg characterizes the compactness of soot condensation growth, Re

characterizes the size of the soot agglomerates formed by fractal growth. The
fractal dimension of the surface roughness of soot agglomerates is closely related
to the adsorption of particles. The calculation of fractal dimension Df of soot

agglomerates is based on the box calculation method [16] and shown in Eq.(5),
where Nn Að Þ is the minimum number of boxes needed to contain A, 1=Tn is the
boundary of the small box. When Tn is large enough, the box dimension is
approximate as Eq.(6), and the fractal dimension calculation method for soot
agglomerates is shown in Figure 7.

Figure 6.
The diagram of single particle collisions.
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Df ¼ limn!∞

Nn Að Þ

�lnTn
, (5)

Df ¼ slope ln Nn Að Þð Þ; ln Tnð Þf g: (6)

3. The analysis and condensation control of soot particles fractal growth

3.1 The theory of control

The formation of soot particles in diesel engines is affected by factors such as
temperature, pressure, soot particle concentration, and oxidation rate [17]. According
to the characteristics of free particles moving in a continuous medium state, it can be
considered that the soot growth of a soot particle (condensation collision) has a
distribution parameter equation of motion with boundary conditions as Eq.(7).

∂η x; y; tð Þ

∂t
¼ δ

∂η2 x; y; tð Þ

∂x2
þ

∂η2 x; y; tð Þ

∂y2

� �

, (7)

The condensation growth frequency of soot particles satisfies the distribution
parameter system Eq.(8).

Figure 7.
The sandbox method for the fractal dimension of soot condensed matter.
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∇2η x; yð Þ ¼ F η x; yð Þ;
∂η

∂t
; u x; yð Þ

� �

, (8)

η x; yð Þ is the condensation temperature. F represents the environmental distur-
bance term, called the forcing term, which is a non-linear function term. u x; yð Þ is
the initial value of the digitization, called the source term. The solution to the
system Eq.(8) is very tedious. To facilitate the analysis of the solution, a discrete
power system of Eq.(8) is introduced as Eq.(9).

ηmþ1,n þ ηm�1,n þ ηm,nþ1 þ ηm,n�1 � 4ηm,n ¼ F ηm,n; ηmþ1,n � ηm,n

� �

mtþ1 �mtð Þ
�

þ ηm,nþ1 � ηm,n

� �

ntþ1 � ntð Þ; um,n�,

(9)

Considering the boundedness and variability of soot particle agglomeration, the
nonlinear function F is set as Eq.(10).

F ¼ α sin ηm,n

� �

þ um,n, (10)

For more generalized processing problems, the system Eq.(11) is hereby
introduced.

Ω rð Þ ¼ α sin Ω r� 1ð Þð Þ þΩ r� 1ð Þ þ um,n, (11)

where

Ω rð Þ ¼ ηmþr,n þ ηm�r,n þ ηm,nþr þ ηm,n�r, r ¼ 1, 2,⋯: (12)

Obviously, when r ¼ 1, Eq.(12) becomes system Eq.(9). By iterating simplifica-
tion of Eq.(9), a simple control system can be obtained as Eq.(13).

Ω rð Þ ¼ ruþ α sin Ω r� 1ð Þð Þ þ α sin Ω r� 2ð Þð Þ þ⋯þ α sin Ω 0ð Þð Þ þ Ω 0ð Þ, r ¼ 1, 2,⋯

(13)

3.2 The control of fractal growth for diesel engines’ soot particles from source
item and nonlinear term

According to the control method of [18], this chapter analyzes the effect of
this control method on the fractal growth of soot particles. Assuming that H is a

condensed region, H is a condensed boundary, and M is the scope of control of
the source item u x; yð Þ, and satisfies MathcalM∈H. In addition, for any x; yð Þ∈H,
there is 0 ≤ η x; yð Þ ≤ 1 established. Since the analytical function u x; yð Þ satisfies

the maximum principle in H, for any x; yð Þ∈H�H, condition 0 ≤ η xyð Þ < 1 must
be true, so α and u in Eq.(11) must be as small as possible, represented by an
inequality:

0 ≤ ηmþr,n þ ηm�r,n þ ηm,nþr þ ηm,n�r < 1,

0 ≤ Ω rð Þ < 1, where r ¼ 1, 2,⋯. Since 0 ≤ sin Ω tð Þð Þ <Ω rð Þ < 1 holds, the system
(10) satisfies the relationship Eq.(14).

Ω rð Þ <  ruþ αΩ r� 1ð Þ þ αΩ r� 2ð Þ þ⋯þ αþ 1ð ÞΩ 0ð Þ: (14)
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According to Eq.(13) and combined with mathematical induction, Eq.(15) can
be get.

Ω rð Þ < αþ 1ð Þr�1 þ αþ 1ð Þr�2 þ⋯þ αþ 1ð Þ þ 1
h i

uþ αþ 1ð ÞrΩ 0ð Þ, r ¼ 1, 2,⋯:

(15)

Eq.(16) is get by changing the inequality of Ω rð Þ to Ψ α; u; rð Þ

Ψ α; u; rð Þ ¼ αþ 1ð Þr�1 þ αþ 1ð Þr�2 þ⋯þ αþ 1ð Þ þ 1
h i

uþ αþ 1ð ÞrΩ 0ð Þ (16)

And because 0 < α ≤ 1,0< u ≤ 1, it turns out to have ∂Ψ
∂α
>0 and ∂Ψ

∂u >0 is true, Ω rð Þ

is monotonically increasing about α and u, respectively.
The particle condensation temperature η will increase with the increase of the

nonlinear term α sin ηð Þ and the source term u. For system Eq. (8), when the action
region of source item u is circular (r is a radius), the values of u are constants and
random numbers(rand represents a random number in the range (0,1), respec-
tively, and the resulting simulated pictures are shown in Figures 8–10. Comparing
with Figure 3 and Figure 4 without interference and other model [19] shown in
Figure 11, this chapter simulates the morphological structure of collision for the
single-single particles, single-clusters, clusters-clusters, and it is obvious that the
effect of the increase of the interference term and the action region on the control of
the aggregation of particles is more and more condensed than in the absence of the

Figure 8.
The control of single direction.

Figure 9.
The control of multiple direction.
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interference term. The concentration of the particles after the condensation is
greater for the settlement and the aggregation. Condensation can also have a fixed
direction. The control method on the fractal growth reduces the complexity of the
surface area of aggregated particles and reflects the effectiveness of the control
method.

4. The meaning of the soot particles condensed control

The fractal structure of the particles is closely related to the binding resistance
and the adsorption of the particles. The literature [20] investigated the relationship
between the viscous resistance and the fractal structure of the particles during the
descending process. Particles with a fractal structure will have a larger fractal
dimension, the smaller the viscous resistance, and the faster the sedimentation rate

Figure 10.
Particles’ center point coagulation control.

Figure 11.
Fractal diffusion of soot particles established by others [19].
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than spherical particles of the same volume. The fractal dimension of the particle
before control shown in Figures 3 and 4 is 2.029 and 2.236, respectively. The fractal
dimension of the particle after control in Figure 8 is 2.3273. Obviously, the viscous
resistance of the particle in Figure 8 is small, which is conducive to the settlement
of particles.

The fractal dimension of particles directly affects the surface adsorption. The
relationship between the number of saturated molecules adsorbed in single layer
Nm and the cross-sectional area of adsorbed molecules Sm is given by Eq. (17),
where ξ is the scale factor and Df is the fractal dimension of the particle.

Nm ¼ ξ Smð Þ �
Df
2

� �

, (17)

If the adsorbate molecular weight is M and the density is ρ, then the adsorption
amount Q 0 is Eq.(18).

Q 0 ¼ Nm
M

ρ
,

Q 0 ¼ ε
M

ρ
Smð Þ �

Df
2

� �

:

(18)

Obviously, the adsorption of toxic particulates by atmospheric particles is not
only related to the composition and chemical properties of gas molecules but also
related to the fractal dimension of the particle surface. The roughness of the surface
of atmospheric particles also affects the adsorption of toxic gases in the atmosphere.
The bigger fractal dimension particles have, the stronger adsorption of toxic partic-
ulate matter atmospheric particles have. Then, atmospheric particles will greatly
affect human health.

The controlled particulate matter (Figure 8) can adsorb more toxic particu-
late matter and cause it to control the settlement and reduce the environmental
pollution. In addition, if the particulate matter still cannot settle after control, it
will be controlled as in Figure 6 (fractal dimension is 2.029) and Figure 7
(fractal dimension 2.021, 2.031 and 2.038, respectively) shape structure, in
order to reduce the adsorption of particles on toxic particles and the harm to
human health.

5. Conclusions

The analysis and its agglomeration control of soot particles fractal growth
provides a new idea for the development of particulate matter traps and also
provides a new solution for reducing environmental pollution. Based on the
fractal growth physical model of soot particles from large diesel agriculture
machinery, this chapter simulates the morphological structure of collision for
the single particles and single particles, single particle and clusters, clusters and
clusters, firstly. Moreover, combining with the collision frequency, the fractal
growth is controlled to agglomeration using the main environmental factors
interference for diesel engine soot particles, in order to make them condensed
into regular geometry or larger density particles, reduce the viscous drag for
capturing by the capturer or settlement and to realize the control of the pollu-
tion of the environment.

If the particles cannot settle, they can be controlled to reduce the adsorption
of inhalable particles to toxic particles and reduce the harm to human health.
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This chapter simulates the control of the aggregation fractal growth trend of
diesel soot particles. The results of numerical simulation show that the pro-
posed method is feasible and effective, which will help to understand and
analyze the physical mechanism and kinetics of non-equilibrium condensation
growth behavior of the actual carbon smoke particles and provide the solution
to further reduce emissions of the inhalable particulate matter from diesel
engines.

Acknowledgements

The work was supported by the National Natural Science Foundation of China
(No. 31700644), Postdoctoral Science Foundation of China (Nos. 2015 M582122 and
2016 T90644), Key research and development project of Shandong Province(Nos.
2016ZDJS02A07 and 2017GNC12105). Agricultural machinery research and devel-
opment project of Shandong Province (No. 2018YF004).” The outstanding youth
talent cultivation plan” project of Shandong Agriculture University (No. 564032).
The authors are grateful to all study participants. The authors declared that they
have no conflicts of interest to this work. We declare that we do not have any
commercial or associative interest that represents a conflict of interest in connection
with the work submitted.

Nomenclature

α the coefficient of equation.
η x; yð Þ the condensation temperature.
cn the judgment factor.
u x; yð Þ the initial value of the digitization.
xs the center of the ball Bm.
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