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Abstract

To explore the migration distribution laws of the cleaning agent of solid powder in industrial ventilation
pipelines, a gas-solid flow migration model based on dense discrete phase model (DDPM) was built.
Influences of various material injection methods (injection and jetting methods), positions, and
directions in the narrowing zone of pipelines based on the migration laws of particulate cleaning agents
in the pipelines were analysed. Results demonstrate that under the top injection method in the narrowing
zone, the particulate cleaning agent presents obvious flow characteristics along the pipeline walls and
cleaning agent concentration distributes unevenly in the pipelines. After the injection method is changed
to top jetting, particle concentration remains high at one end near the wall and low at the other end. After
changing the mouth from the top of the narrowing zone to the middle section and changing the spraying
direction from perpendicular to the mainstream direction to the horizontal, the particle concentration of
the cleaning agent reaches uniform distribution near the mouth and at the pipeline ends. Particle
concentration in the pipelines is improved significantly.
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1. INTRODUCTION

Waste gas is a by-product of industrial production. In general, waste gases often contain many
toxic and harmful substances and may cause heavy pollutions and an environmental impact if
discharged into air directly [1]. Thus, some processing technologies are needed to purify
industrial waste gas effectively before discharge. Choosing a scientific and reasonable waste
gas processing technology not only can purify more industrial pollution substances in a shorter
period but also can further lower the economic cost of industrial waste gas processing, thereby
assuring quality and effect of waste gas disposal [2, 3].

At present, sulphur-containing waste gas is generally removed through wet desulfurization
and dry desulphurization methods [4-10]. Specifically, the dry desulfurization method uses
powder or particulate adsorbent and removes sulphur-containing waste gas through physical
adsorption or chemical absorption of solid adsorbent. This is a characteristic of free waste acid
emission and small secondary pollution. The wet desulfurization method has been widely
applied in all countries. This method washes the waste gas that contains SO2 with the solution.
It is characterized by high desulfurization efficiency and the use of simple equipment, and the
obtained by-products allow secondary utilization. This method can oxidize SO in smoke into
SO3, and then condense it into sulfuric acid or reduce SO into sulphur, which is further
condensed for reuse. Nitric oxides in industrial waste are often processed by catalytic reduction,
solution absorption, and adsorption methods [11-15]. Although the catalytic reduction method
aims to reduce nitric oxide into N2 under the effect of catalyst, which has high removal
efficiency and stable operation, the investment cost is high. The solution absorption method
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aims to absorb nitric oxides in waste gas with compounds such as nitrate, but the absorption
efficiency is not high and has poor efficiency in processing waste gas with high nitric oxide
content. Adsorption method achieves a high removal efficiency of nitric oxides, but it incurs a
high consumption of adsorbent and high consumption of power for equipment operation. Thus,
solid adsorbent has extremely wide applications in industrial waste gas processing as a universal
waste gas processing technique with low-cost, high efficiency, and small pollution. Various
solid adsorbents can be prepared according to different properties of pollutants during use,
thereby improving gas adsorption efficiency.

For processing of pollutants in large ventilation pipelines of enterprises, airflow rate and
speed in pipelines are high. In this case, solid adsorbent powder is usually injected into
pipelines. Solid particulates scatter into the entire pipeline by taking advantage of airflow
structures in pipelines, and the retention time of solid cleaning agents in pipelines is prolonged,
thereby improving the absorption efficiency of solid particulate cleaning agent without
influencing normal airflow. In practical engineering, both injection ways and positions of solid
cleaning agent powder can significantly influence the distribution of solid cleaning agent in
pipelines, thereby further influencing the dosage of solid cleaning agent and pollutant disposal
capacity. On this basis, influences of injection ways and directions of solid cleaning agent on
distribution laws and purifying effect of solid cleaning agent were investigated from the
perspective of distribution law of solid powder in pipelines. Research conclusions provide
references for industrial waste gas processing in practical engineering.

2. STATE OF THE ART

The fluid problems in industrial production often use numerical simulation methods to carry
out theoretical research [16]. The migration and propagation process of particulate cleaning
agent powder along pipelines under airflows belongs to gas-solid flow process. From this
perspective, many theoretical, experimental, and numerical simulation studies have been
reported. Ahmadi and Goldschmidt [17] conducted various approximations to the Basset
equation of particle motion in viscous fluid to solve the complicated dispersion in turbulent
fluid. Hutchinson et al. [18] proposed a particulate and drop sedimentation model in turbulent
airflows, which reflects the possibility that eddy and particle movement are not completely the
same. Moreover, Hutchinson et al. [18] concluded from an experiment that deposition rate of
particles was determined by Reynolds number, particle-to-pipe diameter ratio, gas-to-particle
density ratio, and distance to the bottom of pipelines. Tian and Ahmadi [19] conducted a series
of numerical simulations on transportation and sedimentation of nanometre and micrometre
particles in turbulent pipelines by using different turbulence models and the fluent user-defined
program, and analysed the trajectory of particles. Tsuji et al. [20] calculated the trajectory of a
single particle through the motion equation and conducted numerical simulation of solid
pneumatic transmission process in horizontal pipelines. In this study, hydraulic resistance and
lift force generated by rotation of particles as well as torque on rotating particles were
considered, and the frictional loss generated by the effects of particles and pipe wall was
calculated by the impulsive equation. Wu et al. [21] implemented a numerical study on 3D gas—
solid flowing characteristics of a new spouted-bed structure under the effect of longitudinal
eddy by combining the two-fluid model and theory of particulate hydromechanics. Results
demonstrate that vertical eddy can strengthen radial mixing of particles and gas phase in the
space between spouted area and annulus in the centre of the bed. Zhou et al. [22] established
gas-solid flow control equation based on the Euler dual-fluid model and simulated the pressure
distribution and dust dispersion process of air-flow field in the fully mechanized coal mining
face under different air outputs, thereby providing references to the field dust removal. Li and
Kuipers [23] calculated and analysed influences of pressure on the flow structure of dense gas

90



Fu, Guo, Dong, Sheng, Sun: Numerical Simulation of Migration Laws of Dense Particle ...

fluidized bed and flow pattern changes by using the discrete particle simulation (DPS) method,
and analysed particle-fluid interaction through the particle level simulation to highlight the
internal mechanism of gas-solid flowing mode. Zhou et al. [24] conducted numerical simulation
on particle discrete mechanism in gas-solid jet of burners with rich or poor fuels based on Fluent
software by combining discrete element method and computational fluid mechanics, and
processed the particle-particle and particle-wall interactions by discrete element method.
Meanwhile, influences of separation performances under rich or poor fuels were evaluated. Liu
[25] conducted a numerical simulation on sedimentation and diffusion of fine particles on the
wall surface, thereby disclosing their propagation laws on the wall surfaces of straight square
pipes and bending pipes. These results provide insights into the propagation laws of fine
particles on pipelines. Zhang [26] conducted a numerical simulation on the propagation laws of
particles in kitchens where several other factors were considered. The indoor propagation of
particles was simulated by using the discrete particle model in the Lagrange method. According
to analysis, motions and distributions of three types of particles with different sizes in the
kitchen were discovered.

Although the preceding studies have involved migration and propagation of particle flows
in ventilation pipelines, most studies have focused on sparse discrete-phase particles. Limited
research has been conducted on dense fine particle flows such as solid cleaning agent powders.
Mutual impacts of dense particles have to be addressed urgently. Therefore, the migration and
propagation process of solid cleaning agent particles in pipelines and the influencing factors
were analysed through the dense discrete particle model (DDPM) by using the finite element
numerical analysis method, thereby providing theoretical references for the selection of a
reasonable purifying scheme.

The rest of this study is organized as follows. Section 3 introduces the construction of the
engineering model, selection of a theoretical model for simulation, and setting of injection
particle parameters and boundary conditions. Section 4 presents the analysis of the results.
Section 5 summarizes the conclusions.

3. METHODOLOGY

3.1 Engineering analysis and model construction

In a large and complex 3D air supply pipeline, a certain amount of powder microparticulate
solid substance is injected into the pipeline to clean gases. The solid powder migrates and
diffuses along the pipelines under the effect of airflows, thereby realizing the goal of airflow
purification. In practical operation, holes for material feeding were opened on the narrowing
section of the pipelines and powder was injected through gravity and the negative static pressure
of pipelines. However, the practical purifying effect is not satisfactory. Thus, analysing the
migration and concentration distribution of powder particles in the pipelines can provide
guidance in practical operation. This problem belongs to the scope of gas-solid flows in
complicated ventilation network. In simulation, the primary factors to be considered are the
following: (1) injection and trajectory tracking of dense microparticles, (2) flowing and
distribution of microparticles in gas phase, (3) effects of gas turbulence on solid-phase particles,
and (4) influences of injection mode of solid particles. The secondary major factors that have
to be considered include (1) effects of gravity and (2) striking and connection of pipelines.

Based on the preceding analysis, this study aims to simulate the movement and distribution
of dense particle flows based on the finite element analysis software Fluent by using multiphase
flow of the Euler and DDPM models. According to the physical form of air supply pipelines,
the abstract geometric model of pipelines can be obtained (Fig. 1). All of the sizes correspond
to practical sizes.
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Figure 1: Geometric model.

Specifically, this model divides the smooth regions into several zones to refine the flow
field characteristics of complex structural regions, simplifying the flow field characteristics of
simple structural regions, and strengthening the division quality of networks. The refining
degree among different blocks is determined by flow field structures. All blocks use the division

method of structured grids. Results are shown in Fig. 2.

Figure 2: Grid mesh of model.

3.2 Parameter setting and solving

As the practical process involves the turbulence process of the gas phase and the collision and
staking process of solid-phase thick particle flow, this study selected the k-¢ model to process
turbulence process, standard wall function to process boundary flows, Euler model to simulate
multiphase flow process, and DDPM model to process solid-phase particles. Parameter settings

of dense particles added from the inlet are shown in Table I.
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Table I: Parameter settings for injected particles.

Model parameter Parameter values | Unit

Particle injection range X 9.952-10.02 m
y 0.735-0.735

Initial particle velocity (assumed velocity) ;(/ _fo m/s
Injection particle density 2400 kg/m?®
Particle mass flow 0.4 kals
Maximum particle diameter 30 pum
Minimum particle diameter 20 pum
Mean particle diameter 25 pum
Distribution index (Rosin-Rammler distribution) 9.6 --
Tracking the number of particle streams 1000 --
Method of particle injection group --

Boundary condition settings of the model mainly include those of air supply inlet, outlet,
and injection mouth. Initial conditions of the model include gravity parameters, reference
pressure, initial flow rate of flow field, pressure, and components. Major parameter settings are
shown in Table II.

Table 1l: Main parameter setting of boundary and initial conditions.

Model parameter Parameter type Parameter values
Air supply inlet (gas phase) Speed entrance 6.28, 8.28, 10.28 m/s
Return wind outlet (mixed phase) Pressure exit 0 Pa
Injection port (gas phase) Wall surface, speed inlet 0, 10 m/s
Acceleration of gravity Y negative direction -9.81 m/s?
Ambient pressure Atmosphere 101325 Pa

4. RESULT ANALYSIS AND DISCUSSION

4.1 Flow field spatial distribution and particle migration law in narrowing zone under
injection method

Pressure and turbulence intensity distribution in the pipeline is shown in Fig. 3.
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Figure 3: Static pressure and turbulent intensity distribution of flow field after injection.
Fig. 3a shows that when influenced by geometric structural changes of pipelines, pressure
generally declines from the pipeline inlet to the outlet and an evident low-pressure zone exists

in the rear part of the pipeline bending as well as the narrowing zone. Furthermore, the static
pressure in the narrowing zone is negative, which leads to the theoretical feasibility of material
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injection method at the narrowing zone. Fig. 3 b shows an evident eddy region at the pipeline
bending and downstream area of the material inlet. On the one hand, the existence of eddies
can intensify the mixing degree between solid-phase particles and gas-phase flows. On the other
hand, it causes an accumulation of materials in the region.

The gas-solid flow rate simulation is shown in Fig. 4. One can observe in Fig. 4 a that gas
flow velocity in the pipeline is relatively stable and distributed uniformly in both pipeline trend
and on the pipeline section except for an evident growth at the bending and narrowing zone.
Fig. 4 b shows that since the inlet is at the top of the pipelines, the injected dense particles flow
along the walls with airflow as a response to the viscosity force of the mainstream airflow in
the pipeline. The flow velocity is closely related to the flow velocity of the gas-phase.
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Figure 4: Flow velocity distribution of both gas-solid phases after injection.

The spatial distribution of particle concentration in the pipelines after injection stability is
illustrated in Fig. 5.
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Figure 5: Concentration distribution of induced solid-phase particles after injection.

Fig. 5 a shows that except for the high particle concentration near the inlet, concentrations
in other regions of the pipeline are relatively low and uneven distribution characteristics are
obvious. The x-coordinate of the pipeline at the air return end ranges between 12.416 and
13.336. The distance of measuring line 1 from the bottom wall is 1.2 m, that of line 2 is 4.8 m,
and that of line 3 is 8.4 m. Both lines 1 and 3 are at the pipeline bending zone and line 2 is in
the middle of the air return section. Fig. 5 b shows that after material injection, the material
particle concentration presents typical proximal lateral distribution characteristics in the
downstream sections of the major inlet. In other words, particle concentration on the pipeline
wall near the inlet is significantly higher than those in other regions. According to the particle
concentration distributions of measuring lines at different positions, the particle concentration
in the pipelines generally declines with the increase in the transportation distance of the
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particles, and the typical proximal lateral distribution is improved gradually. This condition is
mainly attributed to the influence of gas turbulence in the pipelines. However, the flow
phenomenon along the wall remains. Obviously, the flow along walls caused by the injection
method can lead to uneven particle concentration distribution in the pipelines. This is the main
reason for the unsatisfactory purifying effect in the practical test.

4.2 Flow field spatial distribution and particle migration laws at narrowing zone under
jetting method

According to the preceding analysis, particles are injected into pipelines and may flow along
walls due to the influence of airflow, thereby weakening the injection effect of materials. For
this reason, jetting is applied at a speed of 10 m/s. The gas-flow velocity of the jetting method
Is presented in Fig. 6.
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Figure 6: Flow velocity distribution of both gas-solid phases after jetting method.

Fig. 6 a shows that the changing injection mode influences the flow velocity in the gas flow
field slightly. According to a comparison of Figs. 6 b and 4 b, the solid-phase particles at the
inlet have obvious ejecting characteristics when the material feeding is changed from injection
to jetting method, which improves the particle flow along the walls to a certain extent. However,
Fig. 6 b shows that the flow velocity of material particles in the pipeline still occurs along walls.

After material jetting, the distribution cloud of the particle component concentration in the
pipeline and the particle concentration distribution curve on various measuring lines in the air
return section is shown in Fig. 7.
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Figure 7: Concentration distribution of induced solid-phase particles after jetting method.

Fig. 7 a shows that under the jetting method of materials, the flow of particles along walls
in the pipeline is improved to a certain extent and the particle concentration distribution in the
middle of the pipeline at downstream areas generally occupies the entire section. Fig. 7 b shows
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that under the jetting method, the particle concentration distribution in the pipeline is still high
on the near-wall side and low on the other side. However, the gap is decreased to a certain
extent in view of numerical values where the mean of the concentration distribution in the
pipeline is improved to some extent. Obviously, changing from the injection to the spraying
method is beneficial for the mixing of particle and airflow and uniform distribution of particle
concentration in pipelines.

4.3 Effects of injection direction and position on material component concentration at
narrowing zone

Based on the preceding analysis, given the fixed flow field structure, changing the material
injection into the jetting method can improve the purifying effect, but it is still not satisfactory.
Given the fixed spraying flow rate, this study considered changing the spraying angle and area.
The inlet is changed from the top to the middle of the pipeline, but the inlet diameter and
spraying flow rate remain constant. Flow velocity distribution of the flow field is presented in
Fig. 8.
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Figure 8: Flow velocity distribution after changing injection direction and position.

Fig. 8 a shows that due to the high flow rate in pipelines, spraying materials hardly have
influence on the structure of the gas-phase flow field, and any influence is negligible. In Fig. 8 b,
one can observe that although some beamed flowing characteristics exist in the inlet area,
particles spread over the entire section under turbulence after a very short distance of jet flows.
The reason is that the spraying direction is consistent with the mainstream fluid and the inlet is
at the turbulence area in the middle of the pipelines.
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Figure 9: Concentration distribution of induced solid-phase particles after changing injection direction
and position.
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Under the jetting method, particle component concentration distribution cloud in the
pipeline and particle concentration distribution curves on different lines of the air return section
are shown in Fig. 9.

Fig. 9 a shows that with changes in the injection direction and positions of materials, the
material distribution increases gradually in the pipeline section. Furthermore, differences of
component distribution between the pipeline bending and middle section are improved
significantly, accompanied by some reduction of particle concentration in pipelines. However,
the particle distribution in the pipelines still accounts for more than 50 % of the pipeline areas,
indicating that the concentrated flowing along walls is improved significantly. Fig. 9 b shows
that the particle concentration at both inlet and air return section of the pipelines presents
uniform distribution and the particle concentration in the pipelines is greatly increased. The
flow characteristics along the walls are eliminated. Obviously, changing the inlet position and
spraying direction can improve the flow characteristics along the walls and significantly
weaken the uneven distribution of particle concentration in the pipelines.

4.4 Effect comparison

Based on the preceding analysis, uniform particle distribution in the pipelines and average
particle concentration are two constraints against the purifying effect. In this study, measuring
line 2 in the middle of the pipeline was used as the fundamental line. Mean concentration above
measuring line 2 was used as the scale of concentration. The square of concentration values
above measuring line 2 was used as the scale of the uniformity coefficient of concentration
distribution. The injection method from the top of the narrowing section was used as the basic
standard. The purifying effects of the aforementioned injection methods were compared.
According to the characteristics of concentration and variance, the evaluation model adopted is
as follows:

¢, x(—=In(var,))—c,x(~In(var,))
Co x(—In(var,))

In Eq. (1),  is the overall improvement rate of scheme i; ci is the mean concentration of the

i scheme; var; is the variance of the i scheme concentration; and co, varo is the average

concentration obtained by the injection method at the top of the tapered section and variance.
The evaluation results are presented in Table III.

77_

x100% Q)

Table I1l: Mean concentration and concentration variance under different injection schemes.

Scheme Mean concentration Variance n
(kg/m’) (kg/m®) (%)
Injection method, top 0.033204764 1.017699E-03 0
Jetting method, top 0.041701338 2.56079E-04 | 0.507383873
Jetting method, central 0.042272043 4.16555E-05 | 0.863556647

Table 111 shows that the average concentration and concentration square in the middle of
the pipeline under the various injection methods are significantly different. The square under
the injection method from the top of the narrowing section is the highest, indicating the highest
nonuniformity of particle distribution. The average concentration and square under the jetting
method in the middle of the narrowing section are the lowest, indicating that the jetting method
is the optimal scheme theoretically. Table 11T also shows that the injection method at the
mainstream region, both from the top and middle positions, brings a small average
concentration and square. Thus, the method can effectively improve the distribution unevenness
in theory. However, the average concentration is relatively small, which implies the great
attenuation of material flows at the narrowing section.
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The calculation method that evaluates parameters based on different injection methods
disclosed the effective improvement rates of the various injection methods compared with that
of the jetting method at the narrowing section (Table I11). Intuitively, the improvement rates of
the other two schemes are positive compared with that of the injection method from the top of
the narrowing section. The effective improvement rate of the jetting method from the middle
of the narrowing section is the highest at 86 %, which conforms to the preceding analysis results.

5. CONCLUSION

To increase the purifying effect of pipelines by microparticles effectively and disclose the
migration laws of dense particle flows in the pipelines with gas-solid migration, this study
simulates the gas-solid flow velocity and particle concentration distribution in ventilation
pipelines after the injection of microparticles by different ways and positions of the narrowing
zone using multiphase flow in the Euler and DDPM models. This simulation study is based on
theories related to hydromechanics and aims to solve practical engineering problems. Moreover,
simulation results under several injection modes are compared and the optimal injection method
for pipeline cleaning is determined. The following conclusions can be drawn:

(1) Influenced by the viscosity force of mainstream airflow, particles injected from the top
of the narrowing section flow along walls as the air flows. Such a phenomenon can lead to
uneven particle concentration distribution in pipelines and is the major cause of unsatisfactory
purifying effect in practical tests.

(2) Compared with the injection method from the top of the narrowing section, the jetting
method from the top presents obvious ejecting characteristics of solid particles at the inlet. The
particles and airflow can be mixed effectively, which is beneficial for the uniform distribution
of particle concentration in the pipelines. The particle flow along the walls is improved to a
certain extent.

(3) Compared with the jetting method from the top of the narrowing section, the jetting
method from the middle eliminates the particle flow along walls and the particle concentration
distribution is uniform in pipelines. This condition weakens the uneven particle concentration
distribution in pipelines and significantly improves the purifying effect of the pipelines.

(4) Given the same cleaning agent, the effective purifying effect of the jetting method from
the middle of the narrowing section is improved by 86 % compared with that of the injection
method from the top.

From the perspective of practical engineering problems, a numerical simulation study on
microparticle migration laws under various injection methods and injection positions from the
narrowing section of pipelines is conducted by constructing a model of physical ventilation
pipelines. Results have important significance in disclosing the causes of poor purifying effect
of the ventilation pipelines and designing pipeline purification schemes reasonably. In this
study, 2D simulation rather than a 3D spatial simulation on the migration laws of solid particles
in ventilation pipelines is conducted using Fluent software. Simulation results may differ from
actual situations. In future studies, a 3D model of the pipelines will be constructed to explore
the particle migration laws in 3D spaces.
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