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Abstract.  (1) Background: To address the issues of tobacco flue-cured tobacco particles clogging sieve holes during vibration
screening, which affects detection accuracy and causes material mixing, (2) Method: The Computational Fluid Dynamics-
Discrete Element Method (CFD-DEM) coupling method was employed to simulate the dynamic behavior of flexible tobacco
particles during the cleaning process. By introducing a viscoelastic surface energy contact model, the influence of operational
parameters on cleaning efficiency was systematically analyzed. (3) Results: Within the inlet velocity range of 12 m/s to 20 m/s,
the optimal flow field structure was achieved at 16 m/s. At a vibration frequency of 50 Hz, the system reached optimal energy
transfer efficiency with the most uniform particle velocity distribution. Although high-frequency vibration improves cleaning
efficiency, it intensifies particle force fluctuations. (4) Conclusion: This study provides a theoretical basis for the intelligent
design of tobacco flue-cured tobacco cleaning devices.
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1. Introduction

Tobacco vibration sorting screen as the core equipment of the tobacco industry silk quality inspection, its sorting accuracy
directly affects the whole silk rate and broken silk rate determination results. However, in the actual operation process, tobacco
hanging on the screen mesh and cleaning process of the shredding problem has existed for a long time, which not only reduces
the screening efficiency, but also leads to the detection of data distortion. The traditional manual sweeping or mechanical brush
cleaning method is easy to exacerbate the fragmentation of tobacco, and it is difficult to completely solve the problem of screen
clogging [1]. Therefore, the development of an efficient and low-damage non-contact tobacco cleaning device has become a
technical challenge to be solved in the tobacco industry.

Numerous scholars have carried out a lot of research in the field of vibratory screening and particle separation. Tsuji et al. [2]
pioneered the Computational Fluid Dynamics-Discrete Element Method (CFD-DEM) coupling method to lay the foundation for
gas-solid two-phase flow simulation. Cleary et al. [3] applied the DEM method for the first time to simulate the study of
industrial-scale vibrating screen, and established the theoretical basis of particle screening. Zhou et al. [4] studied the air flow
assisted vibratory screening process through the CFD-DEM coupling method and found that the appropriate air flow velocity can
significantly improve the screening efficiency. Hilton et al. [5] developed a special contact model for fibrous particles, which
provides a new idea for the simulation of flexible materials such as tobacco. Chu et al. [6] developed a particle contact model
considering the effect of humidity, which is suitable for the simulation of hygroscopic materials such as tobacco. Han et al. [7]
developed a fiber-fiber contact algorithm, which supports high length and diameter of the fiber and is applicable to the
simulation of hygroscopic materials such as tobacco. fiber contact algorithm to support the simulation of the dynamics of
materials with high aspect ratios. Irazábal et al. [8] optimized the contact parameter calibration process for flexible fibers (e.g.,
tobacco filaments) by combining machine learning with DEM. Although the above studies have made progress in particle
dynamics and CFD-DEM methods, they are still inadequate for the specific scenario of tobacco filament clearing. Existing fiber
models are mostly for rigid fibers, which do not fully consider the flexible deformation characteristics of tobacco filaments,
while models based on DEM simulating flexible particles with plastic bending deformation can more accurately reflect the
particle flow characteristics [7, 9-12]. And the above studies lack the quantitative analysis of the synergistic effect of screen
vibration and air flow in the gas-solid coupling study.
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In this study, a coupled CFD-DEM method is proposed to establish a contact model of JKR tobacco filament considering
surface energy (5 J/m²) based on Hilton's fiber contact theory. The dynamic process of tobacco filament detachment from the
screen was investigated by comparing the simulation of multiple working conditions (wind velocity of 12 m/s - 20 m/s, vibration
frequency of 30 Hz-70 Hz). The research results will provide the tobacco industry with a theoretically well-founded and
engineering feasible intelligent clearing program, and promote the automation and upgrading of inspection equipment.

2. Simulation model of tobacco sorting

2.1. Geometrical modeling of the cleaning device and tobacco

The geometrical model of the tobacco cleaning device adopts a conical screen structure with a screen aperture of 4.5 mm, a
conical cleaner outlet with a diameter of 13 mm to form an airflow acceleration zone, and a bottom cleaning surface designed as
a 120 mm×18 mm strip to extend the contact time between the tobacco and the airflow. With an inlet flow rate of 16 m/s, 50 Hz
vibration frequency to make the tobacco in the gravity, airflow trailing force and mechanical vibration of the synergistic effect, to
achieve the effect of cleaning. The model is shown in Figure 1.

The flexible tobacco filament consists of individual spheres with a radius of 0.4 mm, and for the flexible tobacco particles
with a length of 6 mm, the EDEM's own Hertz-Mindlin with JKR [13] contact model was used to accurately characterize their
viscoelastic behavior. The flexible tobacco filament model is shown in Figure 2. The detailed geometric parameters and
boundary conditions are shown in Table 1.

Figure 1. Geometric model of the scavenging device

Figure 2. Geometric model of tobacco
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Table 1. Geometric parameters and boundary conditions

Parameters Value
Bottom dimensions of the sorting unit 120 mm×18 mm

Top outlet size 13 mm
Sieve mesh hole size 4 mm
Baseline particle size 0.4 mm

Tobacco length 6 mm
Inlet velocity 16 m/s

Frequency of screen vibration 50 Hz
JKR 5 J/m2

2.2. Grid segmentation and irrelevance verification

The meshing is performed using Fluent Meshing's own hexahedral meshing function, and this method can reduce the number of
cells by 30%-50% with its regular topology compared to tetrahedral meshing, while maintaining higher numerical accuracy [14].
It can accurately capture the high-speed gradient region near the screen in the tobacco clearing device, and the structured nature
of the hexahedron can avoid the false diffusion caused by twisted cells and reduce the particle trajectory error. The final
delineated mesh is shown in Figure 3.

Figure 3. Grid division

The accuracy, number of meshes, has a great influence on the numerical simulation results [15]. To ensure that the accuracy
and reliability of the numerical simulation results are not affected by the mesh division method, the model is divided five times
with different sizes, and the mesh models with the number of meshes of 126,485, 184,627, 217,359, 295,803, and 389,174 are
obtained. The velocity values at the monitoring point (at the center of the screen) are compared for different grid numbers. The
velocities at the center of the sieve mesh under different number of grids are shown in Figure 4, which can be seen. When the
number of grids increases from 184,627 to 217,359, the fluctuation range of the velocity values at the monitoring point always
remains within the interval of 0-0.1 m/s, and the velocity curves under different grid densities are almost completely overlapped,
with a maximum relative deviation of less than 1%. For example, the velocity is 0.052 m/s for grid 184,627 and 0.053 m/s for
grid 217,359 at t = 0.06 s. Therefore, choosing the grid number of 184,627 can ensure the reliability of the calculation results and
save the calculation resources.
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Figure 4. Verification of grid-independence

3. Gas-solid two-phase flow governing equations

3.1. Gas-phase governing equations

In the CFD module, the time-averaged governing equations in the Eulerian framework are used to describe the liquid phase. The
mass and momentum conservation equations [16] are as follows.

(1)

(2)

where:   is the gas phase volume fraction;    is the gas phase density;    is the gas phase velocity;    represents the fluid
pressure;   represents the gas phase shear stress tensor;    is the drag force between the gas and solid phases.

3.2. Solid-phase governing equations

In the DEM module, solid particles are tracked individually in a Lagrangian frame. The acceleration, velocity and position of
each particle can be accurately obtained by Newton's second law of motion. The translation and rotation of the particles are
described by [16, 17]:

(3)

(4)

where   ,     and      are the mass, translational velocity, and rotational velocity of    particle, respectively.     is the
distance from the contact point to the center of the particle and     is the normal unit vector between    and    particles.    
is contact force exerting on    particle and can be divided into a normal component ( ) and a tangential component ( ).

3.3. Trailing force equations

The drag force model proposed by Gidaspow was used to calculate the drag force [18]:
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(5)

(6)

(7)

(8)

where    is the momentum exchange coefficient and    is the drag force coefficient for a single particle relying on particle
Reynolds number ( ).

The turbulence model is chosen to be the practical and efficient standard k-ε model [19], which can be better integrated with
the DEM algorithm to quickly simulate gas-solid two-phase systems.

(9)

(10)

where     represents the turbulent kinetic energy;    is the turbulent dissipation rate;    is the turbulent viscosity;
and   ,    represent the turbulence generation term.

4. Results and discussion

4.1. Fluid velocity

Due to the significant difference in the separation efficiency of tobacco filaments at different inlet velocities [20-22], this section
explores the cleaning effect of tobacco particles at different inlet velocities, and analyzes and compares the velocity, force, and
velocity changes in the flow field of tobacco filaments with inlet velocities of 12 m/s, 14 m/s, 16 m/s, 18 m/s, and 20 m/s,
respectively.

Figure 5 shows the different entrance velocity, smoke cleaner cross-section of the flow field velocity cloud, it can be seen,
with the entrance velocity increased from 12 m/s to 20 m/s, the flow field distribution presents obvious gradient change rule: in
12 m/s, the high-speed zone (red-yellow) range is narrow and concentrated in the vicinity of the entrance, the velocity decays
rapidly, the overall laminar flow characteristics; with the velocity increased to 16 m/s, the high-speed With the velocity
increasing to 16 m/s, the core area is significantly expanded (yellow band through the middle of the cone), the axial and radial
velocity gradient tends to be equalized, and the transitional flow state is dominant; when the velocity reaches 20 m/s, the high-
speed area accounts for a further increase, but the red-blue area is staggered distribution, which indicates that turbulence
pulsation is enhanced, the local occurrence of over-speed spots, and the uniformity of the flow field decreases. The
morphological differences of color stratification at different velocities intuitively reflect the transition process of the flow regime
from laminar to turbulent, in which the continuous high-velocity core area and moderate gradient at 16 m/s condition indicate
that the flow field structure is most conducive to stable transport.
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Figure 5. Velocity contour of flow field

Figure 6 shows the velocity distribution of the flow field near the screen mesh along the x-direction, and it can be seen that
with the increase of the inlet velocity from 12 m/s to 20 m/s, the velocity of the flow field near the vibrating screen mesh has an
overall increasing trend, and the distribution curves under each velocity condition show the characteristics of a rapid increase and
then tend to flatten out. At the same x position, the value of flow field velocity increases sequentially with the increase of inlet
velocity. Due to the mechanical disturbance of the vibrating screen mesh and gas-solid interaction, significant velocity
oscillations are formed in the low velocity region of 12-14 m/s. The velocity of the flow field at the same x position increases
with the increase of inlet velocity. As the velocity increases to 16-20 m/s, the increased inertia of the particles leads to their
asynchronous motion with the airflow, resulting in the flow field velocity showing non-periodic localized velocity bursts.

Figure 6. Velocity distribution of flow field near sieve

Figure 7 to Figure 11 show the velocity trajectories of smoke particles under different inlet velocities, respectively. From the
multiple data clouds, it can be seen that as the inlet velocity is increased from 12 m/s to 20 m/s, the motion of smoke particles
shows obvious dynamic evolution characteristics: at the moment of 0.05 s, the velocity distribution of particles under the 12 m/s
condition is more dispersed (0.03-7.40 m/s), and the velocity under the At 0.05 s, the velocity distribution of particles in the 12
m/s condition was more dispersed (0.03-7.40 m/s), while that in the 20 m/s condition was significantly higher (0.03-8.75 m/s),
and the proportion of high-speed particles increased; with the passage of time up to 0.15 s, the velocities of all the conditions
were attenuated, with the velocity of 12 m/s falling to the range of 0.01-0.25 m/s, which showed an obvious settling
characteristic, while the 20 m/s condition still maintained the relatively high speed of 0.05-0.29 m/s. . Due to the mechanical
hooking effect between the tobacco and the sieve mesh and the adsorption effect of the low-pressure reflux zone formed at the
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edge of the sieve holes on the elongated tobacco, some tobacco particles always existed in the inlet velocity range of 12-20 m/s,
and their velocity values were consistently lower than 0.3 m/s hanging on the sieve mesh without being blown away.

Figure 7. Contours of the trajectory of the tobacco particles (inlet velocity of 12 m/s)

Figure 8. Contours of the trajectory of the tobacco particles (inlet velocity of 14 m/s)

Figure 9. Contours of the trajectory of the tobacco particles (inlet velocity of 16 m/s)


