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To investigate the coupling mechanisms between operational parameters and particle transport be-
havior in the sweeping—suction system of a road sweeper, a computational fluid dynamics—discrete element
method (CFD-DEM)-coupled numerical model was developed based on a specific sweeper configuration. The
model captures the dynamic response of particles under the combined effects of disk-brush-induced turbulence
and suction nozzle negative pressure. Parametric studies were conducted to evaluate the influence of brush angle,
rotational speed, and suction pressure on the cleaning efficiency and migration trajectories of particles with vary-
ing sizes. The simulation results indicate that optimal cleaning performance is achieved when the brush angle
is within the B3—fs range, the rotational speed is between 130—160revmin~!, and the suction pressure is main-
tained between —2.6 and —2.8kPa. Flow field analysis reveals a gradual spatial coupling between the rotational
airflow induced by the brush and the suction field, forming a stable high-speed adsorption zone. Smaller particles
are more susceptible to deviations from the ideal collection path due to the influence of flow non-uniformity. The
proposed CFD-DEM framework demonstrates high accuracy and applicability in resolving gas—solid interac-
tions and particle motion in sweeping operations, offering theoretical guidance for parameter optimization and

structural design of road cleaning systems.

With the acceleration of urbanization, issues such as vehi-
cle exhaust emissions, construction dust, and road debris
have become increasingly severe (Ma et al., 2025; Lundberg
et al., 2020; Desye et al., 2025; Das and Wiseman, 2024).
Sweeping-and-suction-type cleaning vehicles, as highly effi-
cient environmental sanitation equipment, have been widely
adopted in urban cleaning operations (Rienda and Alves,
2021; Wang et al., 2024a; Zhang et al., 2024b; Beauchemin
et al., 2021). These devices achieve ground debris removal
through the synergistic action of brush agitation and suction
nozzle negative pressure, with their operational performance
largely dependent on the particle transport characteristics
within the sweeping and suction system (Wang et al., 2025;
D’ Andrea et al., 2022; Scott et al., 2022; Jeong et al., 2022).

Currently, most studies remain at the level of single-structure
optimization and parameter experiments, lacking a system-
atic understanding of particle movement paths, response pat-
terns, and the coupled effects of key parameters. Therefore,
in-depth research into the transport mechanisms of particles
within the sweeping and suction system holds significant the-
oretical and engineering value for improving cleaning ef-
ficiency, optimizing operational parameters, and achieving
fundamental performance enhancements of the equipment
(Bchir et al., 2022; Fayzullayevich et al., 2022a, b; Liu et
al., 2023).

With the improvement of simulation computing capability
and intelligence level, numerical simulation technology has
been widely applied in the optimization design and perfor-
mance analysis of industrial equipment (Zhang et al., 2024a;
Sun et al., 2025). Zhou et al. (2025) proposed a novel W-



type blow-and-suck dust collector and systematically ana-
lyzed the influence of its structural and operational param-
eters on dust removal performance using computational fluid
dynamics (CFD) numerical simulation methods. The results
indicated that the device could achieve over 95 % dust re-
moval efficiency under optimal parameter combinations. Pan
et al. (2023) used CFD to analyze the impact of suction
port structural parameters on sweeping performance and in-
troduced a whale optimization algorithm to determine the
optimal structural configuration. The optimization results
showed that this method has significant advantages in reduc-
ing airflow loss and shortening particle residence time (Ye et
al., 2022a, b). Vanegas-Useche et al. (2015) conducted re-
moval experiments on different types of debris (including
medium-sized gravel, small particles, fine particles, wet thin
debris, and compacted debris) on a brush washing test bench,
finding that vibrating disk brushes exhibit superior cleaning
performance in removing adhesive particles and wet debris.
Yong et al. (2024) developed a cleaning robot integrating
scraping, crushing, sweeping, and vacuuming functions for
large-scale tank cleaning. They optimized the vacuum sys-
tem structure and nozzle parameters through simulation, and
experimental validation demonstrated a significant reduction
in dust leakage on both sides of the nozzle, improved system
performance, and validated the reliability of the simulation.
Parween et al. (2020) developed a sweeping and vacuuming
module integrated into a cleaning robot and analyzed its in-
ternal flow field distribution using CFD. Experimental vali-
dation results showed that the module significantly improved
cleaning efficiency. Ding et al. (2024) used CFD methods
to construct a dual-airflow nozzle flow field model, system-
atically analyzing the impact of cavity structure parameters
on negative-pressure airflow field characteristics. Through
response surface optimization, the optimal structural com-
bination was determined, providing theoretical support and
design references for the structural optimization of complex
cavity pickup devices.

Research has found that the computational fluid
dynamics—discrete element method (CFD-DEM) method
can effectively characterize particle motion behavior in gas
flow environments and reveal the motion patterns of particles
in flow fields. For example, Yang et al. (2024) analyzed
a Z-type pneumatic separator to reveal that high-speed
gradient gas flows and turbulent structures can enhance the
separation efficiency of metal and non-metal particles in
thermal decomposition residues of waste circuit boards,
and they combined CFD and DEM methods to achieve
high-precision simulation of separation behavior. Zhou et al.
(2024) employed a four-way-coupled CFD-DEM method
to elucidate the mechanism of state transition and pressure
characteristics of gas—solid two-phase flow in horizontal
pipes, clarifying the evolution patterns of particle distribu-
tion and transport flow patterns under different apparent
gas velocities. EI-Emam et al. (2019)+ systematically opti-
mized the geometric structure of a counter-current cyclone

separator and conducted numerical simulations, verifying
the significant improvement in separation efficiency and
cleaning performance due to the inlet height, providing
theoretical support and design basis for efficient separation
in agricultural and industrial applications. EI-Emam et al.
(2019) conducted a combined CFD-DEM simulation of the
fluidization separation process of sugarcane bagasse parti-
cles, confirming that this modeling strategy can effectively
predict actual separation behavior and has the potential to
be extended to processes such as biomass drying, pyrolysis,
and gasification.

Although previous studies have made significant progress
in investigating the local flow field around brush disks or
suction nozzles and the gas—solid coupling within individ-
ual components, joint quantitative research considering the
interactions among brush disks, suction nozzles, and ground
particles at the system level remains relatively scarce. To ad-
dress this gap, this study employs a CFD-DEM approach to
develop an integrated numerical model encompassing disk
brushes, suction nozzles, and ground particles. This model
reveals the synergistic mechanisms between sweeping and
suction operations at the system level and their impact on par-
ticle transport characteristics. Compared to traditional stud-
ies, the innovations of this work include the following: firstly,
achieving multi-physics coupling calculations at the system
scale for the interaction between the brush, suction nozzle,
and ground particles, enabling accurate analysis of multiple
interactions including particle—particle collisions, particle—
airflow interactions, and particle—wall interactions; secondly,
quantitatively revealing the synergistic effects between the
brush-guided flow field and suction nozzle extraction, along
with their influence on particle migration paths and capture
efficiency. This research breaks away from the conventional
approach of analyzing either the brush or suction nozzle in
isolation. It holds significant theoretical and practical value
for deepening the understanding of gas—solid two-phase flow
behavior in sweep—suction cooperative cleaning processes
and for optimizing cleaning operation parameters.

Road sweeping vehicles are typically modified from stan-
dard Class II vehicle chassis (Cho et al., 2021), as shown
in Fig. la. During sweeping operations, the brush disks
mounted on both sides of the vehicle body maintain contact
with the road surface at specific angles and rotation direc-
tions. Through mechanical rotation, solid waste from both
sides and corners of the road surface is concentrated toward
the center and guided into the effective working area of the
suction nozzle. The suction nozzle uses negative-pressure
airflow generated by a fan to suck in debris particles, which
are then transported through a closed pipeline system into
the dust collection box. To enhance the synergistic effect



(a)
L
oty
Sweeper Lo .
suspension oL | Dnv.mg
i mdevice
bl |
L 3 =
-_— t .
' E\ Tire
Disk brush i~ i
system |

(b) ;
Brush-suction lfeithitsh .
Suction
Zone s

------- Vehicle travel
direction

Analysis diagram of the structure and working principle
of the sweeper vehicle.

of sweeping and suction, the effective contact range of the
brush disks is designed as a fan-shaped trajectory, as shown
in Fig. 1b, and partially overlaps with the suction nozzle’s
pickup area in geometric structure, thereby improving debris
collection efficiency and reducing residual rates.

This paper focuses on the evolution of the internal flow
field characteristics of the sweeping and suction system of
road sweeper vehicles. Based on the structural configuration
of the sweeping device and the dynamic characteristics of the
suction nozzle and brush disk, a complete sweeping and suc-
tion flow domain and brush disk parameter diagram is con-
structed, as shown in Fig. 2.

To ensure simulation accuracy while reasonably control-
ling computational resource consumption, moderate ideal-
ization was applied to the geometric characteristics of the
disk brush bristles and operational conditions during model
construction:

1. The brush bundle of the disk brush, composed of nu-
merous bristles, is assumed to form a single rectangular
structure.

2. The disk brush bristles are assumed to undergo no elas-
tic deformation upon contact with particles.

3. Surface particles are assumed to possess a certain initial
vertical distribution height c.

This simplification strategy effectively reduces model com-
plexity without significantly compromising physical realism.
Table 1 summarizes the developed simulation model struc-
ture and main brush parameters.

Model structure dimensions and main brush parameters.

Item Value/interval
Length, L (mm) 1900
Width, W (mm) 1200
Height, H (mm) 400
Suction nozzle length, b (mm) 1400
Suction nozzle height, s (mm) 90
Rotating speed of disk brush, o (rev min_l) 90-170
Disk brush rake angle, o1 (°) 4-12
Disk brush roll angle, oy (°) 2-10
Suction nozzle negative pressure, P (kPa) (—1.8)-(-3.4)
Bristle mounting angle, ¢ (°) 60
Bristle length, [}, (mm) 210
Installation radius, rj (mm) 135

In the CFD-DEM-coupled computational method, the fluid
is treated as a continuous medium, and its flow character-
istics are solved using the incompressible unsteady Navier—
Stokes equations in the Euler coordinate system. The conti-
nuity equation and momentum conservation equation for the
fluid are as follows (De Almeida et al., 2019; Wang et al.,
2024b; Zhang et al., 2025; Ma et al., 2024):

ad
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where pr, &£, and ur represent the density, volume fraction,
and velocity of the fluid, respectively; P is the gas-phase
pressure; g is the gravitational acceleration; Ry is the vis-
cous stress tensor; ¢ is time; and Fy ¢ represents the interac-
tion force between the fluid and particles. In this study, this
interaction force term can be calculated using the following
equation:
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where f,.r; represents the total fluid force acting on parti-
cle i; Ve denotes the volume of a single grid cell; and k¢
denotes the number of particles contained in that grid cell.
Additionally, this study employs the k-¢ turbulence model
to simulate the turbulence characteristics in air by using the
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where k denotes turbulent kinetic energy; ¢ denotes the dis-
sipation rate of turbulent kinetic energy; pg denotes the dy-
namic viscosity of air; u; denotes the turbulent viscosity;
ve denotes the kinematic viscosity; ug; denotes the velocity
component of air in the Cartesian coordinate system, where
g.i=1,2,3;0, = 1.2, 0 = 1 are empirical coefficients; and
G denotes the turbulent kinetic energy term generated by the
average velocity gradient.

In DEM simulations involving fluid interactions, the complex
translational motion (Eq. 6) and rotational motion (Eq. 7) of
particle i are modeled based on Newton’s second law. Ad-
ditionally, contact forces within the particle system are de-
scribed and solved using this law to reflect the dynamic in-

Inlet-Ground
Inlet-Atmosphere

Mounting

Sweeper travel (o

direction

Imaginary
un-deflected
bristle

Brush
penetration:A

\_ Deflected bristle
teraction between particles.
d’ C g £
S D BTSN DY ST
d2
lis 7 @i =Y M. (7

where m; denotes the mass of particle i; x; and ®; represent
its spatial position and orientation direction, respectively; FS
and M;; denote the contact force and torque exerted by par-
ticle j and the wall on particle i, respectively; fl.g denotes
gravity; F l.f denotes the fluid—particle interaction force act-
ing on particle i; F}}° denotes the non-contact force exerted
on particle i by particle k or other external sources; and I;
denotes the moment of inertia of particle i.

Based on the above particle motion equations, the forces
acting on a single particle can primarily be categorized into
two types: contact forces, primarily resulting from phys-
ical collisions between particles or between particles and
walls, and non-contact forces, such as fluid forces, which can
be modeled and solved using the discrete element method
(DEM). Within this framework, contact forces can be decom-
posed in a local coordinate system and quantitatively ana-
lyzed using Eq. (8).

Fij = Fij + Fij. ®)
where F ']‘ and F! represent the normal contact force and

! L . . .
tangential contact force generated when particle i and parti-



Contact forces generated by particle interactions and col-

lisions.

cle j come into contact with the wall surface, respectively.
The schematic diagram in Fig. 3 illustrates the typical con-
tact force vectors, particle overlap displacements, and torque
relationships induced by contact behavior in DEM simula-
tions.

The Hysteretic Linear Spring adopted in this study is a
contact model based on elastic—plastic theory. The energy
dissipation characteristics of this model are independent of
relative slip velocity, making it highly adaptable and versatile
in multi-particle systems. The following equations provide
the mathematical description of the linear hysteretic model:

FPT = min(F"7 72D L kDA™, KPs™T), ifAS" >0 (9)
FMT = max(FMT AT 4 k2 As", 0.001K78™T),

ifAs" <0 (10
ASN = g0 T _ gn.T=AT (11

where F,.n’T and Fl.n’(TfAT) are the normal elastic—plastic

contact forces acting on particle i at the current time 7 and
the previous time step T — AT, respectively, where AT is the
time step length; A" represents the change in normal over-
lap during the time step; A8™7, As™T~AT are the normal
overlap values at the current time and the previous time step,
respectively; and K} and K|' represent the normal contact
stiffness used during unloading and loading, respectively.
The loading stiffness of a particle is calculated as follows
(12):

Kr=EZ (12)
KM =Ey.Z. (13)

For the contact between two particles or between a particle
and a boundary, the loading stiffness and unloading stiffness

are defined as follows:
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— = — 4+ — (particle—particle) (14)
K@ Ki Ky

1 _1., (particle-wall) (15)
— = particle-wa

K Ki Ky

Kﬂ
K= (16)

where i and j denote the two contacting particles; w denotes
the wall or boundary; E; and Ey, are the Young’s moduli
of the particle and boundary, respectively; ¢ is the recovery
coefficient; and Z is the particle size or geometric shape.

In interparticle tangential contact modeling, this paper
adopts the Linear Spring Coulomb Limit model, which is
based on elastic friction theory and can accurately describe
the tangential force response behavior caused by relative slid-
ing between particles. Its mechanical response can be ex-
pressed by the following formula:

F'T = min(FP T80 4 kP A, ug T,

if no sliding at the contact; a7
Fit,T _ min(Fit,(TfAT) e Aat,udﬂn’T),
if sliding act at the contact. (18)

If the tangential force exceeds the limit of ug and Fin’T,
sliding is considered to have occurred during contact. If the
tangential force is below g and Fin’T, no sliding is consid-
ered to have occurred during contact.

The coupling strategy’s workflow and mechanism are shown
in Fig. 4. Within the Fluent-Rocky coupling framework, the
fluid component employs the traditional continuous medium
model in Ansys Fluent®, describing flow behavior through
mass conservation, kinetic energy conservation, and en-
ergy conservation equations and utilizing the finite volume
method (FVM) for numerical solutions, while the solid par-
ticle flow is modeled using the discrete element method (Ma
et al., 2024; Lvov and Chitalov, 2021). During the coupling
calculation process, the fluid time step is typically updated
once every 10 DEM time steps. Within each fluid time step,
the system solves the interphase coupling terms between the
fluid and solid phases, such as the resistance and mass trans-
fer experienced by the particles; meanwhile, the motion at-
tributes of the particles (such as position and velocity) are
updated in real time within each DEM time step.

This study employs a pressure—velocity coupled transient so-
Iution model for numerical simulation of the gas—solid two-
phase flow field in a sweeper truck. The fluid portion is mod-
eled and simulated using Ansys Fluent® software. In terms of
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Figure 4. Flowchart of CFD-DEM-coupled simulation steps.

boundary condition settings, the inlet is defined as a velocity
inlet with a turbulence intensity of 5 %, the outlet is defined
as a pressure outlet, and the system walls are set to no-slip
boundary conditions. Since the disk brush is a typical rotating
mechanical structure during operation, its motion is handled
using a Sliding Mesh model. To ensure computational accu-
racy, local mesh refinement is applied to the rotating region
and its dynamic—static interface. After mesh quality assess-
ment, the orthogonality quality of the resulting mesh is 0.88
and the skewness is 0.20.

During the Rocky® software setup process, the inlet and
outlet boundaries in the model were firstly set as Surface type
and designated as the particle inlet and escape outlet, respec-
tively. The particle inlet velocity was set to the sweeper vehi-
cle’s travel speed of 3.6kmh~!, and the outlet was set to the
coupled negative-pressure value. The main material parame-
ters and their interaction relationships are shown in Table 2.

This study employs four representative polyhedral parti-
cles with equivalent diameters of 0.02, 0.1, 0.5, and 1 mm,
based on screening analyses of dust collected by road sweep-
ers (Wagner et al., 2024). The simulation models particle
pickup and capture processes, as shown in Fig. 5, using
a 5s particle incidence duration and an 8s total compu-

Mech. Sci., 16, 947-963, 2025

CFD primary phase values:
physical properties
velocity;pressure
temperature;At CFD

Table 2. Rocky simulation parameter settings.

Parameter Particle  Disk

brush
Density (kg m3) 1800 1150
Young’s modulus (GPa) 0.06 2.5
Poisson’s ratio 0.3 0.35
Static friction coefficient (with particles) 0.545 0.4
Dynamic friction coefficient (with particles) 0.01 0.3
Restitution coefficient (with particles) 0.5 0.2

tation time. Under these conditions, the model is applica-
ble for analyzing short-term sweeping and suction processes
of loose urban road particles (primarily 0.02-1 mm in size,
without significant agglomeration or strong adhesion) on dry,
level surfaces. Notable limitations include the following: the
model disregards kinetic differences between ultrafine parti-
cles (< 0.02mm) and coarse debris (> 1 mm); particles are
simplified as polyhedrons without explicit consideration of
cohesive effects like adhesion, electrostatic forces, or capil-
lary action; and boundary conditions primarily assume ideal
flat surfaces, excluding complex terrain, wet conditions, or

https://doi.org/10.5194/ms-16-947-2025
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organic binders found in real-world scenarios (Klockner et
al., 2021). Furthermore, the 5s/8s timescale primarily re-
flects short-term pickup and capture processes. Long-term
accumulation, repeated actions, and equipment wear require
longer-term simulations or experimental validation. In sum-
mary, the conclusions presented herein are reliable under the
specified conditions but should not be unconditionally ex-
trapolated to all road surfaces and particle types.

2.4 Grid and experimental validation
2.4.1 Grid independence validation

To optimize computational accuracy and efficiency, this pa-
per conducted a comparative analysis of grid schemes at dif-
ferent scales, comprehensively considering factors such as
cleaning efficiency metrics and computational resource con-
sumption. Ultimately, the second grid scheme was selected
as the final computational model for numerical simulation.
The results of the grid independence validation are shown in
Fig. 6.

2.4.2 Experimental validation

In order to study the velocity distribution law of the scaveng-
ing flow field, the flow velocity in the flow field is dimen-
sionless, and the dimensionless velocity (U) is defined as

U=—, (19)
Um

where U and u are the nondimensional velocity and actual
velocity of the airflow, respectively, and uy, is the average
velocity of the airflow within the flow field.

https://doi.org/10.5194/ms-16-947-2025
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As shown in Fig. 7a, the experiment was conducted under
actual field conditions at the company’s site, using a self-
developed suction-type road sweeper, developed by a certain
company. The experiment used particles screened through
sieves of different mesh sizes. The particle mass pre-weighed
and spread on the test road surface was compared with the
final particle mass recovered in the waste collection box to
calculate the cleaning efficiency as a performance evaluation
metric. Figure 7b and ¢ show the comparison between nu-
merical simulation results and actual vehicle test results un-
der rated operating conditions for different brush angle con-
ditions. The results indicate that the particle trajectories ob-
tained from simulation and experiments exhibit high consis-
tency.

Mech. Sci., 16, 947-963, 2025
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Additionally, Fig. 8 further compares the numerical simu-
lation with the measured cleaning efficiency. The results in-
dicate that the data obtained from both methods show good
agreement under multiple operating conditions, with rela-
tive errors consistently below 0.1. This validates the effec-
tiveness of the CFD-DEM-coupled model in reconstructing
the internal flow field characteristics of the sweeper’s suc-
tion and sweeping system. The minor discrepancies primar-
ily stem from differences between experimental procedures
and numerical modeling: on the one hand, particle distribu-
tion and initial conditions exhibit inherent randomness in ex-
periments, while measurements may be influenced by instru-
ment precision and operational variations; on the other hand,
numerical calculations employ idealized simplifications for
certain boundary conditions and physical processes, failing
to fully capture the complexity of real-world scenarios. Over-
all, these discrepancies do not substantially alter the gen-
eral trends or quantitative conclusions. Consequently, this
methodology can be employed to investigate the influence
of operational parameters on particle migration behavior and
sweeping performance, demonstrating strong predictive ca-
pability and engineering applicability.

3 Discussion and analysis

To ensure the representativeness and practicality of parame-
ter selection, this paper referenced typical operating condi-
tions of municipal sweeping equipment, manufacturer tech-
nical documentation, and relevant literature (Xu et al., 2025)
and validated the findings through preliminary experiments.
The disk brush inclination angle was selected within the 81—

Mech. Sci., 16, 947-963, 2025
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Sweep suction
coupling region

Table 3. Correspondence of disk brush angles.

Bt B2 B3 Bs Bs Bs B1 Bs By

a1 (©) 4 5 6 7 8 9 10 11 12
as (%) 2 3 4 5 6 7 8 9 10

Bo range to cover common operational postures and reflect
varying disturbance and centrifugal effects; the rotational
speed range of 90—170 revmin~! balances coarse-particle re-
moval and fine-particle aggregation; and the suction nozzle
negative pressure was set between —1.8 and —3.4kPa, rep-
resenting an engineering compromise between energy con-
sumption and cleaning efficiency (Wang et al., 2025). These
parameter ranges align with actual operational conditions,
demonstrating good representativeness and practical value.

3.1 Effect of operational parameters on the cleaning
performance of the sweeper

3.1.1 Effect of the disk brush angle on cleaning
performance

In the industry, the contact angle between the disk brush and
the ground is typically controlled around 120°, achieved by
adjusting the forward tilt angle and side tilt angle of the disk
brush, as detailed in Table 3.

Based on the operational requirements of the studied
sweeper, the rated operating conditions are set as follows:
disk brush rotational speed w is 120 rev min_l, suction noz-
zle negative pressure P is —2.4kPa, and disk brush angle 8 is

https://doi.org/10.5194/ms-16-947-2025
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B3. By varying the disk brush angle g, the impact on cleaning
performance was analyzed, with results shown in Fig. 9.

As shown in Fig. 9a, as the disk brush angle increases,
the cleaning efficiency of particles of different sizes gener-
ally follows a trend of first improving and then decreasing.
In the velocity contour plot under B4 conditions, the air-
flow velocity in the outer region of the disk brush is sig-
nificantly lower than in the inner region. Under the syner-
gistic effect of aerodynamic and mechanical forces, particle
movement trends are more likely to concentrate toward the
central region, achieving higher particle transport efficiency.
Figure 9b further shows the mass percentage of different par-
ticles captured at the suction nozzle and the corresponding
cleaning efficiency. The results indicate that when the angle
is set between B, and B4, the adsorbed particles are primar-
ily particle 1; as the particle size increases, its mass percent-
age gradually decreases. When the angle increases to g, the
mass percentage of Particle 4 reaches its maximum value of
26.4 %. This phenomenon primarily arises because, when the
tilt angle is too large, fine particles are easily thrown up by
the ends of the brush bristles, collide with the base plate and
rebound, or are directly swept away from the suction noz-
zle, leading to a decrease in cleaning efficiency. Therefore,
reasonably setting the tilt angle is key to achieving effective
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particle disturbance and guidance, thereby improving clean-
ing efficiency.

With the suction nozzle providing a negative pressure of
P = —2.4kPa and the disk brush inclination angle set to 83,
the effect of varying the disk brush rotational speed w on
cleaning performance was investigated, with results shown
in Fig. 10.

As shown in Fig. 10a, as the disk brush rotational speed
gradually increases, the cleaning efficiency of particles 1 and
2 significantly improves in the initial stage of speed increase
but tends to decrease after reaching a certain speed; mean-
while, the cleaning efficiency of particles 3 and 4 continues to
improve with increasing speed. For smaller particles (Particle
1), when the speed reaches approximately 110 revmin~!, the
disk brush can provide sufficient disturbance force to achieve
effective cleaning. For larger particles (such as Particle 4), as
the disk brush speed increases, the tangential force generated
strengthens, helping to overcome their inertia and ground
adhesion resistance, thereby achieving more effective parti-
cle detachment and transport. Further analysis of Fig. 11b
reveals that as rotational speed increases, the mass propor-
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tion of larger particles captured by the suction inlet gradually
rises, while the proportion of finer particles correspondingly
decreases.

3.1.3 Effect of suction nozzle negative pressure on
cleaning performance

With the disk brush rotational speed set to w = 120 revmin ™"

and the disk brush angle set to f3, the effect of varying the
suction nozzle negative pressure P on cleaning performance
was investigated, with results shown in Fig. 11.

As shown in Fig. 11a, as the suction nozzle negative pres-
sure increases from —1.8 to —3.4kPa, the cleaning efficiency
of particles of different sizes generally increases. The in-

Mech. Sci., 16, 947-963, 2025

crease in negative pressure significantly enhances the airflow
velocity and adsorption capacity in the suction nozzle area.
However, when the negative pressure exceeds —2.8kPa, the
improvement in cleaning efficiency for fine particles (such as
Particle 1) tends to saturate, and the improvement for Particle
2 also slows significantly. This is because excessively high
negative pressure levels increase flow losses within the flow
field, although the enhanced suction force has limited addi-
tional disturbance effects on lightweight particles. Figure 11b
further reveals the capture characteristics of the cleaning sys-
tem at different negative pressure levels. Under low-negative-
pressure conditions, the system primarily adsorbs smaller
particles, demonstrating strong capture capability for fine
particles. As negative pressure increases, the mass fraction

https://doi.org/10.5194/ms-16-947-2025
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of medium to large particles (particularly 0.1 and 0.5 mm)
significantly increases, indicating that the system’s cleaning
efficiency for heavier particles improves under high nega-
tive pressure, resulting in overall enhanced cleaning perfor-
mance.

During the sweeping operation, the rotation of the disk brush
not only disrupts and transports particles but also forms a
specific directional airflow field between the brush and the
road surface. Meanwhile, the negative pressure at the suction
nozzle induces high-speed airflow to achieve particle adsorp-
tion and collection. These two airflow mechanisms are spa-
tially and temporally coupled, jointly determining the parti-
cle disruption path, aggregation efficiency, and final adsorp-
tion effect. As shown in Fig. 12, the velocity contour map of
the sweeping and suction flow field within one rotation cycle
of the sweeper is displayed. The sweeping—suction coupling
zone is located between the end of the disk brush and the
leading edge of the suction nozzle, representing the critical
transition zone where particles transition from the mechani-
cal sweeping stage to the aerodynamic adsorption stage. To
better study the influence of operational parameters on the
sweeping—suction coupling zone, nodes O, R, and § are set
within it to observe changes in airflow velocity in this region.

As shown in Fig. 12, the velocity contour map reveals that
the airflow diverges after contacting the disk brush, gradually
splitting into two primary flow directions. The flow velocity
in the front and outer regions of the disk brush is signifi-
cantly lower than that in the central region of the flow field,
and the velocity distribution in the central region exhibits a
distinct stepped pattern. At T = 3/5m, a distinct high-speed

airflow region has formed on the inner side of the front end
of the disk brush. This highly ordered high-speed airflow sig-
nificantly enhances the particle entrainment and transport ef-
fects. Further analysis of the vertical cross-sectional velocity
contour map of the flow field reveals that, as the operation
time increases, a stable and intense high-speed adsorption
zone gradually forms in the central region near the suction
nozzle, accompanied by a trend of continuously increasing
velocity, further enhancing the particle adsorption and clean-
ing capabilities.

Through an in-depth analysis of key regions, the intrin-
sic relationship between velocity changes in the coupled re-
gion and particle response behavior can be further revealed.
As shown in Fig. 13a, as the disk brush angle increases,
the position of the velocity extremum point in the flow field
shifts significantly, indicating that the disk brush angle has
a significant impact on the sweeping trajectory. Excessively
large angles may reduce particle recovery efficiency and im-
pair overall cleaning performance. As shown in Fig. 13c, un-
der fixed disk brush angle conditions, appropriately increas-
ing the suction nozzle’s negative pressure can enhance the
overall airflow velocity within the coupled region, thereby
strengthening particle disturbance and adsorption capabili-
ties and improving the suction nozzle’s capture efficiency.

As the most critical mechanical disturbance component in
the cleaning system, the disk brush primarily achieves parti-
cle disturbance, aggregation, and transport through rotational
motion around its own rotational axis, as shown in Fig. 14.
Under the continuous rotational action of the disk brush, par-
ticles typically follow a spiral trajectory toward the inner side
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and ultimately enter the sweeping—suction coupling zone di-
rectly in front of the suction nozzle.

In order to further reveal the movement characteristics of
particles in the sweeping and suction flow field of sweeper,
this study systematically analyzed the dynamic behavior of
particles of different sizes under rated operating conditions.
Figures 15 and 16 show the movement trajectories and distri-
bution states of particles of different sizes during the sweep-
ing process. The visualization results enable further explo-
ration of the response mechanisms and sweeping paths of
particles under the coupled effects of complex airflow and
mechanical disturbance.

Mech. Sci., 16, 947-963, 2025

1 1 1 1 1 1 1 1 1
1.8 2.0 22 24 26 28 3.0 32 34
Suction port pressure (-kPa)

As shown in Fig. 15, particle velocity significantly in-
creases in the region near the suction nozzle, indicating that
the tangential airflow generated by the rotating disk brush
and the negative pressure from the suction nozzle syner-
gistically exert a strong guiding and accelerating effect on
lightweight particles. However, under rated operating con-
ditions, lightweight particles still tend to drift and generate
dust. Taking the time point T = 2s as an example, the com-
parison of the motion states of Particle 1 and Particle 2 at the
rear edge of the brush and near the cleaning boundary region
shows that a large number of fine particles remain suspended
in the air. These results indicate that for particles with lighter

https://doi.org/10.5194/ms-16-947-2025
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mass or smaller particle size, their motion behavior is highly
sensitive to airflow disturbances and is easily influenced by
non-uniform flow fields, causing them to deviate from the
ideal adsorption path.

As shown in the computational results of Fig. 16, the
movement behavior of large-diameter particles during the
sweeping process primarily depends on direct contact with
the brush and mechanical propulsion, gradually transporting
them from the brush edge to the suction inlet area. Corre-
spondingly, the floating and dusting phenomena of coarse
particles in the flow field are significantly reduced, and the
sweeping path is more stable. Taking particles with an equiv-
alent diameter of 1 mm as a representative example, their
traction by the rotating airflow during sweeping operations
is relatively weak. Compared to particles with a diameter of
0.5 mm, the residual quantity of larger particles on the outer
side of the brush disk is significantly increased.

Figure 17 shows the mass change patterns of particles of
different sizes over time in the Q-S vertical cross-section un-
der the same operating conditions. The results indicate that
within (0-1.5)s, the mass growth rate of smaller particles
(e.g., 0.02mm) in the flow field is significantly faster than
that of larger particles. This is primarily because smaller par-
ticles are more significantly affected by the turbulent airflow
induced by the rotating brush, making them easier to be car-
ried and transported toward the suction nozzle region. How-
ever, during the later stages of cleaning, the driving force of
the airflow on larger particles significantly weakens, result-
ing in a greater mass of these particles remaining within the
cleaning system.

To more intuitively assess the impact of operational pa-
rameters on particle cleaning performance, this study com-
pares two typical rotational speed conditions: 120 and
170revmin~!. As shown in Fig. 18, simulation results
indicate that when the rotational speed is increased to
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field.

170 revmin™', particles form distinct crossing trajectory
bands in the region in front of the suction nozzle, indicating
that high-speed rotation enhances particle disturbance fre-
quency and aggregation trends to some extent. Further anal-
ysis of the temporal changes in inter-particle contact friction
forces confirms this phenomenon. Under high-speed con-
ditions, frequent contact collisions between particles occur
starting from 7 = 1.5s, with overall contact friction force
levels significantly higher than under low-speed conditions.
Continuous high-intensity particle contact not only increases
system kinetic energy dissipation but may also lead to accel-
erated wear of brush filament materials and increased vehicle
energy consumption. Therefore, while ensuring cleaning ef-
ficiency, the setting of operational parameters should fully
consider engineering constraints such as system energy con-
sumption and brush filament lifespan to achieve an optimized
operational strategy that balances efficiency, stability, and en-
ergy conservation.

This study focused on the sweeping and suction system of
road sweepers, establishing a numerical simulation model
based on a CFD-DEM-coupled approach. It systematically
investigated the effects of different operational parameters
and particle sizes on sweeping efficiency and particle trans-
port behavior, yielding the following key conclusions.

A reasonable brush inclination angle combined with mod-
erate rotational speed enhances the removal of large particles
while maintaining the aggregation and stability of fine par-
ticles, thereby significantly improving overall cleaning effi-
ciency. Inclination angles that are too small or too large will
weaken particle transport effectiveness, while excessively
high rotational speeds may cause fine particles to scatter and
increase energy consumption. We recommend controlling the
brush rotational speed between 130-160revmin~!.

Moderate suction effectively improves the recovery of
medium-sized particles. However, beyond a critical negative-
pressure threshold, cleaning efficiency for fine particles
reaches saturation. Further increasing suction yields negli-
gible benefits while increasing energy consumption and sys-
tem load. Based on the particle size distribution of the road
surface, suction port negative pressure should be maintained
within the range of —2.6 to —2.8kPa to achieve an optimal
balance between cleaning efficiency and energy consump-
tion.

The sweeping—suction flow field directly determines
cleaning performance stability. Fine particles strongly re-
spond to flow disturbances but are prone to dust resuspen-
sion; coarse particles rely on brush filament contact for trans-
port. After reasonably matching operational parameters, the
airflow disturbance from the disk brush gradually couples
with the suction force from the nozzle, forming a stable
high-speed adsorption zone. Therefore, operational parame-
ters should be dynamically adjusted based on particle charac-
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teristics and working conditions to achieve dual optimization
of cleaning efficiency and energy consumption control.

This study still presents certain limitations, including the
use of simplified particle geometries, the omission of cohe-
sive and adhesive interactions, and the assumption of ide-
alized boundary conditions. In future research, more real-
istic particle characteristics — such as irregular shapes, size
distributions, and surface roughness — will be incorporated
to better represent the physical behavior of debris in real-
world sweeping environments. These improvements, com-
bined with targeted experimental validation, are expected to
enhance the reliability and applicability of the model, ulti-
mately for understanding particle migration, deposition, and
capture mechanisms within sweeping—suction cleaning sys-
tems.
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