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Abstract: In order to understand the damping effect and energy dissipation mechanism of the obstacle
grid particle dampers, we conduct experimental and simulated studies. In this paper, the obstacle
grid particle dampers are applied to the cantilever beam structure. The effect of filling ratio, particle
size, particle material and excitation amplitude of the obstacle grid particle damper on the vibration
characteristics of the cantilever beam is studied experimentally and compared with the conventional
particle damper for damping effect. A simulation model of the particle damper was developed and
experimentally validated using the discrete element method. The experimental results show that the
vibration acceleration response of the obstacle grid particle damper decreases by 10.4 dB compared
with the conventional particle damper at 90% filling ratio. The obstacle grid particle damper increases
the area of energy transfer between the external vibration energy and the particles. It makes the
particles, which originally have almost no contribution to the energy dissipation, produce violent
motion and participate in the energy dissipation process, thus effectively improving the damping
performance of the particle dampers.

Keywords: particle damping; obstacle grid; cantilever beam; discrete element method; energy dissipation

1. Introduction

Particle dampers (PD) have the advantages of wide vibration damping band, high
system stability, easy implementation, and applicability to harsh environments. They have
been widely used in many fields such as aerospace [1], aviation [2], marine [3], mechanical
engineering [4,5], transportation [6–8], and construction [9,10]. The mechanism of particle
damping vibration reduction is due to the mutual motion between particles and structural
bodies, which causes the collision and friction between particles and particles and between
particles and walls to dissipate the vibration energy, thus achieving the purpose of vibration
and noise reduction.

Particle damping has limited the engineering applications of particle damping tech-
niques in other fields due to the high degree of nonlinearity and the diversity of parameter
effects. In order to better guide the engineering design of particle dampers, theoretical
work on particle damping modeling and prediction has not stopped [11]. Mao et al. [12–15]
used the discrete element method (DEM) to numerically simulate and characterize particle
damping. Wu et al. [16] developed a theoretical model of particle damping based on gas-
particle multiphase flow theory. Xia et al. [17] proposed a genetic algorithm-support vector
regression model to predict the damping performance of particle dampers. Xin et al. [18]
proposed a transfer learning (TL) based method of multi-fidelity modeling in the framework
of deep neural network (DNN) for characterizing the dynamic damping performance. The
particle damping prediction model has significant advantages in terms of computational
efficiency. However, the characterization of the complex motion and energy dissipation
mechanism of the particles is limited. Currently, the discrete element method, as the main
theoretical analysis method for particle damping, is used to study the particle damping
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dissipation mechanism and mechanical phenomena because it reveals the particle–particle
and particle–wall interactions. Bai et al. [19] studied the energy transfer and energy dissipa-
tion mechanism of particle dampers, and the upper limit of energy dissipation of particle
dampers depends on the level of energy transfer. Marwa [20] investigated the mechanism
of parameters affecting the energy dissipation of particle dampers. Pourtavakoli et al. [21]
studied the effect of particle shape on the energy dissipation efficiency of particle dampers.
Koch [22] proposed the addition of granular material to the honeycomb structure, which has
a significant vibration suppression effect on the honeycomb structure. Although discrete
elements can reveal the energy dissipation mechanism of particle dampers, the discrete
element method simulation requires modeling calculations for each particle, which requires
significant computational resources and computational time when the number of particles
is large. Therefore, experiments are needed to investigate the parameter influence law
of particle dampers. Romdhane [23] quantified the loss factor of a non-blocking particle
damper (NOPD) independently of the structure by the developed experimental method.
The effect of system parameters such as excitation frequency, excitation amplitude, and
geometry of the cavity on the energy dissipation of the particle damper was investigated.

The energy dissipation of particle dampers is directly related to the kinematic modes
of rheological behavior [24–26]. Zhang [27] obtained the phase diagram of the kinematic
modes of damped particles at different excitation intensities and gaps through a series of
shaker tests. Yin [28] analyzed the damping effect of NOPD expressed as a loss factor con-
tour plot in conjunction with the kinematic modes of the particle system. This can be seen
from the phase diagram of the particle motion pattern combined with the corresponding
loss factor diagram. The traditional particle dampers have almost no damping effect at vi-
bration acceleration below 1 g, which is a defect of particle damping. The loss factor is high
at vibration acceleration of 2–4 g. The loss factor is low at vibration accelerations greater
than 5 g. The complex particle motion behavior at high amplitude leads to a decrease in
the energy dissipation performance of particle damping, which becomes another defect of
particle damping. Meyer [29] investigated the dissipation mechanism of a particle damper
under horizontal low-amplitude sinusoidal excitation, and two different modes of motion
were experimentally observed. When the amplitude is low, the particle layer exhibits
a dispersive behavior, leading to a low damping efficiency. The roll collection–collision
state is observed to produce higher damping at high amplitudes. Experimental studies
have shown that setting partitions to the cavities of particle dampers and dividing the
overall large cavity into several small cavities can enhance the energy dissipation of particle
dampers [30], and this practice can solve the above problem of low loss in certain states
of motion. In addition, for the problem that conventional particle dampers are ineffective
in vertical vibrations for vibration accelerations less than the acceleration of gravity (1 g),
Yao [31] and Zhang [32] proposed to combine a particle damper with a power absorber to
improve the vibration acceleration larger than 1 g for the particle damping by amplifying
the effect of vibration through power absorption. The combination of dynamic vibration
absorption and particle damping solves the problem of particle damping failure at low
amplitudes. In addition, Sayed et al. [33–35] studied active control applied to a nonlinear
dynamic beam system to eliminate its vibration. Arumugam et al. [36,37] studied the
vibration and damping characteristics of the laminated composite cylindrical sandwich
shell with carbon nanotube reinforced magnetorheological elastomer (CNT-MRE) core.

Recent studies have shown that the energy dissipation of particle dampers is improved
by embedding obstacle structures in the particle damper cavity [38] to influence the particle
motion state. Yao et al. [39] introduced and installed cross-shaped spoilers inside the vessel
to break the floating particle population, which greatly improved the damping performance
of the particle damper. Gnanasambandham et al. [40] proposed a three-dimensional rigid
obstacle grid introduced inside the cavity of the particle damper. The results show that the
damping performance of the particle damper with obstacle grid is twice as high as that
of the conventional particle damper. The above study proved that the obstacle structure
can enhance the loss factor of particle dampers through discrete element simulation and
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experiments. In this paper, the obstacle grid particle damper is applied to the actual
structure to demonstrate its superiority, and the modeling simulation of particle dampers
with and without obstacle grid is performed by discrete element method to reveal the
energy dissipation mechanism of the obstacle grid particle damper.

This paper is organized as follows: in Section 2, the experimental setup and measure-
ment system of the cantilever beam damping experimental apparatus of the obstacle grid
particle damper are described. In Section 3, the experimental results of cantilever beam
damping with obstacle grid particle dampers are given. In Section 4, the causes of the
obstacle grid enhanced dissipation and the effect of the excitation amplitude on the particle
damping dissipation are analyzed by discrete element simulation. Finally, conclusions are
given in Section 5.

2. Experimental Setup and Measurement System

The structure of obstacle grid particle damper proposed in this paper consists of
shell, obstacle grid, and damping particles, and its structure is shown in Figure 1. The
shell cavity is 50 mm high in the experiment, and the bottom surface is a square with
side length 30 mm, which is made by bonding Plexiglas plates. The obstacle grid is
modeled with Solidworks to generate STL files for importing into the 3D printer to process.
Additional support structures are required during the 3D printing process. After printing,
the support structure needs to be immersed in isopropyl alcohol solution to remove it, and
finally obtain the obstacle grid structure. The obstacle grid is processed by 3D printing
using photosensitive resin, and its structure consists of a grid structure with a cell size of
5 mm tube diameter of 1 mm. In this paper, the effect of particle size and material on the
damping characteristics of the particle damper is studied by filling different particle sizes
and materials of damping particles.
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Figure 1. Particle damper model.

In this paper, particle dampers are attached to the cantilever beam structure to study
the damping energy dissipation characteristics of the obstacle grid particle damper, and
the experimental system is built as shown in Figure 2. In the experiment, the cantilever
beam size is 500 mm × 16 mm × 8 mm, and the clamping length of one section of the beam
is 50 mm. The particle damper is attached in the middle of the cantilever beam, and the
exciter is installed at the other end of the beam to apply vertical excitation. The acceleration
sensors were installed at the excitation point and the particle damper installation point
respectively to monitor the vertical acceleration amplitude of the cantilever beam. The
B&K 208C03 force transducer, B&K 4508B acceleration transducer, and MB MODAL 110
shaker were used in the experiments, which were tested and analyzed by the LMS test and
analysis system. The KEYSIGHT 33500B signal generator generates a 1–200 Hz bandwidth
sweep signal, which is driven by a power amplifier to generate the corresponding vibration
signal from the shaker.
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Figure 2. Schematic diagram (left) and picture(right) of the testbed.

3. Experimental Results
3.1. Effect of Filling Ratio on the Vibration Characteristics of Cantilever Beam Subsection

The experiments were filled with 304 stainless steel balls of particle size 2 mm. Particle
dampers with and without grid were filled by mass filling ratio of 50%, 70%, and 90%,
respectively. The effect of different filling ratios on vibration suppression of the cantilever
beam is shown in Figure 3. From the spectrum, it can be seen that the resonance peak exists
at 142 Hz with the amplitude reaching 66.5 m/s2 for the empty beam without additional
particle dampers. After the particle dampers without grid are attached in the middle of the
cantilever beam, the resonance peak is shifted to 120 Hz. However, the resonant frequency
decreases with increasing filling ratio after attaching obstacle grid particle dampers to the
cantilever beam. The masses of filled particles at different filling ratios are shown in Table 1.
As the filling ratio increases and the additional mass increases, the resonant frequency
should decrease. The effective mass of the particle dampers without grid is lower than the
actual mass of the particles due to the particle motion [41,42]. At 50% fill ratio, the resonance
peak amplitude of the conventional particle damper is attenuated by 31.9% compared to
the empty beam, while the obstacle grid particle damper further reduces the resonance
peak amplitude and attenuates it by 50% compared to the conventional particle damper.
At 70% filling ratio, the resonance peak amplitude of the conventional particle damper is
attenuated by 46.6% compared to the empty beam, while the obstacle grid particle damper
attenuates the resonance peak amplitude by 65.5% compared to the conventional particle
damper. At 90% fill ratio, the resonance peak amplitude of the conventional particle damper
decays by 55.5% compared to the empty beam, while the obstacle grid particle damper
decays by 69.8% compared to the conventional particle damper amplitude.
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Table 1. Different filling ratio particles and model masses in the experiment.

Mass Shell (g) Grid (g) Filling Ratio 50% (g) Filling Ratio 70% (g) Filling Ratio 90% (g)

Without grid 122 / 105 147 189
With grid 122 3.3 85 119 153

The resonance peak amplitudes of the cantilever beam with and without the obstacle
grid particle dampers at different filling ratios are shown in Figure 4. The damping effect of
the particle dampers is gradually enhanced with the increase of filling ratio. It can be seen
in Figure 4 that the relationship between the damping effect of the conventional particle
damper and the filling ratio is linear, while the resonance peak amplitude of the cantilever
beam with the obstacle grid particle damper decays exponentially with the increase of the
filling ratio. Compared with the traditional particle dampers, the damping effect of the
obstacle grid particle dampers is more significant as the filling ratio increases. The vibration
acceleration responses at different filling rates are shown in Table 2.
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Table 2. Vibration acceleration response at different filling ratios.

Filling Ratios 50% 60% 70% 80% 90% Without PD

Without grid 45.4 m/s2 38.6 m/s2 35.5 m/s2 32.5 m/s2 29.6 m/s2
66.5 m/s2

With grid 22.7 m/s2 16.2 m/s2 12.2 m/s2 11.6 m/s2 8.9 m/s2

3.2. Effect of Particle Size on Vibration Characteristics of Cantilever Beam

According to the particle damper cavity and obstacle grid size, stainless steel balls with
three particle diameters of 1 mm, 1.5 mm, and 2 mm are selected for filling in this paper, as
shown in Figure 5. Research particle size on the effect of damping energy consumption of
particle dampers with and without obstacle grid.
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The damping effect of the cantilever beam with different particle size dampers is
shown in Figure 6. From Figure 6, it can be seen that the three particle sizes have the same
effect on the energy dissipation with and without the grid particle dampers. The damping
effect is best when filled with 1 mm particle size, followed by 2 mm particle size, and
1.5 mm particle size is less effective. The above three particle sizes are 30.7 m/s2, 29.6 m/s2,
and 28 m/s2 for conventional particle dampers, and 10 m/s2, 8.9 m/s2, and 8.6 m/s2 for
obstacle grid particle dampers. The difference in vibration damping effect between the
three particle sizes is not significant, and for cost consideration, the particle size of 2 mm is
used In practical applications. The vibration acceleration response at different particle sizes
are shown in Table 3.
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Table 3. Vibration acceleration response at different particle sizes.

Particle Sizes 1 mm 1.5 mm 2 mm

Without grid 27.9 m/s2 30.7 m/s2 29.6 m/s2

With grid 8.6 m/s2 10 m/s2 8.9 m/s2

3.3. Effect of Particle Material on Vibration Characteristics of Cantilever Beam

In this paper, the effect of particle material on the vibration of the cantilever beam is
studied by particles of different materials with a particle size of 2 mm. Five materials of
particles, aluminum (2.7 g/cm3), zirconia (5.85 g/cm3), stainless steel (7.9 g/cm3), brass
(8.5 g/cm3), and lead (11.3437 g/cm3), were selected according to their density, as shown
in Figure 7.
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The vibration damping effect of particle dampers with different particle materials is
shown in Figure 8. Among the five materials, the damping effect of aluminum balls is the
worst, on the one hand, the lower density of aluminum leads to the lower kinetic energy
of particles, on the other hand, the lower recovery coefficient between aluminum balls
affects the collision motion of particles, followed by zirconia particles. In the traditional
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particle, dampers filled with stainless steel particles damping effect is more significant. The
damping effect of copper and lead balls is between zirconia and stainless steel, and the
damping effect of copper balls is slightly better than that of lead balls. In the obstacle grid
particle dampers, the resonance peak amplitudes of stainless steel, Cu and Pb are 8.71 m/s2,
8.95 m/s2, and 8.89 m/s2, respectively, and the damping effect of the three is not much
different. Comprehensive consideration, in practice, should use stainless steel or iron as
the filler particles material is more reasonable. The vibration acceleration response under
different particle materials are shown in Table 4.
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Table 4. Vibration acceleration response under different particle materials.

Materials Al ZrO Steel Cu Pb

Without grid 47.4 m/s2 36.1 m/s2 29.6 m/s2 32.5 m/s2 33.2 m/s2

With grid 22.5 m/s2 11.4 m/s2 8.9 m/s2 9 m/s2 8.9 m/s2

3.4. Effect of Excitation Amplitude on Vibration Characteristics of Cantilever Beam

The damping effect of particle damping is greatly influenced by the excitation am-
plitude. In this paper, the excitation amplitude is adjusted by setting 0.2 V~0.5 V by the
signal generator for different excitation amplitudes of the shaker. The vibration response of
the cantilever beam with and without the obstacle grid particle dampers under different
excitation amplitudes is shown in Figure 9. It can be seen from Figure 9a that the vibration
damping effect of the conventional particle dampers on the cantilever beam structure
reaches 10.7 dB, and the vibration response of the conventional particle dampers is attenu-
ated by 8.1 dB through the built-in obstacle grid. It is worth noting that the damping effect
of the obstacle grid particle dampers gradually increases with the increase of the excitation
amplitude compared with the conventional particle dampers. In Figure 9c,d, the vibration
response of the obstacle grid particle damper is attenuated by 11.1 dB compared with the
conventional particle damper.
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4. Analysis and Discussion
4.1. Damping Energy Dissipation Characteristics of the Particle Dampers with Obstacle Grid

In this paper, the discrete element software (EDEM) is used to simulate and model the
particle dampers with and without the obstacle grid, respectively, and the particle dampers
and particle size dimensions are consistent with the experimental model. First, a particle
generation filling simulation is performed, where the number of particles is derived by
dividing the total mass of particles obtained from the experimental filling by the mass of
individual particles. The vertical sinusoidal vibration simulation of the particle dampers
was simulated by EDEM software, and the particle dampers were all filled with 90% of 2 mm
particles in the simulation. The discrete element simulation time step is 2.14773 ×10−7 s
(20% of the Rayleigh time step) and the storage time step is 0.001 s. The physical parameters
used in the discrete element simulation are shown in Table 5.The discrete element contact
parameters in Table 5 are calibrated by static experiments in combination with the parameter
calibration module EDEMCal in the EDEM2021 software [43]. The resonant peak frequency
(120 Hz) and the acceleration at the additional position of the particle dampers (10.5 g) were
used as the excitation conditions according to the experimental cantilever beam after the
particle dampers were attached. The particle motion vector in the particle damper without
grid is shown in Figure 10. Due to the rheological phenomenon of particles, the particle
motion in the particle damper without grid produces vortex motion after colliding with the
bottom surface and moving upward, and experiences 3.25 excitation vibration cycles to
end the vortex motion. The low kinetic energy of the particles in the 3.25 cycles of vortex
motion is mainly due to the fact that there is no effective vibration energy transfer between
the particles in the vortex motion state and the damper wall.
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Table 5. Physical properties and parameters used in DEM simulation.

Components Density
(kg/m3)

Poisson’s
Ratio

Young’s Modulus
(Pa)

Coefficient of
Restitution

Coefficient of
Static Friction

Coefficient of
Rolling Friction

Particle 7930 0.3 2.06 × 1011 0.74 0.2 0.01
Shell 1190 0.32 3.3 × 109 0.3 0.154 0.01
Grid 1120 0.23 2.46 × 109 0.7 0.3 0.01

Machines 2022, 10, x FOR PEER REVIEW 9 of 15 
 

 

experiences 3.25 excitation vibration cycles to end the vortex motion. The low kinetic en-
ergy of the particles in the 3.25 cycles of vortex motion is mainly due to the fact that there 
is no effective vibration energy transfer between the particles in the vortex motion state 
and the damper wall. 

Table 5. Physical properties and parameters used in DEM simulation. 

Components 
Density 
(kg/m3) 

Poisson’s  
Ratio 

Young’s Modulus
(Pa) 

Coefficient of 
Restitution 

Coefficient of 
Static Friction 

Coefficient of 
Rolling Friction 

Particle 7930 0.3 2.06 × 1011 0.74 0.2 0.01 
Shell 1190 0.32 3.3 × 109 0.3 0.154 0.01 
Grid 1120 0.23 2.46 × 109 0.7 0.3 0.01 

The vector diagram of particle motion in the particle damper with obstacle grid dur-
ing one excitation period is shown in Figure 11. By embedding the obstacle grid in the 
particle damper cavity, the particle rheology is prevented. It can be seen from the figure 
that the particle motion period in the particle damper with grid is consistent with the ex-
citation period. The kinetic energy of the particles is significantly larger than that of the 
particles without the grid. In addition, the kinetic energy of the particles in the particle 
damper with grid is also larger than that of the particles without grid. In addition to the 
kinetic energy of the particles in the particle damper with grid colliding with the wall, it 
can be seen from the two moments of 0.5 T and 0.75 T that when the particle damper with 
grid moves downward, the collision of the particles with grid causes the particles to have 
larger kinetic energy. 

 
Figure 10. Particle motion in a particle damper without grid. Figure 10. Particle motion in a particle damper without grid.

The vector diagram of particle motion in the particle damper with obstacle grid during
one excitation period is shown in Figure 11. By embedding the obstacle grid in the particle
damper cavity, the particle rheology is prevented. It can be seen from the figure that the
particle motion period in the particle damper with grid is consistent with the excitation
period. The kinetic energy of the particles is significantly larger than that of the particles
without the grid. In addition, the kinetic energy of the particles in the particle damper
with grid is also larger than that of the particles without grid. In addition to the kinetic
energy of the particles in the particle damper with grid colliding with the wall, it can be
seen from the two moments of 0.5 T and 0.75 T that when the particle damper with grid
moves downward, the collision of the particles with grid causes the particles to have larger
kinetic energy.

The kinetic energy and energy dissipation of the particle dampers with and without
the grid are obtained from the discrete element simulation and analyzed for comparison,
as shown in Figure 12. Figure 12a shows the time domain variation of the kinetic energy of
the particle dampers. The kinetic energy of the particle dampers without a grid has widely
spaced pulse spikes, and the kinetic energy is almost zero at the peaks and valleys. The
kinetic energy in the particle dampers with grid is dense and fluctuates above and below
the energy amplitude of 0.008 J. Compared with the particle dampers without grid, the
kinetic energy with grid is higher at any moment. Figure 12b shows the kinetic energy
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spectrum of the particle damper with and without grid, from which it can be seen that
the kinetic energy of the particle damper without grid is composed of 40 Hz additional
band and 120 Hz and its multiples, in which the amplitude is higher at 40 Hz and lower
at the excitation frequency of 120 Hz and its multiples, which means that the particle
motion frequency in the particle damper without grid is much lower than the excitation
frequency. The kinetic energy in the particle dampers with a grid is composed of 120 Hz
and its multiples in the spectrum, with a higher amplitude at 240 Hz. The double frequency
characteristics correspond to the particle collision characteristics twice in one excitation
period in Figure 11.
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The loss energy with and without grid particle dampers is shown in Figure 12c. Similar
to the particle kinetic energy variation, the particle dampers without grid show intermittent
pulse energy dissipation. There are many cycles in which the energy loss tends to zero. In
contrast, the energy loss at any moment is lower than that of the particle dampers without
grid, but the overall energy loss is 2.48 times higher than that of the particle dampers
without grid. From the particle energy dissipation spectrum in Figure 12d, it can be seen
that the energy dissipation without grid is composed of the frequency band from 40 Hz
to 80 Hz and 120 Hz and its multiples. The particle dampers with grid are composed of
excitation frequency 120 Hz and its multiples, and the highest amplitude is at the dipole
frequency 240 Hz.

According to the obstacle grid cell division area, the spatial energy dissipation dis-
tribution of particle dampers with and without grid is shown in Figure 13a, the energy
dissipation of particle dampers without grid is mainly distributed in the lowest layer, and
the energy dissipation decreases with the rise of the number of layers, and the trend of high
in the middle and low on the sides in the horizontal. The energy dissipation of the particle
dampers with a grid is mainly distributed in layers 1–7, with the largest energy dissipation
in layer 5. Compared with particle dampers without grid, the energy dissipation in the
lowest layer is lower than that in particle dampers without grid, but the energy loss in
layers 2–7 is much higher than that in particle dampers without grid.
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In summary, the obstacle grid prevents the particles from undergoing fluidization
phenomenon and increases the area of energy transfer between the external vibration energy
and the particles. It makes the particles, which originally have almost no contribution
to energy dissipation, produce violent motion and participate in the energy dissipation
process, which effectively improves the damping performance of the particle damper.

4.2. Effect of Excitation Amplitude on Particle Damping Energy Dissipation

The particle damping is greatly influenced by the excitation conditions, and the particle
motion shows rich motion patterns under different excitation conditions. The particle
damping shows solid-like, local fluidization, global fluidization, trampoline, convection,
Leyland effect flow, and buoyant convection motion states one by one as the excitation
amplitude increases. Our team carried out the experiments with and without grid particle
damping loss factor in the early stage, and the relevant experimental principles and settings
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were referred to in the literature [23], and the accuracy of the discrete element simulation
model was verified by the loss factor experiments. The effect of excitation amplitude
on the loss factor of the particle dampers is shown in Figure 14. The loss factor of the
particle damper without grid is higher than that of the gridded particle damper in the
excitation intensity Γ = 0.5–2.5 interval, and there is a sharp decrease in the loss factor of
the particle damper without grid as the excitation intensity increases, while the gridded
particle damper has a slow decreasing trend in the interval Γ > 2.5, so the loss factor of the
gridded particle damper is improved by 0.11 over the particle damper without grid in this
interval. Therefore, the obstacle grid can solve the difficulty that the damping effect of the
conventional particle dampers fails at higher excitation amplitude values. The obstacle
grid particle dampers can be practically applied in strong vibration conditions, such as
stern vibration, strong shock of space capsule arrow separation, strong vibration in aircraft
acceleration and dive state, etc.
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5. Conclusions

In this paper, the obstacle grid particle dampers are attached to the cantilever beam
structure, and the superiority of the particle dampers with obstacle grid is fully demon-
strated by comparing the damping effect with the conventional particle dampers. The
discrete element method was used to simulate the particle dampers with and without the
obstacle grid separately. Energy dissipation characteristics of the obstacle grid particle
dampers were analyzed. It can be concluded as follows.

(1) As the filling ratio increases, the effect of the obstacle grid particle damper on the
cantilever beam vibration suppression becomes more and more obvious. At the filling
ratio of 90%, the acceleration amplitude of the cantilever beam with grid particle
dampers decreased by 69.8% compared to the cantilever beam without grid particle
dampers with additional grid particle dampers. The best damping effect was achieved
when the particle dampers were filled with 1 mm particle size, followed by 2 mm and
1.5 mm particles.

(2) The particle material has a large impact on the damping performance of the particle
damper. Among the five materials, aluminum balls have the worst damping effect,
followed by zirconium oxide particles. In the traditional particle dampers filled with
stainless steel particles, damping effect is more significant. The damping effect of
copper and lead balls is between zirconia and stainless steel, and the damping effect
of copper balls is slightly better than that of lead balls. The difference between the
damping effect of stainless steel, Cu, and Pb in the particle dampers with obstacle
grid is small.
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(3) With the increase of excitation amplitude, the damping effect of traditional particle
damper is 10.7 dB, 7.1 dB, 4.6 dB, and 2.9 dB, respectively, while the damping effect
of obstacle grid particle damper decreases 8.1 dB, 10.4 dB, 11.1 dB, and 11.1 dB,
respectively. The particle damper with grid still has good damping characteristics.

(4) Conventional particle dampers reduce the level of vibration energy transfer and
dissipation due to fluidization of particles. The energy transfer area of the particle
dampers is increased, and the energy dissipation of the particle dampers is enhanced
by embedding the obstacle grid energy to hinder the generation of particle fluidization.
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