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Exploring the collision, acoustic 
and thermal energy dissipation 
distribution of discrete mass
Zhang Shengwu 1*, Wang Chiming 2, Zhang Yuanchao 1,3, Xu Wei 1, Li Yanan 2, 
Cheng Jianwei 1 & Zhu Shunzhi 2

This research delves into the transfer and loss of energy in a discrete mass when subjected to forced 
vibration. Using discrete element method (DEM), we analyzed the dynamic behavior of regular 
spherical granular assemblies and the energy distribution characteristics under different excitation 
frequencies and reduced accelerations. Moreover, the energy transfer and dissipation process of 
granular assemblies under different vibration states are studied using an experimental method. The 
results show that the granular assemblies will produce collision energy dissipation, thermal energy 
dissipation, acoustic energy dissipation and other forms of energy dissipation in the forced vibration 
state and the proportion of different energy dissipation under different excitation is given. The 
collision and friction of granular assemblies are the key to affecting other forms of energy dissipation. 
When the excitation increases, the energy dissipation forms are generated inside the granular 
assemblies, and the proportion of collision energy dissipation of the granular assemblies increases. 
The acoustic energy above 20 kHz occupies the main part of the acoustic energy dissipation. Thermal 
energy consumption always exists, which takes a long time to play a role. The granular also have other 
forms of energy loss, which is hard to be measured, including Rayleigh waves generated by granular 
collision. In this study, the relationship between the forced vibration state of the granular assemblies 
and the energy loss distribution is established. Various types of energy transfer and conversion 
distribution which further enriches the energy dissipation of discrete element calculation of the 
granular assemblies is discussed and provides a reference for the energy loss analysis of the granular 
assemblies.

Keywords  Discrete mass, Collision energy dissipation, Thermal energy dissipation, Acoustic energy 
dissipation, Discrete element method

The energy transfer and loss in the discrete mass system contain complex physical laws. The energy transfer and 
loss behavior are related to many factors such as the vibration state inside the discrete body and the material 
shape of the discrete body. The conversion of kinetic energy and potential energy caused by the internal micro-
vibration of the discrete mass and the energy loss and conversion of the discrete mass as a whole, make the study 
of its energy change behavior widely concerned.

The DEM has been gradually applied to the study of granular assemblies in recent years. This method can 
better simulate the internal motion state of the discrete mass, focusing on the conversion process of the energy of 
the microscopic particles inside it, and analyzing the internal discrete mass. The conversion and loss law between 
kinetic energy and potential energy at a certain time scale1,2. The energy transfer and dissipation in the discrete 
mass is not only the solid dynamic vibration problem of the granular assemblies, but also the fluidization state 
caused by the change of the internal vibration state of the discrete mass during the vibration process. The change 
of the gap between the discrete mass leads to the change of its thermal conductivity, electrical conductivity and 
other properties3,4. The contact network dynamics formed by the contact between discrete mass bodies is an 
important factor in energy loss and energy transfer. Collision energy dissipation, friction energy dissipation, 
thermal energy dissipation, acoustic energy dissipation and other energy dissipation forms all need to be gen-
erated and further realized by contact force. The research on the collision energy of discrete mass is extensive. 
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This is because the discrete mass body shows the mutual collision between the discrete mass bodies after being 
excited and vibrated. This collision energy dissipation process has good engineering significance. Vasileios et al. 
given the method of generating different discrete mass shape, which obtained the possibility of simulation5–8.
Yang et al. obtained the collision energy loss method of particle aggregates by steady-state energy flow method9. 
Wong et al. further applied this method to obtain the calculation and experimental analysis method of the loss 
factor of granular assemblies10. Combining the DEM to calculate the kinetic energy loss of the granular assemblies 
in the process of forced vibration has become a reliable form of analyzing the energy loss of the particle11. The 
development of DEM enables researchers to better study the internal vibration process of particles. This method 
has been used to find more complex and diverse vibration states inside particles12–30. Zhang et al. discussed the 
vibration morphology of granular assemblies under different excitation conditions. The DEM was used to study 
various motion states and corresponding energy dissipation effects of particles in different containers such as two-
dimensional closed containers under low frequency and large amplitude31–34.Francesco Zarattini et al. used the 
DEM to discuss the collapse of a submerged granular column35. Fan et al. used the DEM to discuss the internal 
vibration state and energy dissipation process of the granular assemblies36. The combination of forced vibration 
state and energy loss behavior of particles has become an important research method for its engineering design 
and application. In the process of forced vibration of particles, there are many forms of energy conversion. The 
problems of thermal energy consumption and acoustic energy consumption caused by collision and friction 
energy consumption have not been studied and analyzed enough. These energy dissipation forms are accompa-
nied by the vibration collision of particles, which is also an important process of energy conversion and loss of 
particles37–42. These processes are also closely related to the vibration state inside the particles.

Regarding thermal losses generated by particle aggregates, Hunt studied the heat exchange behavior of small 
particles. Fischer proposed a particle–particle heat transfer model to optimize the heat transfer process in the 
discrete element method43,44. Haydar and Chaudhuri also studied the thermal transport of particles in rotating 
drums using the discrete element method45,46. It is understood that thermal losses constitute a vital energy dis-
sipation method in particle aggregate vibration. However, there needs to be a clear explanation of the process 
of thermal losses or their corresponding proportion47–52. The acoustic radiation characteristics of the particle in 
different motion states will show nonlinear characteristics34.The internal propagation of acoustic energy in dense 
particle aggregates has received extensive attention. The propagation of acoustic waves and the transfer of energy 
inside particles have been widely studied and applied in phenomena such as earthquakes14–17.

For the energy dissipation process of discrete mass, some achievable measurement methods for the overall 
energy distribution of discrete mass have not been fully applied. The energy dissipation characteristics and energy 
distribution of discrete mass under forced vibration conditions have not been fully studied. In this paper, the 
regular discrete mass (or granular assemblies) is taken as the research object. Based on the study of the forced 
vibration law of the particle body, the energy dissipation state of the particle body under the typical forced vibra-
tion state is tested and analyzed. The discrete element method is used to analyze the micro kinetic energy change 
inside the particle body. The macroscopic energy conversion and loss frequency-dependent characteristics of 
granular assemblies were obtained by experimental methods, and the distribution of collision energy dissipation, 
acoustic energy dissipation and thermal energy dissipation under forced vibration are explored. The propor-
tion of different energy dissipation forms and their energy dissipation process are discussed. The relationship 
between the forced vibration state of the particle and the energy loss distribution is established, further enrich 
the discrete element calculation of the discrete mass system, and provide a reference for the energy loss analysis 
of the discrete mass system.

The arrangement of this paper is as follows : In "Energy loss mechanism of forced vibration of granular 
assemblies", the discrete element model of granular assemblies is established, the kinetic energy distribution 
of granular assemblies under forced state is analyzed, and the energy dissipation model of granular assemblies 
forced vibration is established. "Forced vibration energy loss test device for granular assembly" describes the 
experimental device and experimental process of granular assemblies. “Analysis of forced vibration behavior and 
energy dissipation distribution law of granular assembly” analyzes the forced vibration and energy dissipation 
distribution law of granular assemblies. “Analysis of vibration intensity and energy dissipation distribution law 
of granular assembly” and “Analysis of size and energy dissipation distribution of granular assembly” discuss 
the influence of external factors such as excitation intensity and internal factors such as particle size on energy 
dissipation distribution.

Energy loss mechanism of forced vibration of granular assemblies
Granular collision and friction model
When the adhesion of the granular surface is not considered, the normal force between the granular is generally 
used: normal contact force Fc is the soft ball contact model is a soft ball dry contact model based on the improved 
discrete element method39. Deformation will occur and the normal contact force will be obtained Fn:

where R∗ is the equivalent radius, E∗ is the equivalent elastic modulus, given by the following formula, δn is the 
normal overlap.
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The energy loss in this process is mainly based on the research of Tsuji et al.42. The normal damping force is Fdn:

where ζ is the damping ratio, v
−→
rel
n  is the normal component of the relative velocity of the two particles, m∗ is the 

equivalent mass, kn is the normal stiffness, its expression is as follows :

where mi ,mj is the mass of the two collision particles, the particles selected in this experiment are particles of 
the same material and volume. Therefore, the mass of the particles that collide is the same.

(1)	 (1) Tangential contact force
	   The tangential contact force model of the particle is based on the Mindlin-Deresiewicz contact theory. 

The calculation of the tangential contact force is as follows:

where δt is the tangential overlap,kt is tangential stiffness, derived from formula (9):

In Eq. (9), G∗ is the equivalent shear modulus:

where G1 and G2 is the shear modulus of the two particles, which is determined by the elastic modulus and Pois-
son ’s ratio of the material.

Based on the study of Tsuji et al.42, the tangential damping force can be defined as :

where v
−→
rel
t  is the tangential component of the relative velocity of the two particles.

In the forced vibration friction model, the particle is in contact with other particles or container walls, and is 
subjected to vertical positive pressure Fn and horizontal thrust Ft . In the discrete element method, the shareholder 
friction of the particle body is considered as applying a moment on the surface of the particle:

where µr is the rolling friction coefficient, Ri is the distance from the particle contact point to the center of mass, 
ωi is the unit angular velocity vector of the object at the contact point.

The particle collision and friction energy dissipation model was established, and the discrete element simula-
tion software EDEM was used to analyze the vibration process of particle aggregates under different excitation 
conditions. The particle mass is 557 g, the particle size is 2 mm, the filling rate is 80%, and the particle container 
is a �72× 37.5mm cylindrical container. The main parameters are given in Table 1. A series of sinusoidal excita-
tions acting on the container along the Z axis. The distance between the bottom of the container and the initial 
position is represented by A sin(2π f ) where A it is the vibration amplitude, f is the vibration frequency. The two 
control parameters in the simulation are A and f.The forced vibration model of the granular assemblies adopts 
the Hertz contact theory model, and the normal contact force adopts the soft ball contact model as the soft ball 
dry contact model of the improved discrete element method. The established granular assemblies discrete ele-
ment simulation model is shown in Fig. 1 below.
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When analyzing the vertical forced vibration of the granular assemblies, the reduced acceleration is usually 
used to characterize the excitation intensity of the granular assembly. The reduced acceleration Ŵ is a dimension-
less parameter.

where A it is the vibration amplitude, ω the vibration angular frequency, and the g gravity acceleration.
The excitation intensity and frequency of granular assemblies are different, which will lead to the difference of 

the internal motion state of granular assemblies. The change of the internal vibration state of granular assemblies 
will cause the change of different energy transfer and dissipation forms. Changing the amplitude and frequency 
of the excitation will lead to the change of the vibration state inside granular assemblies, and reduced acceleration 
is affected by the amplitude and frequency of the excitation. Through the discrete element simulation method, 
the researchers found that at a large reduced acceleration (greater than 10), the granular assemblies will produce 
violent vibration states such as the Undulation bed, Density inversion, Leidenfrost effect, Buoyancy convection 
and Bidirectional Leidenfrost effect, which means a larger amplitude and input frequency.

In this paper, a small reduced acceleration (less than 10) is used for excitation, so the internal vibration state 
cannot produce the above vibration state. According to the vibration and velocity vector changes of granular 
assemblies, the granular assemblies are divided into five typical vibration states : solid-like, micro-vibrational, 
intermediate vibrational, strong vibrational, and gas-like.

The discrete element method can effectively extract the kinetic energy information of each particle at the 
calculation time. Figure 2 shows the distribution of the kinetic energy of the every internal granular assemblies 
with the Z-axis height of the container under different excitation conditions at 0.5 T, T is a vibration period.

(1)	  When the granular assemblies is in solid-like vibration, the granular inside the particle move with the 
whole body, so its kinetic energy is in a small range and the range of variation is small. In the direction of 
excitation vibration, the kinetic energy distribution of the particles is more uniform.

(14)Ŵ = Aω2/g

Table 1.   Characteristic parameters of granular assemblies forced vibration model.

Parameters Values

Density of granular material,ρp(kg/m3) 7800

Elastic modulus of granular materials,Ep(Pa) 2.06× 1011

Poisson ’s ratio of granular materials,υp 0.3

Particle size,D(mm) 2

Material density of granular container,ρc(kg/m3) 1190

Elastic modulus of granular container material,Ec(Pa) 1.204× 109

Poisson ’s ratio of granular container material,υc 0.37

Restitution coefficient,e 0.92

Static friction coefficient,µs 0.3

Rolling friction coefficient,µr 0.01

Time step,�t(s) 1× 10−6

Gravity acceleration,g(m/s2) 9.79

Figure 1.   Discrete element model of granular assemblies energy loss.
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(2)	 When the micro-vibration state and intermediate vibration state are generated inside the granular assem-
blies, the kinetic energy increases and the distribution range increases. In the direction of excitation vibra-
tion, some particles at different positions have greater kinetic energy, which also makes the kinetic energy 
distribution inside the particles larger than the velocity distribution range of solid-like vibration kinetic 
energy.

(3)	 When the granular assemblies enters the strong vibration state, the overall performance is the impact on 
the container, and the kinetic energy of the internal particle increases significantly after the internal particle 
is forced to vibrate. When the particle aggregate exhibits an impact on the container, the internal particle 
interaction leads to an increase in the kinetic energy of a large number of particles. The particles in the 
upper layer are less affected by other particles during the vibration process, so the kinetic energy is greater.

(4)	  When the granular assemblies enters the gas-like vibration, the movement of the internal particle is more 
intense and the kinetic energy is significantly improved. In the gas-like state, the particles inside the particle 
assembly show a violent movement process, and the velocity distribution of the particles is larger along the 
excitation direction.

The discrete element method can effectively simulate the interaction inside the granular assemblies. Through 
the discrete element method analysis of the kinetic energy distribution under different vibration states, it means 
that the energy obtained by the particles under different vibration states is different, and the corresponding energy 
dissipated outward will also be different. The increase of kinetic energy means that the collision and friction 
inside the granular assemblies are frequent. Under the violent action inside the particles, the granular assemblies 
will produce more complex energy dissipation processes, including various energy dissipation behaviors such as 
acoustic energy dissipation and thermal energy dissipation caused by collision and friction. The transformation 
of the granular assembly from a stationary state to a vibrating state requires continuous input of external energy. 
When the excitation stops, the granular cannot continue to maintain its forced vibration state, which means 
that the energy input each time will be stored in the particle body or a variety of different forms of energy are 
consumed. These energy dissipation processes cannot be obtained by the discrete element method at present, so 
the experimental method is used to study the dissipation process of this part of energy.

Energy dissipation model of granular assemblies
Collision energy dissipation model
When the granular assembly is forced to vibrate, similar motion behaviors will generally occur under each 
constant sinusoidal excitation. The collision effect will first occur inside the granular, and its energy dissipation 

Figure 2.   Kinetic energy distribution of particles along the z direction of the container. (a) Solid-like state, 
excitation frequency is 50 Hz and reduced acceleration is 0.8. (b) Micro-vibration state, excitation frequency 
is 250 Hz and reduced acceleration is 1.2. (c) Intermediate vibration state, excitation frequency is 150 Hz and 
reduced acceleration is 6. (d) Strong vibration state, excitation frequency is 25 Hz and reduced acceleration is 
2.5. (e) Gas-like state, excitation frequency is 100 Hz and reduced acceleration is 6.
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behavior can be obtained by the steady-state energy flow method. The input power of the forced vibration of 
the particle assembly is :

In the formula, f (t) and v(t) are the time histories of the force and velocity signals respectively ; F and V  are 
the Fourier transform of f (t) and v(t) , respectively. V∗ is the conjugate complex number of V ; |F|, |V | is the ampli-
tude of force and velocity, and cos(φF − φV ) is the cosine value of the phase difference between force and velocity.

In steady-state vibration, the loss power is equal to the system Pin

Therefore, the loss caused by the collision of particle aggregates is obtained by the following formula.

where ω is the angular frequency,E is the structural vibration maximum kinetic energy(E = 1
2mVV∗ = 1

2m|V |2 ), 
and m is the system dynamic mass.

The simultaneous Eqs. (15)–(18) can be obtained.

Acoustic energy dissipation model
Since the granular size is much smaller than the wavelength of the sound wave, the sound pressure of a single 
granular satisfies :

where the point source strength is Q0 = 4πr20va , va is the vibration velocity amplitude.
In the granular assembly, there are collisions between granular and granular, granular and containers. The 

collisions of different granular are different in amplitude and phase. It is assumed that the point at any position 
of the granular assembly can be expressed as a small surface source ds on the surface of the sound source. At this 
time, the point source strength of the granular assembly is expressed as :

In the formula, va(x, y, z) is the vibration velocity amplitude of the point.
The sound pressure of the granular assembly satisfies :

The distance from the point bin to the observation point r(x, y, z) is the initial phase of the point. The super-
position of all the contributions of the granular assembly to the spatial sound field ϕ(x, y, z) is the total sound 
pressure :

To simplify the calculation, it is considered that the granular assembly is composed of N uniform point bins, 
that is, it is composed of point sources with the same strength and irregular phase changes. Then the above 
equation can be simplified as :

where li is the distance between the i-th point source and the observation point. ϕi is the initial phase of the ith 
point source.

The acoustic energy dissipation caused by the collision of granular assembly is obtained by the experiment 
of the particle body. The sound power level can be obtained by measuring the sound pressure. The sound power 
level of the sound source is tested by the following formula :
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where the reference sound power is Wref = 10−12W.
When the frequency of the sound wave is greater than 20 kHz, this corresponding ultrasonic range. At this 

time, the sound power is affected by the frequency of the ultrasonic wave, the radiation area and other factors. 
The sound power is calculated by the following formula :

W is the sound power, r is the propagation distance, c is the sound velocity, P is the sound pressure, A is the 
radiation area, f is the frequency. The integral of the sound power W  over a certain duration T(beginning t1 , 
ending t2 ) represents the sound energy Qa generated during that time :

In the process of forced vibration of particles, the energy input in each period is determined. Therefore, the 
energy consumption of the particles αa can be obtained as follows, where Q is the total input energy :

Thermal energy consumption model
The heat loss of the forced vibration of the granular is caused by the long-term collision and friction in the 
granular. For any granular A, the temperature TA satisfies the heat conduction control equation41 :

The boundary conditions are :

Set each granular has only one temperature. For granular A, it is set that there is no heat source inside, that is 
q̇ = 0 . All the factors that change the granular temperature come from the external conditions, that is, the qA is 
the sum of friction heat and heat exchange. The relationship between particle temperature change and boundary 
heat exchange is expressed as :

The frictional heat qBA transfer between the granular adds the heat exchange of each granular to the granular 
A, and the total heat exchange with the other N granular can be obtained, namely qA =

∑

qBA . At the same time, 
is related to the properties and temperature difference of the contact to the granular, which can be expressed as :

The change of granular temperature can be calculated by the sum of contact heat exchange, namely :

According to Newton ’s law of cooling, in a closed granular container, the natural convection of air is a heat 
transfer mode without forced air flow. The convective heat transfer of air Qair is as follows :

where the convective heat transfer coefficient is h.A is the surface area of the object exposed to the moving fluid. 
According to Stefan-Boltzmann’s law, the thermal radiation of a granular is determined by the following formula :

where σ is the Stefan-Boltzmann constant, the value is σ = 5.67× 10−8W/m2 · K4 . During the experiment, 
the heat insulation layer is added to reduce the consumption of thermal radiation, Qi << Qp,so the thermal 
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radiation of the granular can be ignored. By testing the temperature T change of the granular assemblies, the 
thermal energy consumption can be calculated.

Therefore, the proportion of thermal energy consumption generated by the granular in the forced vibration 
process to the total energy is :

The energy loss and conversion distribution of granular assembly should be composed of various forms of 
energy, which Qo are other forms of energy.

The total energy Q during the forced vibration of a particle is the sum of the energy of forced vibration in each 
period, among them, the experiment can record the variation curve of the reduced acceleration of the particle 
body with time under different forced vibration states. Because the reduced acceleration curve of each cycle is 
similar, the reduced acceleration in multiple cycles is integrally averaged. The average speed of the particle damper 
in a cycle under different vibration states is calculated. The total energy of each cycle in the forced vibration time 
is as follows, where n is the total number of all periods in the forced vibration time. :

Forced vibration energy loss test device for granular assembly
In this experiment, 2 mm 304 stainless steel particles were used as the research object, and the granular of this 
material did not have magnetism. 304 stainless steel particles without magnetism are selected, which can show 
obvious characteristics of the whole particles under excitation conditions32,33. The granular assembly container 
is �72× 80mm and adopts high-permeability organic glass material with inner diameter as shown in Fig. 3.

In order to ensure the consistency of the experimental environment, the experiment is carried out in a con-
stant temperature closed anechoic chamber. The collision energy dissipation, thermal energy dissipation and 
acoustic energy dissipation in the process of forced vibration are analyzed experimentally. The schematic diagram 
and physical diagram of the test device are shown in Fig. 4.

The excitation frequency of the exciter is 5–300 Hz. According to the range of excitation frequency, the shoot-
ing speed of the high-speed camera is set to 10,000 fps, the shutter speed is 1/10,163 s, and the image resolution 
is 1024× 1024 . In the granular collision energy dissipation experiment, the high-speed camera is used to record 
the internal vibration state of the granular, and the B&K vibration test system is used for signal acquisition, 
analysis and closed-loop control of the exciter. The signal generator outputs a sinusoidal signal with a specific 
frequency and amplitude, which is output to the exciter through the power amplifier, and the force sensor and 
the acceleration sensor collect the signal. The time domain signals of force and acceleration of particles under 
forced vibration can be obtained by impedance head. The analysis of “Collision energy dissipation model” shows 
that the proportion of collision energy consumption can be obtained by analyzing the acceleration signal and 
force signal of particle assembly in vibration state.

The thermal energy consumption test of granular was carried out by infrared thermal imaging thermometer 
and high precision thermometer. The infrared thermal imaging thermometer can test and record the surface 
temperature of granular assembly, and the high-precision thermometer can penetrate into granular assembly 
through two temperature probes to test and record the temperature inside granular assembly. When measuring 

(36)αh=
QH

Q

(37)Q=QC + QA + QH + QO

(38)Q =

n
∑

1

1

2
mv2

Figure 3.   Granular assembly container schematic diagram.
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the temperature, it is necessary to stop the excitation and open the upper cover of the container. Firstly, the infra-
red temperature sensor is used to measure the surface temperature of the particles. Two contact high-precision 
thermometers are used to measure the particles deeply inside and at the bottom of the particles at the same time. 
The measurement time is 1 min. After the end of the measurement, the upper cover plate is quickly closed and 
the particle body is continuously excited.

In the acoustic energy dissipation experiment, the sound pressure test was carried. The B&K 2671 1/2 inch 
free field microphone is used in the granular acoustic energy dissipation test, and the measurement frequency 
is 6.3 Hz to 20 kHz. According to ISO3744, combined with the size of the granular damper container, 1 m is 
selected as the measurement spherical radius for 20 Hz to 20 kHz sound power test. The MPA401 1/4 free field 
microphone is used. The measurement frequency is 20 kHz to 50 kHz. The sound attenuation in the measure-
ment frequency range is fast. Therefore, the measurement microphone is set at 10 mm away from the container.

Figure 4.   Experimental diagram of forced vibration energy loss test device for granular assembly.
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Analysis of forced vibration behavior and energy dissipation distribution law 
of granular assembly
Combined with the discrete element method, the excitation frequencies of 20 Hz, 50 Hz, 100 Hz, 150 Hz, 200 Hz, 
250 Hz and 300 Hz are selected, and the reduced accelerations are 0.8,1.2,2.5 and 6. Under the above excitation 
intensity and frequency, the granular will exhibit diverse and complex vibration states.

According to the discrete element simulation analysis and experimental research, Fig. 5a shows the cor-
responding vibration states of the granular under different typical vibration conditions. When the excitation 

Figure 5.   Vibration state and energy dissipation analysis of granular assembly.
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frequency is 50 Hz and the reduced acceleration is 0.8, the granular assembly is at a solid-like vibrational state. 
When the excitation frequency is 250 Hz and the reduced acceleration is 1.2, the granular assembly presents 
micro-vibration state.When the excitation frequency is 150 Hz and the reduced acceleration is 6, the granular 
assembly is at a intermediate vibrational state. When the excitation frequency is 25 Hz and the reduced accelera-
tion is 2.5, the granular assembly shows strong vibrational state. When the excitation frequency is 100 Hz and the 
reduced acceleration is 6, the granular assembly presents a gas-like state. The corresponding granular assembly 
vibration states under the above experimental conditions correspond to points a, b, c, d and e, respectively. 
The sound pressure distribution law under the corresponding state of granular assembly and the temperature 
distribution map of the infrared thermometer on the surface of the granular assembly for two hours of forced 
vibration are given. And the energy dissipation distribution of the granular assembly under the corresponding 
vibration state.

Under the forced vibration of granular assembly, the main energy dissipation processes include collision 
energy dissipation, thermal energy dissipation, acoustic energy dissipation and other energy dissipation forms. 
These energy dissipation forms are closely related to the vibration state of granular assembly. With the increase 
of the input excitation energy the loss energy of different energy dissipation processes shows an increasing trend. 
Collision energy consumption increases with the change of granular assembly vibration state. When the particle 
is at solid-like state, the collision behavior of granular assembly is not obvious, and the corresponding energy 
consumption is relatively small.

When the vibration state changes to micro-vibration state and intermediate vibrational state, the internal 
granular assembly begin to appear obvious collision behavior, and the corresponding energy consumption 
increases. Figure 5b shows the sound pressure distribution of granular assembly under different vibration states 
and Fig. 5c shows the surface temperature distribution of granular assembly under forced vibration for 2 h. The 
acoustic energy dissipation process of granular assembly occupies a significant proportion in the energy dis-
sipation process of the forced vibration of the particles. The granular assembly is excited to produce the internal 
granular to produce the collision friction effect, which will produce the acoustic radiation phenomenon, and 
the generated acoustic wave frequency is more. Figure 5d shows the energy dissipation distribution under dif-
ferent vibration states.

As the interior and vibration state becomes more intense, the acoustic waves of different frequency bands 
radiate energy outward. In the range of 20 Hz to 20 kHz, the acoustic energy consumption of the granular 
assembly is not obvious, generally accounting for only 0.1% of the energy consumption. At the same time, the 
granular assembly radiate sound waves greater than 20 kHz, that is, the ultrasonic frequency band. This part 
of the acoustic energy consumption has a large amount of energy, but it is limited by the propagation medium, 
and it attenuates rapidly during the outward radiation process and is not easy to be detected. The ultrasonic loss 
part bears the main part of the acoustic energy consumption of the particles. The thermal energy dissipation of 
granular assembly is considered to be an important form of long-term forced vibration energy conversion and 
loss of granular, which requires long-term collision accumulation of granular. The violent vibration inside the 
granular assembly will lead to a significant increase in the temperature of the granular, but the corresponding heat 
loss of the granular will not increase significantly. Severe vibration will also lead to an increase in other energy 
consumption. In addition, in the process of forced vibration, the granular also have other forms of energy loss, 
which is not easy to be measured, including Rayleigh waves generated by granular collision. The vibration state 
inside the granular assembly brings about changes in the collision process and eventually dissipates through 
different energy forms.

Analysis of vibration intensity and energy dissipation distribution law of granular 
assembly
The energy dissipation behavior of granular assembly is limited by the internal vibration state, and the internal 
vibration state is affected by the excitation characteristics. The frequency and reduced acceleration of excitation 
are the key factors affecting the vibration state of granular. Figure 6 shows the proportion of granular assembly 
energy consumption under different reduced acceleration and frequency. There are many forms of energy dis-
sipation in the process of forced vibration of granular assembly.

When the reduced acceleration is 0.8, the increase of frequency does not lead to the change of the internal 
vibration of granular, and granular assembly is at the solid-like state. When the frequency increases, the internal 
granular will have a certain heating effect under the frequent excitation of the internal granular. Due to the small 
input energy, the energy loss caused by the heating effect is more obvious. At the same time, there is also a certain 
ultrasonic energy loss process inside the solid-like state.

When the reduced acceleration increases to 1.2, the granular are generally in the micro-vibration state. With 
the increase of frequency, a large number of granular will appear micro-vibration, micro-rotation, which will 
bring a variety of loss energy increase. When the frequency increases, more granular will vibrate at their posi-
tions, and the collision loss will increase significantly.

When the reduced acceleration is 2.5 and 6, at a lower frequency, the granular assembly is prone to produce 
a strong vibrational state or a gas-like state, the frequency increases, and the intermediate vibrational state 
gradually appears. In these states, the collision energy consumption of granular assembly is obvious, and the 
proportion of other energy consumption forms is reduced. At lower frequencies, the granular assemblies vibrate 
violently, and the proportion of acoustic energy consumption increases. The energy of the ultrasonic part above 
20 kHz accounts for a large proportion, and the radiated acoustic energy within 20–20 kHz is very small. As 
the frequency continues to increase, the internal collision and friction of the granular will be more frequent. 
Under the action of long time and multiple cycles, the proportion of thermal energy consumption will gradually 
increase. The more severe the collision is, the greater the proportion of collision energy consumption is, and the 
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proportion of other energy consumption forms will decrease accordingly. Therefore, the collision and friction 
of particles are the key to affecting other energy consumption forms.

Analysis of size and energy dissipation distribution of granular assembly
Figure 7 shows the size of the granular assembly leads to the difference in the collision under the same excitation. 
Therefore, the 304 stainless steel granular, i.e., 1 mm, 2 mm, 3 mm, 4 mm and 5 mm are taken as the research 
object. The mass of the granular is always 557 g, and the energy consumption ratio under different reduced 
accelerations and frequencies is experimentally studied. Granular with different sizes show similar energy dis-
sipation processes under the same mechanism conditions.

When the granular assembly is at a solid-like state, the internal collision energy consumption behavior is not 
obvious, and the acoustic energy consumption, thermal energy consumption and other energy consumption 
forms account for a large proportion. With the increase of excitation frequency and reduced acceleration, the 
vibration state of the internal granular assembly changes. At this time, the collision energy consumption of the 
granular assembly increases, and the thermal energy consumption decreases. The proportion of acoustic energy 
consumption always exists in the process of forced vibration, and the proportion of energy consumption above 
20 kHz is still an important part of the acoustic energy consumption of forced vibration of granular assembly. In 
contrast, the acoustic energy consumption of 20 Hz to 20 kHz is not obvious. When the size of granular becomes 
smaller, the granular assembly will show a state of bias towards the powder particles under forced vibration, and 
the interaction between the granular assembly is closer. Under the same excitation conditions, the collision fric-
tion effect inside the granular assembly is not obvious, so the proportion of energy consumption such as collision 
energy consumption is not high. When the size of the granular increases, the collision between the granular is 
more likely to occur, so that the collision energy consumption and the proportion of other energy consumption 
forms due to collision friction also increase accordingly.

Figure 6.   Proportion of granular assembly energy consumption under different reduced acceleration and 
frequency.
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Conclusion
In this paper, the energy dissipation law of forced vibration of discrete mass is analyzed and experimentally 
studied. The discrete element method is used to analyze the internal kinetic energy distribution of the granular 
assembly under different vibration conditions by using the regular spherical granular assembly. The macroscopic 
distribution law and dissipation behavior of the granular under forced vibration conditions are explored by 
experimental methods. The conclusions are as follows:

(1)	  The transformation of the granular assembly from a static state to a vibration state requires continuous 
input of external energy. When the excitation stops, the granular assembly cannot continue to maintain 
its forced vibration state, which means that each input energy will be stored inside the granular assembly 
or consumed in various forms of energy.

(2)	  Under the forced vibration of granular assembly, the main energy dissipation processes include collision 
energy dissipation, thermal energy dissipation, acoustic energy dissipation and other energy dissipation 
forms. These energy dissipation forms are closely related to the vibration state of the granular assembly. In 
the range of 20 Hz to 20 kHz, the acoustic energy consumption of granular assembly is not obvious, which 
generally accounts for only 0.1% of the total energy consumption. The granular assembly will radiate sound 
waves greater than 20 kHz. This part of the acoustic energy consumption has a large amount of energy, but 
it is limited by the propagation medium. The ultrasonic loss part bears the main part of the acoustic energy 
consumption of the particles. The thermal energy dissipation of particles is considered to be an important 
form of long-term forced vibration energy conversion and loss of particles, which requires long-term col-
lision accumulation of particles.

(3)	 The excitation intensity of granular assembly is changed by changing the frequency and the reduced accel-
eration. Under the action of long-term multi-cycle, the proportion of heat energy consumption gradually 
increases. The more severe the collision degree is, the greater the proportion of collision energy consump-
tion is, and the proportion of other energy consumption forms will decrease correspondingly. Therefore, 
the collision and friction of granular assembly is the key to affect other energy consumption forms.

(4)	 The change of granular size will lead to the change of the proportion of energy consumption under the 
same excitation condition. When the size of the granular assembly increases, the collision between the 
granular assembly is more likely to occur, so that the collision energy consumption and the proportion of 
other energy consumption forms due to collision friction also increase accordingly.

The study of energy consumption under forced vibration of particles can effectively explain the energy change 
caused by collision and friction between particles. The experimental analysis of various energy consumption 
forms such as thermal energy consumption and acoustic energy consumption of particles will provide more 

Figure 7.   Proportion of energy consumption of particle aggregates with different particle sizes.
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references for the future application of particle-related technologies, such as better application of particle damp-
ing technology in the field of vibration and noise reduction.

Data availability
Data cannot be shared openly but are available on request from authors.
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