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Abstract:  

Acoustic emission has been successfully applied for monitoring a large variety of solids elaboration 
processes. In order to know the applicability of this technique in an industrial process such as grinding, 
mixing or also fluidized bed, we need to initially study the impacts of particles on different material 
surfaces. Namely, these will aim to simulate the industrial vessel walls. A wide range of powders and 
impact surfaces has been examined and the Hertz law has been applied to characterize the impact of 
particles. By considering only elastic deformations, the law has been simplified obtaining several 
parameters, such as the total displacement or the total load applied, which describe the impact. The 
influence on the acoustic emission of particle size and speed has also been explored in this study. A 
quasi-linear correlation has been found between these variables with a slope, which depends from 
material properties. Relevant differences have been observed within impact surfaces, especially in 
energy, caused by a different attenuation capacity in surface’s material. These differences are evident 
in waveforms obtained during experimental phase. Regarding other parameters such as amplitude a 
correlation has been found with elastic properties of particles and surfaces. In particular, sugar 
particles have produced higher amplitudes caused by plastic deformations. Finally, centroids 
frequencies have shown values completely different, allowing understanding the composition of the 
surface. In conclusion, surface’s properties influence frequency and energy fields, on the contrary 
particles elastic properties seem to affect amplitude values. 

1. Introduction 

Acoustic emissions have found several applications regarding material integrity and in a wide 
range of industrial processes. This technique must allow the monitoring of different process 

conditions. The main advantage is its non-intrusive applicability to sensor longer life 

processes. Several problems are linked to the interpretation of the transmitted signal and the 
big large amount of collected data. Different studies show that it is possible to elaborate 

prediction models using a statistical or physical interpretation of obtained parameters with 

data processing [1,2]. Numerous constraints are also related to the physical explanation of 

the impact between the particle and the surface. A characterization of this phenomenon 
could be given with the elastic impact theory and the Hertz law. Assuming a circular or 

elliptical impact surface, Hertz equations could be used to predict forces and interactions 

between particles and surfaces [3]. Several examples of this interesting application could be 
found in literature. Namely, fluidized bed reactors show issues related to the time of 

residence that could cause undesirable events like sintering or particles agglomeration [4]. 

This kind of phenomena can be prevented studying particles speed and bed level using 
acoustic emission [5]. Acoustic emissions could also be used to evaluate distribution of 

particles in cyclones in order to prevent problems as surging. Predictive models concerning 
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the particle size and the speed can be developed [6]. A good example of correlation between 

acoustic parameters and Hertz equations could be seen in Pecorari work [7]. Partial power 

could be related with the force generated by the impact. Hertz theory shows that the total 
load applied generated by the impact depends on elastic properties such as Young’s 

modulus and Poisson coefficient. The dependence between amplitude of the waveform and 

particle’s speed is widely demonstrated.  In particular, it is proportional to the particle’s 
speed, in the low frequency range, for example, when wavelength is greater than the body of 

impact thickness. Even increasing impact speed and incurring in plastic deformation, which 

means greater energy dispersion, amplitude continue to increase. However, in the last case 

a shift of amplitude distribution could be seen through higher frequencies. In conclusion, low-
velocity impacts produce signal with little extensional mode and large flexural mode. On the 

contrary, extensional mode becomes larger and flexural mode becomes shorter in high-

velocity impacts, due to the penetration of the particle in the surface of impact (plastic 
deformation) [8]. In this study, several correlations have been found between particles’ speed 

and acoustic parameters. Furthermore amplitudes, energies and frequency centroid show 

certain dependence from surface elastic properties. This dependency could be seen in 
recorded waveform allowing a better explanation of acoustic wave transmission and 

attenuation phenomena.  

2. Theoretical Model 
 

 When two solids with different geometry collide, they initially touch in a single point 

causing a deformation in its proximity. This causes a contact between the two areas, which 

depends on the collision force between the two bodies, their geometry and the material 

properties such as the Poisson ratio, and the Young’s modulus. Regarding two solids of 

general shape, for convenience, a Cartesian coordinate system is placed in the point of 

contact. The collision causes a normal compressive load into the two solids, which is 

considered as all applied in the contact point. Hertz introduced some simplification to contact 

mechanics. He considered an elliptical contact surface and he also considered the two 

bodies as two half-spaces. This means that stresses in the two surfaces could be studied 

separately. 

 However, the contact area has to be really small compared with bodies’ surface and 

with radii of curvature. Finally, Hertz assumed that two bodies are frictionless and their 

surfaces are perfectly smooth. The most notable case considers two solids of revolution with 

curvature radii R. Under these simplifications Hertz theory allows to define some interesting 

parameter, such as the contact area a and the total displacement δ[3]: 
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 , a mechanical constant that considers the Poisson ratios and the 

Young’s moduli of the two bodies (1 for the particle, 2 for the surface) and P the applied load.  
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If the particle is falling under the gravitational force, from the energy balance the applied load 

could be expressed as: 

� = �! + 2�! + 2[�!�! + �!]
!

!	 (2)	

Where Fo is the gravitational force due to the mass particle and FS are the surface forces, 

expressed by  

�! = 2∆���!
!(

!

!!!
∗
)	 	 (3)	

Δγ is the adhesion surface energy per m2, rt is the total projected radius and Fm is the total 

mechanical force. For rt and Fm, it is possible to define two contributions according to the 

elastic and plastic deformation. [9]. However, considering the particle falling on a perfectly 

flat surface and assuming the impact as perfectly elastic, the applied load (2) could be 

simplified as follows [7], with ρ the density of the falling particle and v the velocity of the 

particle: 

�!" = 8,23�!�!�! !/!
�
!
�
∗!/!	 (4)	

3. Materials and Methods 

 

During the experimental phase, three kinds of particles of different nature are used. Silicon 

particles are provided by Elkem Silicones, the sugar powder is provided by Seppic and the 

glass bead are provided by Prolabo. Their properties are resumed in Table 1 (E Young’s 

modulus, ν Poisson ratio, ρ density). 

 

 Diameter 

[µm] 

E  

[GPa] 

ν ρ 

[Kg/m3] 

Sugar 1100 - 
305 

4,5 0,3 1600 

Silicon 1090 - 

325 

160 0,27 2330 

Glass 995 - 354 70 0,22 2600 
Table 1- Particles' properties 

To characterize the impact, particles have been dropped in free-fall from four different 

heights. (Table 2) on three different surfaces (Table 3). A simple model neglecting the effect 

of air viscosity was used to calculate the speed. 
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Height [cm] Speed [m/s] 

2 0,63 

10 1,40 

50 3,13 

90 4,20 
 

Table 2 - Fall speeds 
	

 Width 

[mm] 

E  

[GPa] 

ν ρ 

[Kg/m
3
]] 

PMMA 10 3 0,33 1150 

Steel  20 200 0,26 7850 

Ceramic 5 87 0,17 2300 

Table 3 - Surfaces' properties 

Once particle drops on the surface, signals are recorded by using two piezoelectric sensors 

F-15α (pass band 100 - 450 kHz) and WD (pass band 50 - 350 kHz). Signals were also 

amplified with 2 preamplifiers model 2/4/6-Mistras and digitalized with 2 channels acquisition 

card AEDSP. Finally, data streaming and acquisition were possible by using the software 

AEWIN. Mistras Group provided all the equipment. 

	

Figure 1 - Sensor F-15α on steel surface. Coupling is insured with silicon grease. 

The test was performed 10 times in order to a good quantity of data. The sensor F-15α was 

placed at about 9 cm from the region where impacts occurred. The distance between the 2 

sensors was about 39 cm. A 30-dB filter was used to screen background noise. Besides, the 

proper functioning of the sensor was assured with the Hsu – Nielsen Test. 

4. Results 

 
AEWIN software splits the signal in bursts every time it passes a threshold value. Thus, 

amplitudes in every burst have a similar size. Bursts are characterized by duration, 

amplitude, energy, average frequency, etc. The most interesting variables analysed are the 

energies, the amplitudes and the centroids frequencies. 
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Energies as function of particle’s speed are resumed in figures 2 and 3. 

	

Figure 2 - Energy as function of particle's speed for silicon particles 

	

Figure 3- Energy as function of particle's speed for steel surface 

Each point represents the average energy for a fixed speed. The graphics have been 

obtained by considering a single type of particle and a single type of surface. Anyway, same 

results could be observed by using all the other particles and the other surfaces. A linear 

trend between energy and particle’s speed could be observed for each kind of particle 

Regarding amplitudes, they could be represented as well as function of particles’ speed, as 

shown in figures 4. 
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Figure 4 - Amplitude as function of particle's speed for steel surface. 

Once again, an essentially linear relationship could be seen between amplitude and particle’s 

speed. In this case the amplitude highest values may appear to correspond to those of the 

glass particles. However, the sugar ones presents high amplitudes as well probably because 

of plastic deformation, which causes exceeding dispersion energy. 

By fixing the particle’s speed at 3,13 m/s, Hertz theory of contacts’ parameters could be 

correlated with acoustic variables. Glass and silicon particles have the same behaviour. 

However, the sugar shows a trend completely different. These differences could be observed 

by plotting the energy as function of total displacement δ and of E*. Furthermore, sugar 

particles show a bigger total displacement because of their smaller stiffness. These particles 

are supposed to incur in plastic deformation, even if their energies are weaker than the 

others. 

	

Figure 5 - Energy as function of total displacement. The 3 points for each series represent the 3 
surfaces (steel, ceramic and plastic). 
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Figure 6 - Energy as function of E*. The 3 points of each series represent the 3 surfaces (steel, 
ceramic and plastic). 

At the end, centroid frequencies have been analysed. For each surface, there is a limited 

range, except for glass particles, as shown in table 4. 

	

 

 
 

 

Table 4 - Average centroid frequencies 

In the last part, Hertz theory’s parameters δ and E* have been correlated with the energies. 

Figures 5 and 6 show the same tendencies for silicon and glass particles. In particular, for 

high values of δ, energies get weaker. δ shows the displacement caused by elastic and 

plastic deformations. Thus, it seems that plastic deformation reduces the energy collected by 

the sensors. In fact, in this case a part of particle’s kinetic energy should be dissipated as 

energy necessary to plastic deformation. 

In figure 6 a direct relationship could be observed. E* increases energy collected for each 

kind of particle. However, it must take in account surfaces attenuation capacity.   

It would be interesting to evaluate plastic deformations, in order to understand the ratio 

between the two contributions to energy and amplitude. This was not possible in this study. 

Attenuation coefficient and propagation’s velocity of the acoustic wave have also to be 

considered.  

5. Discussion 
	

This study shows some correlations existing between acoustic emissions and mechanics 

contacts. How it has been observed, a quasi-linear relationship exists between energy (and 

amplitudes) and particles velocity.  
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Figure 7 - Waveforms for steel surface (left) and plastic surface (right). Silicon particles were used and 
their speed was fixed to 3,13 m/s. The different attenuation of the signal could be easily observed. 

It could be noticed that the steel surface produce higher energies if compared to the others. 

Through the examination of signals streaming, this phenomenon could be better understood. 

The plastic surface and the steel surface have been compared in figure 7. For the first one 

higher amplitudes could be observed even if the signal seems to get weaker in a short 

period. On the contrary, the steel surface shows amplitudes smaller but at the same time a 

greater number of oscillations in the unit of time. Furthermore, the duration of the signal is 

longer and it leads to exceeding energies. Thus, a key role in acoustic emission is played by 

the attenuation coefficient, which differs in each material. 

Regarding particles, the main differences are caused by the diameter. Generally, a smaller 

diameter causes lower energies. Collected amplitudes always show high values, according 

to Prosser et al [8]. 

Glass particles produce the highest energies and the highest amplitudes. The impact seems 

to be independent of particles’ density. However, by calculating the stiffness of particles and 

surfaces an inverse relationship could be observed. Stiffness is the resistance of an elastic 

body to deflection or deformation by an applied force and it is calculated as the ratio between 

the elastic force Fel and the	total	displacement	δ.	

 Ceramic Steel Plastic 

 Stiffness [N/m] 

Sugar  2,76E+06 3,52E+06 3,74E+05 

Silicon 4,03E+06 5,94E+06 4,13E+05 

Glass 4,89E+05 5,01E+05 2,52E+05 
Table 5 - Stiffness calculated for each particle impacting with the different surfaces. Particles velocity 

was fixed to 3,13 m/s. 
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In conclusion, the amplitudes and the energies are linked to the elastic contribution and a 

plastic contribution. The first one depends on the stiffness, which takes in account Young’s 

moduli of the surface and the particle, but also their geometric properties. Thus, glass 

particles allow higher elastic deformations than the others.  

6. Conclusion 

 

A simple model proposed by Hertz was used to characterize mechanical impact. A spherical 

particle was launched under free fall on a smooth plane. The impact was considered as 

totally elastic. Thanks to these simplifications, energies and amplitudes have been evaluated. 

Essentially, linear correlations with particle’s speed have been found in every case.  

Furthermore, attenuation coefficient plays an important role in the characterization of these 

impacts. Energies are strongly linked to this parameter and waveforms could help us to 

better characterize this phenomenon. 

On the other hand, particles produce high energetic acoustic emissions when they have a 

great stiffness. Thus, greater energy values could be observed when particles deform 

elastically more than plastically. However, amplitude seems to have an inverse correlation. 

This aspect should be better explored in order to understand how plastic deformation affect 

the mechanic of the contact.  
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