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Abstract: In compliance with ecological policies, activities undertaken by surface mines in relation
to environment protection should be comprehensive and must take into account the principle of
sustained development. One of the most basic tasks in this area is to reduce the nuisance caused
by the noise emitted to the environment. The problem of above-standard noise levels caused by
transportation systems operated in mines can be solved only after major noise sources are identified
and analyzed in detail. This article first focuses on the literature studies to describe the possible
sources of noise generated by a belt conveyor and in its second part it presents exploratory research
into noise sources. The research was performed under laboratory conditions with the use of an
acoustic camera as a tool for spatially identifying and classifying individual noise sources. The article
identifies some phenomena related to the operation of main belt conveyor components and describes
their characteristic frequency ranges.
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1. Introduction

Being a factor harmful for the environment, noise is a particularly detrimental phe-
nomenon. Belt conveyors connected in series to form routes stretching for many kilometers
in surface mines are an important source of noise. They are typically systems operated
on a round-the-clock basis, and as such they are a nuisance both for the employees of
the plant and for the residents of the neighboring areas [1]. Noise emission standards are
typically exceeded in the locations where belt conveyors are operated, and particularly
during the night. Belt conveyors largely account for the noise generated by the entire
technological system. Therefore, reducing their noise emissions is of particular importance.
The requirements concerning the noise emitted by machines and devices used in mining
operations are regulated in European Union directives, as well as in national acts of law
introducing the provisions of these directives [2-6]. Generally, in relation to the entire
device, the noise level depends on the main sources of noise, and the identification and lo-
cation of these sources is an important step of the noise reduction cycle [7]. Importantly, the
National Environmental Policy until 2030, as defined in the binding legal regulations [8,9],
introduces a diagnosis of “current problems related to defining acoustic standards of
environment quality which are optimal from the perspective of the environment and of
sustained development” and announces the possibility to define new limit values of noise
emissions to the environment [10].

2. Noise Sources in the Belt Conveyor

A growing number of publications on noise emissions from belt conveyors illustrates
the importance of research on this problem. Analyses demonstrate that the dominant
noise component originates from the contact between the belt and the idler [11-14]. This
belt-idler interaction generates lateral belt vibrations as well as vibrations induced by the
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rotational movement of the idler, which are largely transmitted to the structural elements of
the conveyor route. This phenomenon is particularly intensive in the case of new conveyor
routes, in which the idlers are not yet properly settled and aligned with respect to the belt.
Noise is also emitted in the process of pumping air in wedges formed as the belt enters the
pulleys and idlers.

The bearing-supported elements of belt conveyors include idler axles, pulley shafts,
gear shafts, and drive motor shafts. In the case of bearings, noise and vibrations are
generated by the friction of the rolling elements against the raceway. The level of noise
generated by a bearing depends on its load, the material it is made of, and the used
lubricant [15]. The technical condition and the wear degree of the bearing is also of major
importance. The peak value of sound pressure in an entire damaged bearing may exceed
100 dB [16].

The noise generated by an idler is influenced by the manufacturing technology and
its mass. The type of the bearings is also important [17]. The noise along the conveyor
route largely depends on the belt velocity and the materials used in the bottom cover
and in the idler coat. Worn idler bearings, structural defects in the axles and sealings, or
improper assembly on the conveyor route may all cause vibrations of the coat, which are
emitted in the form of an acoustic wave [13]. The vibroacoustic properties of idlers may
be significantly improved by adjusting the type of coat lining. The conveyor belt partially
dampens the vibrations from the idler, but they are also transmitted to the structural
elements of the conveyor route.

The mechanisms of noise generation also result from aerodynamic phenomena, i.e.
the air-flow with the accompanying pressure changes around the moveable elements [18].
As in the case of a vehicle tire [19], this type of noise is generated in the belt conveyor by
the belt engaged with the idlers and the pulleys. The geometry of the rotating elements
at the contact point with the belt results in the formation of air wedges, from which the
air is pumped [16,17], and transverse belt vibrations cause local air pressure changes. The
vibration frequency of the belt is typically within the range of 2.5 to 16 Hz [20]. A 2.5 Hz
belt vibration occurs for belts at low speed near 0.8 m/s with an idler diameter D; near
100 mm, whereas the upper belt vibration frequency could be as high as 16 Hz fora 7.5 m/s
belt speed with 152 mm idler diameter. Idler rotation and belt excitation frequency Fy, is
governed by [21]:

v
Fp = H 1

b= o, H4 (1)

This phenomenon was carefully analyzed on an example of belt transmissions lo-

cated in closed spaces [22]. The schematic diagram in Figure 1 shows noise generation

mechanisms in belt conveyors [12].
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Figure 1. Noise generation mechanisms in belt conveyors [12].
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In the case of long transportation systems operating in surface mines, noise sources
are located pointwise at the head station and at the tail station, and also line-wise along the
conveyor route. In order to verify the existing knowledge, and most importantly to arrange
all of the noise sources described in the literature by noise emission levels, laboratory tests
were performed on an experimental conveyor.

3. Materials and Methods

The tests were performed with the use of an acoustic camera CAE Software and
Systems GmbH, Giitersloh, North Rhine-Westphalia, Germany (Figure 2), which allows the
locations of the main noise sources in the analyzed machine to be identified simultaneously.
An acoustic camera is a combination of two devices: a video camera and measurement
microphones. The measurement microphones record changes of the acoustic pressure,
while the video image is simultaneously recorded with the camera. Such a synchronization
allows simultaneous sound pressure measurement and spatial identification of the noise
source. The camera used in the measurement equipment has a Bionic L-112 microphone
array containing 112 MEMS microphones and is 1.7 m in diameter. Its maximum sample
rate is 48 kHz for the frequency range of the sound pressure between 10 Hz and 24 kHz.
The operating principle of an acoustic camera is based on beamforming methods, which
allow precise calculations of noise emission delays by several sources for individual micro-
phones [23]. The video image and the recorded sound are sent via an Ethernet interface to
the computer, in which the data are then combined and analyzed. With the help of included
algorithms, the dedicated CAE Noise Inspector software allows sound distribution maps
to be developed. As a result, the main noise sources can be located, and the absolute values
of sound pressure levels can be identified. The camera enables the recording of the sound
pressure level already at 33 dB and up to 120 dB, with dynamics up to 40 dB.

™ —— R

‘d’

Figure 2. The measurement rig and the location of the Bionic L-112 acoustic camera with respect to
the measurement rig.

The tests were performed for a short experimental conveyor 10 m in length, consisting
of two pulleys and one idler in the top run (Figure 2). The conveyor was equipped with an
EP1250/5 textile belt 0.4 m in width, moving at 2.75 m/s (half the maximum speed for this
rig), with average force in the belt equal to 25 kN.
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Measurements in laboratory conditions allow the elimination of the influence of the
background noise on the measurement results. Owing to this fact, the source of noise can be
located precisely. The maximum and minimum distance between the acoustic camera and
the investigated object is limited by the measurement range of the microphones. The acous-
tic camera was positioned at a distance of 4.1 m from the belt conveyor. Ten-second signal
samples were recorded with a sampling rate of 800 Hz (Figure 3). The recorded signals
were divided in order to obtain 1-second samples, which were subsequently subjected to
direct analysis. Individual analyses of the signal split into shorter time intervals facilitates
the interpretation of the obtained results and results in a shorter data processing time. The
general noise of the entire laboratory belt conveyor, as identified from the recorded time
signal, was 73.32 dB. This is noise for the full range of frequencies found in the spectrum.
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Figure 3. Conveyor noise as a function of time (recorded time signal) with one-second time interval
indicated.

The signals were analyzed using the fast Fourier transform (FFT), which allows the
time signal amplitude to be described as a function of frequency (Figure 4). Such a signal
description is called a signal spectrum. The signal spectrum has a practical application,
as it enables the identification of the dominant frequencies. Each element emits noise of
a specific frequency. A function which allows these frequencies to be found in the signal
spectrum and related to a particular noise source significantly improves research efficiency.
The Noise Inspector processing algorithms integrated with the camera also facilitate the
interpretation of the results for the entire range of the recorded frequencies. The signal
spectrum can be best analyzed if it is divided into smaller frequency ranges, thus increasing
the chances of identifying individual noise sources.
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Figure 4. Noise spectrum of the belt conveyor.

The schematic diagram below (Figure 5) presents the successive steps of the research
into noise sources in a belt conveyor.
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Figure 5. Algorithm of the research based on the acoustic camera.

4. Results

The noise spectrum (Figure 4) and the spectrogram (Figure 6) clearly show the con-
centration of the main noise sources within the low and medium frequency range. This
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fact indicates that the belt conveyor, similarly to other industrial devices, generates noise
mainly in the low and medium frequency range between 22 Hz and 2 kHz (Figure 6). This
frequency range is considered the most harmful to human hearing, especially when the
person is situated at a small distance from the source [24]. For this reason, a number of
noise reduction methods were developed, and the methods developed for the frequency of
up to 600 Hz demonstrate the greatest efficiency [24-26].
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Figure 6. Spectrogram of noise in the measurement rig for the entire range of the recorded frequencies.

The measurement results clearly indicate that the belt conveyor drive system is the
main noise source in the low frequency range, i.e. between 200 Hz and 1000 Hz. The low
and medium frequency spectrogram is shown in Figure 7. Figure 8 shows the measurement
rig during normal operation. The main source of noise for the 200-1000 Hz range is located
in the vicinity of the drive system. The recorded noise has the maximum sound level (for
the investigated period) of 60.8 dB.

-53.1

-39.8

frequency [Hz]

24 9-30°02 24 swu (0)gp

-26.6

-13.3

-66.4n
600 65 700 750 800 850 900 950 100 104

Figure 7. Spectrogram of noise in the measurement rig for the frequency range of up to 2 kHz.
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Figure 8. Operating belt conveyor—belt speed: 2.75 m/s, load on the motor: 40%, frequency range:
200-1000 Hz.

The noise generated by the electric motor is the result of its internal electromagnetic
processes. The frequency is equal to double the power-line frequency, but also depends
on the design parameters of the motor, such as for example the number of pole pairs.
The research on this issue demonstrated that these are typically the higher harmonics of
the base frequency (>600 Hz) [27-29]. The noise frequency of the electric motor in the

measurement rig is within 852-853 Hz, with the maximum sound level for this frequency
being 43.2 dB (Figure 9).

2d5-37=121)(@P) 2155314 PUNOS,

Figure 9. Noise of the drive system in the measurement rig—frequency range 852-853 Hz.
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The main sources of noise for the conveyor within the medium frequency range
(10002000 Hz) is the noise from the drive system and the noise due to the belt-idler
interaction (Figure 10). Further noise harmonics from the electric motor (1004-1005 Hz,
1404-1405 Hz, and so on) can be identified in the analyzed frequency range, and mean
sound level for the electric motor is 35.4 dB.

oe ]

=

Figure 10. Operating belt conveyor—belt speed: 2.75 m/s, load on the motor: 40%, frequency range:
1000-2000 Hz.

The rotating idler loaded with the belt generates noise, which is the effect of the
interaction between the bottom cover of the belt and the idler coat. The noise may increase
as the bearings in the idler become increasingly worn [20]. In the case of the belt-idler
interaction, the idler coat is the main source of noise [13]. Noise from the idler bearings is
typically located within the range of 1000 Hz to 3000 Hz (the frequency of up to 1000 Hz is
from the vibration in the bearings). The noise due to the belt-idler interaction (the result of
the rotating idlers), such as transverse belt vibration or vibration on the structure of the
conveyor route, is within the low frequency range, up to 100 Hz [20]. An acoustic camera
does not allow measurements in a low part of the low-frequency range (less than 20Hz).
The noise source in the area of the idler (the idler bearing) generates the maximum sound
level of 37.1 dB within the frequency range of 1580-1581 Hz (Figure 11).

Within the frequency range between 2000 Hz and 3000 Hz, the main sources of noise in
the conveyor are related to the operation of the drive motor and to the belt-idler interaction,
with the resulting noise generated in the bearings (Figure 12).

In the high frequency range, the noise source was observed to be related to the cyclical
passing of the belt around the return pulley (Figure 13). Unlike the drive pulley, the tail
pulley in the measurement rig does not have a rubber lining, and this fact causes notable
lateral belt wandering. This wandering may result from misaligned axles of the two pulleys
and from a non-uniform stress distribution across the width of the belt due to imprecise
belt splicing. During the lateral belt wandering, a characteristic high-frequency noise is
emitted. The noise emission also depends on the types of surfaces in contact and on the
scale of the phenomenon (the extent of lateral wandering). The noise due to the lateral
belt wandering is at the maximum sound level of 25 dB within the frequency range of
2508-2509 Hz (Figure 13).
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Figure 12. Operating belt conveyor—belt speed: 2.75 m/s, load on the motor: 40%, frequency range:
2000-3000 Hz.

Lateral belt wandering on the return pulley also emits noise within the high frequency
range from 3000 Hz to 8000 Hz, with a number of harmonic frequencies to be identified in
its noise spectrum (Figure 14). The noise level due to the lateral belt wandering across the
entire analyzed range was 43.6 dB.
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Figure 13. Noise generated due to the belt passing around the return pulley without the rubber
lining—frequency range 25082509 Hz.

gp) 2nssalq punos

Figure 14. Operating belt conveyor—belt speed: 2.75 m/s, load on the motor: 40%, frequency range:
3000-8000 Hz.

Dominant frequencies in the 8000-9000 Hz range can be clearly identified in the noise
spectrum. The data from the acoustic camera indicate that these are higher harmonic
frequencies of the motor. Figure 15 shows the noise in the conveyor at the level of 34.1 dB,
which corresponds to the frequency range of 8000-9000 Hz.
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Figure 15. Operating belt conveyor—belt speed: 2.75 m/s, load on the motor: 40%, frequency range:
8000-9000 Hz.

5. Discussion

The analysis of the results allowed a systematic presentation of the information on
the noise generated at the measurement rig. The entire frequency range was divided into
frequencies in which the individual noise-emitting elements were located. The ranges and
the identified noise sources are presented in Table 1.

Table 1. Main noise sources of the conveyor for the analyzed frequency ranges.

Frequency Range [Hz] Identified Noise Sources
29-1000 conveyor drive system, electric motor, mechanically engaged
conveyor elements
1000-2000 drive system, electric motor, mechanically engaged conveyor

elements, idler bearings
drive system, mechanically engaged conveyor elements, idler
2000-3000 bearings, belt passing on pulleys, lateral belt wandering, non-linear
belt movement
electric motor, belt passing on pulleys, lateral belt wandering,

3000-24,000 non-linear belt movement

Mean sound pressure levels were identified for each of the frequencies. Their nu-
merical values are shown in Figure 16. The highest-pressure level was identified for the
frequency in the range of 22-1000 Hz. In the higher frequency ranges, the mean sound
pressure level was significantly lower. This fact indicates that the majority of the noise
nuisance is generated by the elements that generate noise in low frequencies. Importantly,
the frequency ranges used in the evaluation are illustrative, as they are based on the
observations and assumed for the purpose of noise analyses in laboratory conditions.

Measurements relate to conveyor system noise production in a laboratory environment.
Noise emission as measured by the microphone array relates mostly to idler rotation and
belt motion on the idlers, which can change in the field due to use of lagging and belt
cleaning devices. Belt flap noise due to span resonances in a range 2.5-16 Hz falls below
the detection limit of the recording system, therefore belt flap noise is not considered in
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this research. The laboratory test rig does not contain all devices that may be installed on a
typical conveyor in the field.
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Figure 16. Conveyor noise for various frequency ranges.

6. Conclusions

The use of an acoustic camera in a measurement rig provided information which
allow the main noise sources to be identified in space and ranked. The rank of the noise-
generating elements is as follows: the drive system with the motor, the idler, the contact
area between the belt, and the return pulley.

The noise was described by distinguishing the frequency ranges in which records were
made of the components of the total noise generated by the rig. The majority of the noise
sources in the analyzed conveyor is located within the low and the medium frequency
ranges of up to 2 kHz. These are the frequency ranges most harmful to human hearing.
These ranges are also the greatest nuisance to people in the vicinity of the conveyor.
However, noise can be reduced for this frequency range with the use of a number of
methods, which are particularly effective for frequencies up to 600 Hz. The low frequency
noise is emitted mostly along the conveyor route, and its sources can be classified as
linear emitters.

The research results confirm that the main source of noise in the belt conveyor is its
drive system, and in particular its electric motor. The images recorded with the acoustic
camera allow the majority of the noise sources to be located in the area of the conveyor
drive system. The noise of the drive motor was identified in the frequency range from
200 Hz to 2 kHz, and the maximum sound level for this range was 43.2 dB. In the case
of the belt conveyor operated underground, this noise source should be classified as a
point emitter.

In addition, the noise spectrum allows the identification of harmonic frequencies of
the conveyor noise within the high frequency range of 8-9 kHz. This is the noise from the
belt-idler interaction. The noise generated in the idler bearings is located in the frequency
range of 1-2 kHz. The research allowed the idler noise to be identified at the frequency
of 1580-1581 Hz and at the level of 37.1 dB. For the frequency range of 2-3 kHz, the noise
from the idler bearing was less significant, albeit still identifiable.

The last identified noise source in the investigated measurement rig was the noise
from the lateral wandering of the belt on the return pulley (without the rubber lining). This
phenomenon was identified for the frequency starting at 2 kHz, and a number of harmonic
frequencies can be distinguished in the signal spectrum, in its practically entire range. The
maximum noise level for this frequency was 43.6 dB.
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The locating of noise in space allows identification of phenomena which are difficult
to describe theoretically due to the limited possibility to evaluate the scale and due to the
lack of theoretical models. A good example of this advantage is the possibility to locate the
noise due to the lateral belt wandering.

The determination of the background noise is necessary for the separation of the
machine noise signal or a single working system necessary. During laboratory tests,
this consisted in recording the noise of the machine and the background and then the
background itself in the room. The background is a set of noise-generating phenomena
in the study environment. In field measurements, background noise depends on weather
conditions and other machines conditionally operating nearby. Therefore, the algorithm of
conduct must be adapted so that the background removed does not affect the results of the
noise measurement.

The measurements were performed in laboratory conditions without the typical
background noise observed in surface mines. Owing to this fact, the basic noise sources
could be located and assigned to their characteristic frequencies, which is a result expected
to prove useful during measurements in actual conditions.
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