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SUMMARY  
Noise Induced Hearing Loss (NIHL) is the most common occupational disease
in the U.S. with devastating consequences particularly in the mining industry. A
study conducted by the National Institute for Occupational Safety and Health
(NIOSH) revealed that 90% of coal miners have hearing impairment by age 50,
compared to only 10% of those not exposed to occupational noise. According to
the Mine Safety and Health Administration (MSHA), Continuous Mining
Machine (CM) operators account for 30% of workers exposed to noise doses
exceeding the Permissible Exposure Level (PEL). This number becomes more
dramatic considering that 49% of the total national underground coal production
is extracted using these machines. In this context, NIOSH is conducting
research to identify and control dominant noise sources in CMs. Previous noise
source identification was performed using a Brüel &Kjær (B&K) 1.92-m
diameter, 42-microphone phased array. These measurements revealed that the
impacts from the conveyor chain onto the tail roller, and the impacts from the
conveyor chain onto the upper deck are the dominant noise sources at the tail-
section of the CM. The objectives of the work presented in this paper were: 1)
To rank the noise radiated by the different sections of the conveyor, and 2) to
determine the effect of a urethane-coated tail roller on the noise radiated by the
tail-section. This test was conducted using an Acoustical and Vibrations
Engineering Consultants (AVEC) 3.5-m diameter, 121-microphone phased
array. The results from this new test show that a urethane-coated tail roller
yields reductions in the tail-section of 2 to 8 dB in Sound Pressure Level in the
frequency range of 1 kHz to 5 kHz. However, integration of the acoustic maps
shows that the front-section and mid-section of the conveyor also contain
dominant noise sources. Therefore, a urethane-coated tail roller in combination
with a chain with urethane-coated flights that reduces the noise sources in the
front and mid sections of the conveyor is required to yield a significant noise
reduction on the CM operator’s overall exposure. These results show the
applicability of phased array technology for low frequency noise source
identification.

1. INTRODUCTION  
Coal is one of the main energy sources used in the United States of America. During
the last decade, coal-generated electricity accounted for 48.98% to 52.83%1 of the
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total electricity generated nationwide. As such, coal mining is a well-regulated
industry. However, in spite of over 30 years of regulation, NIHL continues to be one
of the most common occupational diseases among miners. A study conducted by the
National Institute for Occupational Safety and Health revealed that 90% of coal
miners have hearing impairment by age 50, compared to only 10% of those not
exposed to occupational noise2.

Half of the underground coal production is extracted using the room and pillar
method. In this mining method, a self-propelled machine known as the CM is used
to rip the coal from the face and load it into shuttle cars in a continuous operation.
A CM has three main noise-radiating components: the cutting head, the chain
conveyor, and the scrubber system. The cutting head is used to rip the coal from the
face and consists of a rotating steel drum equipped with cutting bits. The chain
conveyor is used to transport the ripped coal from the front to the back of the
machine; it is driven by a sprocket wheel located at the front, and it goes around an
idler tail roller at the back of the machine. The scrubber system is used to collect the
dust generated during the cutting process by means of a vane axial fan that pulls air
through the dust collector. The three noise radiating components, as well as the tail
roller are shown in Figure 1.

Figure 1. Noise-radiating components on a CM.

The use of a CM during the extraction process and the proximity of the operator and
helper to this machine in a diffuse field environment, are definitely among the
predominant factors leading to NIHL. According to MSHA, 30.2% of CM operators
in 2006 were exposed to noise levels higher than the Permissible Exposure Level
(PEL)3. Within this framework, and in an effort to reduce NIHL in CM operators
and their helpers, NIOSH is currently conducting research to attenuate the sound
radiated by a CM. 

Previous tests involved using a 1.92-m diameter, 42-microphone B&K phased
array to identify noise sources on a Joy 14CM9 CM. Measurements along the sides,
front, back, as well as from overhead of the CM were performed. The acoustic maps
obtained from these measurements showed that the impacts from the conveyor chain
onto the tail roller, upper deck and the side walls of the conveyor are the dominant
noise sources at the tail section in the 1.0 kHz to 1.6 kHz frequency range4. To
reduce the impacts from the conveyor chain onto the tail roller, a prototype coated
roller was built. This prototype consisted of a standard steel roller coated with an
84-shore A durometer urethane. The use of this prototype yielded a reduction in the
total radiated sound power level of 3.6 dB(A)5. 

The objectives of the work presented in this paper are: 1) To rank the noise
radiated by the different sections of the conveyor, and 2) to determine the effect of
a urethane-coated tail roller on the noise radiated by the tail-section. To this end, a
40-shore A durometer coated tail roller was built and tested using a microphone
phased array. 

2. EXPERIMENTAL SETUP
Acoustic measurements of a JOY 14CM9 CM were conducted in a Hemi-anechoic
chamber at the Office of Mine Safety and Health Research (OMSHR), as shown in
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Figure 2. This chamber is 18.7-meter long, by 10.1-meter wide, by 7.0-meter high
and meets the requirements of ISO 3744 down to 100 Hz. Figure 2 also shows the
microphone phased array used to collect the data in the overhead configuration.

Figure 2. CM in the hemi-anechoic chamber.

2.1 Phased Array Measurements
Measurements were performed using an AVEC beamforming system that consists
of a 3.5-meter diameter, 121-microphone phased array arranged in a star
configuration, instrumented with a 128-channel data acquisition system6. This
system was used to collect data simultaneously and continuously for all the
microphones at a sampling frequency of 51.2 kHz. Sixteen seconds of data were
collected, providing sufficient data for 100 averages of 8192 samples. The data were
processed using a conventional frequency domain beamforming algorithm7 and the
results were obtained in the form of 1/3-octave band frequency acoustic maps.

Since the focus of the test was on the noise radiated by the conveyor of the CM,
the phased array was set up at two different overhead positions: one position close
to the middle of the conveyor and one position above the end of the tail section, as
shown in Figure 3a and in Figure 3b, respectively. 

Figure 3. Microphone phased array positions with respect to the CM:
a) Array position 1, and b) array position 2.

2.2 Test Configurations
Two different configurations were tested: 1) The CM provided with a standard steel
tail roller, and 2) the CM with a prototype urethane-coated tail roller. Figure 4 shows
the two tested tail rollers. 
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Figure 4. Tested tail rollers.

To simulate the damping effect of coal on the noise radiated by the conveyor
during normal operation, a water flow at a constant rate of 4 gal/min was supplied
at the mid-section of the conveyor.

3. RESULTS
Based on the different noise sources identified along the conveyor path, the conveyor
can be divided in three parts: Front, mid, and tail sections, shown in Figure 5. 

Figure 5. Conveyor sections as seen from overhead.

3.1 Tail Roller Noise
The acoustic maps obtained from the CM with the standard steel tail roller are
shown in Figure 6. These maps confirm that the conveyor chain/tail roller
interaction is one of the dominant noise sources in the back of the CM. Other noise
sources can be seen in the mid-section of the conveyor, in particular near the tail
pivot, and further upstream in the conveyor. For all frequencies, multiple sources or
a distributed source in the very end of the tail were identified.

Figure 7 shows the acoustic maps obtained from the CM with the urethane-
coated tail roller. On the one hand, this figure shows that the urethane-coated tail
roller reduces the noise in the tail-section, i.e., there are no noise sources on the tail
roller except at 1 kHz. On the other hand, this figure shows that the noise sources
on the mid-section and front-section of the conveyor remain unchanged, i.e., the
urethane-coated tail roller has no effect on the noise radiated by these sections. 

A quantification of the noise reduction achieved with the urethane-coated tail
roller was obtained by analyzing the integrated spectra over the tail-section, as
shown in Figure 8. The integration was performed by adding the levels of all the
grid points inside the integration region and applying a normalization factor given
by integration of the point spread function of the array in the region7. The cutoff for
the integration was set to 5 dB from the peak level in the integrated region. 

Figure 8 shows a significant reduction in Sound Pressure Level in the 1 kHz to 5
kHz frequency range. Such reduction varies from 2 to 8 dB. Between 250 Hz and 1
kHz, the reduction is not significant. It should be noted that below 630 Hz the roller
is not the main noise source, and thus, the integrated spectra is most likely reflecting
levels due to sidelobes of louder sources at such frequencies.
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Figure 6. Standard steel tail roller. Figure 7. Urethane-coated tail roller.

Figure 8. Integrated spectra over an area enclosing the tail roller.

Overall Levels 

Baseline:  93.4 dB, 93.1 dB(A) 
Urethane: 91.6 dB, 90.9 dB(A) 

 
a) Standard tail roller at 1000 Hz.   a) Coated tail roller at 1000 Hz. 
 

b) Standard tail roller at 1250 Hz.   b) Coated tail roller at 1250 Hz. 

 
c) Standard tail roller at 1600 Hz.   c) Coated tail roller at 1600 Hz. 

 
d) Standard tail roller at 2000 Hz.   d) Coated tail roller at 2000 Hz. 
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3.2 Conveyor Noise
This section “combines” the results obtained with the two array positions to identify
and perform a relative comparison of noise sources in the mid-section and front-
section of the conveyor. To better compare the noise from different conveyor
sections, the results obtained with the urethane-coated tail roller were used,
assuming that the tail roller noise can be reduced with the urethane treatment.

Figure 9 shows sample acoustic maps obtained with the array close to the center
of the CM (Figure 3a). These maps show, on one hand, that the front-section of the
conveyor contains dominant noise sources over the entire frequency range.
Furthermore, no other sources are visible above 2 kHz in the mid-section, i.e., the
conveyor front-section is at least 5 dB louder than any other source at such
frequencies. On the other hand, the tail roller noise is not as significant as seen with
the array above the tail-section (Figure 3b) due to the urethane-coated tail roller and
the relative array position. Therefore, a direct comparison cannot be made between
the noise levels on the front part of the conveyor and the noise levels on the tail-
section. However, this comparison can be made from different array positions and
different tail roller configurations using the integrated spectra.

Figure 9. Noise sources identified with the array close to the center of the CM (array position 1). Conveyor
with urethane-coated tail roller.

Acoustic maps obtained with the array above the tail-section (Figure 3b), show that
the noise levels on the mid-section of the conveyor are slightly higher at some
frequencies. Since both array positions cover one half of the mid-section, as shown
in Figure 3, such louder levels corresponding to position 2 were used for the
integrated spectra analysis. Thus, the noise from the front-section was obtained with
the array closer to the center of the conveyor (Figure 3a) while the spectra for the
mid-section and tail-section were obtained with the array closer to the end of the
machine (Figure 3b). 

The integrated spectra results are shown in Figure 10. From this figure it can be
seen that the front-section and mid-section contain the loudest sources. The levels

 (a) 250 Hz.      (b) 500 Hz.  

 (c) 800 Hz.      (d) 1600 Hz. 

 (e) 2000 Hz.      (f) 3150 Hz. 
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for such regions are similar below 2.5 kHz. Above 2.5 kHz the front-section of the
conveyor is the loudest source. Note also that the mid-section is louder than the tail-
section at all frequencies except for the band with center frequency at 3.15 kHz. In
the case of the urethane-coated tail roller, the treatment renders a reduction in noise
levels that positions the tail-section as the quietest source on the conveyor. As
explained before, this results in the noise from the tail-section being at least 5 dB
quieter than the other sections for most frequencies and hence not “visible” in the
previous maps where a cutoff of 5 dB from the peak levels was used.

From Figure 10 it can be seen that a treated tail roller per se will not yield a
significant overall noise reduction. The sources in the front-section and in the mid-
section of the conveyor need to be attenuated to have a positive impact on the CM
operator’s noise exposure. Based on previous research conducted by NIOSH using
a conveyor chain with urethane-coated flights8,9,10, it is expected that a combination
of the 40-shore A urethane-coated tail roller, and a conveyor chain with 84-shore A
urethane-coated flights will yield a significant noise reduction in the overall Sound
Power Level of at least 9 dB(A). To this end, future tests will be conducted to
confirm this hypothesis. 

Figure 10. Integrated spectra over conveyor sections.

4. CONCLUSIONS
Phased array measurements were conducted at the Office of Mine Safety and Health
Research laboratories. Measurements were performed using an AVEC 121-
microphone, 3.5 meter diameter phased array in a hemi-anechoic chamber. Data was
collected from two array positions over the CM. The main goals of these
experiments were to determine the effect of a urethane-coated tail roller on the noise
radiated by the tail-section, and to rank the noise radiated by the different sections
of the conveyor. The urethane-coated tail roller was compared to an original steel
tail roller. The results consisted of acoustic maps and integrated spectra over
identified noise source regions in one-third octave bands.

The results indicate that the urethane treatment on the roller is effective in
reducing the noise in the tail section between 1 kHz and 5 kHz (about 2-8 dB
depending on the frequency band). With such treatment, the tail roller noise is at
least 5 dB below the maximum level on the acoustic maps. Unfortunately, the
integrated spectra over the three conveyor sections show that the front-section and
the mid-section contain the loudest sources. Above 2.5 kHz the dominant noise
sources are in the front-section; below this frequency, the mid-section and the front-
section radiate similar noise levels. Therefore, a combination of a urethane-coated
tail roller and a chain with urethane-coated flights is required to attenuate the noise

Overall Levels 

Front-section:  95.3 dB, 94.7 dB(A) 
Mid-section:  95.1 dB, 94.5 dB(A) 
Tail-section:  93.4 dB, 93.1 dB(A) 
Tail-sect. (uret.): 91.6 dB, 90.9 dB(A) 
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sources in the front, mid and tail sections of the conveyor in order to have a
significant impact on the CM’s operator overall exposure. 
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