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ABSTRACT 
 
The objective of this project was to develop and evaluate effective strategies that use 
ultrasonic waves for dust filtration and containment to reduce coal miners’ exposure to 
respirable dust in coal mines. The specific goals were to 1) design an experimental 
platform for ultrasonic agglomeration of dust particles and water droplets; 2) develop 
efficient methods for generating three-dimensional ultrasonic standing waves for dust 
entrapment, suspension and agglomeration; and 3) develop modeling and robust control 
strategies for real-time microcontroller-based manipulation and coalescence of dust 
particles with water droplets using ultrasonic waves for effective dust suppression in 
structured enclosures.  
 
A test-bed apparatus was developed and constructed for experimental investigation and 
proof-of-concept of particle manipulation using sonic/ultrasonic waves. Analytical as 
well as experimental techniques were used to model acoustically induced forces on 
particles in structured enclosures. Acoustic standing waves were successfully generated 
in one-, two-, and three-dimensional spaces for dust entrapment and manipulation. 
Ultrasonic standing waves also were verified analytically to be successful for dust capture 
and agglomeration but were not tested experimentally due to limited equipment. Robust 
control techniques were designed for experimental models of the dust manipulation 
apparatus and were successfully verified in simulation.   
 
Experimental results showed that acoustic standing waves can indeed be used for particle 
entrapment, suspension, and agglomeration; and, hence, could be used for agglomeration 
and coalescence of coal dust with water droplets for their effective suppression in coal 
mines. Future research should consider the effective integration of ultrasonic-based 
techniques in dust filtration devices for effective removal of respirable dust from dusty 
workspaces in coal mines to reduce coal miners’ exposure to hazardous coal and silica 
dust.   
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EXECUTIVE SUMMARY 
 

 
Objectives and Tasks 

The overall objective of this project was to develop and evaluate ultrasonic-based 
techniques for dust filtration and suppression in dusty areas, for use in coal mines to 
reduce coal miners’ exposure to respirable dust. The specific goals were to: 1) design an 
experimental test-bed for entrapment and agglomeration of particles using ultrasonic 
waves; 2) develop efficient techniques for generating three-dimensional ultrasonic 
standing waves for particle entrapment and suspension; and 3) develop modeling and 
robust control strategies for real-time computer-based agglomeration and coalescence of 
dust particles with water droplets using ultrasonic waves for effective dust suppression.  
 
Five tasks were performed to meet the project’s objectives as follows: 
 
Task 1) Prototype ADC platform

Task 2)  

: Necessary materials were acquired and a prototype 
modular test platform was developed for experimental implementation and 
verification of acoustic/ultrasonic active dust control (ADC).  
ADC modeling and control

Task 3)   

: Advanced techniques were used for experimental 
modeling and real-time control design of the prototype ADC system.  
Ultrasonic standing wave barrier design

Task 4)   

: Effective strategies were developed for 
generation of standing wave barriers for dust containment.  
Ultrasonic dust coalescence

Task 5)   

: Effective techniques were examined to promote the 
coalescence of dust particles with water droplets.  
Optimal simplification

 

: Techniques were considered for simplification and 
effective implementation of designed strategies.  

 
Introduction and Background 

Black lung disease, also known as coal workers’ pneumoconiosis, is caused by inhalation 
of coal and silica dust and is estimated to cause around 1,000 deaths per year among U.S. 
coal miners. Repeated issuances of requests for application (RFA) by the National 
Institute for Occupational Safety and Health (NIOSH) attest to the continued urgency of 
this problem in coal mines. Recent guidelines by the Mine Safety and Health 
Administration (MSHA) require all mines to reduce miners’ exposure to respirable coal 
dust and silica to below a “permissible exposure limit (PEL)”. Unfortunately, over the 
past few years, several Illinois mines have faced non-compliance citations for dust 
standards. Development of effective dust control techniques would provide needed tools 
for Illinois coal mines to meet MSHA dust standards. 
 
Dust control in mines can be performed using ventilation, water sprays, and dust 
collectors or filters. Most underground dust control methods yield around 25% to 50% 
reductions in small size respirable dust; however, in general, this reduction is not enough 
to achieve compliance with dust exposure standards. Hence, given the continued severity 
of the problem and shortcomings of current methods of practice, MSHA insists that 
advanced techniques must be developed to achieve required standards.  
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This project considered the design and development of an active dust control (ADC) 
system consisting of an array of ultrasonic water sprays with a feedback mechanism and 
an ultrasonic dust barrier and manipulation system. The developed feedback mechanism 
consisted of an array of real-time infrared dust sensors for controlling water flow to 
improve the interaction between water droplets and dust particles. Ultrasonic actuators 
(speakers) were employed to produce an acoustic standing wave, as a dust barrier, for 
trapping and containing dust and water droplets in its acoustic nodes where interaction 
and coalescence of dust particles and water droplets can be promoted.  
 

 
Experimental Procedures 

Experiments were performed on a prototype acoustic particle manipulation (APM) test-
bed and a dust/water mixer active dust control (ADC) platform. Both test platforms were 
constructed in-house using off-the-shelf materials and were integrated with an available 
digital signal processor (DSP) development system. The DSP development system was 
equipped with Matlab/Simulink software support for visual programming.  
  
Testing the performance of the ADC dust/water mixing platform required experimental 
modeling of infrared sensors for dust detection sensitivities; speakers, tweeters, and audio 
amplifiers for their sound generation properties; and various other electronics such as a 
data acquisition system for their frequency response characteristics to be used in feedback 
control loops. Testing the performance of the APM system consisted of experimenting 
with both speaker-speaker and speaker-reflector pairs for generation of acoustic standing 
waves. Tests were performed in one-, two-, and three-dimensional spaces/enclosures.  
 
The experimental procedure for each test consisted of: 1) modeling the dynamics of the 
test platform using average experimental models of its components; 2) analytical 
derivation of the required control, including amplitude and frequency of acoustic sources, 
for proper creation of the standing wave; and 3) analysis and verification of the 
experiment. Appropriate control strategies were then derived for computer 
implementation of experiments, and their feasibilities were evaluated for digital 
implementation using the DSP development system.  
 
The experimental setups were designed to test the capabilities and limitations of acoustic 
techniques for particle entrapment, agglomeration, and manipulation for dust control 
applications in coal mines. Each experiment was performed multiple times to ensure 
consistency and repeatability. Nominal models of test setups were obtained using average 
models of their components. Simplified dynamic models were used to guide the 
experimental tests and for control design and evaluation. Control strategies were 
implemented in open-loop and verified for closed-loop applications. 
 

 
Results and Discussion  

Cylindrical and cubic structures were constructed in-house with embedded speakers for 
generation of standing waves for particle levitation and entrapment. Experiments were 
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carried out in audible frequencies only due to hardware limitations. One-, two-, and three-
dimensional standing waves were successfully produced experimentally using assembled 
test enclosures. Locations of nodes and antinodes of standing waves produced inside 
structures were experimentally measured, which agreed well with analytical results. 
Foam-like particles were made to levitate, agglomerate, and suspend in the air inside 
these enclosures.  
 
Microphone arrays were used in the experimental set-up to provide feedback for 
automatic generation of acoustic standing waves for entrapment, agglomeration, and 
coalescence of dust particles and water droplets. Digital signal processors were interfaced 
with test structures for modeling and automatic control of experiments. Online frequency-
based modeling techniques were used to approximate dynamic models of acoustic 
channels in the enclosure for the control design. Robust control techniques were also 
derived for automatic generation and control of acoustic standing waves. Numerical 
results verified the effectiveness of these designs for acoustic particle manipulation.  
 

 
Conclusions and Recommendations 

The results revealed that containment and filtration of respirable dust is a challenging and 
expensive process; however, experiments showed that production of acoustic standing 
waves in one-, two-, and three-dimensional enclosures are possible. Indeed, it was 
possible to experimentally generate acoustic standing waves in test platforms, which were 
used to trap and suspend particles inside structures within invisible nodes of acoustic 
standing waves.  
 
These results can generally be achieved easily if components in the experimental set-up 
have adequate power and precision with sufficiently good frequency response; however, 
for ultrasonic applications, necessary components with adequate power and precision are 
typically expensive. Moreover, for ultrasonic applications, the operating frequency range 
is high and, for digital implementation of acoustic standing waves, the sampling 
frequency of the data acquisition system must be at least ten times faster than that of the 
acoustic frequency. This was the main problem in the digital implementation of feedback 
control systems for the production of acoustic standing waves; however, adopting 
adequately fast data acquisition systems can easily solve this problem.  
 
Clearly, there are still challenges that must be addressed for the development of an 
effective ADC system using ultrasonic techniques; however, successful experimental 
results of particle suspension and agglomeration in the audible range observed in this 
project confirms that filtration and containment of respirable coal dust using ultrasound 
waves is indeed possible and could provide a solution for achieving MSHA dust exposure 
standards in Illinois coal mines.  Future research should explore proper integration of 
sonic/ultrasonic techniques with various dust filtration and scrubbing techniques to 
enhance their efficiency.  
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OBJECTIVES 
 
The overall long term goal of the project was to develop effective dust filtration and 
suppression techniques using ultrasonic waves for dust containment in coal mines to 
reduce coal miners’ exposure to hazardous respirable silica dust. Specific objectives of 
this project were to:  
 

1)  Design an experimental platform for ultrasonic agglomeration of dust particles 
and water droplets;  

2)  Develop efficient methods for generating three-dimensional ultrasonic standing 
waves for dust entrapment, suspension, and agglomeration; and  

3)  Develop modeling and robust control strategies for real-time microcontroller-
based agglomeration and coalescence of dust particles with water droplets using 
ultrasonic waves for effective dust suppression in structured enclosures.  

 
Five tasks were performed as essential parts of this investigation in order to meet project 
objectives. These tasks were:  
 
Task 1) Prototype ADC platform

Task 2)  

: Develop a prototype modular test platform for 
experimental implementation and verification of acoustic/ultrasonic active dust 
control (ADC).  
ADC modeling and control

Task 3)   

: Develop advanced techniques for experimental 
modeling and real-time control design of the prototype ADC system.  
Ultrasonic standing wave barrier design

Task 4)   

: Develop effective strategies for 
generation of standing wave barrier for dust containment.  
Ultrasonic dust coalescence

Task 5)   

: Consider effective techniques to promote the 
coalescence of dust particles with water droplets.  
Optimal simplification

 

: Explore simplified techniques for implementation of 
designed strategies.  

These five tasks were identified to determine if it is possible to: 1) easily produce 
standing waves in three-dimensional enclosures; 2) trap and agglomerate dust particles 
and water droplets in acoustic nodes of standing waves; and 3) digitally generate standing 
waves using modeling and feedback control techniques for adjustable real-time 
containment and agglomeration of dust particles and water droplets. 
 

INTRODUCTION AND BACKGROUND 
 
Black lung disease, also known as coal workers’ pneumoconiosis, is caused by inhalation 
of coal and silica dust and is estimated to cause around 1,000 deaths per year among U.S. 
coal miners. Recurring requests for application (RFA) by the National Institute for 
Occupational Safety and Health (NIOSH) attest to the continued urgency of this problem 
in coal mines. Recent guidelines by the Mine Safety and Health Administration (MSHA) 
require all mines to reduce miners’ exposure to respirable coal dust and silica to below a 
“permissible exposure limit (PEL)” [1]. Over the past few years, several Illinois coal 
mines failed to comply with MSHA dust standards and faced citations.  Hence, the 
industry can benefit from development of more effective dust control technologies.  



6 
 

 
Dust control in mines can be performed using ventilation, water sprays, and dust 
collectors or filters [2-4]. Most underground dust control methods yield 25% to 50% 
reductions in small size respirable dust; however, in general, this amount of reduction is 
not enough to achieve compliance with dust exposure standards. Hence, given the 
continued severity of the problem and shortcomings of current methods of practice, 
MSHA insists that advanced techniques must be developed to achieve required standards.  
 
This project considered the design and development of an active dust control (ADC) 
system consisting of an array of ultrasonic water spray atomizers with a feedback 
mechanism and an ultrasonic dust entrapment and manipulation system. The feedback 
mechanism used an array of real-time infrared dust sensors for controlling water flow to 
improve the impact between water droplets and dust particles. The ultrasonic dust barrier 
and manipulation system produced an acoustic barrier to contain the movement of the 
dust particles, and produced a standing wave acoustic field with a robust control 
mechanism to bring dust particles and water droplets together for coalescence.  
 
Ultrasound techniques have been used for active control and manipulation of particles 
and for acoustic shaping with applications in space-based construction [5-6]. They have 
been used to generate standing wave acoustic fields for dust coalescence and air cleaning 
[7]. Ultrasonic standing waves have been used for trapping small particles within an 
acoustic field [8-9]. In one case [10], two frequency acoustic waves were used in an 
experiment to investigate the trapping and moving of bubbles in water.   

 
Given the capabilities of ultrasonic techniques for acoustic manipulation of small 
particles and the need for improving the current water spray methods for dust control in 
coal mines, it seemed reasonable to integrate these two methods. This project considered 
the development of ultrasonic active dust control (ADC) methods for dust entrapment and 
agglomeration so that it can be integrated with current water spray techniques for dust 
containment and filtration in coal mines.   
 

EXPERIMENTAL PROCEDURES 
 
All the experiments were performed on a prototype acoustic particle manipulation (APM) 
test-bed and a dust/water mixer active dust control (ADC) platform. Both APM and ADC 
test platforms were constructed in-house using off-the-shelf materials purchased for the 
project, and were integrated with an available digital signal processor (DSP) development 
system. The DSP development system was equipped with Matlab/Simulink software 
support for visual programming.  
  
Testing the performance of the ADC dust/water mixing platform required experimental 
modeling of its components, including infrared sensors for dust detection sensitivities; 
speakers, tweeters, and audio amplifiers for their sound generation properties; and 
various other electronics such as data acquisition systems for their frequency response 
characteristics to be used in feedback control loops. Testing the performance of the APM 
system consisted of experimenting with both speaker-speaker and speaker-reflector pairs 
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for generation of acoustic standing waves. Tests were performed in one-, two-, and three-
dimensional spaces/enclosures for verification and proof-of-concept.  
 
Experimental procedures for each test consisted of: 1) modeling dynamics of the test 
platform using average experimental models of its components; 2) analytical derivation 
of required control, including amplitude and frequency of the acoustic sources, for proper 
creation of standing waves; and 3) analysis and verification. Appropriate control 
strategies were then derived for computer implementation of experiments and their 
feasibilities were evaluated for digital implementation using the DSP system.  
 
Standing waves were successfully produced, both numerically and experimentally, in 
one-, two-, and three-dimensional enclosures. Microphone arrays were used in the 
experimental set-up to provide feedback for automatic generation of acoustic standing 
waves for entrapment, agglomeration, and coalescence of dust particles and water 
droplets. Online frequency-based modeling techniques were used to approximate 
dynamic models of acoustic channels in the enclosure. Robust control techniques were 
also derived for automatic generation and control of acoustic standing waves. Simulation 
results so far have verified the effectiveness of control designs.  
  

RESULTS AND DISCUSSION 
 
Task 1 – 
 

Prototype ADC platform 

A prototype modular test platform was designed and constructed for experimental 
implementation and verification of acoustic/ultrasonic active dust control (ADC) 
techniques. The platform consisted of an array of ultrasonic water spray atomizers, a 
number of infrared sensors for dust detection, and a number of ultrasound transducers for 
creating standing wave acoustic fields for steering dust particles to cluster, and for mixing 
dust and water droplets for dust removal. The platform was integrated with a digital 
signal processing (DSP) development board through necessary data acquisition systems, 
filtering circuits, power amplifiers, and other electronics. The assembly was placed inside 
a Plexiglas enclosure for controlled testing and verification of developed ADC 
algorithms.  A schematic of the ADC test platform is shown in Figure 1.  
 

 
Figure 1 – Schematic of Prototype ADC Test Platform 
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Commercial software such as Matlab/Simulink were used for preliminary numerical 
studies. Also, simulation results were used for optimal placement of sensors and actuators 
and for consolidating the design approach.   
 
In assembling the prototype ADC test platform, necessary electronic components were 
acquired for testing and determination of their accuracy, functional use, and practicality. 
These components included ultrasonic speakers and audio/ultrasonic amplifiers, infrared 
transmitter and sensor pairs, an ultrasonic water atomizer, various other electronic 
components, water hoses, metal bar structures, and Plexiglas sheets. The assembled 
prototype ADC test platform is shown in Figure 2.  
 

 
Figure 2 – Assembled Prototype ADC Test Platform 

 
The constructed test platform was then interfaced with an already available DSP-based 
ds1103 development board from dSPACE, through appropriate electronics, for modeling, 
control design, implementation, and analysis of the ADC test platform. The functionality 
of the platform was then analyzed for automated computer controlled tests, and for 
determining if more accurate sensors and actuators were needed. Matlab/Simulink 
software was installed for visual programming of system modeling techniques and 
feedback control implementation.  
 
Task 2 – 
 

ADC modeling and control 

Effective techniques for experimental modeling and real-time control design of the 
multiple-input/multiple-output (MIMO) prototype ADC system were developed based on 
previous designs [11-12]. Algorithms were to be considered based on their scalability for 
applications in coal mines, requirement for real-time computations, ease of 
implementation, and cost effectiveness. To ensure successful modeling and control, 
simple cases corresponding to single-input/single-output (SISO) scenarios were 
considered first, both for modeling and control designs. Successful designs could then be 
extended to MIMO subsystems.  
 
Toward this, modeling and analysis techniques were carried out for several components 
used in the test platform, including infrared sensors for dust particle detection and the 
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ultrasonic amplifier for high-power ultrasonic wave generation. For example, the infrared 
transmitter/receiver pair used in the ADC test platform was acquired from RadioShack. 
The transmitter radiates at a wavelength of 950 nm at a radiant power of 13–15 mW. The 
receiver requires an approximate operating voltage of Veco=5V and has a peak 
wavelength of 850 nm with a spectral bandwidth of 620–980 nm. The infrared (IR) 
transmitter/receiver pair can be seen in Figure 3.  
 

 
Figure 3 – Infrared Transmitter/Receiver Pair 

 
Tests were performed to determine the accuracy and resolution of the IR detector in terms 
of distance between transmitter/receiver pair and opacity of air (concentration of dust in 
the air). For the test, a transparent film printed with various shades of black color, ranging 
from totally black (0% transparency) to completely transparent (100% transparency), was 
used to emulate various levels of dust concentration, as shown in Figure 4.  
 

 
Figure 4 – Shaded Transparency Levels Used to Emulate Various Dust Concentrations 

 
The IR transmitter and receiver were placed at fixed distances from each other, ranging 
from 10 mm to 40 mm, and the transparent films printed with various shades of black 
were placed between them. The corresponding output voltage of the sensor due to the 
opacity of the medium (emulated dust concentration) was measured. Results are shown in 
Figure 5, where each curve corresponds to a different fixed distance between the IR 
transmitter/receiver pair. A 20 mm distance between the transmitter/receiver pair 
produced the best reliability and repeatability characteristics and was considered to 
provide an acceptable sensitivity to dust concentration in the air.  
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Figure 5 – IR Sensor Output as a Function of Distance Between Transmitter/Receiver 

and Opacity of Medium (Simulated Dust Concentration) 
 
Testing was also done to determine the frequency response of a non-inverting ultrasonic 
power amplifier, shown in Figure 6, used for high-power ultrasonic wave generation. The 
amplifier is a 240 W, 2-channel audio/ultrasonic device that operates in a frequency range 
of 30 Hz – 30 KHz. A signal generator was used to generate sinusoidal signals of 250 mV 
(peak-to-peak) amplitude and approximate frequency range of 500 Hz – 35 KHz. The 
frequency response of the amplifier is shown in Figure 7. As seen from the figure, the 
audio/ultrasonic amplifier used in the platform is capable of amplifying low-frequency 
ultrasonic signals with an acceptable gain reduction in the frequency range up to 35 KHz. 
Upon further testing, however, it was determined that characteristics of ultrasonic 
speakers are not acceptable for ADC tests. This and other observations led to performing 
all tests in only the audible frequency range for proof-of-concept. 
 

 
Figure 6 – Ultrasonic Amplifier 

 

 
Figure 7 – Frequency Response of Ultrasonic Amplifier 
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Additional higher quality speakers and audio amplifiers were acquired to perform 
experimental tests for dust manipulation. During additional testing, it was also realized 
that computer-based generation of audible sound waves with frequencies in excess of 
1000 Hz for feedback control could not be done accurately due to limited sampling 
frequency of the available data acquisition system. Hence, for proof-of-concept, only 
experiments at the low frequency audible range were considered; however, similar results 
could be reproduced for higher frequency sonic/ultrasonic tests once appropriate 
hardware is acquired.  
 
Based on these observations, average models of the dust removal test system were found 
based on estimating and combining models of individual components in the system over 
the audible frequency range. Physical laws, frequency methods, and parameter estimation 
techniques were used, when appropriate, to approximate models of various components 
in the system. Characteristics of individual components were measured several times, 
when possible, to approximate their average models accordingly. It was concluded that 
the model of the prototype systems is only acceptable over a limited low frequency range 
due to low-frequency characteristics of its components. A more accurate model of the 
system can be obtained once sensors and actuators of high accuracy over a wider 
frequency range can be obtained.   
 
Given the primitive nature of the components in our test platform, although visible dust 
could be effectively detected for dust control applications, it was clear that for real-time 
control of respirable dust, which are of 1–10 micron diameter, more precise components 
would be needed and more elaborate detection techniques would be required in order to 
approximately measure both the instantaneous exposure and the accumulated exposure to 
such dust. Nevertheless, ignoring differences between models of available dust sensors 
and those of advanced real-time dust concentration measurement devices, various control 
approaches were considered for exploration. In particular, assuming approximate linear 
models with additive uncertainties for such integrated multiple-sensor/multiple-actuator 
dust control systems necessitates the use of robust control techniques such as H-infinity; 
however, due to the complexity of this approach, developments only considered single-
sensor/single-actuator (SISO) scenarios for analysis.  
 
Task 3 – 
 

Ultrasonic standing wave barrier design 

Effective strategies for production of standing wave acoustic fields using an array of 
ultrasonic actuators (speakers) were developed for entrapment, suspension, and 
containment of dust particles. Generation of acoustic standing waves in structured spaces 
was considered using both speaker-reflector and speaker-speaker pairs. Technical 
feasibility of the method for containment of dust and water droplets in acoustic nodes of 
standing waves were investigated in terms of the required number of ultrasonic 
transducers and their power requirement for effective dust containment.    
 
The literature indicated that ultrasonic waves can be used for moving small-size dust and 
other particles in a fluid medium, such as air and water, by properly generating standing 
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waves. Standing waves are generated in a medium from interference of two waves of the 
same amplitude and frequency that are appropriately out of phase. Several numerical 
simulations were carried out using Matlab to analyze properties of standing waves and 
their use for dust manipulation. From wave theory, the equation of motion for standing 
waves in a one-dimensional medium is described by the product of trigonometric 
functions in terms of time and distance variables. Typical simulation plots of one- and 
two-dimensional standing waves are shown in Figures 8 and 9.  
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Figure 8 – Simulated Example of One-dimensional Standing Wave 
 

 
Figure 9 – Simulated Example of Two-dimensional Standing Wave 

 
It was verified that a one-dimensional standing wave can be generated when a wave 
generator is placed at a distance equal to a multiple integer of its half wavelength from a 
reflector. This means, in order to generate a standing wave, one must set up a wave 
reflector at a distance equal to a multiple integer of half the wavelength from the wave 
source. Similarly, a two-dimensional standing wave can be generated when two wave 
generator-reflector pairs are placed perpendicular to each other such that each generator-
reflector pair is placed at a distance that is a multiple integer of its corresponding half 
wavelength from each other. Nodes of a standing wave are where the wave is stationary 
and exhibits no oscillations. In the particle manipulation application, particles tend to 
move toward nodes of the acoustic standing wave where they can stay at rest.  
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Attempts were made for effective generation of ultrasonic standing waves for dust 
agglomeration and manipulation. In order to determine the feasibility of these techniques, 
initial experiments were carried out in structured environments, such as in transparent 
cylinders of known dimensions. These experimental set-ups are typically known as 
Kundt’s tube experiments.  Schematics of four different Kundt’s tube arrangements are 
shown in Figure 10.  
 

 
 

 
 

 
 

 
 

Figure 10 – Various Kundt’s Tube Set-ups for Standing Wave Generation: 
Speaker/Reflector Set-up (a) With Membrane and (b) Without Membrane;  
Speaker/Speaker Set-up (c) Without Membrane and (d) With Membrane 

 
It was experimentally verified that standing waves can be generated in the air inside 
cylindrical tubes using both audible and ultrasonic waves. Standing waves were 
generated in different configurations, namely, by placing a speaker and a reflector at 
opposite ends of the tube, as well as by placing one speaker at each end of the tube, as 
shown in Figure 10. Moreover, experiments were carried out successfully both with and 
without the use of elastic membranes/diaphragms at the two ends of the tubes. 
Membranes/diaphragms were used to separate speakers from the air volume inside the 
cylinder and to constrain the transmission of sound waves to only travel along the length 
of the tube to ensure the creation of one-dimensional standing waves. It was observed, 
however, that the lack of membranes/diaphragms did not noticeably deteriorate the 
generation of standing waves, not at least in our experimental set-up.  
 
Figure 11 shows our Kundt’s tube experimental set-up for a typical standing wave 
generation in a cylindrical tube of length 12” at 16,020 Hz. In our set-up, small 
polystyrene (Styrofoam-like) beads 500–1000 microns in size were distributed evenly 
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inside the cylindrical tube. At some specific audio or ultrasonic frequencies that were 
integer-multiples of a base-frequency, determined by tube length and the speed of sound 
in the air, standing waves were successfully generated in the tube and beads were visibly 
agglomerated at corresponding nodes of standing waves, as shown in the figure. These 
experiments were carried out and verified in both audible and ultrasonic frequencies 
ranging from 134 Hz to 22,060 Hz. Higher frequencies did not clearly agglomerate beads 
due to poor frequency-response characteristics of the ultrasonic speaker.  
 

 
Figure 11 – Kundt’s Tube Standing Wave Generation at 16,020 Hz 

 
Standing waves were also generated experimentally in free air without the use of 
cylindrical tubes. A typical experimental result showing agglomeration of beads in free 
air over a distance of 12” at 14,840 Hz frequency is shown in Figure 12.   
 

 
Figure 12 – Standing Wave Generation in Free Air at 14,840 Hz 

 
A Kundt’s tube experiment with standing waves was also carried out in an air column 
inside a 12” cylindrical tube filled with water fog generated by an ultrasonic water 
fogger. The standing wave generation was observed and verified at several frequencies. 
Figure 13 shows a standing wave at 4,650 Hz, which is visible through jets of water-fog 
coming out of holes made in the clear cylindrical tube.  
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Figure 13 – Standing Wave Generation with Water Fog in Air Column at 4,650 Hz 

 
Further attempts were made to investigate the feasibility of using ultrasonic standing 
waves for capturing dust particles in free air for dust control applications. The schematic 
of a simple two-dimensional geometry is shown in Figure 14.  
 

 
Figure 14 – Schematic of Two-dimensional Acoustic Standing Wave Set-up 

 
Our experimental set-up consisted of an array of speaker pairs laid out next to each other, 
both with and without dividers, on a horizontally flat surface. Each speaker pair was able 
to generate a one-dimensional acoustic standing wave. Experimental results with this set-
up showed that indeed two-dimensional acoustic standing waves can be generated using 
an array of one-dimensional acoustic standing waves with or without any dividers 
between one-dimensional subsystems.  
 
Figure 15 shows typical experimental results that verify the agglomeration of polystyrene 
beads in two-dimensional standing waves consisting of an array of three identical one-
dimensional standing wave generators of approximately the same frequency. Initially, 
beads were spread uniformly over the surface in front of speaker pairs. At certain 
frequencies, which depend on distance between cores of speaker pairs (~12 in), and the 
speed of sound in the air (344 m/s), standing waves were generated and particles got 
trapped in their acoustic nodes.  
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Figure 15 – Experimental Results for a Two-dimensional Acoustic Standing Wave Using 

an Array of One-dimensional Standing Waves at 11.89KHz 
 
We continued our investigations toward generating three-dimensional ultrasonic standing 
waves for particle levitation and manipulation. An experimental structure was designed 
and built for three-dimensional acoustic standing wave generation. The set-up consisted 
of a cubic structure made of clear Plexiglas sheets. Three compact medium-power 
acoustic tweeters (speakers) were incorporated into this set-up to generate acoustic 
signals with enough power for particle manipulation. Cylindrical PVC wave guides were 
used to provide directional acoustic waves in three orthogonal axes. Signal generators 
with adjustable amplitudes and frequencies were used to generate sinusoidal signals. 
Audio power amplifiers were used to increase signal power before applying it to acoustic 
tweeters for audible signal generation. Tweeters were meant for acoustic signals only in 
the audible range and could not be used for ultrasonic experiments. This experimental 
set-up is shown in Figure 16.  
 

 
Figure 16 – Set-up for Three-dimensional Acoustic Standing Wave Generation 

 
This set-up was used to generate acoustic standing waves in one-, two-, and three-
dimensions. As expected, one- and two-dimensional standing waves on the bottom 
surface of the cube along the x- and y-axes using side tweeters were able to concentrate 
particles in the middle of the plane; however, it was not possible to levitate particles in 
the z-axis. It was observed that when the z-axis tweeter was activated, particles flew 
everywhere in the cube and could not be concentrated in the middle of the cube. This 
verified that the precision of all parameters involved in the experiment is of utmost 
importance and may not be achieved easily by hand-tuning.  
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To verify this conjecture, the apparatus shown in Figure 17 was designed and constructed 
for one-dimensional acoustic standing wave generation and particle levitation in the z-
axis direction.  The set-up consisted of a tweeter (speaker) on top, a concave aluminum 
reflector on bottom, and a clear plastic tube placed between them, all arranged vertically 
along the z-axis. A handful of polystyrene beads were also placed inside the tube between 
the tweeter and the reflector. A sinusoidal signal with appropriate frequency based on the 
distance between the tweeter and the reflector was generated to create a one-dimensional 
acoustic standing wave in the tube along the z-axis. It was observed that beads did 
levitate somewhat, but never concentrated in the middle of the tube between the tweeter 
and the reflector. This observation suggested that perhaps tweeters used in this 
experiment did not have the appropriate power to levitate particles; however, since 
insufficient power may not be the only reason, additional experiments are needed for 
verification.  
 

 
Figure 17 – Set-up for One-dimensional Standing Wave Generation in z-axis Direction 

 
Finally, realizing the level of precision required for producing acoustic standing waves in 
three-dimensional enclosures, the cubic set-up was reconstructed with a much higher 
degree of precision. Test were repeated producing three-dimensional acoustic standing 
waves, which were able to successfully trap and levitate Styrofoam particles within 
acoustic nodes of standing waves inside the enclosure as shown in Figure 18. This was 
accomplished at audio frequencies in the x-, y-, and z-axes of 743.5 Hz, 743 Hz, and 
2536 Hz, respectively. 
 

 
Figure 18 – Particle Levitation Experiment Using Three-dimensional Standing Wave 
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During this testing, we noted that smaller beads were also trapped but did not levitate. It 
was conjectured that the size of smaller beads prevented them from jumping through anti-
nodes of the acoustic standing wave to levitate at acoustic nodes. To verify this, the one-
dimensional apparatus was also reconstructed and tested for particle levitation. It was 
observed that particles could indeed be levitated in one or more of the acoustic nodes of 
the standing wave when the particle is initially there or if it is large enough in diameter to 
cross the immediate acoustic anti-node. This is illustrated in Figures 19 and 20.  
 

 
Figure 19 – Particle Levitation at One Node in One-dimensional Standing Wave 

 

 
Figure 20 – Particle Levitation at Three Nodes in One-dimensional Standing Wave 

 
Task 4 – 
  

Ultrasonic dust coalescence 

Next, effective techniques for promoting the agglomeration of dust particles and their 
coalescence with water droplets using ultrasonic waves were evaluated. Algorithms 
considered feasibility and cost effectiveness for applications in coal mines. The goal was 
to develop and evaluate effective strategies for manipulation of respirable coal dust and 
water droplets to promote the interaction between them.  
 
Toward that end, an analytical investigation of forces applied to particles trapped at 
pressure nodes of acoustic standing waves was carried out. Preliminary analytical studies 
and a survey of results in the literature indicated that particles of comparable size can be 
made to collide and collate using acoustic pressure. In particular, ultrasonic/acoustic 
standing waves can be used to trap and engage dust particles and water droplets for 
coalescence; however, effective coalescence can generally be achieved only under high 
acoustic pressure of over 160 dBA. This requires appropriate high power equipment for 
experimentation. On the other hand, design and implementation of effective real-time 
regulation, consisting of modeling and MIMO control strategies, could be effective in 
promoting the interaction and agglomeration of trapped dust and water particles.   
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Real-time regulation, however, requires fast adjustment of small high-frequency 
variations in the process, which can only be done via a computer controlled feedback 
structure. Hence, to overcome many of the possible imperfections in the experimental set-
up, a new approach was considered using miniature microphones and computer-based 
feedback control for acoustic levitation and agglomeration of dust and water particles. 
Schematics of one- and three-dimensional standing wave generation set-ups for levitation 
of dust and water particles along the z-axis are shown in Figures 21 and 22. The one-
dimensional particle levitation platform for feedback controlled operation is shown in 
Figure 23.  
 

 
Figure 21 – Schematic of One-dimensional Standing Wave Generation Set-up in z-axis 

for Particle Levitation 
 

 
Figure 22 – Schematic of Three-dimensional Standing Wave Generation Set-up  

for Particle Levitation 
 

 
Figure 23 – One-dimensional Standing Wave Generation Experimental Set-up  

with Feedback Mechanism for Particle Levitation 
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The set-up consisted of a structure with a tweeter/speaker on top, a reflector in the 
bottom, and a clear Plexiglas tube vertically placed in between them to enclose the space. 
Three microphones were also placed inside the tube; one in the middle, one at the top, 
and one in the bottom of the tube to measure the acoustic pressure inside the tube for 
feedback control. To proceed with an automatic feedback control design for this set-up, 
approximate transfer functions between the actuator (tweeter) and microphones were 
experimentally derived. Typical transfer functions were of 16th to 18th order and needed 
to be reduced for practical designs. Using balanced model-order reduction, typical 
transfer functions found were of 12th to 15th order.  
 
Unfortunately, the approximate transfer function from the tweeter to the middle 
microphone was found to be both unstable and uncontrollable, for which no stabilizing 
control can be designed. Various other techniques were explored to determine an 
approximate transfer function for the middle microphone that would be controllable or at 
least could be stabilized. For the bottom microphone, however, the transfer function was 
controllable and hence a stabilizing control could be designed. Attempts were made to 
find a robust H∞ optimal control using the bottom microphone in such a way that 
acoustic pressure is simultaneously high at the location of the bottom microphone and 
low at the location of the middle microphone. So far, we have not been successful in 
achieving both constraints, simultaneously; however, it was realized that due to low 
sampling frequency of the data acquisition system, both system modeling and control 
implementation would be inaccurate.  
 
For dust/water coalescence in the above experimental set-ups, appropriate waterproof 
covers must be utilized to protect microphones and speakers against water droplets 
without affecting their acoustic sensitivities. Currently, water-resistant plastic film covers 
are being considered for microphones and speakers. Corresponding experiments have 
only been carried out without water both in one- and three-dimensional test platforms 
with particle levitation capability along the z-axis.  
 
Task 5 – Optimal simplification
 

  

Techniques for implementation of designed strategies were explored with the goal of 
simplifying tested designs for the purpose of easy implementation without sacrificing the 
performance. The minimum number and placement of sensors and actuators for both 
water atomization and standing wave generation to manipulate dust were investigated. 
Convex optimization techniques were considered for reducing the number of sensors and 
actuators and for simplifying the complexity of algorithms while achieving 
approximately the same level of performance in dust reduction as before the 
simplification. Reducing the number of required hardware was considered to be of 
primary importance. Reducing the order and complexity of various modeling and robust 
control algorithms and the corresponding software codes for their real-time 
implementation was of secondary importance.    
 
Various optimization techniques were considered to simplify developed techniques; 
however, none of these methods have yet been implemented and verified. Our primary 
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concern was to ensure that dust agglomeration and dust/water coalescence techniques 
work well and are repeatable. Nevertheless, we believe that both hardware and software 
can be reduced in their complexities and can be made more efficient for implementation. 
Actual hardware and software simplification and optimization will have to be revisited 
when the acoustic levitation technique with high-frequency automatic feedback 
mechanism for ultrasonic particle levitation can be performed consistently and 
effectively.  
 
We also considered integration of acoustic standing wave generation with both dry and 
wet air filtration techniques for dust particle levitation and manipulation. From our 
experimentation results, we believe that acoustic particle manipulation, when done 
properly, could be integrated with other currently available techniques for dust filtration 
and should enhance their efficiencies noticeably.   
 

CONCLUSIONS AND RECOMMENDATIONS 
 
Results of tasks performed in this project revealed that containment and filtration of 
respirable dust is a challenging and expensive process; however, experiments showed that 
production of acoustic standing waves in one-, two-, and three-dimensional enclosures 
are quite possible. Indeed, acoustic standing waves were produced experimentally in test 
platforms and used to trap and suspend particles within invisible nodes inside structures.  
 
In general, particle levitation can be achieved easily if components used in the 
experimental set-up have adequate power and precision with sufficiently good frequency 
response; however, necessary components with adequate power and precision are 
typically expensive for ultrasonic applications. Moreover, for higher-pitch sonic and 
ultrasonic applications, the operating frequency range is high, and for digital 
implementation of acoustic standing waves, the sampling frequency of the data 
acquisition system must be at least ten times faster than that of the acoustic frequency. 
For mid-range frequency audio signals, sampling frequencies of over 100 kHz would be 
required. This was the main problem that was encountered in digital implementation of 
feedback control systems for production of acoustic standing waves; however, 
incorporating adequately fast data acquisition systems should easily solve this problem.  
 
Acquiring sensors and actuators with acceptable performances at affordable prices has 
been rather difficult. Additional sensors and actuators with higher accuracy should be 
acquired and implemented. Also, generating high frequency ultrasonic signals via DSP 
with a low sampling rate requires either a fast data acquisition system or the design and 
construction of an electronic circuit with external control inputs for generation of analog 
signals with adjustable amplitude, frequency, and phase that can be controlled externally 
via a computer. Such a circuit for variable frequency application has been designed and 
constructed for the ADC test platform; however, debugging the constructed circuit has 
been rather difficult and time consuming. An easier approach is to identify and acquire an 
electronic chip with controllable inputs for the generation of continuous analog signals.   
 
Furthermore, generating acoustic three-dimensional standing waves was found to be very 
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sensitive to structural variations. Dynamic modeling of acoustic pressure at specific 
points in an arbitrary enclosure was found to be quite complicated and its approximation 
for automatic control design is not simple. Hence, determining an approximate transfer 
model of the process that is simple and controllable has proven to be quite challenging; 
however, the problem should be solvable because it has already been verified 
experimentally that acoustic standing waves can be successfully generated in one-, two-, 
and three-dimensional enclosures.  
 
Obviously, several challenges remain that must still be addressed for the development of 
an active dust control (ADC) system, using ultrasonic techniques; however, successful 
experimental results of particle suspension and agglomeration in the audible range 
observed in this project confirm that filtration and containment of respirable coal dust 
using ultrasonic waves is indeed possible and could provide solutions for achieving 
MSHA dust exposure standards in Illinois coal mines. Given capabilities of sonic and 
ultrasonic waves for dust containment, future research should investigate the proper 
integration of sonic and ultrasonic strategies with various dust filtration and scrubbing 
techniques to enhance their efficiencies.  
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Coal Institute. Neither Farzad Pourboghrat, Southern Illinois University, nor any of its 
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that the use of any information, apparatus, method, or process disclosed in this 
report may not infringe privately-owned rights; or 
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