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ABSTRACT

Respirable coal mine dust (RCMD) is one of the biggest occupational health hBzestys
mining environments can cause {ifereatening respiratory health problems for coal miners
known as black lung. Over the last 20 years, the flooded bed dust scrubber (FBS) has been
employed as an integral component of dust control strategiesderground continuous
mining operations. These units have been shown to be effective and robust in mining
environments; however, several technical challenges and knowledge gaps limit their
performance and efficiency. Despite the capability of the FBS, tasrenumerous
technical challenges that limit its performance and efficiency. In particular, the static panel
filter, instrumental in most scrubber designs, is fundamentally limited in collection
efficiency and causes numerous operational challenges inglugpid clogging.
Furthermore, the current design of the filter panel is not capable of evenly wetting the entire
surface area. This allows dtlatlen air to pass through the filter media and decreases the
cleaning capability of the FBS. In this reseatobth a labkscale and a fulscale vibration
enhanced FBS with a liquicbated filter panel were designed, manufactured, and tested.
The results confirmed that a vibratiorduced filter panel enhances dust collection
performance and reduces mesh cloggingddition, laboratorgcale mesh clogging tests
showed that a hydrophilic mesh provided superior clogging mitigation and better
performance. Typical results from berstale tests showed notable improvements in dust
collection efficiencies by over 6% iwet condition and over 7% in dry condition while
reducing mass accumulation in the filter by almost 10% in wet condition and over 40% in

dry condition. The prototype testing was less conclusive, with deviations between the static



mesh and vibrating mestiepending on the mesh density and operating conditions.
Nevertheless, with the highest mesh density testeda(@d), the vibrating mesh notably
outperformed the static mesh with superior collection efficiency and reduced airflow loss.
The system was furer analyzed to investigate the skaesize recovery of dust particles

to various endpoints in the scrubber, under both vibrating and static conditions. Results
show that while a majority of the particles are recovered into the demister sump, nearly a
quater of the dust mass is recovered upstream of the screen. In addition, the data confirm
that vibration prompts notable improvements to collection efficiency, particularly in the

finest size class @.5 micron).
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GENERAL AUDIENCE ABSTRACT

Coal mine dust is an unintended and unavoidable consequence of coal extraction operations
that poses significant health and safety risks. The inhalation of small, resputetle
particles can cause i ncurabl e l ung di sease
pneumoconiosis known as black lung. To minimize occupational hazards of underground
coal mine dust, the Mine Safety and Health Administration (MSHA) periodically $ring
legislation to the industry. The recent respirable dust rule mandates reducing the maximum
allowable respirable dust concentrations in the mine environment to below 1.5 mg/m3 at
the working face and below 0.5 mg/m3 at intake entries. In order to coniplyhgse
regulations, modern mining techniques utilize several dust mitigation strategies, and the
floodedbed dust scrubber (FBS) is one such technology used extensively on continuous
miners. The conventional static panel filter, instrumental in mostbber designs,
however, is fundamentally limited in collection efficiencies due to a high clogging rate and

a tradeoff between mesh density and airflow rate. Moreover, poorly wetted areas allow
dustladen air to pass through the filter media. To overcdmee deficiencies, a novel
liquid-coated vibrating mesh panel is introduced in this research. A labosataley dust
scrubber unit and a fuicale unit with a vibratioccenhanced mesh screen panel were
manufactured and employed to investigate the effichtlge concept as compared to that

of a static mesh. A series of experinardesignstudies were employed to determine the
effective vibrational parameters, scrubber operational parameters, and the impact of mesh
variations on dust collection and cloggimitigation. Optimized results from this research
were also evaluated against those of a static mesh to determine performance improvement

while investigating the mechanisms controlling dust collection and particle department



through the scrubber systemegrilts from the laboratory study show that vibrating mesh
conditions, higher water flow rates, and a hydrophilic mesh screen panel led to an
improvement in the cleaning efficiency of the scrubber system. Cothjmeasstatiemesh

to FBS, the vibratingneshFBS showed a significant reduction in pressure drop across the
mesh screen indicating lower air loss through the test duration. Overall, the findings
confirm that vibrating mesh conditions have the ability to improve filter clogging issues
while maintainng high collection efficiencies which can lead to better and healthier
working conditions and prolonged operational time with less frequent maintenance. This

research supports further technological advancement in mine dust mitigation technologies.
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Chapter 1

1. Introduction

1.1. Overview

Mining activities are highly mechanized and require continuous operdthis presents a number

of challenges, including dustlated issues. As a result of coal extraction and transportation
operations, dust production is an unavoidable consequence of the operation. If there are no efficient
dust control systems in plaadyst blends easily into the air ventilating the mine. There has been
considerable research showing that inhaling ultrafine coal mine particles which remain in the lungs
for years after exposure causes permanent disability and fatalities in coal minsesillfibeses

include pneumoconiosis, silicosis, emphysema, and chronic bronchitis, collectively referred to as
black lung or coal workers' pneumoconiosis (CWP) [1,2]. The extraction of rock within or adjacent
to the coal seam can also release respirdita §fjjuartz) dust into the ventilation system, causing
silicosis if excessive amounts are inhaled. As disabling and potentially fatal lung diseases, coal
wor kersdé pneumoconiosis (CWP) and silicosis
workers @ not work under dusty conditions.

Between 19982004, the National Institute for Occupational Safety and Health (NIOSH) reported
that CWP caused more than 10,000 miners' deaths [4]. In addition to the health problems,
generated coal dust, if allowed to ueh freely through the mining environment, triggers a
devastating secondary explosion when a methane explosion occurs [5]. This causes a significant
amount of damage to both life and property in the mining environment. As such, it is also a safety
issue fo coal mines. Regulatory bodies regularly introduce legislation to the industry to minimize

the possibility of hazardous results.



1.2. Motivation

In underground coal mines, operators employ preventative partitéeting equipment and dust
control technique® reduce airborne dust and comply with regulations to minimize airborne dust
emissions. Onboard dust scrubber units are usually equipped with continuous mining machines.
These machines are most commonly used in room and pillar mining operations wath blin
headings. These units help eliminate coal dust close to the face before it pollutes the air in other
sections. In addition to coal dust, these mining machines also produce aerosols and other gases.
Dust scrubbers are installed on continuous miners tin@pnd minimize particulates generated

from cutting. This is to eliminate duktden air close to the mining face. As a preventative dust
removal system, flood bed dust scrubbers have been widely used in continuous mining operations
for several decade§-B]. It is imperative to note that flooddxkd scrubber units (FBS) are capable

of many types of dust removal tasks, but they face a variety of technical challenges that limit their
performance and efficiency. The static panel filter, which is an intggualof most scrubber
designs, is fundamentally limited in its collection efficiency. Over a period of operation, some coal
particles lodge in the filter panel. Airflow loss through the scrubber is most commonly caused by
clogged filter panels. A FBS cdose up to a third of their airflow in just one cut. Particles will

also build up on the screen when the spray does not completely wet the filter panel. It will also
cause poor liquigarticle agglomeration. These technical challenges affect continuows min
operational capacity and require frequent maintenance to be performed. As a means of maintaining
and improving mining operations efficiency, it is necessary to minimize operational challenges
associated with FBS by improving their cleaning efficienchisTstudy is directed toward

achieving this goal.

1.3. Research Objectives

This research aims to introduce an improved FBS that eliminates existing operational challenges,
thus reducing dust concentrations in underground coal mines. As a result of theonalbrati

component embedded in the investigated design, it will enhance dust collection efficiency while



minimizing filter panel clogging and other operational issues associated with dust collection. The
key element of the novel design is a vibrating meshlp@hes is mainly intended to improve dust
collection system efficiency. As well as providing stable performance for a prolonged period of
time without frequent maintenance, it can also assist in improving health, safety, and productivity
outcomes througincreased dust capture and reduced mesh clogging, as compared to traditional
FBS with static mesh filters. To evaluate the FBS unit's performance under a number of operational
parameters, including the vibrational frequency and amplitude of the filtel padehe water

spray system, benedtale, and fulkcale FBSs have been designed and manufactured. In order to
optimize the design and use of FBS in real applications, this study identifies and evaluates test
parameters, filter panel design, and surfameations. These parameters have a major influence

on system efficiency. Following the kszale study, a detailed technical design for a mioghy

unit was developed and tested. Testing thedtdlle prototype will provide evidence of how the

investigaed method improves dust collection efficiency in a Hidklity environment.

1.4. Organization of Tasks

ACol |l ecting Mine DuGotatRar tMicblreast i wigt hMelsihgewsiod p
Alpha Foundation, and the project team contributed greatlyetdormation and developmeuit
the theoretical approach of the novel design proposed in this dissertation. The multidisciplinary

project has multiple principal investigators from various disciplines.

- Dr. Lei Pan and his group (Michigan Technologicalivérsity, Chemical Engineering)
investigated macroscopic and microscopic collisioetween particles and a vibrating mesh and

developed a model for explaining filter clogging.

- Dr. Sunghwan Jung and his group (Cornell University, Department of Bialogitd
Environmental Engineering) studied microscopic adhesion between particles and aitiquid
interface using higispeed video recording.



- Dr. Shima Shahab and her group (Virginia Tech, Mechanical Engineering) mainly studied
multiphase flow simulatios and revealed an energy harvesting approach toiage proposed
technique in underground coal mines. Her group investigated translating the vibration into the

mesh screen optimally in their simulations.

- Dr. Hassan Amini and his group (West Virgituniversity, Mining Engineering) measured
and analyzed imine vibratiorsand posfprocessed them to effectively harvest macigarerated
vibrational energy. Dr. Amini also did the initial preof-concept scrubber unit when he wedk
with Dr. Nobleat Virginia Tech, Mining Engineering between 204:8d2019.

- Dr. Aaron Noble and his group (Virginia Tech, Mining Engineering) designed and
fabricated thébenchscale and fulkcale prototypes, studied the proposed design experimentally

using these prototygeand analyzed/discussed the study results.

The author of this dissertatiomas workedwi t h  Dr . Aar oBinceo2b.His 0 s gr ¢
contribution to the project since then has been designing and producing small eswhléull
prototypes with the help of Mt Shigo in accordance with operational paramekéegperformed

validation tests on the models, obtained experimental results, and analyzed/transformed them into
statistically meaningful outcomds. this dissertation, the author has also establishe@lineance

of his research and the work of other members of the project team.

1.5. Organization

This study aims to demonstrate the enhancement of utilizing vibration to improve the capture
efficiency of an FBS. A novel dusipturing technige, design parameters, and their individual

and combined impacts on the system, particle department through the system, the impact of various
mesh screen designs and surface modifications, andctil prototype construction and testing
efforts will be ircluded in the dissertation. This dissertation has seven chapters. Each chapter of

the dissertation discusses the following objectives:



- Chapter 2 contains an extensive literature review on coal dust in underground coal mines, as well
as dust control teclgues for suppressing coal dust. The chapter also reviews the mesh screen

clogging issue with alternative suggestions to combat the operational deficiencies of the traditional

FBS design. Furthermore, vibrations on the continuous miner are discussedighathg energy

harvesting approach.
- Chapter 3 introduces a bensbale scrubber system tested and validated in the laboratory.

- Chapters 4 and 5 characterize the parameters that influence system efficiency and evaluate the
impact of vibration, mesh digms, and filter panel surface modifications. The proposed design is
validated experimentally, and experimental results are presented.

- Chapter 6 describes the design and manufacture of-achllt prototype. This chapter also
discusses the results of series of tests with the fuedicale prototype in a simulated mine

environment.

- Chapter 7 summarizes the results of this novel method and contains the author's

recommendations.
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Chapter 2

2. Literature Review

2.1. Preface

The coal industry will continue to play a significant role as an energy source for the foreseeable
future despite recent declines in the number of activé ma@es and the number of miners
employed by them. Through 2050, coal is estimated to produce 29 percent of all electricity

worldwide [1]. In addition, metallurgical coal continues to be a significant commodity.

On a global scale, coal still has a prominplace in the energy portfolio. However, coal dust,
which is inevitably generated during coal production, has very serious consequences that may
threaten employee health and mine field safety. In order to minimize these hazards, the coal
industry and redatory bodies must work in harmony. Recently, studies ongoing for decades have

gained traction for this purpose.

Underground coal mine ventilation projects are continuously monitored and improved as
necessary. Moreover, the prevention of coal dust sprgadithe mine and the minimization of

coal dust, while it is still at its source, are of critical importance. For this reason, it is necessary to
make significant improvements to the equipment used to minimize dust released during coal

production.

In thisresearch, the characteristics of coal dust, its adverse effects on people and the environment,
its removal methods, and the development of these techniques are discussed. The critical
components of the FBS system's vibraterhanced and modified filter pal surface are

introduced in this dissertation.



2.2. Dust Hazards in Underground Coal Mining

2.2.1.0verview

Underground mining is a form of coal extraction that involves removing rock and soil from a coal
seam. Underground mines are accessed through shafiss,stopdrifts, which are opened from

the surface. Portals (entrances and exits to the mine), mains, submains, panels, and working faces
are the elements of the underground mine. Panels are the working sections of the production
operation. A roomandupillar method and a longwall method are the two major methods used in
underground coal mines. Both methods involve driving entries into the seams of coalaRbom

pillar mining employs a continuous miner who mechanically cuts and loads coal onto a shuttle car,

which is typically a face transport vehicle [2].

Roomandpillar mining can be done in several ways. Reamdpillar continuous mining has
gained traction over conventional roandpillar mining methods since continuous miners were
introduced in the lat&940s. Over 38 percent of underground coal production has been carried out

by roomandpillar continuous mining in recent years [3].

2.2.2.Continuous Mining

Underground mining is divided into two main methods: remmdpillar mining and longwall
mining. Roomand-pillar mining uses pillars of coal to support the roof strata and roof bolts to
prevent rock from falling from the strata. Continuous miners (a machine with rotating cutters on
booms) cut coal [2]. The operator chooses this method for its high pratu@si 70% extraction

[4]), its high safety, the elimination of noxious gases generated after blasting, and the restriction

of workers working directly under the exposed roof.

With the introduction of continuous miners in late 1940, coal extraction haés anquantum leap
forward. Continuous minerd=igure 2.1) use tungsten carbide steel

seams or cut coal in situ with a large rotating steel drum. A conveyor transports the coal to the



shutle car after collecting the coal with two gathering arms. Next, the coal is transported to the
shuttle car with the help of the conveyor. In addition to the scrubbing unit, the methane sensor,
and the water spray arrangement, the continuous miner lhasleenof other features that are very

useful in regard to health and safety.

Figure2.1: Continuous miner Joy 12CN27 (Source: Joy Global).

In general, continuous miners are combined with shuttle cararisport coal from the face to

feeder breakers. In the underground conveyor system, coal is transported to the surface and taken
to the surface by the underground conveyor system. A quad bolter can be used to bolt vertically
and sideways in a sidewall toha&ight of 90 degrees. As soon as the coal is received from the
shuttle car, a feeder breaker crushes it to the desired size and sends it to the central belt. There is a

belt conveyor in the middle of this crawderounted machine [5].

2.2.3.Respirable Coal MineDust (RCMD)

Coal production creates dust in the face, as do all conventional mining activities. Airborne particles
in underground mines that can be inhaled by miners and deposited in the gas exchange region of

the lungs are known as respirable coal ntinst (RCMD) [6].



There are many sources of RCMD, including coal extraction (coal and minerals associated with
the coal being mined), rock adjacent to the coal seam being mined, rock dust products used in
mines to control explosions, and other mining atési(for example, diesel fuel burning and belt
abrasion). In addition to coal particles, RCMD contains crystalline silica, silicate minerals,

carbonates (mostly from rock dusting), and particulates from diesel engines [7].

Respiratory dust, defihredasmis 10 mi cr ometers of size [8], ¢
exchange region and is known to pose a seriou
pneumoconiosis (CWP), or black lung, is caused by overexposure to respirable coal mine dust in
coal mining. Progressive Massive Fibrosis (PMF), a severe form of CWP, can be fatal and
disabling. CWP and silicosis are both disabling and/or fatal lung diseases caused by high exposure

to respirable silica dust. Once contracted, CWP or silicosis cannairbd. To prevent these

diseases from developing, it is important to limit worker exposure to respirable dust.

Furthermore, float dust generation generated during coal mining can also pose a safety hazard. As
coal dust settles from ventilated air onto enentrance floors, roofs, and ribs, it is known as float

coal dust [9]. In many mines, coal dust explosions are triggered by methane gas explosions that
lift the dust back into the air. According to MSHA regulations, rock dust is required to inert coal
dug that has been deposited.

2.2.4.Dust Standard in the US

Before the Federal Coal Mine Health and Safety Act of 1969 (Public Lalw 8}, no respirable

dust exposure limits were imposed in the U.S. coal mining industry. Mine workers' dust exposure
was not monitred by personal dust sampling either. The U.S. Bureau of Mines (USBM) conducted
personal dust sampling at a few mines in 1968 to assess worker exposure. Two of the sampled
occupations had maximum exposure levels approaching 40 milligrams per cubic fnater o

(mg/m3) due to high respirable dust concentrations at these mines.

As a result of the 1969 Act, the National Institute of Occupational Safety and Health (NIOSH)
[ 10] established the Coal Wor kersé Health Sur
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indicated that one in three miners with 25 or more years of experience had CWP [11]. Over the
next 30 years, the prevalence of lung diseases decreased substantially. There has been an increase
in the prevalence of CWP since 2000, particularly among lottgested mine workers. CWP

cases have also rapidly developed in recent years [12, 13], and PMF cases have increased
significantly. In order to reduce coal mine worker exposure to respirable dust, MSHA promulgated

a revised dust regulation in 2014 [14]. Ndust standards for respirable coal mine dust were set

at 1.5 mg/m3 silica limits were set at 100 g/m3, mine operators were required to use new dust
sampling instruments with reime feedback, mine operators had to collect more compliance
samples, the CW8urveillance program included spirometry testing, and additional dust sampling

requirements were changed.

2.2.5.RCMD in Room and Pillar Mining

Coal mining processes and mine locations affect RCMD composition and concentration. Mining
companies need a largeat@eam to operate the mine economically. Compared to surface mining,
underground coal mining generally has higher dust concentrations. To extract coal from
underground mines, cutting through rock might be necessary because of geological features such

as fults and seam splits.

In addition to mining methods, job titles and duties are associated with different RCMD exposures.
The highest exposure rates are for miners working near the coal face, where continuous miners or
longwall machines liberate coal fromck [15]. Operators of continuous miners, roof bolters,
headgate and tailgate shearers, and jack setters (shield operators) are among theran& room
pillar mine Figure2.2) has parallel entries driven to a peéefrmined boundary. To transport coal

from the miner to intermediate haulage, a continuous miner cuts and loads coal. Shuttle cars
transport coal. Using crossits, entries are connected, creating pillars. As showigure2.2, a
roomandpillar continuous miner section is a typical fieatry development in which the
continuous miner cuts and loads a shuttle car from entry 2 to entry 5splil@lentilation systems
provide intake air through entries two andrf@nd return it through entries one and five [16].

Continuous miners advance the entry by 18 feet or more with every cut.
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The continuous miner, which generates dust during cutting and loading processes, is the primary
source of respirable coal mine dusti continuousnining section. This dust can become airborne

and can be harmful to human health. Airborne RCMD can affect both operators and those working
downwind of them. A variety of other sources of RCMD can be found, including dust from
conveyors, dusrom intake airways (due to+entrainment of settled dust from floors and sides),

and dust from rock dusting [2]. An operator in a continumirser section is the designated
occupation, the occupation with the highest level of exposure to RCMD. A safvdpHA

(RCMD sample data from 2001 to 200417,000 samples) indicated that around 11 percent of
continuous miners and roof bolters exceeded the 2 mg/m3 standard, and about 20 percent exceeded
100 mg/ma3 for silica [17].

Roof Bolter

Coal Pillar

Central Belt

Figure2.2: An illustration of a roorandupillar coal mining method.

2.3. Underground Continuous Mining Dust Mitigation

Technologies
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To control dust generation and worker exposure, the first step should be to minimize respirable
dust generad by efficient cutting. Dust does not have to be controlled if it is not generated. To
prevent respirable dust from becoming airborne, to prevent any remaining airborne respirable dust
from reaching workerso6 br eat hdintgverttilatedais, dusta n d
collectors and various ventilation methods are employed. As long as dust is not inhaled by workers,
it cannot cause lung diseases. The final step is to maintain the controls implemented so that they
remain effective [18]. The nsb effective dust control measures are those applied close to dust
sources and maintained regularly. There is an emphasis on worker education and training as

important components of these measures as well [19].

Continuous mining machines are the largesire® of respirable dust in continuous mining
operations. Continuous mining operations can expose the miner operator and anyone downwind
to dust generated by continuous miners. Dust is diluted, suppressed, directed, or captured with air
and water, as is thease with dust sources in general. The primary method of protecting workers
against overexposure to respirable dust is to ventilate a continuous mining section, whether by
blowing air or exhausting it. In order to control respirable dust efficiently,rvepi@y systems,
ventilation, and mechanical equipment (scrubbers) need to be correctly applied [15]. Any effective
dust control strategy begins with routine maintenance of scrubbers, water sprays, and bits. Dust
suppression is the most effective dust oanhethod. Once dust becomes airborne, other control
methods must be applied to dilute it, direct it away from workers, or remove it from the work
environment. The dudaden air is directed away from the operator by water sprays that move it
into the retirn entry or behind the return curtain, which redirects dust. The dust can be captured
by water sprays or mechanical means (e.g-pfamered dust collectors) that interact with the dust

in the air. Respirable dust concentrations can also be adverseigdffy bit type and bit wear.
Regular inspection and replacement of dull, broken, or missing bits can increase cutting efficiency
and reduce dust production. [20]. A continuous mining section uses either blowing or exhausting
ventilation to dilute and dact dust away from workers. Each method has advantages and

disadvantages.

2.3.1.Face Ventilation
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In order to control respirable dust exposure, coal mine operators need to be able to control the
velocity and quantity of ventilated air. MSHA requires activeefaentilation at 3,000 cfm [21].

However, when using scrubbers, MSHA generally recommends that the face airflow be at or
slightly above the scrubberds airflow capaci
imperative to have sufficient mean entryatocity to confine dust near the face. In addition, it

is also critical to direct it toward return entry in sufficient quantities to dilute the respirable dust
generated. Underground coal mining uses blowing and exhausting ventilation systems. Both

systens have advantages and disadvantages regarding worker dust exposure [15].

By blowing air behind a line brattice or tubing, this type of ventilation delivers intake air to the
working entry. This system allows the continuous miner operator to be positiongdan
discharge air at the end of the blowing curtain or tubing while theladest air is swept toward

the return entryway. As clean air blows toward the face;lddsin air sweeps toward the return
entryway. In addition to effectively sweeping dastd methane from the face, the method also
places mobile equipment operators (e.g., shuttle car operators) and roof bolter operators in return

air so they can work downwind [15].

A working entry is supplied with intake air for exhaust ventilation. Thencéasweeps the face,

and the dusladen air is then drawn behind the return curtain or through the exhaust tubing to the
return entries behind the return curtain or exhaust tubing. In addition to providing fresh air to
mobile equipment, this system allswontinuous miners more freedom of movement than blowing
ventilation systems [15]. Also, exhausting ventilation allows shuttle car operators to easily
determine where continuous miner operators are located when entering the face area since it
provides suerior visibility around the loading area. Miners will be exposed to-lddistn return

air at the end of the line curtain when using this method [22].

2.3.2.Water Spray Systems

In order to control dust on continuous miners, a variety of sprays are availagpeayAsystem
must take into account a number of factors, such as the type of spray nozzle, location, pattern,

flow, and pressure. Each spray is designed according to its intended application. While higher

14



water pressure improves water spray effectivenesalso entrains large quantities of air and dust,

resulting in dust rollback [15].

Water sprays were first used to lubricate bits, cool bits, and control dust on continuous miner
machines. Despite restricting respirable dust exposure to a limited éxésetsprays cause large

amounts of dust rollback and turbulence. During continuous miner operation, dust rollback invades
the operatordés position, resulting in dust ov
and atop the cutting drum to comitdust rollback. Miner operator dust exposures are reduced by

40% when using these boom sprays compared with a facstatled spray system [23].

2.3.3.Flooded Bed Dust Scrubber (FBS)

Most continuous mining machines in underground coal mines today usewkB®, are fan
powered dust collectors [24]. Scrubber inlets located near the cutter head move air toward the face
and capture dust. As shownhkigure2.3, dustladen air is captured from the cutting face by FBS,
which carries it through ductwork on the miner and then passes this air through a water spray
sprayed filter panel. In the process of impacting and traveling through the filter panel, dust particles
mix with water droplets. These droplets are then removenh fthe airstream by the mist

eliminator. Lastly, the fan discharges the cleaned air back into the mine [25].

FBS can remove over 90% of respirable dust pulled into the unit. Although MSHA does not
consider the scrubber a ventilation device, it can hekctventilated air to the face [26]. It is
critical t hat the brattice curtain mouth 1is
scrubber exhaust into the return airway to optimize scrubber performance in mines using
exhausting face ventilatiom o achieve this, the curtain would have to be approximately 40 feet

away from the face [27].
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Figure2.3: a) Continuous miner top view b) Flooded bed scrubber side view

In FBS, dust reduction is detemeid by two factors: capture efficiency and collection efficiency.
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air supplied to the face, the capture efficiency is determined. It is ideal for the scrubdeture

almost 94% of the ventilating air if it has a capacity of 7,500 cfm and is supplied with 8,000 cfm

of air. This means that increasing FBS airflow capacity can be beneficial. Maximum scrubber

airflow capacity has been increased to 20,000 cfm [28].

ii. As a measure of collection efficiency, the scrubber removes a percentage of respirable dust that

enters it before it is discharged back into the mine atmosphere. Air entering a scrubber with a dust

concentration of 10 mg/m3 and air discharged by tmebber with a dust concentration of 1

mg/m3 would result in a collection efficiency of 90% [28].

In continuous mining, scrubber performance is determined by capture and collection efficiency.

According to previous research, when face air flow and scrubb#8ow were equal, the lowest

dust levels were observed [29]. It is assumed that all air supplied to the face will be drawn into the

nt

scrubber and cleaned before being discharged at a 1:1 ratio. When the face ventilation air is greater

than the scrubbea, portion of the air can bypass the scrubber and expose the mine workers to dust

clouds in full concentrations. A portion of the face air will be recirculated if the face ventilation
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air falls below scrubber capacity, which releases methane. It is treenelfperative to ensure that

the scrubber captures 100% of the daden ventilating air at the face, as well as removing more
than 90% of the dust from the captured airstream if optimum scrubber performance is achieved
[28].

A scr ubber 6 seffidansytand aimoving capgacity are affected by the density and
type of media used in the filter panel. It is safe to say that optimal performance is achieved if FBS
are capable of drawing ddisiden air from the cutting face and removing a high peagenof
respirable dust (>90%) [30].

It has been evaluated whether FBS can collect respirable dust efficiently when supplemental
controls are implemented within the scrubber, whether different filter media are used, and whether
different filter densities & used [28, 31]. Additional dust collection controls (surfactant or olil
emulsion added to scrubber spray water or atomizing or fogging sprays added upwind of the
normal sprays) had minimal effect. The use of different filter materials (bottle brush dmeltisyn

materials) could benefit dust collection [32].

A scrubberdés relative overall performance was
moving capacity. Increasing the filter density improved dust collection, but decreased airflow
throughthe scrubber. Based on these findings, NIOSH recommends dust collection improvement
with 30-layer stainless steel wire mesh or synthetic filter panels in FBS. As a result of higher air
velocity in the scrubber, collection efficiency also increased [38hrddess of the filter panel

tested.

Another recent study examined the mass accumulation of clogged dust particles within the FBS
filter using experimental and theoretical methods in a laboratory test setup [34]. According to the
research, the pressure gneas higher when dust accumulated in the filter. Pressure drops through
porous materials are directly related to airflow rates. Despite improving collection activity, densely
packed filter mesh reduces the airflow rate. It is critical to use fine fikkeliarto maintain high
airflow rates. Conversely, fine filter media cannot effectively trap dust particles, allowing dusty
air to travel back into the mine. NIOSH found thatl2@er and 1@ayer stainlessteel wire mesh

filters are less effective at cotetng RCMD particles than denser stainlegsel wire mesh in a
traditional FBS [28].
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As water is sprayed on a screen, daden air is forced through droplets. The FBS works by
spraying water on a screen. With increasing water influx onto the screanesuibrous filters

perform better with increased water inflow, improving particle cleaning [35].

To investigate the impact of airflow and water rates on cleaning performance, Gupta et al. altered
the airflow and water rate systematically [36]. Accordiaghe researchers, higher water flow

results in more pronounced flooding of the filter surface and alleviates clogging.

Coal dust often floats on top of puddled water in underground mines due to its hydrophobic nature.
Adding a wetting agent to spray wate i ncr eases the coal 6s wettin
airborne dust by the reduced surface tension of the water. Coal mining has been subjected to
multiple wetting agent tests over the years with mixed results. Some studies have shown negligible
improvanents in dust control [37,38], others show a 25% improvement in dust capture [39], and
others show a 40% improvement at one mine but inconclusive results at a second mine [40].
Wetting agent concentration was found to enhance wetting in all of thesessindiethers [41].
Additionally, prior to the use of chemical additives, it is worthwhile to consider how these

additives might impact miners' health.

As part of this study, the surface of the vibrating filter media is modified, instead of adding
additiond substances to the spray water to increase filtering efficiency. In addition to improving
adhesion between mine dust particles and liquid interfaces, the surface modifications increase the
uniform wetting of the mesh screen surface with liquid. When #&hrhas a hydrophilic surface,

water droplets will stay on the mesh for a longer period of time. This allows more dust particles to
be captured. Surfaces with hydrophobic properties will, however, allow droplets to drain more
rapidly, enabling them to canue to the mist eliminator. To examine the combined effect of mesh
design and surface modification on dust collection, vibragioimanced and surfaoeodified

stainlesssteel mesh panels of varying thicknesses were used in this study.

For several decade§BSs have been widely used to remove dust from continuous mining
operations [424]. There are numerous operational challenges associated with the static panel
filter, which forms the basis of most scrubber designs. It is fundamentally limited in aollecti
efficiency and prone to rapid clogging. Consequently, continuous miner operation capacity is

affected and frequent maintenance becomes necessary.
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The mesh screen of the scrubber is periodically removed from the scrubber by a miner and
thoroughly washedWhile previously recommended cleaning the filter after every 40 feet of
advance [45], a recent study found that €& advance could reduce scrubber airflow by up to
35%. Therefore, NIOSH recommends cleaning the filter after every 20 feet of advahcEmeen
detailed cleaning process causes operation downtime that slows production. There is also a
problem with insufficient wetted area on the screen throughout the process. Adhesion between
water and dust particles is one of the main mechanisms of diettiom on the mesh screen.
Dusty air can easily pass through a mesh screen with insufficient wetted areas. As a result, dust

laden air enters the mine's atmosphere and lowers air quality.

To improve mining operations efficiency, it is necessary to erh&BS cleaning efficiency and
minimize these operational challenges. In order to achieve this, several research projects are
currently underway. Researchers generally test different filter types and use different water and
airflow rates. The vortecone #t, first developed by Salazar et al. [46], is widely used in the
automobile industry as an oversprayed paint particle collector. That design was used to replace the
mesh filter in a recent study. The FBS was found to improve cleaning efficiency whdasmy
pressure drop, resulting in undesirable results. Significant modifications were also required to the
scrubber main structure [44R)].

Another study investigated the use of a tkskeimpingementype filter mounted on three
metallic surfaces to prent interruptions during continuous mining operations. The first and third
screens are identical, whereas the slits in the second screen are displaced laterally by 6.0 mm to
allow dust to hit metallic surfaces and be captured [50]. Additionally, thd Bujpermeable

surface of the filter ensures water spreads more evenly across the surface. As the filter surface is
responsible for dust capturing and water is responsible for surface cleaning, the system requires
minimal water inflow to keep the surfacetwim contrast, clogging of the impingement filter may

cause pressure drops to reach undesirable values rapidly.

Using a vibrating mesh screen instead of a static mesh screen as an alternative to the static mesh
screen used in conventional FBS, Lu et ad danjua et al. conducted computational fluid
dynamics (CFD) simulations to determine how vibration conditions affect dust pantsle
interaction and mesh wetting. The simulations included airflow, coal particulates, and water spray.

Furthermore, theasearchers examined the effect of mesh screen aperture, dust concentration, and
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water spray flow rate on filter efficiency. Based on CFD simulations, dynamic mesh screens are
significantly better at capturing dust particles on their surfaces. In additeynincrease the mesh

panel wetted area, thereby improving screening efficiency. Researchers found that vibrating
meshes achieve an equivalent level of interaction with static meshes with a larger aperture, with

low maintenance [51, 52].

2.4. Vibration on Continuous Miner

Researchers conducted a series of experimental and numerical studies and shared results proving
large vibrations occur and persist throughout the operation, forming immediately after the machine

is operated not even necessarily after thechine comes into contact with the coal face§6B

The main reasons for vibration include the motor gearbox, the dust collection unit exhaust fan, the
conveyor system motion, the cutter head/ cutt:]i

dynamt forces during cutting cycles [530].

A technical report provided by Fuchs (1969) provides detailed raw vibrational characteristics data
of different underground mining machines, including four types of continuous miners, despite very
few studies includig the vibrational energy of continuous miners in the literature [53]. Raw data
was digitized and assessed to develop a demonstrable figure that illustrates average acceleration
levels within the range of frequencies up to 5 kHz at the closest locatitmes fiier. As shown

in Figure2.4, the average acceleration at different positions for the four continuous miners under
all functional modes and all operating conditions is shown at various positions, base desuilis

of the Fuchs report. Based on the graph, peak acceleration levels can be observed around 100 Hz.
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environments

Using vibration levels and surface areas, the most significant-ramsging surfaces on the
continuous miner tail section were also determined using their sound power levels. Approximately
80% of the sound energy emitted by the conveyor system locatlee center of the continuous
miner is at frequencies between 500 and 2500 Hz [51, 53, 54, 61].

In separate studies, vibration characteristics and dynamic loads of continuous miner cutting arms
were evaluated. Compared to other locations on the cuttimg the vibration amplitude was
greater at the engine location. Results indicate that higher vibration amplitudes are usually
observed between 1 and 100 Hz [56, 58].

2.5. Vibrating Filter Elements

Coal dust buildup on filters can cause frequent producti@mruytions and poor air quality. A
shaking mechanism helps the filters shed coal dust periodically. It has been used for a long time
in industrial applications such as size classification, filtering, dust removal, and dust collection to

vibrate the filtermedia and screen to achieve more sustainable particle filterin§4J6By
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inducing vibration directly to the fibrous
efficiency can be enhanced [66]. Moreover, it has been shown that once vibrats applied to

the membrane filter's surface area clogging can be reducet8[67

As demonstrated by the aforementioned studies, vibrating the filter enhances particle shedding,
reduces clogging, and enhances the chance of dust partitde droplet nteraction by
intensifying surface wetness. Due to the advantages described above, vibrating filters do not
require frequent maintenance. Using computational fluid dynamics (CFD), Lu et al. conducted
simulations to examine how vibrations affect dust plarticesh interactions and mesh wetting
conditions [51]. It has been shown that capturing dust particles on the mesh screen surface can be
significantly improved with a dynamic mesh screen. In addition, it increases the wetted surface of

the screen, increas) the screening efficiency.

A vibrating object moves a certain distance from its stationary position. The amplitude measures
the distance between a stationary point and the extreme position on either side of it, which
describes vibration intensity. Atelhmaximum acceleration level, the mesh filter can produce the
maximum oscillation amplitude. An experimental study was conducted to determine the peak
acceleration of the mesh filter [74Figure 2.5 shows how themesh screen responds to a
predetermined frequency range. As shown in figure, peak acceleration levels are recorded between
10 and 200 Hz.
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2.6. Vibrational Energy Transmission

Research into energy harvesting (EH) has been a significant aspect of research in the past few
years. EH converts the energy present on Earth into electrical energy to operate autonomous
electronic devices [75, 76]. Energygrtbe harnessed from solar power, thermal energy, and kinetic
energy, particularly from vibrational motion [77]. Devices like sensors and wireless electronics
can be powered by EH using vibrations. Its mechanism depends on electromagnetic, piezoelectric,
and hybrid electromagnetic sources {g8].

The vibrationbased energy harvester is typically made up of a spnisgsdamper system, which
generates maximum power when its resonant frequency matches that of the vibrations in the
environment [82]. Using sténing springs in vibration energy harvesters may have advantages
over linear springs and hardening springs, according to the researchers. Calculations showed that

stiffness nonlinearities can improve energy harvester performance. A softening springgields
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power than a linear or a hardening spring. The bandwidth and harvested power will also increase

as the stiffness decreases.

By using the energy harvesting approach, the natural vibration generated throughout the
continuous miner operation can be sfated into frequencies and amplitudes most suitable for
dust particle capture and minimum particle clogging. In this way, the output vibration will be able

to pass through the mesh screen.

2.7. Summary

2.7.1.Literature Highlights

Background research and develans in dusscrubbing technologies relevant to mining
operations are summarized in this chapter. There has been a discussion of relevant legislation and
methods adopted to combat dust and comply with these rules, as well as some health and safety
issues ssociated with dust accumulation underground. It covers many notable developments in
dust scrubbing systems, as well as some of the most recent efforts towards dust control in
underground coal mines. As a major part of this dissertation, vibrating #repfilbel to improve

the equipmentdés overall efficiency has been d

Studies conducted by health and safety institutions and regulatory authorities in the mining
industry have concluded that prolonged exposure to @eboespirable coal dust can cause
permanent disability and death. Consequently, many mine operators are working to improve dust
control methods. Mine operators typically employ preventative padadlecting devices and

dust control techniques to supmesrborne dust.

To maintain and improve mining operations efficiency, FBS needs to be improved. Researchers
are currently focusing on different filter types to achieve this. Various upgraded FBS filtering
systems have been proposed and efforts have bade to develop them. However, none of the

technologies is mature enough to be commercially viable.
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The CFD simulation study showed that shaking the mesh screen of an FBS may improve the
efficiency of this equipment by enhancing dust parmksh interactin and mesh wetting [51].

It is also concluded in the study that the vibrating mesh has an equal degree of interaction with the
static mesh with a larger aperture, providingJmaintenance operation.

2.7.2.Technical and Knowledge Gaps

Due to the lack of empaal studies regarding vibration effects on FBS mesh screens, this research

is an original study. An innovative filter design that minimizes filter clogging, achieves uniform
wetting, and maintains high air flow rates is investigated in this study. Labpexperiments

confirmed the simulation results. Another originality of this work is the application of coatings to

the filter screen to improve its wettability. As a result of this study, the proposed design can be
used as one of the strongest toolstogpt ect c o all mi nersd | ung heal
operations. It is expected that all the studies being conducted will make significant contributions

to the field of research regarding FBS improvement.

Results will also provide an additional pergpexon the industrial applications of the FBS and
reveal how vibrations can enhance the FBSO0s ¢
empirical studies have been performed regardi
by publishinghe findings of the research in journals scanned in SCI, this study fills this knowledge

gap by developing a design that can be used in continuous mining environments to improve air
guality to protect <coal mi n e r skplace ie sngergroand or y h
coal mines. In addition, it serves as a valuable resource for health and safety authorities around the

world and sector operators interested in this topic.
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Chapter 3

3. Design & Fabrication of a BenchScale Vibration-
Enhanced Flooded Bed Dust Scrubber

3.1. Introduction

The proposed design of a vibratienhanced flooded bed dust scrubber was evaluated through
two different test setups: (1) a berstale scale system; and (2) a-adhle prototype system. The

installation and construction stages of each test rig are described in separate chapters.

In this chapter, the design and construction stages of the-Bealthsy'em are explained. This
system was then tested from various aspects to determine the optimum range of operating
conditions through detailed parametric tests. These tests included vibration frequency, amplitude,
water flow rates, network design, surface ifiodtions, and their coupling effects. Moreover, the
smaller size of the system allowed for more detailed internal system analysis, especially in terms

of particle deportment and fate through the system.

The benckscale FBS was designed and manufactucedhodel the form and function of an
industrial scrubber used on continuous miner applicatigigsire 3.1 illustrates the benchcale
scrubber unit used in this study and identifies many of its components anlihgapgints. To
provide a platform for evaluating a variety of operational system variables, the system was
configured with several independent modules, including dust concentration, dust size, dust
material type, mesh design, mesh vibrational frequeneghmibrational amplitude, water flow

rate, water nozzle type, and tunnel dimensions.

Additionally, the system features several noteworthy components, including an innovative dust
feeding system, an alvandling puller fan, a dust collection unit, an @assent of air sampling

ports down the length of the tunnel, and a shaker assembly mounted to the mesh screen.
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3.2. Tunnel Structure

The tunnel structure itself is composed of four detachable ductwork sections, each of which has a
matching crossectional dimasion with a height of 0.152 m and a width of 0.152 m respectively.
There are four separate detachable units in this system: (1) the upwind section from which coal
dust is fed into the system and from which-presh screen samples are collected, (2) trghme

screen unit, (3) the demister unit, and (4) the -plestister section where the final downwind
samples are collected. A polyurethane sealer was used between each section of the chamber so as

to prevent any unmeasured air and water from entering ontp#ive chamber.

The mesh screen and demister housing sections are 0.36 m in length, and they have grated
blackwater sumps underneath to collect wastewater for confirming the water flow rate
measurements and supplying the required outlet for wastewatethieamesh screen and demister
unitsé floor. The |l onger sections prohdede t he
air to travel from one unit to another and share a common length of 1.22 m. Altogether, the full
system spans nearly 3.8 mtatal length.

pling P:
Pressure/AirVelocity Measurement

Locations

Figure3.1: Benchscale scrubber system.

The framework of the scrubber consists of 80/20 extruded aluminum framing with walls made

from clear polycarbonate. The sections were made modutatume and shared a new common
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mode of fastening. This fastening, showkigure3.2a, includes 6.3%nm inner alignment dowels

and outer sliddocking alignment bars that are fastened with wing nuts for ease of
assembly/disassembly during testing. In this modular configuration, sections can be separated and
realigned quickly and in a matter that is both airtight and watertight. Flat neoprene rubber seals
between each sectioRigure 3.2b) were placed and barbed neoprene rubber Jeigigré 3.2c)

running the length of each section around each joint containing the polycarbonate sheeting. This
additional chamber sealing provided theight and watertight seal necessary for verifying that

no unmetered air entered or left the chamber during te§tiggre3.2d shows the entirety of these

sealing shown on one of the four main assembly joints.

Figure3.2: Tunnel structure: (a) alignment dowels and bars; (b)-cltamber neoprene seals;
(c) barbed rubber wajbint seals; (d) chamber sections fully fastened.

3.3. Axial Fan
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Tunnel airflow was regutad by a nominal 2,700 cfm portable ventilation fan. The fan was
selected to more accurately represent the airflow rates and velocities, in scale, of an industrial
flooded bed scrubber. The fan is positioned at the end of the tertiary downward sechien of t
chamber with its output fed into an industrial dust collection system shdwgure3.3. The dust

collection system ensures that no extraneous dust particles are entering the laboratory work area.

To properlysize the exhaust fan for the laboratspale unit, the tunnel cresgctional area was
scaled down while maintaining a constant linear air velocity equal to that ofscéld scrubber

unit. The constant air velocity was selected as the scaling paramgigen that velocity dictates
particle settling/suspension in the tunnel section. Data from NIOSH shows that typical measured
volumetric flow rates in mine scrubbers are approximately 6,300 cfm [1]. Moreover, geometric
data provided by Komatsu showst typical scrubber filters have a cragstional area of 1.38 x

1.38 ft, though this value can vary significantly between models. Together, these values suggest
that typical air velocities are on the order of 3,308 ft/min. Scaling this air velodhg ® x 6 in

crosssection of the laboratory tunnel produced a target airflow rate of 827 cfm.

Figure3.3: Exhaust fan and dust collector assembly.
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After selecting and installing the fan, the actualaivfrate in the tunnel was measured using both
a manual anemometer and a pitot tube. The results indicate that the airflow rate in the tunnel was

slightly exceeding the target velocity of 827 cfm.

3.4. Feeding System

During testing, coal dust particles angected into the scrubber by an innovative feeding system
composed of a volumetric screw feeder and a Trost jet mill, as showrigure 3.4.
Characterization of the volumetric screw feeder was found to be imeature and thus extremely
predictable, which in turn enable to independently control dust concentration as an independent

variable.

To reduce the size of coal particles and create fresh dust surfaces, a lalsma®ifyrost jet mill
(Figure 3.5) was employed. The jet mill employs highlocity jets of compressed gas to impart
energy to particles for size reduction. This device contains no moving parts in the grinding
chamber, and the energy for size reduci®rsolely brought by the carrier gas. The primary
grinding action is by partickparticle attrition, and as such, no contamination is introduced during
the grinding process. The compressed air, typically 504ushSweeps the original feed particles
around the grinding chamber. The particle interactions reduce the size of particles until the

particles are fine enough to leave through the centrifugal classifier located in the grinding chamber.
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Figure3.5: Trost jet mill used to feed the scrubber.

The original feed and jet mill product were analyzed for particle size distribution using a Microtrac
S3500 laseparticle size analyzer. Data from this evaluation are shovagure 3.6. Based on

the particle size analysis data, the top size of the original feed is approximately 300 microns, with
approximately 59% coarsehan 20 microns. A further parametric study of the jet mill also
indicates it produces patrticles typically finer than 5 microns when operated at 55 psi jet pressure,
and nearly 54% of the product is within the respirable range of below 5 microns. Thedash an
moisture content of the coal dust feed were determined by content analyses. In the analyzed
sample, there is a low moisture content of 1.2% and a dry ash content of 16.2%.
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Figure3.6: Particle size disibution analyses of the original dust sample and jet mill product.

3.5. Sampling System

During testing, dust samples are collected usingn8Y air sampling cassettes preloaded with
Teflon filters. The first of the sampling locations, tasked with collectirgfilbration data, is

located within the preliminary upwind section,-@2upstream from the secondary upwind section
which contains the filter assembly. The second sampling port, tasked with collecthuig poster

data, is located within the downwinédion, 0.9m upstream from the demister assembly. All
sampling locations were placed in the long airflow sections to allow for more consistent air
particulate mixing from the entrance and filter assembly sections of the scrubber. The mesh screen
itself, mesh screen unit blackwater sump and the demister unit blackwater sump were also sampled
to further analyze the particle size distribution along the scrubber system and determine overall
particle deportment/partitioning. The sampling ports themselves tafsdentical long radius

90A bends of 1/80 inner diameter copper tubin
at the centerline velocity of the chamber showifrigure 3.7. Particulate matter captutesting

was performed at all sampling locations with the chamber void of the filter and demister assembly
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to confirm that the sampling locations were collecting similar amounts of particulate at their
respective locations. Air velocity sampling was alsdf@rmed with the chamber fully dressed to
confirm that similar mass flow rates of coal rich air was entering all cassettes to aid in accurately

gauging capture efficiency.

Y O S
Sampling Port

L

N

Figure3.7: Gravimetric samplingystem.

3.6. Water Management System

To control the egress of water into the scrubber unit, a system of gate valves along with flowmeter
is teed off of the | aboratory buildingds wate
water is set up and ebked before testing using a timing system and container of specified fluid
volume. As with the introduction of air into the system, the amount and pressure of water was also
scaled down with a crossectionalarea scaling factor calculated from the infation obtained

from an operational scrubber unit.

The nozzle is housed within the preliminary upwards section utilizing a bulkhead fitting and
directed towards the middle section of the filter assembly. Due to its higher wettability efficiency
a brass 60%pray angle full cone nozzle which is capable of spraying at a rate of 0.25 gpm at 55

psi was employed in the test runs.

A demisting assembly added to the system to create a more accurate representatiorsiaiea full
scrubber assembly. An-imouse and pposebuilt demister assembly (curved vane demister) was

designed, D printed, and additively manufacturedigure 3.8). This unit was then tested and
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shown to increase airflow and water collection into the bogamp that actively pulls excess

water from clean charge air while maintaining sufficient flow rates through the chamber.

oR
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Figure3.8: Demister assembly: (a) additively manufactured cumeste demister;h) bottom of

the demister (water collection equipment}djcTop and front view of the shaker assembly.

3.7. Mesh Screen

The filter mesh utilized in the scrubber unit was a small portion of an indegptaidé, steelvoven,
scrubber mesh. The panel is apgnoately 6mm in thickness and contains 20 layers of wire
screen. The wire that the screen is composed of isff9n diameter and is evenly spaced at 7
wires per centimeter of the screen. The panel is installed in the filter section of the scrubloer, sho

in Figure 3.9, at a downward sloping angle of 45° with a face area totaling 0.074 m2. The mesh
screen housing includes two additively manufactured parts to hold the screen steady while it shakes
including a quik-change stainlessteel mount for the upper part of the screen and a lower mesh

mount. The additive parts were also optimized for water collection and mesh ¢e@urg3.10).
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As installed, the filter assembtyn be easily interchanged to integrate design modifications (e.g.
hydrophobic/hydrophilic treatment, modifications to mesh layering) as dictated by the

experimental design.

a)

Figure3.10: The mesh framadapter assembly a) lllustrated in a CAD drawing, b) Additively

manufactured frames

3.8. Vibratory Equipment

An extra unit containing the shaker waesigned and mounted to the system in such a way that it
can be attached to the mesh screen unit from theSigier€3.11). This unit completely protects
the shaker from water and coal dust exposure and all@wnéish screen to be connected to the
aluminum rod end of the shaker.
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Figure3.11: Top and longitudinal view of the shaker assembly.

The mesh screen itself was connected to an electromechanical shékta(irKjeer Type 4809)

by an actuating rod and clamping mechanibigyre3.12). The square waves were generated by

a SDG1000X function waveform generator and applied to the shaker through a Briel and Kjaer
Type 278 power amplifier for base excitation over a range of frequencies. The vibration

equipment, as shown Figure3.13, are located around the mesh screen section.
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Figure3.12Cl ampi ng mechani sm between the shakero
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Figure3.13: Vibration equipment utilized in the test aqd.

3.9. Conclusions

An evaluation of the vibraticenhanced desigof a flooded bed dust scrubber was performed
using two different test setups, which included a besuaie system and a fidtale prototype
system. The focus of this chapter is on explaining the design and construction stages of the bench
scale system. Ais system aimed to simulate an industrial scrubber used in continuous miner

applications and was configured with various modules to assess operational variables.

This system consists of a tunnel structure made up of 4 detachable ductwork sectiongheach w
crosssectional dimension that matches that of the previous one. Among these sections are the
upwind section used for dust feeding, the mesh screen unit used for dust removal, the demister unit
used for mist elimination, and the pamister sectiorused for collecting final downwind
samples from the unit. The mesh screen housing and the demister housing sections also have grated
blackwater sumps, which collect wastewater, which is then used to measure the water flow rates
and to provide sampling dats for the wastewater. Furthermore, the system is also equipped with
several notable components, including an innovative-féesting system, an arandling puller

fan, a dust collection unit, an assortment of air sampling ports down the length wfrikeé as

well as a shaker assembly mounted on the side of the mesh screen unit.

Parameter tests using this setup and their results are presented in Chapter Four and Chapter Five.
As a result of the experiences and lessons learned from this systemfidpgraton of this system
was scaled up in the next part of this study. A wide range of efficiency tests were carried out in
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the NIOSH dust gallery in a higfidelity environment with an industrgcale prototype. Chapter
6 discusses the results of the fsitlale prototype tests.
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Chapter 4

4. An Exploratory Investigation on the Effectiveness of a
Novel Vibration-Enhanced Flooded Bed Dust Scrubber

This chapter was submitted for publication in the international pe@ewed journal Mining&

Metallurgy and Exploration. Citation details are provided below:

Uluer, M.E., Shigo, M., Amni , S. H., Noble, A., (under revi
the Effectiveness of a Novel VibratBn hanc e d FIl ooded Bed Dust S

Metallurgy and Exploration.
(ABSTRACT)

Airborne coal mine dust is an unintended and unavoidabldtrof coal extraction operations that
raises notable health and safety concerns. Modern mining techniques utilize several dust mitigation
strategies, and the floodéxd dust scrubber (FBS) is one such technology used extensively on
continuous miners. fle conventional static panel filter, instrumental in most scrubber designs, is
fundamentally limited in collection efficiencies due to a high clogging rate and a tradeoff between
mesh density and airflow rate. To overcome these deficiencies, a novéhglmesh panel is
proposed. In this study, a laborat@gale dust scrubber unit was used to investigate the efficacy

of concept as compared to that of a static mesh. A statistical design of experiments study was first
used to determine the effectivdokational parameters and scrubber operational parameters on dust
collection and clogging mitigation. Optimized results from this study were then evaluated against
those of a static mesh to determine performance improvement while investigate the mechanisms
controlling dust collection and particle department through the scrubber system. Results show that
the vibrating mesh conditions and higher water flow rates led to an improvement in the cleaning
efficiency of the scrubber system. Compares to a statg to FBS, the vibratingnesh FBS
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showed a significant reduction in pressure drop across the mesh screen indicating lower air loss
through the test duration. Overall, the findings confirm that vibrating mesh conditions have the
ability to improve filter clgging issues while maintaining high collection efficiencies. This
research supports further technological advancement in mine dust mitigation technologies.

4.1. Introduction

4.1.1.Background

While modern mining techniques have drastically reduced the frequedcseaarity of health

and safety concerns, dust production remains a significant challenge. Prolonged exposure to
airborne respirable coal dust can cause permanent disability and deathly illnesses for coal workers
such as pneumoconiosis, silicosis, emphyseand chronic bronchitis, collectively known as
black lung [1,2]. According to the National Institute for Occupational Safety and Health (NIOSH),
coal workersd pneumoconiosis (CWP) has caused
1970 and 2016 [3pnd recent data has shown an increased prevalence of CWP since the late 1990s
[4-7]. In addition, coal dust, if allowed to progress through the mining environment, can trigger
catastrophic secondary explosions that can result in significant damafge dodiproperty [8].

Given these issues, a new dust standard developed by the Mine Safety and Health Administration
(MSHA), was fully implemented on August 1, 2016, and required the dust level at the working
face to maintain levels below 1.5 mg/m3 witreke entries remaining below 0.5 mg/m3 [9]. While
underground dust prevention and mitigation have been areas of inquiry for several decades, these
new regulations have prompted new attention to the area, particularly with respect to new

technology developnme.

Modern mining techniques utilize several complimentary approaches for dust control and
mitigation, with the ventilation system itself being a major component [10]. Additional systems
include cuttermounted sprays and dust scrubbers, and over thes@astal decades researchers
have investigated thee and other techniques for improved dust prevention and mitigatiéh [11

For continuous miners in underground coal mines, the flooded bed scrubber (FBS) is a widely
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adopted technology that has been comumaly deployed for several decades {19]. This
technology, which is installed onto the continuous mining machine, provides a cleaning action by
pulling in dirty air near the cutter head, moving the dust in scrubber, and discharging clean air at
the rea of the machine. Dust removal is facilitated by a mesh screen that is continuously sprayed
with water. As dusty air flows through the screen, water droplets adhere to the dust particles, and
a downstream mist eliminator collects the dwater agglometas into a blackwater sump.
Airflow is facilitated by an exhaust fan positioned at the discharge of the unit E2@jire4.1

shows a cartoon depiction of an FBS and its constituent components.

a)
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R
\

b)

Coal Dust Intake 5 5 Scrubber Discharge

U Mesh Screen ﬂ Exhaust Fan

Water Spray Blackwater Sump

Figure4.1: a) Continuous Miner Top View b) Flooded Bed Scrubber Side View

Despite the ubiquitous utilization of FBSs in continuous mining applications, numerous technical
challenges limit their performance and effiggn Fundamentally, FBS units exhibit a tradeoff

between air flow and mesh density. Higher mesh densities can collect a higher portion of particles
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that enter the scrubber; however, they also yield a higher pressure drop, which reduces the total
volume ofair that can be cleaned through the scrubber. Lower scrubber air flow rates cause more
dirty air to bypass the scrubber, thus reducing overall system performance. For high mesh
densities, this issue is exacerbated, as they have a higher tendencyltaicgghe cutting cycle,

thus further increasing pressure drop and reducing air flow rate. At the other extreme, lower
density meshes have the potential to maintain high air flow rates; however, the dust capture within
the scrubber is reduced. Thesteractions have been well studied in real operational conditions
[19].

To maintain suitable performance levels, the mesh screen is periodically removed from the
scrubber and thoroughly cleaned by the operator. While cleaning practices and techniques vary,
the frequency of cleaning has been studied and assessed. While previous recommendations
required the filter to be cleaned after eacHelit advance [21], a recent study showed that the
reduction in the scrubber airflow can reach up to 35% after a 20dhae. Thus, NIOSH highly
recommends cleaning the filter after eachf@® [22]. In either case, the overall system
performance deteriorates through the cutting process [23], and operational downtime caused by

the cleaning process slows the productida.ra

Recent efforts have sought to improve the FBS performance by directly addressing the challenges
described above. In a recent study, a vorteconelogying wet filter, first developed by Salazar

et al. and widely used in the automobile industryres\veersprayed vehicle paint particle collector

[24], was employed to replace the dust collection unit within the FBS. This system has a high
collection efficiency of coal dust. While it was found to improve the system efficiency, it was also
increasing tk pressure drop to undesirable values. Later modifications were made to the structure
of this system to minimize resistance to enable it to be used at much higher airflows [25]. It also

requires significant modifications to the main structure of the FBR&}.

In a separate study, researchers proposed an impinggpentilter with large slits on three
separate metallic surfaces mounted in series. While the first and third screens are identical, the
second screen slits are displaced laterally by 6.0imthe screen plane to prevent the straight
flow. With this configuration, dust particles impact the metallic surfaces and are subsequently
captured [29]. Furthermore, the solid impermeable surface of the filter helps distribute water more
evenly on thewwface. Due to the filter surface being the etegdturing element and water being
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the surfacecleansing agent, the system requires a minimum amount of water inflow to keep the
surface wet. Laboratory tests, however, showed that the filter can remaiclagged state for

extended periods.

4.1.2.Vibration -Enhanced Scrubbers

Enhanced particle filtering by vibrating filter media has been long recognized as an alternative
approach and has been deployed in many industrial applications, including size classificati
filtering, and dust collection/removal [382]. Vibration can be used to improve the efficiency of
fibrous filters [33,34], and applying vibration directly to the filter element area can also reduce
clogging problems with membrane filters [35,41]. Iseparate application, researchers studied

the effects of ultrasonic vibrations propagating through gaseous media in a natural gas filtration
process [42,43]. As a result of ultrasonic agglomeration, particles coalescence was amplified, and
the larger aggimerates were more easily trapped by the filter element. Lastly, the ultrasonic

shaking can mitigate the clogging phenomenon during operation without removing the filter [44].

Through a computational study, Lu et al. examined and evaluated the usetoiyifdtar meshes

in FBS applications. Several twand three phase computational fluid dynamic (CFD) simulations
were used to evaluate the interaction of airflow, coal particulate matter, and water droplets in both
vibrating and static mesh scenarios.particular, the vibration conditions were studied in relation

to dust particlemesh interaction and mesh wetting. The results showed that a dynamic mesh screen
can significantly improve dust capture on the screen surface, while also increasing thamatted
thereby improving screening efficiency. As a result, the study showed that the vibrating mesh can

provide an equivalent particleesh interaction level to the static mesh with a larger aperture [45].

To implement the vibrating mesh in an operatiag®iting, one may exploit the natural vibrations

on the continuous miner through an energy harvesting approach. Experimental and numerical
studies conducted with continuous miners have shown that large vibrations occur immediately
after the machine is opted, forming even before it comes into contact with coal and persisting
throughout the operation [48]. Most vibration is caused by the motor gearbox, the dust
collection unit exhaust fan, the conveyor system, the cutter head/cutting arm, and theeimachi

interaction with dynamic forces during the cutting cycle-$).
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Even though very few studies have examined the vibrational energy of continuous miners, a
technical report provided by Fuchs (1979) provides detailed raw vibrational characteristics of
underground mining equipment including different types of continuous miners. Digitizing and
analyzing the raw data produced demonstrable acceleration levels within the range of frequencies
up to 5 kHz at the nearest locations to the filter. On the basiaatfs (1979) reporEigure4.2
illustrates the overall average and variation of acceleration levels for the different types of
continuous miners under all operating conditions. It is evident from the graph dhkt p
acceleration levels occur around 100 Hz [46].
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Figure4.2: Vibration acceleration levels for four continuous miners at various working positions

and operating conditions

Augmenting this direct obseation of machine vibration, other researchers have investigated the
sound power levels of the various surfaces of the continuous miner and determined that the most
significant noiseradiating surfaces occur at the tail section. Experimental data showsdret

than 80% of sound energy near the conveyor system that is located at the center of the continuous
miner is emitted at frequencies between 500 and 2500 HzJ¥ Th a separate study, a continuous
miner cutting arm was also examined for its vibratibaracteristics and dynamic loads in separate
studies. It was found that the vibration amplitude at the engine location was greater than at other
locations on the cutting arm. According to the results, higher vibration amplitudes usually occur

between 1100 Hz [52, 54].
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Altogether, these studies show that continuous mining equipment produces notable vibration
energies in specific frequency ranges that may be exploited for improved dust capture. Through
an energy harvesting approach, natural vibrationdearanslated into an optimal frequency and
amplitude range most appropriate for dust particle capture and minimal particle clogging [55]. By
using specific spring configurations, these output vibrations can then be transmitted to the mesh

screen. This awcept is being more thoroughly explored in a separate communication [56].

4.1.3.0bjectives

While several studies have shown that vibrating filter meshes have the potential to improve FBS
performance though increased particle capture and reduced clogginigckimgue has not been
experimentally validated and compared against the performance of static mesh panels in laboratory
or operational conditions. As such, the objective of this study is to provide a rigorous comparison
based on extensive testing of &deaatoryscale FBS. In addition, the study will evaluate the
influence of various vibrational and operational parameters through a statistical design of
experiments test program. Optimal results will be directly compared to tests using static panels to
determine the level of improvement with respect to both dust capture and clogging mitigation.
This study is one of several explaining the technical development;graénd testing of the

vibrationenhanced FBS systems [45, 56].

4.2. Theory

Based on the clianges defined in the section 4.1.1, the overall goal of the study in this chapter is
to design, develop, and test a working prototype of an improved flooded bed dust scrubber that
can simultaneously increase dust capture and mitigate clogging potentmalprior proofof-
concept study, Noble et al. investigated this concept and found that the addition of a vibrating
mesh panel could improve dust collection efficiency over that of a staticdhitGiven those
findings, the current study sought to dooe the technology maturation to next level through the

detailed design and testing of an improved bestale prototype scrubber unit. Fundamentally, a

53



vibrating mesh screen has the capacity to capture more particles by creating a larger effective
surfa@ area, thus encouraging a greater number of yai#icle interactions-igure4.3 shows

this phenomenon as a simplified cartoon.
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Figure4.3: Particlecapturemechanisms of a mesh screen

The proposed design is mainly vibrating the screen to improve the filtering performance. The
attractive Van der Waals force between the mesh and particles is an order of magnitude weaker
than the force between the liquid insé and dust particles. Therefore, if some regions in the
filter do not have moisture or liquid interfaces, the dust particles more likely slide through the
mesh. When a sufficient amount of surface velocity is produced with the help of external
excitation the water spreads out the surface area better than a static mesh condition. Therefore,
the investigated vibratieanhanced liquid interface modification is able to uniformly wet the filter
panel. Despite many particles passing around the stationaryamesen in stationary wire, the
vibrating mesh is able to capture a significant portion of dust laden air. This is because of the
expanded surface created by vibrational movement. This will ensure that the surface is wetted to
the greatest extent possibl@éonsequently, dust particles will have a better chance of being
captured by water droplets as they pass through the filter. Eventually, this vibrational movement
will increase adhesion between dust particles and liquid interfaces and improve dust particle

amount trapped by water droplets.

4.2.1.The Impacts of Vibration on Surface Wettability
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In practical applications, external fields, such as vibration, temperature, force, and electricity,
inevitably affect the wetting characteristics of the filter surfa@serchers have shown that
vibrations can overcome the energy barrier required to transition from Wenzel to Cassie states,
which eventually expedites shedding coal dust water mixtures by periodically separating the
particles from the interface and pulliteem through the demister with the help of airflow [58].

Ku et al. found that when applied, vibration can change the surface's energy by changing its
wettability [59]. Alternatively, Wang et al. studied the effects of vibration fields on the wetting
behavor of droplets on the surface. By applying vibration fields to different surfaces, he
developed a prediction model for the wetting process in vibration Té@}y derived a

fundament al equation using Newtonds second
w warft O p
where m, U is the mass of t h(the icitialogldcity bf tha n d

droplet) to V (thefinal velocity of the droplet), respectivelychk is the interaction force between

surface and droplet. Wang et al. (2021) also rearranged Eq. (1) to find the acceleration of droplet

(&) as:
o 1 a0 i
a1 at °

where Eop (r) the interaction energy between liquid and surf&&sed on this mathematical
model, the researchers concluded that the irtierabetween liquid droplets and the surface is
positively correlated with their amplitude, vibration frequency, and contact area. As has been
demonstrated, vibration can modify the surfadting characteristics of surfaces. Additionally,
different vibraion amplitudes could be used to adjust the surface wettability. The vibration field
can improve the hydrophobicity of the surface of the filter and thereby facilitate the removal of

coal dust, so this study adopted a similar approach to promote theiktgidithe filter surface.

4.2.2 Effect of Vibration on Particle-Laden Drop Drainage

Dr. Jung's group, as reported B], investigated the effect of vibration on the drainage of a

particleladen drop from a mesh in a controlled laboratory environmiezgs were conducted
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throughout the proedf-concept testing campaign to examine the effect of vibration on particle
laden drop drainage rate at three different frequencies: 50 Hz, 100 Hz, and 150 Hz. It was found
that in all cases, drop sliding speed incrdase vibration frequency increasdal.addition, they

stated that when particladen drops are still sticky under ledwequency vibration, higher
vibration frequencies increase the likelihood that they will slide due to higher inertia forces. For
instance Figure 4.4 illustrates how a partideden drop does not slide on a bare surface when
vibrated at 100 Hz, but does slide at 150 Hz.
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Based on their experimental findings, an optimal combination of parameters can be defined that
leads to the highest particle collection rate. These parameters can ensure maximized particle
collection while awiding clogging. These findings were leveraged in the present work by
establishing the optimal range of vibrational frequencies for testing. Specifically, their work
showed that 150 Hz was superior to establish the best balance for wettability of dlce,samt

as such a similar frequency was selected for the initial FBS tests described in this chapter.

4.2.3.Vibration Efficiency Analysis

To investigate the geometric and vibrational system parameters and construct a theoretical baseline
of the benckscaletesting campaigns in the context of this study, Janjua et al. (under review)
performed computational fluid dynamics (CFD) simulatifs. Figure4.5 shows the efficiency

of dust collection over the mesh screethatend of the simulatio®ased orthe number oflust

particles capture(Ncaptureg ON the filter surface anithe number of dugiarticles released into the

domain per unit timéNreleased, they calculated system efficiency as follows:

‘= Ncaptu redNreleased
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Figure4.5: Vibration frequencydependent dust collectigf6]

The dust removal mechanism is determined by two key factors in the flbedescrubbeas
described earlier. Firstlthe mesh screen needs to be wet so dust particles are caught by water
droplets on its surface. The second factor is how strong the interaction is between dust particles

and the filter surface, i.e., how likely it is that dust particles will come intacowith droplets.

One of the aims of their study was to examine numerically whether exciting the mesh panel with
vibrations would improve both particiroplet and partickenesh interactions, thus improving dust
collection efficiency. By introducing a vibting mesh screen to the simulation, the researchers
tested its efficiency at frequencies between 0 Hz and 1000 Hz in both the X and Y directions.

Figure4.6 shows how dust particles interact with meshes in alddsn flow simulation.

Simulation results are consistent with the original hypothesis. They found that even at 50 Hz,
vibration in the Xdirection increases the dust collection efficiency of the system. Their results
also showed an increase in dust adlten efficiency with increasing vibration frequency: Y
direction vibrations followed a similar trend but with a weaker response in collection efficiency.

These observations led this study to keep the vibrational frequency range in small as dust collection
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efficiency was predicted to be greater within low frequency range. They also found that the overall
impact of vibrations was stronger when it was excited idir&ction. Their findings further
supported the technique of the external shaker that prouwsesay stimulation (Xdirection) to

the filter that was used in the present work by showing the dust collection was slightly more

significant for vibration in the Xlirection compared to the-direction for most frequencies.

=
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Figure4.6: The velocity contour of the dutaden flow[56]

4.2.4.The Effect of Spray Water on Filter Clogging

During the initial proofof-concept tests in the wind tunnel, coal dust collected on the mesh. The
experimental study results aldy demonstrate the driving mechanisms that influence scrubber
performance and ultimately lead to better filter designs based on sound scientific principles. The
collected dust volume strongly depends on its operation time. In thegfroohcept testingit

was found out that the majority portion of the front side of thestatdle mesh is significantly
clogged after 10~15 minutes of operation. Obviously, the clogged mesh would block significant
amount of air flow and further decrease the dust colleaitiniency. This clogged matter is
composed of dust particles and sprayed liquids, which becomes very viscous. It is known that the
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particlefluid mixture increases its viscosity nonlinearly depending on the particle density. A few

such models relating tredfective viscosity to the packing fractidig are listed as follows:

- - — ¥ p — (Frankel & Acrivos,19676G2]

— p — %o (Krieger & Dougherty,1959)43)]

All these models predict that the viscosity of the clogged liquid increases nonlinearly (almost
exponentially) with its particle packing fraction as it gets close to the random packing f(#gtion

~ 0.64). Thertore, different water flow rates were investigated in the present work to find the

optimal spray amount that would provide sufficient liquid into the filter surface to avoid reaching

to its critical particle concentration being extremely viscous.

4.3. Materials and Methods

The experimental data from the prior pradfconcept shakedown tests confirmed the hypothesis
and show that, when operated under optimal conditions, lcpated vibrating meshes can
increase the dust capture performance of a flodelddust scrubber. While the premftconcept
technology showed promise, further laboratory testing was needed to validate and optimize the
technical performance under different operational conditions. During this study, theofsroof
concept unit was refurkhed, and further testing was conducted to fully demonstrate the distinct
capabilities of liquidcoated vibrating mesh filters in reducing the mesh filter clogging and
enhancing dust collection efficiency. To adequately simulate the mining environnediet;éhof

dust concentration within the ddsiden air, the flow rate and pressure of water sprays, and the

range of air flow rates in the prototype were adjusted according to the typical ranges for these
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parameters in the operating-fimne) conditionsThe main objective of this chapter is to identify
the optimal frequency and amplitude of the mesh panel, and to determine the optimal design of a
water management system and scrubber mesh at which the minimum clogging and maximum

collection efficiency came achieved.

4.3.1.Testing Setup

A benchscale FBS was designed and constructed to model the form and function of an industrial
scrubber used on continuous miner applicatiéingure4.7 shows the benehkcale scrubbeunit

used in this study and identifies many of the constituent components and sampling points. The
system was configured with several independent modules to provide a platform for evaluating
several operational system variables, including dust concentralist size, dust material type,
mesh design, mesh vibrational amplitude, mesh vibrational frequency, water flow rate, water
nozzle type, and tunnel dimensions. Note that not all variables were assessed in this study;

however, the system was designedchwitaximum flexibility in mind.

—

pling P
Pressure/Air Velocity Measurement

Locations

/

Figure4.7: Benchscale scrubber system

The overall tunnel structure consists of four detachable ductwork sections with each having a
matching crossectional dimension @.152 m x 0.152 m. These detachable units include: (1) the
upwind section where the coal dust is fed into the system and from where thegirescreen
samples are collected, (2) the mesh screen unit, (3) the demister unit, and (4)-thenpststr

61



section where final downwind samples are collected. To ensure that no unmeasured air or water

entered or left the chamber, polyurethane sealers were used between sections.

Tunnel airflow is regulated by a nominal 2,700 cfm portable ventilation fan. To preueglyhe
exhaust fan for the laboratesgale unit, the tunnel crosgctional area was scaled down while
maintaining a constant linear air velocity equal to that of asftdle scrubber unit. The constant

air velocity was selected as the scaling paramegiven that velocity dictates particle
settling/suspension in the tunnel section. Data from NIOSH shows that typical measured
volumetric flow rates in mine scrubbers are approximately 6,300 cfm [22]. Combining this data
with typical mesh scrubber geetries suggests that the typical air velocities in industrial scrubbers
are on the order of 3,300 ft/min. Scaling this air velocity to the «eston of the laboratory
tunnel produced a target airflow rate of 827 cfm.

The scrubber unit utilized a pan of a standard 2ayer steewoven mesh filter used in industrial

FBS units. The filter panel is installed at a downward angle of 45° in the scrubber's filter section.
A custombuilt demister assembly (curved vane demister) was designed and additively
manufactured for the bench scale unit. With the help of an actuating rod and clamping mechanism,
an offset unit containing the electromechanical shaker was mounted directly to the mesh screen
(Figure4.8). Electronechanical shaker vibrates the mesh screen perpendicularly to the airflow in

the chamber.

Figure4.8: Side and top view of the shaker assembly

Dust is introduced to the system using the combination ofuaneiric screw feeder and a Trost

jet mill. These two units provide independent control of dust size and dust concentration and
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ensure that the dust introduced to the scrubber has fresh surfaces, as would be the case in an
operating FBS. Feed to the jaill consisted of Keystone Black material obtained from Keystone

Filler & Mfg. Co. with a low inherent moisture content of 1.4% * 0.10% with a dry ash content of
14.6% + 0.04%, and the jet mill was configured to produce feed dust that was 95% passing 10
microns and approximately 50% passing 5 mm micréigure4.9 shows the particle size analysis

of the jet mill feed and product as determined by a Microtrac S3500 laser particle size analyzer.
As shown, the top se of the original feed is approximately 300 microns, with approximately 59%
coarser than 20 microns, while the product matches the specifications mentioned above. The ash
and moisture content of the coal dust feed were determined (by thermograviméyssatmbe

16.2% and 1.2%, respectively.
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Figure4.9: Particle size distribution analyses of the original dust sample and jet mill product

During testing, dust samples are collected from sampling [oased upwind of the scrubber's
filter section and downwind of the demister section using linear IAQ sampling pumps-and 37

air sampling cassettes preloaded with Teflon (PTFE) filters.
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4.3.2.Experimental Design

Response surface methodology (RSM) was usedhis study to empirically quantify the
correlation between multiple independent variables and a response variable. Response surface
designs are advanced design of experiments (DOE) methods used to study and optimize responses.
For this study, a -8actor Box-Behnken design (BBD) was employed. In this approach, each
independent variable (factor) is distributed evenly across three values, symbolically represented as
T1, 0, +1. For a BBD, t he r eq ul)¥Cemhererkusniiee r o f

number of variables and C is the number of central points.

For this study, vibrational amplitude (amplifier gain), vibrational frequency, and water flowrate
were selected as the experimental parameters to be included in the experimental design. Based on
theinitial findings of the fundamental vibrational analysis (See Section 3.1), the vibrational energy

of the system was found to be most prominent between 10 and 200 Hz. Additionally, the modal
analysis indicated 133.84 Hz and 58.67 Hz as the natural fregaesfcdifferent modes of the

mesh screen used in the test. As such, these values were chosen to define the range of low, medium,
and high vibrational frequency values used in the test. Likewise, the amplifier gain values were
determined to be 40 dB (highl), 30 dB (mid, 0), and 20 dB (lowi,). Lastly, based on the data
obtained from a scrubber in operation, the water flow rate was scaled down by using the cross
sectionalarea scaling factor. The scalddwn value is used as a medium value in the exjaarial

design. To evaluate the effect of water flow rate on the system efficiency, the highest flow rate
was set at 3 I/min, the midpoint was set at 2 I/min, and a 1 I/min flow rate was set as the lowest
flow rate. Table4.1 summarizes the factors and levels associated with the independent variables.

Similarly, Table4.2 shows the experimental parameters that were held constant through all tests.

Table4.1: Experimental factors and range values for bestale scrubber tests

Level
Factors
Low (-1) Medium (0) High (+1)
Water flow rate (I/min) 1 2 3
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Amplifier gain (dB) 20 30 40

Frequency (Hz) 58.67 96.26 133.84

Table4.2: Fixed operating parameters for each trial

Property Value

Dust feed rate 22.7 g/min

Respirable dust concentration in feed 2.7 g/m"3

Downwind airflow velocity 10 m/s

Sampling method Gravimetric Sampling
Sampling duration 5 min

Sampling pump flow rate 5 I/min

Jet mill pressure 55 psi

Signal generator gain 20 Vpp

4.3.3.Laboratory Test Procedures

Before each trial, various portions of the system, including the mesh screen, demister, sampling
ports, and bldcwater sumps, were thoroughly cleaned with compressed air to ensure experimental
integrity, and maintain a consistent airflow rate. In order to determine the dust mass differential
collected in the specified time interval, sampling cassettes with themmie filters were
weighed before and after each test. All experiments were conducted with the same cleaning
procedure in order to compare the efficiency of all operational modes effectively. During testing,

the fan, water spray, vibrational unit, duseder and jet mill were individually started in a
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sequential manner. After a fixed operation time, samples were taken and subsequently analyzed.
Given the system factors, gravimetric measurement is considered to be the most reliable and least
likely to lead to bias. For reliable quantification of gravimetric filters, and for reducing the impact

of weighing error, a minimum mass accumulation in the downwind cassette of 1 mg is required.
As such, the following was used to calculate the time required famadating enough mass in

the downwind sampling cassette for analysis:
0 afidnoceh Qe -

where & is the mass accumulation in downwind sampling cassette, 0 | 6 Gigthe sampling pump

flow rate, 0 "QQ @ st feeding concentration, — is the scrubber efficiency.

Gravimetric samples collected during these tests were used to determine the dust collection
efficiency:

6 ¢ o OGRTOEEOE Gup Ll DR BEVE VL@ G Q
W Tome en 0 g @an a8

After collecting samples, the coal dust particles were scraped from the Teflon filters. A Microtrac
particle size analyzer were used to determine the particle size distribution of each sampling
cassette.

It was also neceasy to determine the particle size distribution of the mass accumulated on the
cassettes, mesh screen and black water sumps underneath the system in different operational
modes to identify overall system efficiency and s##faning potential of the meslkergen. A

further set of tests was conducted to determine and analyze tiysize material balance. These
experiments used the same fixed parametersTabile4.2. Following each run, the samples were

taken fom cassettes, from egressed water sumps and from the mesh screen surface, and they were

analyzed with Microtrac laser particle size analyzer (S3500) to determine the particle size
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distribution of accumulated mass for each sample region. The coded saogditngns along the

chamber are shown Figure4.10.

Downwind unit Upwind unit
sampling point (E) sampling point (A)

Mesh screen (D)

y

Fan Feed

Inlet

Demister Unit Mesh Screen Unit
Black Sump (C) Black Sump (B)

Figure4.10: Visual illustration of sampling locations

Throughout testing, the system was monitored bysem@ag inner pressure continuously with pitot
tubes and digital manometers to control the s
self-cleaning potential. The pressure drop data under different conditions was then determined by

comparingthe pristine condition with the peekperimental condition.

4.4. Results and Discussion

4.4.1.Mesh Vibrational Analysis

i. Geometrybased Modal Vibration Analysis:

Vibration characteristics, mode shapes and corresponding natural frequencies of a structure can be
determined through modal analysis. The modes of a struetiiolhange as the material properties
(e.g. mass and stiffness) and boundary conditions (mountings) change. To investigate these

attributes, a standard filter geometry was drawn and material properties were generated using CAD
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software. In order to deterne the natural frequencies of the filter geometry and the total

deformation associated with those frequencies, a modal analysis was conducted with Ansys.

The mode shapes describe the spatial distribution of the vibrations at each natural fregfjency [
Each mode represents a unique vibration pattern of the geometry, and each of them introduces
another variation of bending or twisting deformation. Modes are ordered according to their natural
frequencies. Vibration patterns become more complex as the ondeleincreases. Through the

higher modes, the natural frequency increases. Based on the color densities and the corresponding
displacement simulation results of the modes, the 3rd and 5th modes showed the most vibrational
energy in the entire surface diet mesh screen. Mode shapes of the framed mesh screen with the

most obvious deformation are given in figure4.11.
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Figure4.11: The most pronounced vibration des associated with the filter geometry
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il. Accelerations at a Range of Frequencies:
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In addition to the modal analysis, the peak acceleration of the mesh filter was determined by a
series of experimental studies within a range of frequencies. The plicoipainates of the
accelerometer and the filter were aligned appropriately. To generate the output vibration in the
bench scale test setup, an electromechanical shaker (Briel and Kjeer Type 4809) was attached
directly to the side of the mesh screen byaatuating rod and clamping mechanism. The filter
media is then vibrated electromechanically by the shaker. The signal waves were generated by an
SDG1000X function waveform generator and transferred to the shaker through a Briel and Kjaer
Type 2718 power antifier for base excitation over a range of frequenckegyre4.12).

Ny

Figure4.12: Vibrational equipment

Acceleration data was collected using a LWB®DB-8217P threeaxis vibration meter
datalogger. The sensor was positioned on the middle of filter surface and X direction vibration
data along was obtaineéfigure 4.13 shows the mesh screen's responses to a predetermined
frequency range when it is subjected to a sweep test. As shdviguire4.13, peak acceleration

levels occur in a frequency range of 10 and 200 Hz. These values were subsequently used to

guide the experimentdeesign, setting thresholds for the parameter ranges.
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Figure4.13: FrequencyPeak Acceleration test results

4.4.2 Vibrational Parameter Optimization

An experimental program was developed in Minitab using aflater BBD as described above.

This modeling approach provides a rigorous means of assessing the individual and combinatory
influence of water flow rate,naplifier gain, and vibrational frequency on FBS performance. The
raw experimental results from the test program are showabte4.3, while Table4.4 shows the

model summary and ANOVA table. Analysis ofable 4.3 shows the significance of the
mentioned operational factors in determining mesh screen dust collection efficiency.
Alternatively, no major differences were observethim pressure drop values, suggesting that no

significant clogging was experienced during the vibratiorafizanced tests.
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Table4.3: Experimental program results

Variables Increase in
Collection p
Run | water Flow  Amplifier Frequency - ressure
Efficiency D
Order Rate Gain (dB) (Hz) . rop
- (%) (mbar)
(It/min)
1 2 20 58.67 85.1% 0.11
2 2 20 133.84 86.5% 0.15
3 2 40 58.67 85.8% 0.10
4 2 40 133.84 87.1% 0.11
5 1 30 58.67 80.7% 0.13
6 1 30 133.84 84.6% 0.11
7 3 30 58.67 89.204 0.12
8 3 30 133.84 92.9% 0.11
9 1 20 96.26 82.9% 0.09
10 1 40 96.26 83.1% 0.18
11 3 20 96.26 90.1% 0.15
13 3 40 96.26 91.8% 0.13
C1 2 30 96.26 87.8% 0.14
C2 2 30 96.26 89.1% 0.09
C3 2 30 96.26 88.7% 0.10

As shown in the ANOVA anthodel summary table @ble4.4), several statistical tools were used

to measure statistical reliability, including variance analysis, coefficients of determination,
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adjusted coefficients of determination, and thekl of fit test. Each term in the model was
estimated at a 95% confidence level, and as suadyes less than 0.05 indicate that the factor
exhibits a statistically significant association. Based on the model terms, frequency and water flow
rate were food to be significant at the 0.05 level. Alternatively, amplifier gain and thdimear

levels (2way interactions between terms) were not found to be significant. This result indicates
that the 2way interaction results do not show substantial interddgreries between the
parameters. Rather than affecting collection efficiency in a combinatory way, each factor has a

direct effect on the system response.

Table4.4: ANOVA table and model summary

DF Coef AdjSS AdjMS F-Value P-Value

Source
Linear 3 148.203 49.401 61.23 0.000
Freq. (Hz) 1 1.287 13.261 13.261 16.44  0.010
Amp. Gain (dB) 1 04 128 1.28 1.59 0.263
W. Flow (It/min) 1 4.087 133.661 133.661 165.66 0.000
2-Way Interaction 3 0.575 0.192 0.24 0.867
Freq. (Hz)*Amp. Gain (dB) 1 -0.025 0.003 0.003 O 0.958
Freq. (Hz)*W. Flow (It/min) 1 -0.05 0.01 0.01 0.01 0.916
Amp. Gain (dB)*W. Flow (IYmin) 1 0.375 0563 0563 0.7 0.442
Lack-of-Fit 3 3.147 1.049 2.37 0.311
Pure Error 2 0.887 0.443
Model Summary R? R2aq
97.53% 93.07%

The BBD results were also used to generate contour plots showinguwiyeiiteraction between
the independent variables and the system's collection efficidfiguré 4.14). Typically, the
collection efficiency reaches its highest value in the dark green range, while lighter colors indicate

that lesser effects of the parameters are visible.
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Figure4.14: Contour Plots of Colletion Efficiency vs Coded Units of a) Amplifier Gain
Frequency b) Water Flow Rakequency c) Water Flow Rafemplifier Gain

Overall, the results show that the dust collection efficiency increased as the water flow rate and
frequency were increased; howee, the amplifier gain, had a minimal effect on the response.
Amplifier gain is fundamentally one of the important parameters which determines the energy
level of a signal. However, the sensitivity within the tested range does not significantly affect the
system's performance. Considering that the experimental design includes relatively high amplifier
gain values, almost no significant effect of amplifier gain was noticed between experiments. A
vibrationfree environment, however, can produce results coabp@to signals with very low

amplitudes.

Altogether, these results provide empirical support for the optimal conditions that maximize dust
collection efficiency while maintaining acceptable pressure drop values. Specifically, the test

results show thahe optimum collection efficiency can be achieved when the water flow rate is at
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its maximum (+1 or 3 It/min), the amplifier gain is at its midpoint (+0.5 or 30 dB), and the vibration

frequency is at its highest level (+1 or 133.84 Hz).

The results of thistudy are in agreement with Nawaz et al., 2023 simulation study results in
general. Based on the simulation study, it appears that the vibrating mesh allows for stronger dust
particlemesh interactions than the static mesh, and the strength of the intenacteases as the
vibrational energy increases, which results in a higher level of dust collection efficiency. They
observed that the lowest amplification values tested in the simulation caused more particle
collection than the others. According to r@sers, this phenomenon occurs when the flow
regions in front of the wire are perturbed because of the large amplitudes, resulting in the deflection

of dust particles and their escape through the gap between the wires [56].

4.4.3.Sizeby-Size Performance Resis$

Using the optimized parameter values identified in the previous section, a series cbiolioals
were conducted to investigate the sigesize deportment of particles through the system. In this
study, representative samples were taken at pradietd locations across the system. The coded

sampling locations along the chamber are illustratédgare4.10.

After collecting samples from these locations, the coal dust particles from the Teflon filtels as w
as coal dust & water mixture from the mesh screen itself, mesh screen section blackwater sump
and demister section blackwater sump were analyzed with Microtrac laser particle size analyzer to

determine the particle size distribution of each sample.

Table4.5 to Table4.8 andFigure4.15 andFigure4.16 show the sizdy-size results of tlsi study

for both vibration free and vibration enhanced operation in both dry and wet modes. The particle
amounts sampled at the predetermined locations are listed in the results as both a percentage of
stream (i.e. the size distribution of the sampleasireand a percentage of feed (i.e. mass recovery

to the stream).

In the dry operational condition§4ble4.5 andTable4.6), over half of the feed mass accumulated
on thefloor of the duct between the mesh screen and demister and was thus not found in the various

sampling endpoints. While this result does hinder the interpretation of the material balance, the
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data does provide evidence that intermediate sized particlex @8 microns) are being
preferentially recovered in the mesh screen, as indicated by the higher % of feed recovery for this
size class as compared to the other classes. In addition, the dry data indicates that the vibration
leads to lower accumulation the mesh screen, as the total % of feed recovered to this stream was
reduced from 7.59% to 4.51% with the addition of vibration.

Table4.5: Summarized sizby-size material balance data for dry and vibrafi@e operational

mode
Feed (A) Sump Sump Mesh Ejected Air U/Si DIS
Size (Screen (Demister Screen (D) (E) Collection
(um) Unit) (B) Unit) (C) Efficiency
% of Mass % of % of % of % of % of % of % of % of (%)
stream ()] stream | feed | stream | feed | stream | feed | stream | feed
+10 35.04 | 39.77 NA NA NA NA 28.28 | 6.12 28.27 29.7 70.29
-10*2.5 37.23 42.26 NA NA NA NA 54.78 111 35.59 35.2 64.80
-2.5 27.73 31.47 NA NA NA NA 16.94 4.64 36.14 47.9 52.01
Total 100.00 | 1135 NA NA NA NA 100.00 | 7.59 | 100.00 | 36.8 63.18

Table4.6: Summarized sizby-size material balance data for dry and vibration operational mode

Feed (A) Sump Sump Mesh Ejected Air U/Si DIS
Size (Screen (Demister Screen (D) (E) Collection
(um) Unit) (B) Unit) (C) Efficiency
%of | Mass | %of | %of | %of | %of | %of [%of | %of [ %of (%)
stream (@) stream | feed | stream | feed | stream | feed | stream | feed
+10 46.08 52.30 NA NA NA NA 33.98 1.53 45.89 14.8 67.83
-10*2.5 43.51 49.38 NA NA NA NA 47.92 2.16 38.33 12.3 71.54
-2.5 10.41 | 11.82 NA NA NA NA 18.10 | 0.82 | 15.78 | 5.10 51.03
Total 100.00 | 113.5 NA NA NA NA | 100.00 | 4.51 | 100.00 | 32.3 67.70

Data from the wet testing (Table 4.7 and Table 4.8) provide better accounting of the mass and as
such provide better insight on particle deportment. As expected, the majority of the feed mass

ultimately reports to the demister sump (53% for vibration free; 59% for vibration enhanced)
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however, a notable portion is also retained in the screen sump (23% for vibration free; 25% for
vibration enhanced). Moreover, the data shows that the vibration enhanced unit has a higher
collection efficiency (92.6% versus 87.2%) and lower accumulation in the mesh screen (2.9%
versus 3.2%) when compared to the static mesh. As in the dry tests, the intermediate particles
(10 x 2.5 microns) were preferentially recovered to the mesh screen; however, this trend was not

as prominent as that found during the dry testing.

Table 4.7: Summarized size-by-size material balance data for wet and vibration-free operational

mode
Feed (A) Sump Sump Mesh Ejected Air U/Si DIS
Size (Screen (Demister Screen (D) (E) Collection
(um) Unit) (B) Unit) (C) Efficiency
%of [ Mass | %of | %of | %of | %of | %of [%of | %of [ %of (%)
stream (9) stream | feed | stream | feed | stream | feed | stream | feed
+10 17.59 19.96 16.77 3.78 15.51 8.27 40.75 1.29 6.45 0.83 95.30
-10*2.5 54.79 62.19 56.81 12.8 56.75 30.2 57.14 1.81 54.55 7.00 87.23
-2.5 27.62 31.35 26.42 5.95 27.74 14.7 211 0.07 39.00 5.00 81.88
Total 100.00 | 113.5 | 100.00 | 22.5 | 100.00 | 53.3 | 100.00 | 3.17 | 100.00 | 12.8 87.17

Table 4.8: Summarized size-by-size material balance data for wet and vibration operational

mode
Feed (A) Sump Sump Mesh Ejected Air U/Si DIS
Size (Screen (Demister Screen (D) (E) Collection
(um) Unit) (B) Unit) (C) Efficiency
% of Mass % of % of % of % of % of % of % of % of (%)
stream @ stream | feed | stream | feed | stream | feed | stream | feed
+10 30.33 34.42 36.60 9.12 29.81 17.5 14.12 0.40 21.67 1.61 94.73
-10*2.5 48.94 55.55 45.09 11.2 52.71 31.0 60.05 1.72 39.02 2.87 94.11
-2.5 20.73 23.53 18.31 4.56 17.48 10.3 25.83 0.74 39.31 2.90 86.00
Total 100.00 | 113.5 | 100.00 | 24.9 | 100.00 | 58.9 | 100.00 | 2.86 | 100.00 | 7.38 92.62
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As shown inFigure4.15, vibration improves overall collection efficiency in both wet (93% versus
87%) and dry (68% versus 63%dnditions. Similarly, the data shows that the presence of
vibration generally has a positive effect on the collection efficiency of the system in finer size
classes. While almost the same results are obtained in dry conditions for particles belowo?.5 mic
(52% versus 51%), a significant improvement in collection efficiency is observed in this size class
under wet conditions (86% versus 82%). In the coarse size class, very slight decreases in collection
efficiency were observed. While these decreases were pronounced in dry conditions (70%
under vibration versus 68% with no vibration), the difference was less significant in wet conditions
(95% in both conditions).
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Figure4.15: Collection efficiency y particle size class for various operational modes

To further assess the dakgure4.16 shows the RosHRammler size distribution curves of the
various product streams for the evaluated operational condiBynsomparing curves for the
different conditions, the variations in particle size characteristics can be assessed and the

distribution profiles can be understood better. When the operational conditions change from dry
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and vibratiorfree condition to wetrad vibration condition, the sharpness of the curves are usually
increasing. This is most prominent in the mesh screen section. It has a slope of 1.03 for the dry &
vibration-free condition while it has a slope of 1.46 for the wet and vibration conditisnmieans

in the wet vibration condition the mesh screen has a narrower particle size distribution.

The d80 values obtained from the curves also show the significant change in mean particle size
between the dry and vibration free conditions (d80 = 24 ans) versus that of the wet with
vibration condition (d80 = 9.7 microngjigure4.16). The decrease in this value shows that adding
water to the system and vibrating the mesh screen at the same time willantbeepessibility of

finer dust particles getting captured by water droplets due to the increased surface wettability and
improve the efficiency of the screening activity. It is also important to note that more amount of
dust particles that were introdudedhe stream were eliminated in the upwind section of the mesh
screen. The blackwater sump located in the upwind section of the mesh screen is largely collecting
the particles that are shed from the mesh screen surface. While the percentage of éemesh th
screen section black water sump under the wet & vibrdtem condition is 23%, the same

parameter for the wet & vibration condition increased to 25%.
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Figure4.16: Size distribution®f a) Dry and vibratioffree mode b) Dry and vibration mode c)

Wet and vibratiorfree mode d) Wet and vibration mode

Mass accumulation on the mesh screen and pressure drop across the mesh screen are two important
i ndicators of icleaang abdity wihersvibratiereisappsed. Jeesefdata are given

and illustrated in th@&able4.9 andFigure4.17. When vibration was induced, pressure drop across

the mesh scen decreased by 23% and filter accumulation decreased by 9.7% in the wet
environment compared to vibratidree test. In the dry condition, when the vibration was applied,

a 43% decrease in pressure drop and a 41% decrease in mass accumulation wete dhserve
reductions supporting the proposed vibration enhanced mesh screen design can provide the mesh

screen with a selfleaning mechanism and enable the mesh screen to operate longer.

Table4.9: Summarizedlogging data for various scrubber operational modes

Increase in Total Mass
Operational Mode Pressure Drop Retain on
(mbar) Filter (g)
Dry & Vibration-Free 0.78 8.61
Dry & Vibration 0.45 5.11
Wet & Vibration-Free 0.13 3.6
Wet & Vibration 0.1 3.25
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Figure4.17: a) Pressure drop data across mesh screen in dry and wet operational conditions, b)

Total accumulation between wire meshes in dry and wet operational conditions

4.5. Conclusions

Traditional floaled bed scrubber units use a static panel filter, which is has fundamental limitations
that are amplified by their high clogging rate. As an alternative approach, we have proposed a
vibration-enhanced filter mesh, which improves wetting uniformity andigesva mechanism for
selfcleaning. In this study, a benshale prototype was constructed and tested. Through a
statistically designed experimental program, the vibrational frequency, water flow rate, and
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vibrational amplitude were empirically evaluatgith respect to their influence on dust collection
efficiency and mesh pressure drop. Statistical modeling showed that vibrational frequency and
water flow rate were significant factors influencing performance, and both had a direct, rather than
a combimtory, influence on the results. Follow on tests, using the optimal test conditions,
compared the performance of the vibrating mesh to that of a static mesh tested under similar
operating conditions. Test results showed that the vibrating mesh sigihyficaiperformed that

of the static mesh, improving collection efficiencies by over 6% in wet condition and over 7% in
dry condition while reducing mass accumulation in the filter by almost 10% in wet condition and
over 40% in dry condition. Overall, rd&iof this benckscale prototype study have validated that

the vibrationenhanced mesh system can improve operational outcomes over that of a static mesh
system. Future studies will evaluate other components of the system, including parameters
significart for further scale up and implementation.
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Chapter 5

5. Influence of Mesh Design and Surface Treatments on
Particle Transport and Fate in a Vibration-Enhanced
Flooded Bed Dust Scrubber

This chapter is in preparatioto be submitted for publication in the international pemrewed
journal Mining& Metallurgy and Exploration. Citation details are provided below:

Uluer , M. E. , Nobl e, A., (in preparation). Al n

Particle Transport and Fate ina VibratcB nhanced Fl ooded Bed Dust Sc

(ABSTRACT)

Respirable coal mine dust (RCMD) is one of the biggest occupational health hazards for
underground coal miners. Dusty mining environments can causetdonghealth problems,
including pneumoconiosis and progressive massive fibrosis. The Mine Safety and Health
Administration (MSHA) has recently revised regulations promoting enhanced dust mitigation
technologies, which have sparked renewed interest in the development of dgstioniti
technologies. The flooded bed dust scrubber (FBS) is one of the most widely used technologies;
however, it is limited by technical challenges, the most notably being the potential to clog. Recent
studies (Lu et al., 2022; Uluer et al, under revidanjua et al., under review) have shown that
applying vibration to filter mesh can improve the overall efficiency of the scrubber and that the
system can be readily integrated to existing continuous mining equipment using an energy
harvesting approach. this follow-up study, the impact of mesh design and surface modification

on system efficiency was examined using different vibrating ligoated stainlessteel mesh

panels in a laboratorycale FBS. Based on the tw@y interaction data from a muftctor
experimental design, the results show that the performance of the system can be optimized by

using hydrophilic 20 or 3Glayer filters and by excitation frequencies between 67 and 134 Hz.
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This laboratory study suggests that al@@er mesh screen withydrophilic surface applications
and optimized vibration parameters can perform similar to that oflay8® static mesh, which is

typically used in industrial units.

5.1. Introduction

Respirable coal mine dust (RCMD) is one of the most significant ocompatiealth hazards in

the coal industry [(6]. RCMD is defined as a particulate matter that has an aerodynamic diameter
of below 10 em and a median cut point of 4 &m
deposited anywhere along the lungasexchange region [4]. According to recent research,
smaller particles may pose more risk to health within their respirable range than larger particles
[7]. In addition, technological advances in mining equipment have led to more powerful cutting,
which,in turn, may cause smaller particles to be released into the mine area during the mining and
drilling processes [8, 9]. Coal miners who work in dusty mining environments have been shown
to suffer from longterm health effects, including but not limited doal workers pneumococis
(CWP) and progressive massive fibrosis (PMF) [10]. The Federal Coal Mine Health and Safety
Act (Public Law 91173) was enacted in 1969 to prevent the development of CWP in coal miners.

It sets a limit at 2 mg/m3 [11] for RCMD leMeith a minimum of 5% quartz. Regulations limiting
respirable dust exposures, along with better ventilation and dust mitigation techniques, have
contributed heavily to the decline in disease incidence in the US over the following several decades
[4, 12-14]. However, since the late 1990s, the disease incidences have been on the rise [12, 14, 15]
with some studies suggesting even-0.2 mg/m3 exposure [6] can be harmful to the lungs. As a
result of these issues, the Mine Safety and Health Administratioff)yl8nplemented a new

dust standard on August 1, 2016, requiring dust levels at the working face to remain below 1.5
mg/m3 and intake entries below 0.5 mg/m3. Even though underground dust control has been the
subject of research and inquiry for severalatkss, these revised regulations have prompted

renewed interest in the area, particularly in the development of new technologies [16].

Dust control and mitigation strategies in modern mining include emitemted sprays and dust
scrubbers [1722], while te ventilation system itself is also essential [23]. Augmenting these

primary approaches, the flooded bed scrubber (FBS) mounted on the continuous mining machine
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is a widely adopted technology found in nearly all modern coal mines [24,25]. The FBS works by
drawing dirty air near the cutting head into a scrubbing duct. Here the dirty air passes through a
mesh screen where water is continuously sprayed. The interaction of the water spray and mesh
panel wets or captures the dust particles, which are sulvgBgoaptured in a mist eliminator.

The dry clean air is then discharged at the rear of the machine where an exhaust fan induces the
airflow needed for the scrubber [2@]igure 5.1 shows a depiction of the FBS|tiwv the slight

adaptation of a vibration inducer that prompts controlled vibration to the mesh screen.

Vibrating Demister
Mesh Screen ﬂ

Coal Dust ‘ Y

Intake )
i)

ﬁ Exhaust Fan

Water Spray ﬂ Blackwater
Sump

Scrubber
Discharge

Vibration
Inducer

Figure5.1: Visual illustration of benciscale flooded bed dust scrubber

While FBSs are ubiquitously continuous mining applications, they face numerous technical
challenges. Most significantly, the units exhibit a fundamental tradeoff between airflow and mesh
density. Higher mesh densities typically have higher particle capture rates; howeveftsdhey a
produce higher pressure drops, which reduce the amount of air that can be cleaned through the
scrubber. Alternatively, lovdensity meshes can achieve higher air flow rates, however, the dust
capture capacity is poor [26]. These issues are further agmdpd when the filter mesh is clogged,

which reduces overall efficiency and necessitates frequent cleaning. At least one study shows that
even a 2doot advancement can reduce scrubber airflow by 35% [28]. Operational downtime
caused by the cleaning praeseslows the production rate because of overall system degradation
[29].
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In recent years, research and development efforts have sought to directly address these challenges.
In one example, a vortecone nRolmgging wet filter used in the automobile industoycollect
oversprayed vehicle paint particles [30] was used to replace the dust collector within the FBS [31].
Later, this structure was modified to minimize resistance for use at much higher airflows [32]. In
a separate study, researchers proposed pmgemenitype filter facilitating dust removal by
preventing the straight flow [33]. Recent attempts have been made to improve system performance
by utilizing vibrationenhanced filter panels [27,34,35]. Many industrial applications have
benefited from elmanced particle filtering using vibrating filter media, including size classification,
filtering, and dust collection/removal [38)]. It has also been shown that directly stimulating the
filter media can reduce clogging problems in membrane filters [#1lAZnine vibrational
analysis on continuous miners data exhibit peak acceleration levels occur around 100 Hz [43].
Additionally the authors observed that the mesh screen responded with maximum vibrational

energy when it excites in the range of 2@ Hz[27].

Recent studies by the authors and colleagues have demonstrated the utility of vémasioced

FBS units. In an initial study, vibratieenhanced mesh panels were simulated through-fivase
computational fluid dynamic (CFD) models [34, 35], dhd results indicated that the vibrating
mesh provides stronger dust partiolesh interactions than the static mesh and that the strength
of the interaction increases as vibrational energy increases, resulting in a greater level of dust
collection. It wa found that the lowest amplification values produced more particle collection than
the higher values simulated. More recently, and experimental study validated that adding a
vibrationenhanced mesh panel to a laboratory scale FBS can improve dustaolédfitiency

over that of a static unit by 6% [27]. As a result of the induces vibration, more dust particles can
be captured by water droplets, surface wetting can be improved, and airflow rates can be sustained
for a longer period of time [27,34,35]. Tmplement the concept, energy harvesting approaches
and specific spring configurations enable natural vibrations generated by continuous mining

machines to be transmitted to mesh screen panels in FBSs [35,44].

Previous Chapter (Chapter 4) is experimépntstudying the pressure drop across the mesh filter.
Pressure drop across the filter has been investigated under different operating conditions, i.e. water
spray flow rate and vibration. The results showed that the pressure drop with a water spray is
significantly higher compared with that without a water spray, and the pressure drop is insensitive

to the flowrate of the water spray.
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As a followrup study of Uluer et al., (under review), this study proposes further modifications to
the standard FBS througturface modifications of the mesh filter. Many prior studies have
evaluated the use of wetting agents and other modifications to the spray water; however, the results
are largely inconsistent between studies and even within the same stadgJgj3n the current

study, an alternative approach was applied, whereby, the modification is applied to the filter media
rather than the spray water. Vibratienhanced and surfaoceodified stainlessteel mesh panels

with a variety of thicknesses were tested iis $tudy to evaluate the combined effect of mesh
design and surface modification on dust collection. For this purpose, several tests were conducted

using a laboratorgcale FBS equipped with a vibratienhanced mesh screen.

5.2. Theory

5.2.1.Effect of Surface Chemistry on System Performance

It is significantly important to evaluate the effect of mesh vibration with different surface coatings
for improving the particldaden liquid drainage collected on a mesh to avoid clogging. During the
benchscale prototypeessting, a parallel study conducted by Dr. Jung et al. investigated how
modification on filter surface affects system performabs€ [They coated the filter surfaces with

three different coatings (NeverWet, Naisol, and Cytonix) and vibration was indndbd mesh.

They also compared the results with the untreated filter suffdes. used a higepeed camera

to record the behavior of drops under vibration. The time evolution snapshots sHeaguréb.2
illustrate the behavior of a particladen drop when vibration is applied to a bare surface and a
Naisolcoated surface. As indicated in the figure, in the same conditions the coating causes the

drop to slide, compared with a drop adhering to the untreated surfac

94



444444
{4141

time
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After collecting the data, they measured the wettability of these filter surfaces and compared them.

The difference between mamum advancing and minimum recedi

proportional to the wettability of the surfac
sur faces, whereas | ower @b refers to more hy
Naisobco at ed surfaces achieved the opti mal bal an

via a hydrophilic surface and droplet mixture drainage via a hydrophobic surface.

The current study was able to make use of these results by identifying the most afgpsopiice

treatment types for greater system performance. These surface modifications can increase adhesion
between dust particles and liquid interfaces by increasing evenly wetting the mesh screen surface
with | iquid. A hydr oipdnablewater draplet$ ta reraain Crthegrieshr b
for a longer period of time and thus allowing the drops to capture more dust particles. Hydrophobic
surfaces, as present ed isrhe @te of drdpudnampags, allgwingu p st
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droplets to ontinue their path to the mist eliminator. Considering these two competing effects,

different coatings have been tested which provide a variety of surface wettability properties.

5.2.2.Effect of Mesh Type on System Performance

Sczap et al. (2023) studied theechanisms involved in clogging filter media using a test setup
which is modeled the filtering mechanism in the scrubbsemg differential pressure data across
the filter, they fitted a modified model to the data and compared the model results with the

experimental results.

In fibrous filters, Davies' equation (1973) governs the pressure drop. A filter's dimensions are

related to its dimensional characteristics and its air velocity in this equation. This includes air

velocity (V), ptoy o(ssg),y grid ,medamr fviilstceorsisi ze
Y0 ; G p v

— o—

5 ¢ R P

Based on the research they conducBsap et al. concluded that the total pressure drop across a

filter is an accumulation of the pressure drops across individual layers of a filter pack or assembly.

Pressure drop is increased by a decrease in both porosity and pore size.

In addition, theystated that coarse dust particles tend to accumulate at the front layer of the filter,
causing caking, while fine dust particles tend to accumulate inside the filter. They utilized
Bergman et al.'s (1978) mathematical pressure drop model as it considemd \clogging

mechanisms:
Y0 ; AR AT AR
o Y% 9 9 9 <

Wher e Uf dforthe porositysot tizerilter medium and cake medium and df and dc are
the average particle size of the filter medium and cake medium. In Eq. (2), two different clogging

mechanisms are taken into account, namely front caking and internal caking.

96



Sczap efal. (2023) modeled the impact of clogging on the pressure drop across the filter by
modi fying Bergmanbés equation [51]. They sugge
contributing to the overall pressure drop across the filter when cakingnedo Therefore, they
rearranged Eq. (2) to include the thickness of the freha(m back (2 sections:

&aF o7

oot X G °
There are three par amet er s rdsiea(d.Basedonticek mogled,s ( z)
the cake thickness increases linearly when coarse dust particles are clogged at the front layers of

the filter medium. Addi t i opnaad niegn,pord divesfgftheound t

clogged cake at the finb layer remained constant during operation.

The mathematical model developed by Sczap et al. (2023) reveals the mechanism of filter clogging
in floodedbed dust scrubbers. This model successfully explains the increase in pressure drop
across a filter pameThat study demonstrates the relationship between the pressure drop across the
filter and the total accumulation of clogged dust particles within the filter. The theoretical approach
was incorporated into the study presented in this chapter. Specjfipabsure drops across the
mesh screen and the mass accumulation on the filter surface and within the filter package were
continuously monitored. This was to establish a more accurate way for a better understanding of

filter clogging and also to achieveone precise results about system performance.
5.3. Materials and Methods

5.3.1.Testing setup

The test setup used in this study is identical to that of Uluer et al. (under review). Salient details

from that study are provided here for reader convenience.

A bend-scale scrubber was manufactured by scaling down the parameters of a typical
underground coal mine FBS. With an internal cresstion of 0.152 m x 0.152 m, the chamber

features a feeder, a jet mill grinder, an upwind section, a mesh screen unit, aisitakeunted
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on the side of the mesh screen unit, a demister unit, a downwind section, a fan and a dust collector
(Figure5.3). Both the upwind and downwind sections are 1.22 meters long and have sampling
stationsfor measuring air velocity and pressure. Each mesh screen and demister housing section
is 0.36 m long, and both sections are equipped with grated blackwater sumps underneath. Through
an actuating rod and clamping mechanism, the mesh screen was moareddband Kjeer Type

4809 electromechanical shaker. SDG1000X function waveform generator generated the signals,
which were applied to the shaker through a Briel and Kjeer Type 2718 power amplifier for base
excitation Figure5.4).

Samphng Ports% .

qPressur ‘/AereIoc&, easu

Figure5.4: Vibratory instrument; Waveform generator (left), Power Amplifier (middle), Electro
mechanic shakeright)
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A volumetric screw feeder and a Trost jet mill are used to introduce dust material into the system.
The two units are independent of one another and control dust size and concentration. This ensures
that the dust introduced to the scrubber hashfsurfaces, as in a fully operational FBS. Keystone
Black material obtained from Keystone Filler & Mfg Co. was fed to the jet mill. This coal dust
contains a low inherent moisture content of 1.4 £ 0.10% with a dry ash content of 14.6% 0.04%.
95% of the fed dust produced by the jet mill passed approximately 10 microns and roughly 50%
of it passed 5 mm microns. The dust material was selected because of its highly hydrophobic
properties and high carbon content which mimics most RCMD materials. Air sama$iseties
preloaded with Teflon filters were used to collect dust samples from upwind and downwind
sections during testindgrigure 5.5 shows the sampling ports positioned parallel to the incoming
airstream at the ember’s centerline velocity.

Y S
Sampling Port

LY R

Figure5.5: Gravimetric sampling system.

5.3.2.Methodology

An efficiency study was conducted to determine the effects of vibrating filter panels with various
mesh designs. Eachstevas conducted for 5 minutes, during which pressure drop and air velocity

were continuously measured using pitot tubes, hot wire anemometers, and digital manometers to
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determine the level of mesh screen clogging. Each trial was conducted at an ispieéadiof
approximately 9.5 m/s, and peasin air velocity measurements were taken to measure airflow loss.
Dust particles were introduced into the system at a rate of 22.7 g/min. The sampling pump flow
rate was kept at 5 It/min. Previously optimized pagters for water flow rate and vibrational
parameters were used in the tests [27]. These values were respectively 3 It/min for water flow rate,
30 dB for amplifier gain, and 134 Hz for frequency. These values were maintained throughout the

test runs to ensa consistency in the experiments.

Dust collection efficiency was determined by gravimetrically collecting-ldagn air samples
upwind and downwind of the filter assembly. Following is an equation for calculating the

coll ection efficiency (d) associated with eac

- b p ZpTMT

a

(mgs = downstream sample weight, ¥ upstream sample weight)

Throughout the test, the dust particles on the mesh screen surface are also measured to determine
how much dust accumulation is present on the mesh screen. After each run, the mesh screen was

immersed in an ultrasonic bath for three minutes to removedrstles and weighed after drying.

Customized filter frames were designed using a comjaudexd design program and additively
manufactured using a3 printer using the original mesh screen dimensiéigufe5.6). In order

to investigate how altered mesh design affects system performance, various layers of woven mesh
and surface modifications were used. 10 layers, 20 layers, and 30 layers of 316 stainless steel

woven mesh were used to fill the frames.
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a)

Figure5.6: The mesh framadapter assembly is illustrated in a) CAD drawing, b) Additively

manufactured frames

The performance of the system was also examined by testing modified screen chemistry with
different suface treatments. The woven filter packages were made from 316 stainless steel with
varying surface hydrophobicities. There are three types of screens: an untreated screen, a
hydrophilic enhanced screen, and a hydrophobicized scFegur€ 5.7). The bare steel had a
contact angle of 92.6+1.45 indicating that it was slightly hydrophol2lc Fsydrophilic stainless

steel meshes were made by heating them at 750° Cs for 20 minutes Hoxyfem environment
furnace. iring this process, a blue magnetite layer formed on the surface. In response to this
application, hydrophilic filters were produced by reducing the contact angle of bare steel to
37.1+£1.00 [2]. The superhydrophobic filters were produced by coating theedteel meshes with

a commercial polymer agent. This application increased the contact angle of the steel to
156.6+0.88 [3].
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Figure5.7: Appearance of the screen after a trial; a) Untreated (barepsbtijedydrophilic
screen, ¢) Hydrophobic screen

5.4. Results and Discussion

To evaluate the combined influence of mesh density and induced vibration on system efficiency,
several tests were conducted using the bacale dust scrubber system. Arhiouse angurpose

built filter assembly was utilized to modify the filter package thicknEggufe5.6). In this trial,

three separate mesh densities, namely 30 layers, 20 layers, and 10 layers of woven stainless steel,

were evaluated in both vibratieenhanced and vibration free settings.

Dust collection efficiency data from these tests is showfignre5.8. The data obtained from

the dust collection efficiency calculationsosted that regardless of what filter package were used
when the mesh screen is enhanced with the vibration, better results are obtained in both wet and
dry conditions compared to the tests conducted in static condition. These differences are
sometimes negjibly small for some operational conditions. However, an improvement of about
3.5% was obtained in the collection efficiency with thel@@r screen in the wet vibration
enhanced operational condition compared to the same screen type under the wen-fibeati
condition. The 38ayer wet vibratiorenhanced operational condition was the most efficient run
(92%). This is followed by the 30layaret vibrationfree state with 89% efficiency. When each
operational condition is evaluated in its own classjlithe seen that the lowest efficiency of that

operational condition is always taking place with aldy®r screen. The maximum achieved
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efficiency with the 1@ayer screen was under the wet vibrat@rhanced operational condition
(80%) and the lowest wabout 77% under the dry vibratidree condition.
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Figureb.8: Collection efficiency by different mesh screen packages with various filter layering

under various operational modes

While collection efficency is one evaluation metric, it must be considered alongside other metrics
of performance. As such, throughout the same tests, thegirand postest conditions of the
downstream airflow were monitored. The difference of these two values shows lbvairiiow

loss occurs through the test duration. The greater the detected loss in airflow implies greater mesh
clogging and thus lower the overall system efficiency. Data from this analysis is shBigare

5.9. The highest airflow loss occurred in the test with a dry and vibr&enoperational
condition with 30layer screen (3.5 m/s). The conditions with the least air loss were the tests with

a 10layer screen in each operational condition. The lowefbwitoss occurred when a d@yer

mesh screen was used under the wet vibragidranced operational condition (0.81 m/s).
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Figure5.9: Downwind section airflow loss on mesh screen with different filtgerdag under

various operational modes

As a supportive indicator to the airflow loss parameter, the pressure difference data read digitally
from the downstream and upstream directions of the system continuously throughout each run
(Figure5.10). This data shows that the pressure in the wet condition tests always starts higher than
the dry condition test, likely due to the water layer that coats the mesh and reduces mesh porosity.
However, when the pressure changemonitored throughout the test, the data shows that the
pressure changes in the tests performed under wet conditions is much less than the increase in
pressure changes under dry conditions. Because the initial pressure created by the water sprayed
on thescreen causes the initial pressure in the tests performed in wet conditions to start from high.
The data show that the pressure difference in dry condition reaches much higher values (avg. 20%
increase) than in wet condition (avg. 3.13% increase). Theyeedrop increase throughout the

test explains the partial clogging of the mesh screen. In the wet condition, no significant differences
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were observed in the vibrating and nahrating conditions. In addition, in each operational
condition, the minimumricrease in pressure difference was obtained in the tests performed with
the 10layer filter assembly under wet vibrati@mhanced operational condition (2.2% increase),

and the maximum pressure difference is obtained in the tests performed withldyer 3iler

assembly (22.4% increase).

a)

1.20
110
=1.00
Eo90
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<10.80

Figure5.10: qpp
mode b) Wet and vibration mode c) Dry and vibraficge mode dpry and vibration mode

In addition to these data, in order to further support the assessment of system efficiency, after each
test, the filter assembly of that test was passed through an ultrasonic bath. The mass of material

obtained from this procedurs indicative of the amount of dust accumulated on the filter during
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the test. This parameter is one of the most important parameters showing the clogging of the filter.

As shown inFigure 5.11, the operational cormttbn in which the largest mass of particles
accumulated on the filter during the test was the test with-lay&0 filter assembly under dry

vibrationfree condition (7.2 g). The operational condition where the least dust accumulation
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occurred on the medtreen surface was the test with a vibratingal@r filter assembly under

wet condition (2.9 g).
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@ 10-layer mesh screen
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@ 30-layer mesh screen

Mass Accumulation (g)
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Figure5.11: Mass Accumulation on mesh screen with different layering under various

operational modes

Although vibrating the mesh screen has been promising in many cases, it can be inferred from the
combined data that there are a few situations where the static state is more advantageous. For
example, while the air loss in the wet vibrating condition desd by 7.78 % compared to the
vibrationfree condition in the tests performed with thel®@er mesh screen, the airflow loss in

the wet test using the A@yer vibrating filter increased by 1.87 % compared to the vibrditem
condition. Similarly, a derease of 4.77% is observed in the vibratinga8@r screen under the

wet condition compared to the vibratinee condition, while an increase of 9.14% is observed in

the amount of dust accumulated on the filter surface with the vibratingy80 mesh @een
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compared to the vibratiefniee condition. When all these data are combined, the performance of
the 10layer screen is remarkable in terms of air loss and dust accumulation on the filter. However,
when the system efficiency is also considered, sicaniti decreases are observed in théay6r

screen compared to the higHayer filter packages in each operational situation. The reason for

its less overall efficiency is that the datien air passes the-1dyer filter screen without getting
capturedby water droplets more easily than others. Since less dense screens cause an increase in
the amount of material that can move downstream of the system, they are negatively affecting the
system efficiency.

When all the test results are considered togetherdata show that the lowest air velocity and
pressure loss and the lowest amount of mass accumulated on the screen is the test performed under

the wet vibrating operational condition performed with da3@r filter.

These results correlate well with study conducted by Sczap et al. (under review) which
investigated the clogging of a flodmed scrubber filter panel both experimentally and theoretically.
The results indicated that the pressure drop evolved differently with the pore structure dadrthe filt
medium. In addition, the pressure drop increased with dust accumulation within the filter [51].
Increasing the density of the filter media results in increased dust accumulation within the mesh
screen panel, which increases the pressure drop acroasshescreen.

The surface of the filter panels can be coated in different ways to increase wettability and enhance
particleliquid adhesion. Following the protocols explained in methodology section, super
hydrophobic filter coatings were obtained usingamercial polymer agent using the application
instructions provided by the vender. Alternatively, the hydrophilic filters were obtained by heating
them in a highkemperature lovoxygen environment furnace at 750° C for 20 minutes, allowing

the formation ba blue magnetite layer on the surface of the stanstesd filter.

Data from these tests are showrigure5.12 to Figure5.15 and include measured of both dust
collection efficiency and clogging mitigation. Firdgjgure 5.12 shows the dust collection
efficiency for the specified operational conditions. Across all conditions, the hydrophilic surfaces
imparted the highest dektion efficiency, with the differences being more pronounced for the

vibration free conditions as opposed to the vibration enhanced conditions.

107



100

B No surface treatment

90 mHydrophilic surface |

@ Hydrophobic surface
80

70

60

50

40

30

Collection Efficiency (%)

20

i | . I |

0

Wet-vibration Wet-vibration Dry-vibration Dry-vibration
free enhanced free enhanced

Figure5.12: Collection efficiency by different mesh seres with various surface treatments

under various operational modes

Airflow loss data for the tested operational conditions are showigure 5.13. As anticipated,

the dry conditions showed the highest airflossd, and in all cases, the hydrophilic mesh
outperformed the other two. Overall, this data follows the same trend as that of collection
efficiency with the difference between the various treatments being more pronounced in the

vibration free cases.
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Figure5.13: Downwind section airflow loss on mesh screen with different surface treatment

applications under various operational modes

Similarly, Figure5.14 shows he real time pressure drop data through the test duration. For the
wet-condition tests, the pressure drop was similar for all three surface treatments; however,
significant deviations were observed in the dry tests. Generally, the hydrophilic and bkeas me

performed similarly, with the hydrophobic mesh exhibiting a significantly higher pressure drop.
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Lastly, the mass of particle accumulation on the filter, which is another paratinat indicates
the clogging process of the mesh screen and shows thdeseifng capacity of the filter, was

examined. Data from this analysis is showrFigure 5.15, and closely follows the trends of

airflow loss shown irFigure5.13.
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Figure5.15: Mass Accumulation on mesh screen with different surface treatments under various

operational modes

When the tests carde out under various operational conditions with different surface
modifications are examined together, hydrophobic surface modifications tended to reduce system
efficiency relative to the baseline, while hydrophilic treatment tended to improve condifiniss.

results closely aligns with that of the laboratory testing and validates the approach employed in
that section. In explaining the findings, when water contacts hydrophilic surfaces, it forms a film,
whereas when it contacts hydrophobic surfacebe#ds up. Since water droplets are highly
mobile, if the surface becomes hydrophobic, the area covered by water droplets is significantly
reduced of the total mesh wire surface area. Besides, hydrophilic coating is increasing the amount
of liquid surface eea on mesh, which increases chances of dust particles getting captured by the

water droplets.

The final portion of the study utilized a thrésector BoxBehnken design (BBD) to examine the
combinatory effects of mesh design, surface modifications, amdtibal frequency on system

performance. The factors and levels associated with the independent variables areTisbéel in
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5.1. In total, 15 tests were carried out with different combinations of the varidlmatetermine

the size distributions of the dust removed by the filter, upwind and downwind dust samples were

analyzed using a Microtrac S3500 laser particle size analyzer.

Table5.1 Independent variables atitkir respective values

Factors Level
Low (-1) Medium (0) High (+1)
Filter Density 10-layer 20-layer 30-layer
(layering)
Surface Treatment Hydrophobic No Surface Hydrophilic
Treatment Treatment Treatment
Frequency (Hz) 0 67 134

Response surface pdotvere created with the results and are shoviigare5.16 throughFigure

5.20. Each figure shows the effect of two different variables on response by keeping one of the
three variables used during the experiment constant. The collection efficiency s&itage (

5.16) was plotted from the data obtained with the gravimetric samplifgglme5.16a, the effect

of the interaction of the filter density with the surface treatment on the efficiency is examined. The
effect of the interaction of the filter density with the frequency on the efficiency shown examined
in Figure5.16b. The highest efficiencies (over 90%) were obtained when the filter frame filled
with 30-layer, and at the same time the mesh surface was hydrophgire 5.16c shows the
combinatory #ects of vibrational frequency and surface modification. Compared to the filter
density and surface modifications, the frequency had little impact on the collection efficiency.
However, it is worth noting that the collection efficiencies approached maxiexels under the

conditions where the densest hydrophilic filter excited with 134 Hz.
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Figure5.16: Surface Plots of Collection Efficiency (%) vs a) Filter density {Olayer, 0: 20
layer, +1:30-layer) and surface treatment{Hydrophobic, O: Bare surface, +1: Hydrophilic), b)
Filter density {1: 10layer, 0: 20layer, +1: 36layer) and frequency1: 0 Hz, 0: 67 Hz, +1: 134
Hz), c) Surface treatmentl( Hydrophobic, 0: Bare surface, +1: Hgghilic) and frequency-{:

0 Hz, 0: 67 Hz, +1: 134 Hz).

In Figure5.17, the effects of the binary interactions of the variables used in the test on the air
velocity lost during the test were examinedFigure5.17a where the effect of the filter density

with the surface treatment pair on air velocity loss is examined, the data shows that the air velocity
loss is most pronounced (over 1.4 m/s) when the filter denstyitisdensest level (3@yer), and

when the hydrophobic coating was applied to the mesh sdfegne5.17b shows that the air

velocity loss reaches the highest levels with thelay@ér mesh screen in a vibratifree
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environment. Similarly, the hydrophobic surface modification increases the airflow losses by over
1.2 m/s in a vibratiofiree environment. Altogether, the data show that air velocity loss can be
minimized by using hydrophilic mesh screen packagke lwiver mesh density and when vibrating

the mesh screen around 134 Hz. Additionafygure 5.18 shows the effect of the binary
interactions of the variables used in the experimental design on the pressure sgpthaamesh

screen. As Bernoulli's equation defines, the changes in the pressure drop between upstream and
downstream in a chamber and the air velocity in the system are directly related. Thus, the increases
in pressure drop tended to be similar to tesés in air velocity. A 3yer hydrophobic filter

tested in a vibratioffree environment produced the greatest increase in pressure drop. The least
increase in pressure difference was found with the highest frequency value (134Hz) and the least

dense (@ layers) hydrophilic filter package.
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Figure5.17: Surface Plots of Upstream Airflow Loss (m/s) vs a) Filter densltyl(®-layer, O:
20-layer, +1: 36layer) and surface treatmeni{ HydrophobicQ: Bare surface, +1:
Hydrophilic), b) Filter density-@: 10-layer, O: 26layer, +1: 36layer) and frequency1: 0 Hz,
0: 67 Hz, +1: 134 Hz), c) Surface treatmefit Hydrophobic, O: Bare surface, +1: Hydrophilic)
and frequency-{: 0 Hz, 0: 67 Hz, +1134 Hz).
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Figure5.18: Surface plots of pressure drop across the mesh screen (mbar) vs a) Filter diensity (
10-layer, 0: 20layer, +1: 36layer) and surface treatment{Hydrophobic, O: Bare swate, +1:
Hydrophilic), b) Filter density-L: 10-layer, O: 26layer, +1: 36layer) and frequency1: 0 Hz,
0: 67 Hz, +1: 134 Hz), c) Surface treatmeft Hydrophobic, O: Bare surface, +1: Hydrophilic)
and frequency-{: 0 Hz, 0: 67 Hz, +1: 134 Hz).

To determine the selfleaning capacity of the mesh screen, the amount of mass accumulations
within the figure was measured after each fegfure5.19 shows the data from this analysis. As
anticipated from the preare drop data, the static test with al®per mesh screen and increased
hydrophobicity yielded the highest mass accumulation (over 4.8 g collected bvernainute

test). Under the conditions tested, frequency did not have a significant effect omisthe d
accumulationFigure5.19%); however, a hydrophilic mesh combined with vibration was shown to

be most effective, accumulating less than 3 g over the test period.
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Figure5.19: Surface plots of mass retain within the mesh screen (g) vs a) Filter dehsit (
layer, O: 26layer, +1: 36layer) and surface treatment{Hydrophobic, O: Bare surface, +1:
Hydrophilic), b) Filter density-@: 10layer, O: ®-layer, +1: 36layer) and frequency1: 0 Hz,
0: 67 Hz, +1: 134 Hz), c) Surface treatmeft Hydrophobic, O: Bare surface, +1: Hydrophilic)
and frequency-{: 0 Hz, 0: 67 Hz, +1: 134 Hz).

Lastly, Figure5.20 shows the interaction between vibration, filter density, and surface treatment
in the reduction of fine respirable dust materid&.§ pm). InFigure 5.20a, the test with a
hydrophobic mesh screen shows the lowasies for respirable material reduction (below 60%),
regardless of the number of layers in the filter pack. In contrast, when all figures are combined,
when the surface is hydrophilic and the filter thickness is 30 layers, the amount of respirable

substanes eliminated increases by over 80%.
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Figure5.20: Surface plots reduction in respirable size (%) vs a) Filter denity@layer, O:
20-layer, +1: 360layer) and surface treatment(Hydropholtrc, O: Bare surface, +1:
Hydrophilic), b) Filter density-@: 10-layer, O: 26layer, +1: 36layer) and frequency1: 0 Hz,
0: 67 Hz, +1: 134 Hz), c) Surface treatmeift Hydrophobic, 0: Bare surface, +1: Hydrophilic)
and frequency-(: 0 Hz, 0: 67 Hz, . 134 Hz).

These results compare well with a study by Sczap et al., 2023 which reports that mesh design and
surface hydrophobicity significantly impact the clogging rate of the filter in an FBS. Decreasing
the contact angle of the mesh screen surfaceowves the system performance and extends the life

of the filter panel by preventing rapid mass accumulation within the filter. Additionally, as mesh
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screen package thickness increases, dust particles accumulate more rapidly within the filter panel,
increagng pressure drop and lowering system performance [51]. Inversely, as the filter media
density decreases, more void areas appear within the filter media. As a result, some dust material
passes through the mesh panel without being captured by water drdpletiess dense filter

media does not offer better dust collection efficiency for this reason. The hydrophilic and
vibrationally enhanced mesh screen, however, sustains more airflow through the system, slows the
increase in pressure drop, and improvessmatention within the filter. Therefore, less dense
hydrophilic and vibrating mesh screen panels can outperform hilginsity panels for longer

periods of time.

5.5. Conclusion and Summary

Flooded bed dust scrubbers utilized in underground mining operatiemsarticularly susceptible

to clogging. As dirty areas in the mesh become loaded with particles, the pressure drop across the
screen increases, resulting in reduced airflow volumes and lower overall air cleaning efficiency.
Thus, one way to improve ol system efficiency is to continuously remove patrticles from
congested regions, which allows the system to maintain higher interior airflow rates. In this study,
modifications to the filter surface and mesh thicknesses were examined to determine their
combined effect on vibraticenhanced flooded bed dust scrubber performance. Tests were
performed in laboratorgcale scrubber unit using mesh screens with different surface treatments
and filter media densities. The effects of various factors were measubeth a wet and dry
environment, as well as with and without vibrations. As part of the tests, air velocity, pressure

drop, and the weight of dust particles accumulated inside the mesh screen were measured.

Overall, the results confirm the benefit ofiarating mesh FBS, as has been demonstrated in prior
studies [27,34,35]. Moreover, the results show that the system can be further optimized through
control of the mesh density and particularly the mesh hydrophobicity. Results with different mesh
thicknesses generally confirm prior studies showing that higher mesh density increased dust
collection; however, also shows higher clogging potential as demonstrated through both mass
accumulation and pressure drop. Interestingly, testing with different mdabesarodifications

showed that optimal results were obtained with hydrophilic mesh surface, which exhibited reduced
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clogging but similar dust collection as compared to the hydrophobic and untreated counterparts.
In summary, the results showed that thetem performance can be optimized when using
hydrophilic 26 or 30layer filters that are excited by frequencies betweeld®¥ Hz. These
benefits were most notable in tH&25 micron size class, where proper optimization of the mesh
frequency, mesh wettdity, and mesh density can lead to nearly 30% increases fine dust removal.
Ultimately, this study provides a substantial contribution to the understanding of mesh design,

surface modifications, and vibrational effects in shaping dust scrubber systeeneyfic
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Chapter 6

6. ScaleUp and Validation Testing of a Vibration-Enhanced

Flooded Bed Dust Scrubber Design and Construction

6.1. Introduction

The system prototype was designed with the intenfialemonstrating the feasibility of vibratory

mesh assemblies on a full scale, including a vibration translation system. Prioscaall
laboratory testing was used during the preliminary design process to ensure that adequate airflow,
wastewater egressand mesh excitation were achieved. The unit was tested at the NIOSH dust
gallery, where similar dust scrubber technologies are being tested-skdilgl unit uses a modular
structure similar to the one found at NIOSH and consists of a stand and shssablgs an

exterior tunnel structure, and an interior vibratory mesh assembly.

The novel mesh section of the scrubber was the focus of this prototype design and construction. In
order to test the section, NIOSH provided equipment analogous to that fotyplcah flooded

bed scrubbers, including a particulate feeder, water management system, demister assembly, and
exhaust puller fan. This prototype has been designed and manufactured as a direct replacement for

NIOSH's statiemesh scrubber section, elimimeg onsite modifications.

As the vibration of an operating continuous miner could be a suitable source of vibrational energy
for the filter mesh, the feasibility of an energy harvesting technique was also investigated in this
chapter. As depicted iRigure6.1, an elastic foundation of known spring constant can be used to
transmit the system vibration to the mesh. The vibrational energy transmitted to the mesh can thus
be controlled by proper selection of the sgrconstants of the elastic foundation. Using vibration
data from an operating continuous miner, the proposed design has been evaluated through

experimentation. A range of spring constants were identified that properly transmitted the optimal

128



vibrationalfrequencies. This vibrational translation concept was also evaluated through the high

fidelity testing campaign.

Figure6.1: Design of a scrubber mesh attached to a spring housing

6.2. Vibrational Translation - Energy Harvesting Evaluation

As noted in the previous chapters the dust collection efficiency of the mesh scrubber system
increased with the introduction of vibrations. Through this finding, a system was modeled and
presented in this chapter that vitasthe mesh screen that is harvesting energy from an external
source of excitation. An elastic base composed of springs is designed to be used for the mesh to
move in a particular direction. This base would take the shaking of the continuous miner as the
source of vibrations and transmit that to the mesh screen. The mesh screen vibrates independently
of the externally generated vibration frequency. An important role here is the stiffness of the elastic
base of the mesh scrubber which determines the fregwérihe output vibrations.
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To investigate the energy harvesting/vibrational translation system, Jung et al. conducted a series
of tests on a scaledbwn benckop model Figure6.2) [1]. They recorded experimentvith a
high-speed camera by tracking them throughout testing using an image processing technique.
These benclscale experiments aimed to identify the vibration frequer{caasing from 16100

Hz) where more energy can be harvested from the sy3tear.method consisted of extracting

the vertical position of each tracked point (y) and applying a Fast Fourier Transform (FFT) to
them. Their findings reveal that local maximums in FFT data appear at the most dominant
frequencies of oscillations.

o o

amplifier signal generator

Figure6.2: Schematidllustration of test setud]

They found that the energy transmitted to the mesh is the highest when the driving frequency is
equal to the system natural frequency. They calculated an apprexuatatal frequency of the

system using the relationship of natural frequency (Fn), mass (m), and stiffness (k) of the system:

"0

allxel

Q
a

Considering the bene$cale test setup geometry and characteristics, they identified that the natural
frequency of the smaficale system, Fn yields 65 Hz. The FFT results proves that the mesh
structure oscillates with the same frequency as the base oscillations when F> Fn. Hence, they
neglected the effect of spring system in this lirAiternatively, theydiscovered that the spring

system has a significant impact on vibration modes at frequencies lower than the natural frequency.
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Pairs of strong peaks are observed in FFT data shown in the subseFi@gliaf6.3. The first is

close to the base frequency (F), and the second is close to the natural frequency (Fn).
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They concluded that it is possibtedxcite the natural frequency of the system in frequencies lower
than the natural frequency of the system. In light of the recommended application, in order to
harvest more energy from the external source to the vibratory assembly, various springsconstant
that provide a natural frequency larger than the range of viable external frequencies were selected
in this study.

6.3. Design and Construction

6.3.1.Stand and Shaker Assembly

Stand assembly contains the scrubber mesh section and shaker assembly. This w@acture
assembled with bracketry made of 8020 aluminum. The shaker is positioned offset from the tunnel
mounting point Figure6.4). This iteration of the study uses a Modal Shop 2110E shaker kit. The
shaker can delivell0 Ibf pk of sine force, a frequency range of up to 6500 Hz, and a stroke
distance of 1.0 inches. The specifications of this shaker make it an ideal option for testing since it

meets all the operational parameters requigd |
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Figure6.4: Stand and shaker assembly CAD model.

6.3.2.Tunnel Structure

To test the unit, the exterior structure was designed so that it could be modularly adapted to
NIOSH's existing flooded bed dust scrubbiigre6.5). NIOSH's system comprises individual
chambers that measure 15.50 inches x 27.00 inches and employs a static mesh that measures 15.75
inches x 25.25 inches. In order to package the vibratory mesh assembly within the cdnffiees o
NIOSH scrubber dimensions, a tapered chamber was designed. Tapering the chamber opens it up

to 32.25 inches in width and yields a total increase of 5.25 inches in width.
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Figures.5:Full-Scale Vilyating Mesh Housing; a) CAD model, b) Prototype.

The outward taper naturally caused a marginal reduction in air velocity through this portion of the
chamber. Using the same mesh and chamber section for static and dynamic testing, possible effects
of the dhange in geometry on airspeed were negated. Eight plashiiat panels were assembled

and fabricated into one structure using exterior fiketded corner joints with a 0.126¢ch 5052

H32 aluminum sheet. Unlike the NIOSH unit, which is constructed frarbon steel, aluminum

was used for this unit to reduce its mass. Also, it can be formed and bent without cracking, has

superior corrosion resistance, and can be welded easily.

Each viewing window in the chamber structure was constructed out ofin@2thick
polycarbonate and was designed for use in testing and data collection. A mesh egress window is
used to monitor the mesh upstream and downstream, as well as to install the vibratory mesh

assembly.

An interior airblock plate and thick edge flangesnfeirce the hollow structure of the chamber.

As shown inFigure6.6, the edge flanges are the same size on the outside as the NIOSH unit and
share an identical hole pattern for ease of installation. They were fib&@-mch height x 0.125

inch thickness 90° aluminum angles. As showirigure 6.6, adding the atblock plate and its
accompanying panel mounts to the structure triangulates the interior and fastens tlveiradis,

and floor mechanically. Furthermore, this plate seals the chamber around the vibratory mesh
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assembly and provides a solid mounting surface for the vibrating mesh. Similar to many industrial

units, the plate is laid back at close to 45° angle witihe structured].

Figure6.6: The main chamber with an @fock plate; a) CAD model, b) Prototype.

6.3.3.Vibratory Mesh Assembly

It is described in Chapter 4 that a spectrum of frequencies can beg@idayuseveral subsystems
generated by the continuous miner operafidesh screen housings are subject to these vibrations.
Based on all the possible frequencies imparted on the mesh base, the elastic foundation of mesh
screens is designed so that the Imessonates at a specific frequency. In this case, the natural
frequency of the elastic system is the resonant frequency. As a result, resonance occurs when the
natural frequency of the system falls within the range of frequencies produced by the centinuou
miner. This will result in the mesh screen vibrating at its natural frequency most of the time. This

frequency has the highest force transmission between the source and the mesh screen.

The relationship between the mass (m) that needs to be movetiffiess (k) of the elastic base

and the natural frequency (Fn) of the mesh screen system is given by:
T 1 04

An elastic base can be developed using this equivalence to stimulate the mesh screen at whatever
dominant frequency is desired. In this way, the mesh screen can be designed with an elastic base
capable of vibrating at a particulaefuency. In other words, it is feasible to develop an operating

system whose natural frequency matches the frequency range that the system experiences.
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Based onthe imi ne vi brati on data described in Fuchs
technicalreport section provided by Dr. Amini and his group [1,4], the response of a benchmark

mesh screen weighing 3.52 kg was analyzed. Results showed that base stiffness influences mesh
screen vibration as vibration is applied. There are also losses assodiitedbvations. To

simplify the analysis, a damping ratio of 5% was assumed.

In contrast to preliminary smadicale tests, the prototype system harvests and transfers machine
generated vibrations to the mesh panel. This transfer of vibration is notaaieséetcis easy to
install the novel system on existing mining equipment without significant modifications. Machine
driven transference is implemented through vibratory mesh assenthjese 6.7 shows this

assemly, which is composed of two separate substructures constrained by linear roller bearings.

a)

Figure6.7: Vibrating mesh panel; a) CAD model, b) Prototype.

All components of the vibratory mesh assendrly fastened to the driven exterior panel. Through

the use of four separate linear bearing carriages and rails, this panel connects directly o the air
block plate and acts as the mounting interface between the chamber and the shaker. Bearings allow
the asembly to be moved laterally within the chamber to a maximum stroke of 1 inch. The mesh
assembly is mounted by another set of bearings and carriages on the upward portion of the driven

panel.

As seen irFigure6.8, the mesh panel assembly consists of the filter mesh, the mounting frame,
and dampening springs. Through the secondary set of linear bearings, the mounting frame is
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mechanically attached to the driven panel. As a result of thisoéaaing design, the amber and

driven panel can be moved independently of each other. The driven panel is mounted to the mesh
panel with compression springs. Using the coil binding of the spring as a hard stop, these springs
allow the assembly to move within the stroke ranfgthe driven panel. A further benefit of the
springs is that they transfer lateral driven movement from the driven panel to the mesh panel,

simulating machindnarvested vibrations.

Figure6.8: Meshpanel assembly with springs; a) CAD model, b) Prototype.

Completed interior assembly with ditock plate and vibratory mesh assembly provides adequate
sealing without bypassing celalden upstream aiFigure 6.9a shows the completed assembly
from upstream. The design ensures uniform airflow over the entire mesh surface area during the
shaker's stroke. As the assembly contains two positions of linear moticifridoan slippery
polyethylene sealing surfaces wexgplied between both linear assemblies to mitigate strain on
the shakerfigure6.9b shows the downstream side of the interior assembly on the opposing side.
Data collection during testing is aided by the viewimigdows surrounding the mesh shown in
Figure6.9b.
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Figure6.9: Complete prototype interior; a) upstream b) downstream.

6.4. Materials and Methods

Testing of the prototype system was conducted at the NIOSH Dust Gallery using the systems and
infrastructure in place. The experimental investigation studies the influence of various operating
parameters (e.g., vibrational freqegnamplitude, mesh housing design, and mesh design) on dust
capture and selfleaning potential. The primary experimental trials were conducted with the
standard fine coal dust blend that is used in the NIOSH dust gallery. The apparatus for testing
included the standalone dust scrubber configuration, that includes several tunnel sections as well
as a discharge fan, demister, water management system, and residual dust collection system
(Figure6.10). A single custm-built tunnel section that contains the vibrating mesh configuration
(Figure 6.11) and a vibratory unitKigure 6.12) were supplied in the scope of this study. The
vibratory kit includes a dugburpose platform shaker with power amplifier and a cooling package.
The electrodynamic exciter is capable of imparting 489 N (110 Ibf) pk sine force and 25.4 mm (1")
pk-pk stroke P].
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Figure6.11: a) Custombuilt mesh housing section b) The vibrating mesh configuration.
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Figure6.12: Shaker kit employed in the test.

The existing system was pretested to determine the operational and cleaning procedure for the
filter and duct. Subsequent tests followed standard protocols and procedures for the dust scrubber
system that have been developed by NIOSH. During each test, the fan, water sprays, mesh shaker,
and dust feeding system (sequentially in that order) were initiated. Gravimetric sampling
measurements were utilized using sample collection cassettes & vamuups through the
duration of the testHgure6.13). Pressure drops across mesh screen and demister and air velocity
were measured using pressure gauge and pitot tube before introducing dust as well as throughout
the duration of the tesFi{gure6.14). The spent filters were cleaned using garden hose, the water
sump was emptied when needed, and the system was prepared for a new run between tests (pre

test pressure drop waslized as an indicator of cleanliness).
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