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ABSTRACT

In addition to ventilation practices, the application of water via sprays is the
most economical and popular means of combating respirable dust in an
underground coal me. Due to a noticeable increase in black lung among
coal miners ath new dust regulationsydactants or wetting agents have
beenusedto aid in dust suppression. The surfactant facilitates the wetting
process by lowering the surface tension and atigwine hydrophobic coal

dust to come into contact with the water.

One of the most straightforward and effective benchtop tests is a simple
wetting test. Although there are variations of this type of test, principle and
technique remain the same. A knoamount of dust was placed on the
surface of a solution and the time it takes for all the dust to fall through the
interface would be the wetting rate. This investigation examined the specific
density of the bulk dust and concentration of a surfactastlirtion and

their effects on the wetting rate. It was found that both factors were
significant in determining the wetting rate. It was seen that the surfactant
had a more significant effect on the dust which consisted mostly of coal

particle when compad toa dustwith a higher norcoal mineral content.

Additionally, full-scale tests were conducted to determine the effect of the

surfactant at a constant concentration. During the field implementation, the



surfactant was pumped through the mines spiagmto the cutter heads of
the continuous miner. A large number of uncontrollable variables present
during the implementation, made determining the effects difficult, and the
resulting impact from the surfactant inconclusive. Further-leng testing
would be needed while accounting for all of the identified variables.
Significantly higher concentration was however found when using the
continuous personal dust monitor as opposed to the older personal dust
samples when left in the same environment. idaltally, a very significant
drop in dust concentrations was observed when the miner operators were

allowed to activate the scrubbers.
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GENERAL AUDIENCE ABSTRACT

People who work in mines are exposed to many dangers and illnesses. One

of the illnesses, which has in recent history resurged, is black lung. Black

|l ung i's a disease caused by coal dust
to it is to buildscar tissue around the piece of dust. If this happens enough

ti mes over the minero6s career, then it
Normally, to prevent this from happening, water is sprayed in the coal

before it is chipped off by the machine. Sirthis appears to no longer be

effective, soapy chemicals are added to the water, which helps to keep the

dust from lifting into the air in the first place.

One of the easiest ways to test whether the chemicals are working well or
not is to conduct a wiéhg test. When conducting a wetting test, a known
about of dust is placed on top of the water and chemical mixture, and the
time it takes for all of the dust to be wet is call the wetting rate. To get

better results in an actual mine, faster wettinggavere sought after. The
wetting test showed that the two main factors which determine the wetting
were how much coal is in the coal and rock dust mixture and how much
chemical is used. It was seen that the chemical had a more significant effect
on thedust which had mostly of coal particle when compared to dust with

more rock dust.



Another study was conducted at a mine with only one mixture of water and
chemical. During the study, the chemical was pumped through the mine and
to the cutter heads of tleentinuous miner. A continuous miner is the name
of the equipment used to mine coal and other soft material. The cutter head
Is the piece of the equipment which actually makes contact with coal. Since
the conditions at the mine were not ideal and nough data was taken, the
resulting effect of the chemical could not be certain. More-teng studies
need to be done in the future to help account for the less than ideal
conditions. There were, however, larger amounts of dust when using new
samplingequipment as opposed to the older equipment given the same
conditions. Also, smaller amounts of dust were seen when the miner
operators were allowed to activate the air cleaning attachments on the

continuous miner. These issues should be revisited ifntine.
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1 INTRODUCTION

There has beearecent surgef concernn the mining community on the
topic of occupational health. One of thiess of intrigue andinterest

revolves arounéxposureof mine workers toegirabledust. Specifically,

the exposure of coal workstio resprable dust,coal andsilica-basecdust
Respirabledustin coalmineshas been arssue for anumberof years.

Efforts throughouthe lasthalf-centuryhavegrealy decreased the number
of cases of blackingt o r ecor d | ows. Thanbeibghhe ear | y =
casea recent uptick in the number of cases has been noticed. There are
manyefforts under way to both identify ths@urce or saurcesof therecent
increase antb regulate itanfluenceon thehealthof coal workers.The
regulations ich will be instategbuts more pressure on the producers to
prevent and control hazartteough better safe wogkactices or
administrative and engineering controls.possible use ofraengineering
controlwill be investigated in this pape©One of tle nore popular
engineering controlor abatingresprable dust is the use of sprays during
the praluction and transport @res. Thecontinuousdemandor energy
driven by the rising populationsas forced mining companies to produce in
more difficultand thinner seams. Tharining of the seam hded to the
coalproducersmining morerock thanin previousoperations. These
pressures on the industry have not only changed the mineralogy of the dust,
but thetonnagesand raw production ratescesaryhave stretched the
effectiveness of sprays to their limit$herehavebeen many attempts to
enlist the aid of surfactant in mitigating the exposure of undergroaadd ¢
miners to respirable dust, and there have been mixed rbsttitérom lab

and field esting. he surfactant or wetting agent reduces the surface tension

1



of the water and accelerates the wetting process. thésisassesses a
surfactant in an aqueosslutionfor the purpose ahitigatingairborne coal
dust.

A variation of a simple wettg test was used as benchtop test. Wetting rates
were found by dividing a known amount of material over the wetting time.

In additionto the surfactantoncertationthegravity class of the dust was
examined. After ihad beemeterminedhat the surfetant was effective
full-scaletestswere run in a room and pillar underground coal miDast
concentrations were compared with regards to different experimental

variables.



2 LITERATURE REVIEW

Increasing population leads to increased demanddiral resourcesThe
demandeadsto increased mining activity. Coupled with ttieaeasing

quality of ores and thinning of seajiiscreasing tonnages of excess rock
becomes an inescapable part of the mining process. For the employees
workingin themines the dust becomes more difficult to contrelsuling in
increasecdexposure Specifically, this paper will discuss what Progressive
Massive Fibrosis (PMFEXilicosis, and black lung aesmd howexposure to

coal and silica dustausesthe disease Thisthesiswill also examine

methods used to mitigate exposure to the dust, such as water sprays, as well

as test a surfactant in both a laboratory and a field environment.

This research was spurred dyoticeable uptick in the number of cases of

lung diseases among coal minertlnderground coal minsréccupational
hazardsastheyrelate to mortalityhave been extensively studied. Coal

mine dust has been found to be one of the masyeousof these

occupational hazards duepartto its abilityt o cause AMiIi nersoé B
Lungo, or Coal Wor ke asilicé3sis@MP@amIc oni 0S| ¢
silicosis are chronic occupational lung diseases causkuhgyerm

exposure to respirable dust (particles with 1qi¥#ssing through &0

micronscreen). Aer coming in contactvith the alveolithe dustriggers

inflammation, eventually resulting in fibrosis and irreversible lung damage.
(Laneyet al.,2012) It hasbeen foundhat the particles in the two 8ix-

micronrange can benost damagingMéndezVargas et al., 2013)CWP

and silicosis are both diagnosed by examirgcestX-ray. The

radiographic test will show opacities and viaé classifiedy the size,



shape, and extentThe two diseases are only differentiated Hogy t

individual's work history(Neimeier, 1993)

2.1 CoAL WORKERS PNEUMOCONIOSIS

Some of the earliest references and investigations, inclydisgmortem
examinations, into what we know now as black lung took place in the early
180006s. Thent esmspoeufmdasty | ungo
During this timethe tools used to study the disease vegrexaminatiorof

the lung tissue and societal correlatigheiklejohn, 1951) Around 1907,
anetiologicalinvestigation into the disease began in earnest with the use of
chest xrays. The xrays at this time, however, lacked the resolution for
early detection and could only be used for detection of very significant
pathological difference@Neimeer, 1993) It was not until thd 9 3-09%5G

that the investigators studying the disease had a wider range of tools and
innovative techniques including radiology, biochemistry pathology, and dust
sampling and analys{$/leiklejohn, 1952) In addition, for a number of

years, theausative agent was thought to be solely silica axpgosThis
assumptionhoweverwas brought into question after investigations found
pneumoconiosis among coal trimmers in the Unikedgdom. The
occupationatesponsibility of the coal trimmer was to load and distribute
coal which had been previouslyashed and separated from rock, into the
hold of shipqCollis & Gilchrist, 1928) Although the conclusions were
cont est ed idditionallsupport Wal @deised in A9%4Bough,

1940) Also, around thidime, a technique of preemptive diagnosis, and
assessment of the disease were attempted, but tha@ccemained low
(Goughet al, 1949) Correlationbetween the total dust and the severity of

the pneumoconiosis was later found by analyzing radiographic and

4
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pathologic datgKing et al, 1956) There were some investigations

conducted in the US in the earlier part of th& @8nturywhich also

mirrored thesentiments of British researchers, and brought forth evidence
thatthe lung disease among coal miners must be differentiated from the
broad label of silicosigDreessen & Jones, 1936l was not until around
thelatel 95, 196006s that more emphasis w
disease and finding an adequate method of reporting its inci@ogke et

al.,, 1958) Inthe US, a number of studies were conducted in Pennsylvania, a
region with a higher reportedelyuency of the diseagBaier & Diakun,

1961; Lieben & McBride, 1963; Mc Bridet al, 1963; McBrideet al, 1966;
Tokuhata et al., 1970)Later studies looked at the larger Appalachian region
and other coal fields throughout the (U&inhart, 1969; Morgan et al.,

1973; R. L. Naeye & Dellinger, 1970Experts in the earlier part of the
19700s b e gthatblapgkdungpmassan agglomeration of complex
disorders differing in severity and frequency, all of which depended on
aggregat exposure, and individual predisposition based on personal habits
and exposure to pollutants in their respective commur{iReblaeye &

Dellinger, 1972)

The medical definition of CWP is a parenchymal lung disease resulimg fr

the bodyds response to the deposited ¢
(Weeks & Wagner, 1986)The current legal definition gheumoconiosiss

fia chronic dust disease of the lung and its sequelae, including respiratory

and pulmonary impairments, arising out of coal mine employ@Endm

20 CFR 718.201While the coal dust is predominately camspd of carbon,

the dust also has trace metals and inorganic minerals in its composition

which can be cytotoxi(Castranova & Vallyathan, 2000; Huaegal,

2006) It has also been found and confirmed over the yearthirat is an

5



increased risk of contracting CWP with an increase in coal(Mnb.

Attfield & Kuempel, 2008; M. Attfield & Morring, 1992; Morgan et al.,
1973) Additionally, the large surface aredthe coal dustesulting from

the small sizénas the ability t@bsorbaromatic compounds such as benzene
and phenol present in the mine atmosphere. These compounds may have an
adverse effect on the lung tisqi@&astranova & Vallyathan, 20Qan order

to start developing CWP an individual could normally have ten or more
years of exposure to respirable coal dust. The radiographic test will show
opacities <10mniNeimeier, 1993hormally in theupper chest area
(Castranova & Vallyathan, 2000An example obne ofthese xrays can be
seen inFigurel below. Although the-ray may show these opacities, the
individual may not be suffering from any sympto(eimeier, 1993

Colinetet al, 2010) Oncediagnosedthe individual is at a greater risk for
complicated CWP or PMF. When the opacities found on {tsg/gombine

to cover an area greater than 1tb@n, the disease has progressed to the
pointof complicated CWP. This can be seefrigure2 below. It is not
necessary for the individual to deagnosed with simple CWgtior tothis
diagnosigNeimeier, 1993)
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Figurel: Simple CWP Colinet, 2010) Figure2: Complicated CWRColinet, 2010)

2.2 SILICOSIS

When respirable crystalline silica is deposited inalveoli, it is possible for
silicosis to developThis isdue to the high reactivityf the cell membranes

and the surface of the crystalline silica. The silicon dioxides,[Si@ne in
contact with water and form silane5{OH) which are hydrogen donors
(Castranova & Vallyathan, 2000Hydrogen bondarethen formediue to

lone pair electrons on the oxygen and nitrogen that make up many biological
macromolecules. These bonds can lead to unfavorable interactions and cell
damageultimatdy developing into silicosi¢Castranova & Vallyathan,

2000) This disease has four categories, chronic, complicated, accelerated,
or acuteg(Neimeietr 1993) Exposure to the respirable crystalline silica for

15 for more years can result in the contraction of chronic silicosis. The
silicotic nodule is theelltale feature. It is made up of an amorphous center

of afibroustissue surrounded by systatit hyalinized collagen fibers,
sometims referred to as onion skinnir{@astranova & Vallyathan, 2000;
Neimeier, 1993) An example of this can be seerFigure3. As with the

case of simpl€WP, the individuals does not need to show apgnptoms

and thenoduleswill show up on the xay as opacities covering an area of



less than 1 cniNeimeier, 1993) As the area of the opacities increases to
greater than tm, the diagnosis is changed to complicated silicosis. At this
stagethe individual would be experiencing impaired respiratory function.
The accelerated form of the disease is similar to the chronic form, except the
exposure to the dust ismally five to ten year@Neimeier, 1993) The

acute form of silicosis is developed when the individual is exposed to
virtually pure silica for intense and short periods of t(@astranova &
Vallyathan, 200Q) The disease can develop within six months to two years
of exposure and is characterized by granular eosinophilic material in the
alveoli (Neimeier, 1993) An example can be seenkigure4. Other

sources submit the symptoms alvelopovera period of a few week(s
Colinet et al., 2010)

Figure3: Chronicsilicotic nodule(Castranova & Vallyathan, 2000)



Figure4: Acute dlicosis (Scarisbrick, 2002)

2.3 PROGRESSIVE M ASSIVE FIBROSIS

Progressivenassivefibrosis is a gneric term used for a multitude of
pneumoconiosisomprising both the complicated CWP aywmplicated
silicosis(Castranova & Vallyathan, 2000PMF is acompanied by
breathlessness while resting or exercise due to greatly impaired lung
function and oxygen diffusiofNeimeier, 1993) Other complications
associated with these diseasedude chronic bronchitis, chronic obstructive
pulmonary diseas@COPD), cor pulmonale, and respiratory failure
(Hadjiliadis, 2015%.

2.4 REGULATIONS

In order to lessen the impact of CVelRd silicosis provisional mandatory
standards werput in place by the Federal Miigafety and HealtAct of
1977, section 202. Later te@ndards were superseded by amended
permanent standards under Secfibd. Section 202(b)(2) of thecA
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required each operator in a coal miaeontinuously maintain the average
concentration of i&pirable dust in the mine atmosphere during each shift to
which each miner in the active workings of such mine is exposed at or below
2.0 milligrams of respirable dust per cubic meter of@ongress, 1977)
Proclamation bthe Mine Act occurred on April 8, 1980, and is currently
implemented unde80 CFR § 70.100Respirable dust standards the case
where more than 5 percent silica is found in the respirable dust, then the

limit is determined using the following formulieom 30 CFR 8§ 71.101:

b (1.1)

Wherel = respirable dust limit (mg/fh
% Silica = percent silica found in dust as a fraction

Since 1980, average coal dust exposures and incidence Bfave

declined under the existing standafNational Mining Association, 2013)
butrecentyin CWP has increased among experie
cases, CW has progressedpidly to PMFO (Department of Labor Mine

Sakty and Health Administration, 2010) Additionally, it was found that

there is ageographic concentration of CWP caige central Appalachia as

shown inFigureb.
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al., 2005)

In other studies, higher concentrations of CWP and PMF cases took place in
West Virginia, Virginia and KentuckfLaney et al., 2012) Additional
studies have shown that theevalence of CWP and PMF is more closely
tied to mine size rather than the geographic location or coal raskudy
conducted by Lanegnd othergound that thendividualsworking in a mine
with less than 50 minersereat a risk for increased frequgnand severity
of CWP and PMKLaney & Attfield, 2010; Suartharet al.,2011) The
level of exposure to crystalline siliceanother factor that deserves
consideration.A study found that through careful examination of chest x
rays for abnormalities and documentatafmapid disease progressiaoal
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miners may be exposed to more toxic levels of respisalida than in

previaus years due to more difficult geoloflyaneyet al, 2010)

For this reason, in October of 2010, the Mine Safetytéealth

Administration (MSHA)put forth a propsalto limit exposure further
changing the limifrom 2.0mg/m® 1.0mg/m?3. Grounds for the proposal

were primarily based oaNational Institute for Occupational Safety and
Health (NIOSH) report submitted to the Secretarizabor Lynn Martinon
Novembe 7, 1995, The NI OSH report recor
respirablecoal mine dust be limited to 1illigrams per cubic metas a
time-weighted averaggNIOSH, 1995) The final ruling is a

comprehensive method which utilizes new continuous personal dusbmonit
(CPDM) technology to display redime dust concentrations, as well as
increased sampling and stricter standards. The finahadeone into effect
as ofAugust 1,2014,with sections being introducetliring thefollowing

two yeargDepartment of Labor Mine Safty and Health Administration,
2014)

2.5 SPRAYS

Most of the coal dust productiam a mineoccursatthe face duringutting

and has the potential to produge to 8600gramsof respirable dust per ton

of coal(Tien & Kim, 1997) In order to meet the new standards and be

proactive in the protection of minet®m respirable dust, there are a number

of methods that can beplemented The most predominateethods

includearethe introduction of engineering controls. The engineering
controls used to Iimit the minerso exj

ventilation controls to the introduction of scrubbers and collectams. of

12



the most populaengineeringcontrok used to curb the dust problem has
been theapplication of water via sprayn areas where there is significant

dust production.

There are three functions sprays play in limiting the exposure of a coal miner
to coal dust particulates. There are aldewva factors regardinthe
effectiveness of water spray systems depending ifutiation of the sprays;
including the nozzle type, pattern, flolwcation and pressuréColinet et
al., 2010) The first functia, redirection, can aid in separating the miner
from the primary source of the dust, by moving the direction of air flow
(Pollock & Organiscak, 2007)The keycharacteristicor these sprays are
high pressure and strategic location. The sedanction is capture of dust
particles which has beerdemonstrateCheng, 193; Goodmaret al,
2006) Whencapturingairborne dust with sprays/aterdroplet size and
velocity arethe most influential parameterg&astly is suppression and
wetting where low pressure high flowrates @ine most advantageous
chalderistics Thefunction of wetting coal is also thought to be the
primary mechanisnior dust suppression, whit@ptureand redirection are

secondary effectKissell, 2003)

There are a number of spray designs, each of wiagh specific
application. Figure6 showsthe types of sprayssing in mines to control

and mitigate dust.
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Figure6: Spray nozzleypes used for controlling dust in minéSolinet et al., 2010)

Thesmaller the watedroples produced by the hollow cone and atomizing
spray thefaster the initial spee@henit is propelled out of the spray nozzle.
However the small droplets are quickly slowed due to the effects of air
resistance Even so, these spys are more commonly used for capturing
purposes.Thelargerdropletsare less affected by air resista@ee maintain
their momentum over larger distances. The variability of the spray droplet

characteristicaccouns for the variety of spray nozzlepgs.

The full cone sprays are most commonly usdukittransfer poind because
they offer a uniform wetting pattern and damplacd fartherway from the
dust source. The flat fan nozzles are used for dust containnoentally

locatedon the sidesfccutter heads and befoseockpiletransfer pointgCo.
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Spraying Systems, 201Bplinetet al., 2010) Hollow cone nozzles are
primarily used forcombating the entrainment déist and redirection of air
flow. These are also the most common type of spray placed behind the
cutting head on the booaf a continuous minerln addition the large
openings help to keep the nozzle from clogging allow for higher flow
rates needed for wetting the host rodkhe atomizing and fine spray nozzles
are used less in thedustrydue to their higher price argh maintenance
requirementgColinet et al., 200). The effectiveness of each type of spray

nozzlein capturing airborne dustin be seen iRigure?.
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Figure7: Relative spray nozzldfectivenesgJ Coliret et al., 2010)

2.6 SURFACE TENSION

Simple water sprasyhave now reached their useful limits in suppressing
respirable dust due the physical parameters, amew effective suppression
aids are needed. Theettability of coal is limited due to its hydrophbic
nature and ultimately the surface tension of the water.
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Surface tension is the phenomenon which results due to the cohesive force
between the water molecules. The cohesion arises from the hydrogen bonds
which are due to the polar nature of watetenaoles Figure8). The

cohesive forces within the bulk of the liquadeessentiallyuniform and

shared by all neighboring molecules. The exceptawathe molecules on

the surface. On the surface, since there are no madesiiiere, a film of

stronger attractive forces are formed.

Figure8: Cohesion due togtarity (Tien & Kim, 1997)

These stronger attractive forces resist any distortion or increase of surface
area andctasan elastic membrane. This feetreason for the umd shape

of water droplets or ddir bubbles (Silberberg & Weberg, 2009The round
shape allows for the least amount of surface peeaolumeand is the most
stable arrangement. Any distortion or increase in surface area will take
energy. The higher the dacetension the more energy it takes to create a
new surface. The units of measurementNdm, which is a force per unit
length. The factor with the largest effect on the amount of surface tension is
the difference in composition between the bulk tor&surface. This
relationship is explained extensively in the work produced by J. W Gibbs. A
portion of that work is shown in the equation bel@bbs, 1878)

Qr 3Q 3Q (1.2)
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Wherel is the surface tensian newton per metes is the surface excess of

a given componenh mole per meter squareaid’ is the chemical potential

of a given componer joules per mole An example of this can be found

by examining the surfadensions of fresh water and salt water. The
freshwater will typically have a surface tension of around 73 dynes/cm while
the saltwater will be around 78 dynes/CBtewart, 2009) The increase in
surface tension occurs because on average the surface of the water is less
salty than the bulk, or iather word, thesalt hasa negative surface excess.

In this case, if a new suda is to be created, the molecules of salt within the
new surface layer must be forced back into the f@haplin, 2009) If

more salt is added to the solution and the potiestiaised, it becomes

harder to push the molecules back into the bAl&.a resultthe surface

tension is increasedn this casethe surface excess of the salt component is
negative, and any increasetive potentialof the salt component leads teet
increase in the surface tension of that solufialwa, 2001) The inverse is
also true. If a solution of soap and water were to be examined there would
be an excess of soap molecules on the surface ofltiti®aand a lesser
concentration of soap in the bulka this casethe soap has a positive

surface excess, so when a new surface is formed soap molecules must be
taken from the bulk and plac@dthe new surfackyer. If more soap is

added to the solion, increasing the potential, then the abundance of
molecules in the bulk are easily transferred to the surface. The fact that the
soap molecules are readdyailablemakesthe process easier and less
energyintensive resulting in a lower surface tensi. In this casethe

surface excess of the soap component is positive, and any incrédase in
potentialof the soap component leads to the decrease in the surface tension
of that solution(Nalwa, 2001)
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2.7 SURFACTANTS

In the last case discussed the soap is acting as a surface active agent or a
surfactant. Surface active chemicals, also known as surfactants or wetting
agents, can be added to the water, and enhance the effective capture and
suppression of the dustitiales. Surfactants all have a similar structure

with a nonpolar hydrophobic tail and a polar hydrophilic head group.

Examples can be seen belowFigure9.

Hydrophilic Hydrophobic tail group
head group

Cationic

Anionic

Polar Nonpolar

W Amphoteric
M Nonionic

Figure9: Sulgroups of surfactant atecules; cationic/anionic/amphotericémionic

The polar nature of water is ideal for adsorbing the surfactants.

An additional benefit of surfactantstlsat they allowfor improved adhesion,
engulfment, and agglomeration. These three steps can be summatieed as
wettability of coal. The wetting is improved by converting the hydrophobic
sites on the coal surface irttgdrophilicsite through the process of

adsorption of surfactants. The tail group of the surfactant comes in contact
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with the hydrophobisites and the hydrophilic head group will be at the
interface with the water. This arrangement allows the coal surface to have

peschydrophilic properties.
2.7.1 Past Work

There have been many studies which have not reached a consensus on how
well surfactants imprav dust capture or by what mechanism. In one study
conducted bysoldshmidand Calvert, the conclusion was that the interfacial
tension was the primary mechanism by which the collection efficiency of
water droplet could be greatly increag€mbldshmid & Calvert, 1963)On

the other handjridings from Brauer and Varma suggested that the wetting
characteristicsather thannterfacial tensionwerethe primary mechanism
(Brauer & Varma, 1981) There have also been observations where the
results were inconctive, and the use of surfactants for the purpose of dust
control are not justifiegHargraves & McKinnon, 1961)Another study

found that surfactantreuseful or effectiven high dust concentration
areassuch as the face while cutti@@Ghanderet al, 1991) Additionally, this
study by Chandler et al. found that the decrease in droplet diameter
increased collection efficacy. A study doneTgn and Kim found that it
wasbetter wettability and not droplet parameters which lead to higher
collection efficienciegTien & Kim, 1997) and they also determined that
nonionic surfactantwere found to havedst collection efficiencyTien &

Kim, 1997) Converselya study by Hu, Polat and Chandler observed that a
nonionic surfactant had a narrow maximpeak and that cationic

surfactant had both a broad operating range and the highest collection
efficiency(Hu et al, 1992)
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With so many varying results and contradictaognclusionsadditional

studies shoultbe conducted in order to tip the balance of results and shed
light on aras of dispute.The purpose of the paper isitwvestigate the
effectiveness of a surfactant in an aqueous solution to aid in coal dust
remediation by reducing the surface tension of the mine water and allow for
increased wetting of coal dust. $hwouldaid in theimplementatiorof an
engineering control toombat a preventabtecupational disease the coal

mining industry.

20



3 ASSESSMENTOF SURFACTANT VIABILITY FOR DusT

WETTING VIA SINK TEST

3.1 ABSTRACT

In addition to ventilation practices)d application of water via sprays is the
most economical and popular means of combating respirable dust in an
underground coal mine. Due to a noticeable increase in black lung among
coal miners and new dust regulations, theafsirfactants or wetting

agents have been to aid in dust suppression. The surfactant facilitates the
wetting process by lowering the surface tension and allowing the
hydrophobic coal dust to come into contact with the water. One of the most
straightforward and effective benchtigsts is a simple wetting test.

Although there are variations of this type of test, principle and technique
remain the sameln this study, &nown amount of dust was placed on the
surface of a solution and the time it takes for all the dust to faligjr the
interfacewas determined ake wetting rate. This investigation examined
the specific density of the bulk dust and concentration of a surfactant in
solution and their effects on the wetting rate. It was found that both factors
were significantn determining the wetting rate. It was seen that the
surfactant had a more significant effect on the ,duisich consisted mostly

of coal particle when comparedaalustwith a higher norcoal mineral

content.

3.2 INTRODUCTION

There has been a recent suofjeoncern in the mining commuwpion the

topic of occupationdhealth specifically, the exposure of coal workers to the
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respirable dusincluding coal, and silichased dustRespirable dust in coal
mines has been seen as an issue for a number of yiefforts throughout

the last halcentury have greatly decreased the number of cases of black
lung torecord lows in the early 2000, howeyamrecent uptick in the

number of cases has been noti(Blackley et al. 2014) There are many

efforts under \ay to both identify the source or sources of the recent
increase and to regulate its influence on the healtbafworkers. The
regulationsmstated put more pressure @yalproducers to prevent and

control hazards, whether that be through betterwafk practices or
adminigrative and engineering controAdvances in engineering controls
such as ventilation practices, remote control equipmentsdudbbersand

water spray systems have reduced the exposure of miners to respirable dust.
The use ofvater sprays aan engineering contrébr abating respirable dust

IS common during the production and transport of ores. The mechanism for
abating dust is twofold; the airborne dust capturethagreemptive wetting

of the coal or rock, the latter ofhich is the primary mear{&issel, 2003)

The continuous demand for energy, driven by the rising populations, has
forced mining companies to produce in more difficult and thinner seams.
The thinning of the seam has ledthe coal producers mining maséthe

host stratdhan in previous operations. These pressures on the industry have
not only changed the mineralogy of the dust, but the sheer tonamadjeate

of raw material being movduhve stretched the effectivesesf water sprays

to their limits. There been many attempts to enlist the aid of surfactants to
mitigate the exposure to respirable dusitth mixed resultfCopeland, 2007,

Hu et al., 1992; Kostt al, 1980; Organiscak, 2014; Zeller, 1983}his

paper will consider the practicalibf using a surfactant to aid in wetting

coal dust with differing mineral content using a variation of the Walker Sink
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Testto gather preliminary datawWetting rates have been used numerous
times in investigations to examine surfactant effectivenesetaust
(Chandetet al, 2007; Copeland & Eisele, 2008; Copeland, 2007; Falust
1981; Glanville & Haley, 1983; Glanville & Wightman, 1979; Kawatra,
2006; Kim & Tien, 1993; Tien & Kim, 1997; Zeller, 1983)

3.3 MATERIALS & METHOD

3.3.1 Description of study

The following sink test was conducted to determine the effectiveness of a
surfactahto improve the wettability of coal dusdditionally, the study
seeks to determine how th@neralcontentaffectsthe wettability of the

dust. Due to the occupational hazards of respirable dust when caugbled
the recent increase in the number aé&s of lung disease among mine
employees, a practical surfactant which reduces the amount of respirable

dust which a mine employe® exposedo is needed

The laboratory tess first neededn order todetermine the viability for the
surfactant beforeunning any experiment in the fieldror this purpose, the

sink test was usedl'he following sink test experiment usasanalytical
balanceo find the apparent weight of the wetted dust at predetermined time
intervals. By examining the changes in gtgiof the wetted dust ovéme,

a wetting rate can be ascertained. The subsequent section will describe in
detail the initial efforts to observe the effects of varying concentrations of a

surfactant, and the impact of minecaintent on the wetting rage
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3.3.2 Experimental design

3.3.2.1Equipment

For this experiment, the most important piece of equipment was the
analytical balance Theanalytical balancased was an Ohaus Pioneer

PA214. Thisscalewas choseiecausét had the necessary capacity to hang
weights fom the underside of the scali.also had the added benefit of
beingable to link to a laptop via a USB2.0/RS232 serial cable. With these
attributesthe scale could berogranmedto send a measurement at
predetermined time intengal A computer was e as the data storaged

data acquisition unit Thesoftware used to control and manageshe a | e 6 s
output was WinWedgeA wire cable was used to connect a plastic platform
andcounterweights$o the underside of thenalytical balanceand asmall

glass basin was used to hold the solution.

3.3.2.2Equipment setup

Theanalytical balancevassetandsuspended above a glass basin. Tied to
the underside ohe analytical balance, via a wire, wéhne platform and the
counter weights. When the basin is fillediwivater or the solution, the
platformis submerged. The platform was cut to fit the basin with about one
to two millimetes of space along the edge. The RS232 end of the cable was
connected to thanalytical balanceand the USB end was moected to a
computer Thecomputerhad previously been loaded withinWedge
softwarefor data acquisitionThe basic equipment setup can be seen in

Figure10 below.
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Analytical Balance

Computer

Glass Basin

Figure10: Schematic of experimentattsip

3.3.2.3Sampk

The laboratory testinggasconducted with a single type of bituminous coal.
The coal being used for this experiment was anonymously donated. The
samples used had previoublgen gravity separated into nine gravity classes
via submersion into baths wittarying specific gravities. The heavy

material wouldsink, and the lighter material would float and was used as the

feed for the next lower gravity bath. This process is shoviAgare 11

below.

Raw Matemal
I 3 - Float
Float
Sink
1.8 - Sink 1.7-1.8 135-14

Figure1ll Method of gravity eparation
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These coal samples wageound and then pulverized. The pulverized coal
samples were then run through a wet screen of 400 mesh. This was done to
help limit the amount of larger particles which would fall through the

surface interface due simply to their individual weiglitis important to

note that the top sizes of the dust fraction will be larger than what is defined
as respirable. The size distribution of each gravity class can be seen in
Appendix A An example of a typical size distribution plot and tabulation

can be seen respectivelyfkigure12 andTablel below.

Size Distribution for Dust with SG: 1.45-1.5
10 p= 100
8 / 80
E ‘
= oo
C 6 60 C
< a
Q [0}
c 4 an &
= =X
\O\O\ ‘
2 20
0 u.l.ll:ll:l‘! Ihj 0
0.1 1 10 100 1000
0 )
Size (MiCI‘OhS) % Chan % Pass

Figure12 Example of a size distributioriqi for gravity dass 1.451.5

Tablel: Tabulatedsize dstribution forgravity class 1.451.5

Size | Pass %| Change Size | Pass %| Change Size Pass % | Change
(em) % (em) % (em) %
352.0| 100.0 0.0000| 26.16 71.83 6.630| 1.945 11.97 1.790

2960 100.0 0.0000| 22.00 65.20 5.640| 1.635 10.18 1.730
248.9| 100.0 0.0000| 18.50 59.56 4950 1.375 8.450 1.690
209.3| 100.0 0.0000| 15.56 54.61 4.660| 1.156 6.760 1.590
176.0| 100.0 0.0000| 13.08 49.95 4.630| 0.972 5.170 1.370
148.0| 100.0 0.0000| 11.00 45.32 4590| 0.818 3.800 1.070
1245| 100.0 0.1100| 9.250 40.73 4.440| 0.688 2.730 0.8100
104.7| 99.89 0.4400| 7.778 36.29 4.240| 0.578 1.920 0.6200
88.00| 99.45 0.7200| 6.541 32.05 4.030| 0.486 1.300 0.5000
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74.00| 98.73 1.260| 5.500 28.02 3.730| 0.409 0.8000 0.4300
62.23| 9747 2.230| 4.625 24.29 3.270| 0.344 0.370 0.3700
52.33| 95.24 3.730| 3.889 21.02 2.760| 0.289 0.0000 0.0000
44.00| 9151 5.490| 3.270 18.26 2.340| 0.243 0.0000 0.0000
37.00| 86.02 6.910| 2.750 15.92 2.060| 0.204 0.0000 0.0000
31.11| 79.11 7.280| 2.312 13.86 1.890

After the screeninghese sampleserethenovendriedand collected in
plastic sample bagsTake 2 below shows the different gravity classes that

would be tested and the estimations for their respective mineral content.

Tabe 2: Tabulation ofgravity class and €imatedmineral content

Gravity class Mineral content
1.3 Float 0%
1.3-1.35 0-4%
1.35-14 4-7%
1.4-1.45 7-11%
1.45-15 11-15%
15-16 15-22%
1.6-1.7 22-30%
1.7-18 30-37%
1.8 Sink > 37 %

The mineral content was estimated by assuming the specific gravity of coal

and noncoal or mineral were 1.3 and 2.65 respectively.

Thesurfactant being used was initially founda® o viscousto be drawn

with a microppette. For thiseasonthe concentration wadiluted mixing

equal parts by volume of deionized water and surfactant. The surfactant was
measured via a 100 ml syringe. A large syringe was used because of its
large ratio of volume to surface areBEher was concern thée viscosity

of the surfactant may lead to an excess of material adhering to the inside of
the nozzle of the measuring device. The surfactant was added to the
container first. Nextthe then theleionizedwater was added with a sep&ra

100 ml syringe.Using the solution, theyange that was used to measure the

surfactant was then rinsed to free any surfactant that was still adhering to the
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inner surface of the syring€&he tested ratios are tabulatedmble3 below

along with their respective volumetric percent of sbiution

Table3: Tabulation oftestedsurfactant to DI \aterratios

Ratio of Surfactant as a
surfactant to DI percent of slution
water

0 0.000%
1:7000 0.014%
1:6000 0.017%
1:5000 0.020%
1:4000 0.025%
1:3000 0.033%
1:2000 0.050%
1:1000 0.100%
1:500 0.200%

3.3.3 Procedure

Initially, the suspendednalytical balancevas leveled. After randomizing

the order of sanmp combinations to be testetigtconcentration dhe

solution to be tested was prepared. This a@®mplishedby mixing 300

ml of deionized water with the appropriate amount of diluted surfactant.
Thedeionizedwater was measured Bl at a time with a 60 ml syringe and
place in a 500 ml beaker. Tharfactant was measured with a micropipette.
The prepared solution or unaltered deionized water was then poured into the
basin. Next, theplatform and weights were placed in the solution and the
basin centeretleneath thanalytical balance Due to thenovement

involved, the system was allowed to settle betarmgthe analytical

balance In this time, the dust sample was prepared. The dust sample to be
tested was wghed in a separatalytical balance A dust sample of at

least 500 mgbut no geater than 51fhg was taken from the sample bags.
Due to the drying process, some of the dust formed cakes which were
broken up. After breaking up tlvakesthe dustwasplacedon a spatula,

which would be used to place the dust on the surface of thnd.lith
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combination with the spatula, a sieve was used in order to disperse the dust
evenly on the surface of the solutioffter theanalytical balancead

settled, it wazeroedand the software was set to record the incoming data.
After the first eftry in excel appeared, the dust was distributed on the surface
of the liquid. The datavererecorded along as the dust continued to settle

on thesubmergegblatform. The test was halted only when the recorded data
appeared toeach steady statand itwas observed that the dust would no
longer wet. After the test was halted the platfamd the counter weights
wereremoved from the wire. Lastly, the platforbasin and beaker were

all washed and rinsed thoroughly with deionized water a total o tihnes

and then allowed to dry.

3.4 RESULTS AND ANALYSIS

3.4.1 Analysis

The results that were recorded yielded séonmattingerrors. Before the
results could be analyzed the errors had to be remduezbme cases, a
negative sigwould beincorporated intoite datanot representative of any
physical phenomena, asdme entries had a misplaced decimal point or had
multiple decimalpoints with the entry.Finally, the data that ere used had

to be correctedue to displacememd depict the actual weight ofdtdust.

In its recorded fornthe data wreshowing the apparent weight of the tlus

in the solution The first steps began with correctititge apparent weigho
reflect the actual weight of tlaust This was achieved for each gravity
classbyusingArhi medesd6 principleTheo fi nd
correction factor was foundssuming the gravity of the dust in each gravity

class was the arithmetic meaf the limits for eaclelass. Next, the problem
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of negative entries and misplab@ecimals, vaich led toentrieshaving

values an order of magnitude largiean theyshould have been, were
corrected. This was done by settingits of zero and 500 maround the
recorded data set. It is important to note that errors remained in the data in
some ases. (An entry of 320 milligrams when it should have been 32 mg or
vice versa would remain unaffected.) When the corrections were made the
data entries were replaced with blankplaseholdersn order to not skew

the dateand to ensure the data poingsnained at the right time tag

After the datavererefined a model was selectedhe initial form of the

data has two past Thefirst is thesettlingof the majority of the dust
approximately 0 to 4000 secondsHigure13. The shalloweincline of the
second section of the plot describes the slower settling times of the very
small particle and may be due to the mixing effect caused by the settling of
the larger particles of dusipproximately4000 to 30000 seconds fiigure

13. In order to find the wetting rate, the model used a piecewise function
with the first part bein@linear functionand the second part being a power
function. Although there were models that fit the data better, thisvage
chosen because the wetting rates coulddierminediirectly from the

model. The slopef the first part of the piecase functionis considered the
wetting rate of the sampleThe model wasmitially rough fitted by manually
altering the constanta the model On a point to point basis, the model was
compared to the recorded data. The difference from each poisgwased
and these values were then summed. Itthigdssum which was minimized
by fine tuningthe constants of the modeAn examje of the resulis shown

in Figurel13.
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Data and Model: 1.3-1.35 at 1:5000-Run 1
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Figure13 Recordeddata anditted model forgravity class 1.3 1.35 with a surfactant ratio of 1:5000

After the initial modelsverecompletedlit became obviosthat the

shallower slopes in some of the models had too much influencéhevirst
section of the model. The model is fit by minimizing the difference between
the observed data and what would be predibtettie model. Since each

point of data is gually weighted, more significance was being placed on
readings which occurred after the vast majority of the dust had settled
through the solution. It would be safe to assume the slower settling particles
were ultrafine and simplgpok much longer to sée on the platform after
wetting. For this reasaorthe tail ends of dataeretrimmed to allow the

wetting rates to be more accurately represenfgdexample of the altered

model is shown ifrigure14.
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Data and Model: 1.3-1.35 at 1:5000 - Run 1 (Altered)
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Figurel4: Recorded data and fitted model for gravilgss 1.3 1.35 with a surfactant ratio of 1:5000 after alteration

The most common problem in all models was accurately depicting the
beginning of the experimenpossibly due to themanual depositin of dust
onto the surface of the solution. Tiettingrates of some dustight

appear higher in the beginning if the particles were agglomerated or released
from a higher position than other sampléslditionally, thehigherwetting
rates may be a rast of higher than normal deposition of dust directly on the
connecting wire or hook of the experimergatup. In other casgbeinitial
measuremestare lower than expected or negative, shiftingytiatercept

of the modebelowzero. This may be aesult of the data transfer or
interpretation between ttanalytical balancand the computer. These
depiction problems can be seary well in the Observatioversis

Predicted OvP)plots for each model. Examplestb&éseOvP plots for

both the higheandlowerthan expected wetting rates can be sedngare

15andFigurel6 respectively.
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Observed Vs. Predicted: 1.3-1.35at 1:3000 - Run 1
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Figurel5: Observed vs. redictedplot with initially higher thanexpectedwettingrates

Observed Vs. Predicted: 1.3-1.35 at 1:5000 - Run 1
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Figurel6: Observedss. predictedplot with initially lower thanexpectedwettingrates

TheseOvP plots were also used to confirm whether the model was a good fit
to the data or not. A coefficient of determination was useatktermine if

the model was a good fit. A limit @95 was used to assess when the model
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did not fitthe datasufficiently. Most of theOvP plotsdisplayedounching or
curving of the end around 400 mg and ah@sgewell as scatterecind

curved sectin at the beginning, normally around 1@ and below. The
residuals of the model were of less concern since the model was simply used
to get a quick understanding of the relationship, and relative rates. If the
models were going to be used for more e purposesthen a more

accurate nonlinear model would beeded All of the OvP plots, as well as

the Residuals plots for each rame tabulated ikppendix A

In addition to the typical cases, there were also typicgleshéor the case

where no surfactant was used. With the lower gravity class, there was no
perceived wetting of the dust. Any increase in weighépresumed to be

due to evaporation, and the increased exposure of the previously submerged
connecting cableln somecasesthe experiment was allowed to run until

the counter weights were exposed. This resulted in the typical shaye

in Figurel7 below.

Data:1.45-1.5 at 1:0
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Figurel7: Evaporation asfmary means ofecorcedincrease inmass
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When testing the higher gravity skes with no surfactant, thesea slight
weight gain from wetted dust, but this was only a portion of the total dust. It
Is suspected thaight weight gain islue to the high liberation of the

mateial. The hydrophobic particles of coal and hydrophilic mineral
particles are separatathich may lead to the hydrophilic minerals settling

onto the submerged plate

During some runs, regular oscillations were noticed in the data. dasab
the osdlations lead to less than significant variation in the data due to a
large amounof data collected. In a few, very pronounced cases, the
oscilations could be clearly seehese regular oscillations can be seen in
Figurel8 andFigurel9 below.

Data: 1.35 - 1.4 at 1:2000 (Regular Oscillations)
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Figure1l8 Example 1 ofegular acillations
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Data: 1.3 Float at 1:2000 (Regular Oscillations)
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Figure1l9: Example 2 ofegular acillations

In Figure18 andFigure19 above, the period for the oscillations ranged from

1 minute to 1 hour. No known source of the noise was ever identified.

3.4.2 Results

The initial testing consisted of triplicates of three gravity classes and three
dosage levels. The thrgeavity classes examined were-1.35, 1.41.45,

and 1.51.6. The three dosage ratio used w&rg000, 1:3000 and 1:1000.
After the dataverecleanedthe wetting rates were collected and compared.
The examination of th®vP plots, as well as a coeffient of determination

of 0.95,was used as a minimum to remove any model which did not
sufficiently represent the dat&/eighted meanef the wetting rates were
then preparedA summary of the resulfer the triplicatean be seen in

Figure20 below.

36



Average Observed Wetting Ratés(05)
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Figure20: Average wettingates reslting from dhanges irgravity andsurfactant atios

In Figure20 above, it can be seen that the increase in surfactant
concentration signifiantly increases the rate of wetting. Even more evident
Is thewettingrates for the dust with a higherineralcontent increase at

faster rates than those with primarily coasduAn ANOVA two factor with
replication test was conducted to confirm tlhserved influence of the

gravity classes and the surfaet ratios. The null hypothes&ested were as

follows.

1 Hoa There is no significant difference in thvetting rates correlated
to thesurfactant dosage ratio.

i Hon: There is no significant differende the wetting rates correlated
to the gravity class.

i Hoc: There is no interaction between the variables mentiondand
Hob.

The resulting analysis, detailedAppendix A Table28, rgected all thee
null hypotheses Therefore, the conclusiesdrawn that there ia
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significantdifferencein the wetting ratewhich correlate with both the

surfactant dosage and theavity class. There is alsbless considerable, but

still significant interaction between the tavvariables.

After conducting the initial experimegitadditional data points were sought.

In order to get a better picture of the correlabetweerthe wetting rates to

the gravity class and surfactant, additional parameters were.té&sted

same procedures were followed. The ObsewseBredicted plots were also
used to aid in thdecisionprocess ofemoving anomalous datdn addition,
the coefficients of determination had to be greater than 0.B& results are

shown inFigure21.
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Figure21 shows ageneral trend of increased wetting rates with increased
silica contenand dosage ratio. Wetting rates are also seen to increase at a
slower rate at the higher concentrations of 1:500 and 1:1000. At the high

dosage ratios and high gravity, the dust applied to the surface of the water

Figure21: Wetting rates resulting fromadageratio
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immediately fell through, leading toeghvettingrates which are highly
dependent on application time. When examining dosage ratios, the largest
increases are seen when a small amount of surfactant was added and
compared to the runs with no surfactant at all. Also, the effect of the
surfactamnon the different gravity classesagdent. Figure22 below

compares the wetting rates of two high gravity dusts and two low gravity

dusts.
Wetting Rate vs. Surfactant Dosage
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Figure22: Wetting rates of high and lowayity dust

It can be seen iRigure22 that the wetting rates from the high gravity dust
increase about an order of magnitude from no surfactant to a 0.03%
surfactant solutionAt the same time, the lower gravitiyist increases

almost three orders of magnitude. This noticeable difference may be due to
the high gravity coal already being close to a maximum wetting rate as a
result of being more hydrophilic. The hydrophilic characteristic of the dust

does not allowor a significant improvemestto be made
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ANOVA testswere conductedand detailed ilAppendix A Table38, Table
39, andTable40. The results show that there is a significant difference in
the wetting rates correlated with the different dosage ratios of the surfactant

as well as the different gravity classes of the dust.

3.5 DISCUSSION

Figure20 andFigure21 show the results of a dust wettability experiment in

a static environment. A hanging submerged platform was used to measure
the amount of wetted dust placed on the surface of the water and surfactant
solution. As the measements were takest known timeintervals a

wetting rate was derivedl'he results gathered from settling tests conducted
using the method described shows evidence of a correlation between the
dosage level and the wetting ratd$e data presented gure20 also

shows the significant interaction between the dosage level and the gravity
class with the assumed mineral content. These series of experiments were
successful in demonstrating the correlations between the increatetyw
rates and the increased dosage level and gravity dlassder to gain a

more detailed representationtb& correlation, additional experiments were
conducted, and the resufieedisplayed inFigure21 above. These

experiments were successful in reinforcing the previous findings.

In addition, it could be seen that improvements to the experimental
methodology would be needed when expecting higher wetting rates due to
the combination of high dosage ratios and highigyalasses. Due to the
extremely rapid wetting rates, the manual dust deposition on the surface of
the surfactant could be deemed inadequaterandhave introduceblias.

This problem may be alleviated with an automatic, single burst of dust
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depositiorvia compressed air or the like. Such a device should also bring
about moreconsisteng and even surface coverage with less agglomeration
of the dust particles. This burst mechanaongwith tests run in triplicate
would also aid to make sure the reguacilationswere notskewingthe
resuts. On the same note, additiomaprovementscould be made to the
test apparatus with regards to isolation. Due to the longer period of the
regularoscillations, the source is most likely mechanicaleoivironmertal.
Additional support under thanalytical balancevould help in removing

some of the highdrequencyostillations. The verylow-frequency
oscilationsmay be due to somenvironmentainterfererce. A small
enclosure around the apparatus would aiddtate the tests from these

interferences

Additionally, scanning electron microscopSKEM) analysis of the dust

would also be beneficial in determining the true mineral content. The use of
SEM in determining the mineral content of the wetted dusidvalso be

very informative. Taking samples at various points during the wetting
process would also help to determine whether thecoahfraction is

wetting before the coal fraction due to the high degree of liberation.

Under laboratory conditiong, has been shown thite surfactant is an
effective additive for wetting dustntil this point no studies have been
conductedn order to test the effectivenesithe surfactant at reducing the
amount of airborne dust. As a result, the potentiadke the surfactant to a
more dynamic environment to examine the effet® sprayer type

application, either in a lab on in the fiettbesexist.
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4 EVALUATION OF SPRAY WATER WITH THE ADDITION
OF SURFACTANT FOR THE PURPOSE OFRESPIRABLE

CoAL DUST SUPPRESSION

4.1 ABSTRACT

Theapplication of water sprays @e ofthe mostpopularmeans of
suppressingespirabledust in an underground coal mine. Due te@ent
spike in thenumber of caseof black lung among coal minerhe useof
surfactantdias been investigated to aid in dust wettifidpe surfactant
lowersthe surface tensiatmerebyallowing the hydrophobic coal dust to
come into contact with the watetore easily.Full-scalefield testing is
needed to assess the effectiveness of surfactant in an underground coal
environment. During the field implementation, the surfactant was pumped
into the section mine watéw the cutter heads of the continuous minEne
studyimplementedcontinuous personal dust monitors guaiisonal dust
samplerswhich were placd in the mineenvironmento monitorthe dust
concentrations Measuremerstweretakenwhen the surfactant was off and
on. When comparing the level of dust concetitras, no significant
differences were found. Thenes howeverasignificantdifference as a
result of location or distance from the face. Additionally, the volumetric air
flow showed significant impact reinforcing the use of ventilation as a
primaryengineering control. Interestinglhe dust measurement between

the two devices and activation of scrubbers were significantly impactful.
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4.2 INTRODUCTION

The continuoa demand for energy, driven byising populationand
subsequenincreasedlemandor enggy has forced many coal mines to
produce irthinnerand more difficult seams. These difficatinditiors have
led to an increase of hostak being mined in the proceskh addition

several stakeholdehave pointed out thimcreaseof occupational lug
diseaseamongcoal minersn recent yeargBlackleyet al., 2014) Some
effort seels to lessen the impact of these disadleough regulation. These
newregulationsalong withmarketpressure havplaced more@nuson the
coal pralucers toimplementbetter engineering controls. The most popular
method is the betteémplementation of ventilatiowhich dilutes and

removes the dust from the mine atmosphere. The next most cost effective
and popular method is the use of water spraypreemptivewetting of the
coalbeforecuttingand removal bdust from air near the sourcé&he
pressures felt by the mining community havetstied theractical
applicationof water sprays to their limitThe method which is investigated
in this paper is the addition afsurfactaninto the spray watehe

surfactant lowers the surface tension of water allowing for easier wetting of
coal at the interface. Thad of surfactants to mitigating the exposure to
respirable dust has bemvestigatedn the past, but with med results for
bothlaboratoryand feld testing(Copeland, 200Margraves & McKinnon,
1961;Hu et al., 1992; Kost et al.980; Organiscak, 2014; Zeller, 1983)
This paper will consider the practicality of using a surfactant to aid in

suppressingespirablecoal dust in a mine environment
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4.3 MATERIALS & METHOD

4.3.1 Description of study

The field tesdescribed in this chaptarasconducted to determine the
effectiveness of a surfactant to improve the wettability of coal dost
subsequentlydecrease the dust concentrations to which miners would be
exposed.Additionally, the study seeks to determine how well the surfactant
mitigatesthe silica concentration of the dust. Due to the known

occupational hazards of respirable dust and the recent increase in the number
of cases of lunglisease among mine employees, newgadtical

engineering control&hich reduce the amount of psable dust to wich a

mine employee is exposed to argentlyneeded. This is even more

important when it comes to suppressing the more toxic silica portion of the
airborne dust in the mine atmosphesicecrystallinesilica is a classified
carcinogen. The wettability rates resulting from previous laboratory sink
tests suggest the surfactant plays a vital role in the wettability of dust
particulate. In addition, it was observed that dust with higher concentrations
of silica was mae easily wetted.The following field testing used a number

of CPDMG6s and personal dust monitors t
experienced at locations near the face as well as losdtidheroutbyand

inby active continuous mining operations. The measurememtstaien

during active cuttingwith and without tle surfactant addition. These
measurements collected during the test will be subjectadtonber of
analysesto determine the total dust concentrations and the silica content. By
examining the differeres between themeasuremenjshis study hopes to

determine the effectiveness of the surfactant. The subsequent sections will
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describe in detail how the testing was conducted as well as the significance

of the resulting measurements.

4.3.2 Experiment Location

The experiment was conducted in West Virginia, in an underground
bituminouscoal mine, utilizing room and pillar mining techniqu8eam
thickness athis mine is about nine feefThe mine had tweupersections
operation. A splitype ventilation on edcsupersectiomvas usedvith an
exhausting fan. For th&udy a singlesupersectionvith two continuous
miner production units was monitored. Tiae continuous mining units
alternated production and includiinree shuttle cars for haulagBudgeted

productionwas300ft of advance per shift using 40 ft deep cuts.

4.3.3 Equipment

For this testing, two pieces of equipment were used to gather the data. The
first of which was Thermo ScientifltDM360Q which acted as the

continuous personal dust monitor ([@¥). The CPDM is a respirable

personal dust monitor designed fd%-basednining applications and
providesreattime measurements. Battery powered pumps draw a

continuous sample, the respirable portion of which is collected and measured
on an exchangeablilter. The PGbased software allows for the recorded

data to be downloaded and reviewdhis piece of equipment can be seen

in Figure23.
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Figure23:CPDM with flter casing emoved (J Colinet et al., 2010)

The second piece of equipment wasZleénEscort ELF Personal air
sampling pump, which will be referred to as the personal dust monitoring
pump for the rest of this paperhis pump is also batteryoprered and
designed folJS-basedmining applications. Dust samples can be collected
with an attache@orr-Oliver cyclone and filter.A depiction of thegpersonal

dustmonitor can be found iRigure24.

Figure24: Personatlustsampler- Escort EFLpump withcyclone andilter (J Colinet et al., 2010)
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4.3.4 Equipment Setup

In order to have each pump subjected to relatively consistent exposure, they
were placed in a i@l cage. The PDM3600exeplaced in the center of the
cage with the pump arishtterypackplacedon the inside. The inlet to the
PDM3600 was clipped onto the front of the cage. Two pelsiusa

monitoring pumps werattached to the side of the cage hadthe Dorr

Oliver cyclones clipped onto the front of the cage. An example of the

instrument setup can be seerkigure25.

Figure25: Example of equipmenesuputilizing a CPDM and two personal siisamplers

In total, four of these cages were made. These pwapshung from hooks

at varying locations throughout the mine.
4.3.5 Equipment Location

Two of the sampling units wemaced in the returns halfway back the last

pillar after the last sealedasscut Figure26 showsthe locations of the
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sampling units in the returmepresented by a red diamond. Data from these
locations are referred to as left return (LR) and right return (RR).

Figure26: Location of sampling units in theturns

Two more of the sampling units were hung near the face, behind the line
curtain. These sampling units gattheregirable content immediately
after being cut from the facéata from these locations are reésf to as

left curtain (LC) and right curtain (RCFigure27, Figure28 andFigure29

show the locations of the pumps with varying continuous miner orientations.
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Figure27: Location ofsampling wits placed behind the curtairientation 1

Figure28: Location ofsampling wits placed behind the curtaimrientation2

Figure29: Location ofsampling wits placed behind the curtaimrientation3

51



In addition a fifth CPDM and cageamplingapparatusvasconstructed.
This wouldhavebeem s ed as a reserve i f one of
The reserve CPMD started at the same time as all of ltleescdnd was hung

in the intake measuring incoming air as a secondary objective.
4.3.6 Experimental schedule

The experimemvasrun within a two week time period. The mine opedate
with three shifts. The first twanorning and evening shifts, wemermally
for production and the third, night shift, is for maintenance. Prior to the
study beginningpipes to the continuous miner were flusknath regular
mine water. This was done since the mine was, at the time, using the
surfactant in their water. The intesftrunning normal water before the
study was to make sure the pipes wsaweptof any surfactant before the
study began. The study beganhManday, July 14™ 2014 with the
surfactant turned off. Sampling was conducted during the evening shift.
Samplingwith the surfactant turned off was repeated during the evening
shift on the 18. At the end of the secomdn, the surfactant was turne,
and the surfactant was allowed to flow through the sysiEms was done to
ensure that the sampling conductedthe 18 was measuring thoroughly
mixed solution. Sampling was conducted on the evening shifts of the 16
and 17" with the surfactant turned on. After sampling on1i@é the
surfactant was turned off. This was done to make sure any surfactiaat
pipe would be washed out by the beginning of the following week. The
entire process was repeated the following week beginning on thaf 2aly
and ending on the 24 Table4 below shows the experimental schedule in
detail with each week, the three shifts and dafBiseredcellsdenoteavhen

the surfactant wasff, and blue denotes when the surfactant was on.
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Table4: Testing shedule

Week | Shift Mon. Tue. Wed. Thur. Fri. Sat. Sun.
7/14/2014 | 7/15/2014 | 7/16/2014 | 7/17/2014 | 7/18/2014 | 7/19/2014 | 7/20/2014

morning

evening

B |
e
-
e
-

night

2 morning

evening

Due to changes itheavailability of personnel and environmental conditions
the procedure was altered. The new procedures only had one team for both
continuous miners. This changeyreave led to less detailed observations
during thecutbecause the researcher hadeave before the cut of the first
continuous miner was finished. It was necessary, due to the need to remove
the other sampling unit from behind the curtain, to allomtri@mmingof the
second continuous miner as well as placement behind the line curtain at the
new location of the second continuous miner. In addition, the total number
of feet of advance had to be reduced due to the presence of poor roof
conditions. Thenstability of the roof restricted the amount of advance per
cut (normally 40ft) to 10201t per cut, depending on location. The

increased frequency and less productive characteristics ofitbiecreased
therelativeamount of timeused fortrammingof equipment Since it

became cleahat 100ft would not be achievable for ea€iM, for every

shift, the target feet dinearadvancevas decreased to &0 It is important

to note that the initial plan was followed for the first shift, as it pertains
personnel. Due to the roof conditions the targeteditl®ladvance was

never attained.
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4.3.7 Pre-test

A day prior to the testing the CPDMs were cleanedmodranmed The

mass transducer and the grit pot wen@ovedand compressed air was used
to clear the sample line and the grit pat.addition the surfaces were wiped
down. While the mass transducers waiseonnectedhe filters were

carefully replaced using the designated filter replacement tool. Then, the
mass transducers were placed hatk theCPDM units and secured. The
software WinPDM v7.20, provided by Thermo Fisher Scientific, was used to
program the PDM to startup and stoprtes in accordancewithh i f t 6 s
scheduled start and stop times. After the umais beemprogrammedthey

were charge overnight.

The Zefon gravimetric samplers were also broken down and cleaned. All of
the components of the cyclone including the fittings and holding apparatus
were washed with water and a detergent. Extra attention andeaae
takennot o scratchthe cyclones surfaces. After washing, the components

were allowed to drpvernight and the pumps weharged

Before testing began, the dried components for the Zefon gravimetric
samplersvereinspected and assembled. The CPs werebe placedin

the cages along with the two Zefon gravimetric samplers. When the CPDMs
began tavarmup, the casséts containing the filters wele attached to the

Zefon gravimetric samplers.
4.3.8 Test

Before the production shifteeganthe flow data from thenain water pump

which fed the minevere gatheredIn addition, the tote which contained the
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surfactant wagxaminegand the level marked with a date and time
examned. After arrivalto the mining sectigrthe team would hang the
cages and record thachtion during which the miningrew conducted the
pre-shift checklist In the pre-shift checklistthe mining crew would measure
the watempressuren the continuous miner. This data was relayed by the
mine foreman and recordeé®rior to each cut, a wateample was taken
from e ac h-devMidose; invaaditibn to the volumetric flow of air
behind the curtaiwith ananemometer by the mine personnafter the
cageshad beerung, the personal sampling pumps were turned on as the
CM madeits first cut, and time was recorded. After eachwas
completedgthe feet of advance were recorded in addition to the number of
bits changed Cuts were directly observed and any changes in the
environment were recorded.he instability of the roof restricted tlaenount

of advance per cut (normally 4€) fo 10201t per cut, depending on

location. The increased frequency and less productive characteristics of the
cuts increased the relative amount of time usetrdonmingof equipment.
During eactshift, a target of 60 f of liner advance was for each CM was set.
Recording continuedntil a total of approximately 6f of advance were
logged from each CM. After the predetermined amount of material was
mined, the Zefon gravimetric samplers were turned off aadirtie was
recorded. The sampling units were tlweflected and the flow was
recordedat the main pump. Finallyhe chemical level was inspected and
marked along with date and time. Depending on the day, the surfactant

pump may also beirnedon or oft
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4.3.9 Posttest

After exiting the mine, the CPDlhd gravimetricamplersvereremoved
from the cages. The cassettesecollected and recorded, and the data
from the CPDMwasextracted.Afterward, the pretest proceduresere

repeated for the following ru

4.4 RESULTS AND ANALYSIS

This section will detail and analyze the results including the surface tension
measurements from water samples, the gravimetric measurements from the
personal dust samplers, including the estimated silica content, and the

gravimetic measurements from the CPDM units.
4.4.1 Water samples

The water samples that were collected before each cut were sent to be
analyzed by NALCO. The surface tension of the water was analyzed
triplicate for each of the water samples taken. Thisdeagto ersure the
surfactant was consistent in lowering the surface tension of the spray water.
A complete index of the measurenecdn be found iMppendix B Tale

41. The summarized results from weele@and two are shown Hrror!

Reference source not foundandFigure31.
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Week 1 Surface Tension Measurements Week 2 Surface Tension
Measurements
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Figure30: Summarized surface tensions measuremer Figure31: Simmarized surface tensions measureme

for week one for weektwo

It can be seen from the platsFigure30 andFigure31, that when the

surfactant was added to the spray water, the surface tension was consistently
reducedto approximately 36 MA?. The erratic nature seen in at the

beginnirg of the second week, with tisarface tensin ranging from 46 to

74 N/im? may be due to a lack of flow running through the wadstvn hose.

If the wash down hose was not utilizetbagh between the first and second
week of testing, then the insufficient flow through the hose may have led to
some of the surfactant remaining in tieseat the beginning of the second

week. The flow running through to the sprayer heads of the consn

miners were as assumed ®dmple to clear out the surfactant from the

week before.
4.4.2 Silica Analysis

After the field testing had been conducted, the sealed gravimetric samples
were sent to NIOSH for silica analysis. The silica analysis conducted by
NIOSH used an experimental ndastructive method. The results of the

silica analysisat tabulated imable5.
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Table5: Resultingsilica analysis from NIOSH

Location | Respirable| Sampling| Respirable Silica Silica % Silica
dust (mg) time dust mass concentration| estimation
(min) concentration| estimation estimation
(mg/n) (9) (ug/m3)

Day 1 LC 0.641 161 1.99 62.9 195 9.80%
RC 0.767 179 2.14 70.6 197 9.20%

LR 0.295 180 0.820 314 87.2 10.6%

RR 0.381 184 1.04 39.0 106 10.2%

Day 2 LC 1.11 340 1.64 163 240 14.7%
RC 1.32 301 2.19 256 425 19.4%

LR 0.848 409 1.04 136 166 16.0%

RR 0.217 52.0 2.09 39.1 376 18.0%

Day 3 LC 0.954 270 1.77 94.5 175 9.90%
RC 0.755 221 1.71 84.1 190 11.1%

LR 0.712 271 1.31 65.4 121 9.20%

RR 0.260 227 0.570 29.9 65.9 11.5%

Day 4 LC 131 197 3.34 136 345 10.4%
RC 0.937 175 2.68 88.5 253 9.40%

LR 0.556 194 1.43 45.9 118 8.30%

RR 0.206 180 0.570 44.8 124 21.7%

Day 5 LC 1.39 204 341 226 553 16.2%
RC 131 165 3.97 149 452 11.4%

LR 0.324 205 0.790 106 259 32.7%

RR 0.390 165 1.18 45.7 139 11.7%

Day 6 LC 1.21 198 3.06 166 420 13.7%
RC 0.419 161 1.30 31.8 98.6 7.60%

LR 0.725 214 1.69 98.8 231 13.6%

RR 0.213 157 0.68 9.7 30.7 4.50%

Day7 LC 1.15 222 2.60 119 268 10.3%
RC 1.49 198 3.77 140 352 9.4%

LR 0.738 222 1.66 119 268 16.1%

RR 0.239 193 0.62 20.5 53.1 8.6%

Day 8 LC 1.77 309 2.86 255 412 14.4%
RC 1.18 228 2.58 118 259 10.0%

LR 0.414 311 0.670 69.7 112 16.8%

RR 0416 230 0.900 51.2 111 12.3%
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Thelimit of detection (LOD)of the nondestructive method is five
micrograms.Using thesilicamassof each sample and the total time that the
samples were taken, the concentrations of each sample were calculated.
When compeed to the total dust concentration, a silica content could be
derived. Multivariateregression was conducted to determine the variables
which significantly affected the silica content. The analysis looked at the
preence of the surfactant, which Chpeutor, left or right, and the location,

behind the curtain or in the returns. None of the variables were deemed
significant.

When comparing the average levels of silica, it could be seen thalithe
percentagelroppedabout 2% whethe surfactant wasitned on The drop

in average levels of silica contezdgnbe seen below iRigure32.

Average Estimated Silica Content (a=0.05) with
and without Surfactant

18%

16%
14%
12% +
10%

8%
6%
4%
2%
0%
% Silica Estimation without 9% Silica Estimation with
Surfactant Surfactant

Silica Content {%)

Figure32 Comparison ofilica content before and after thddition of surfactant

It can be seen iRigure32 that the data also had a slightly more narrow
distribution when the surfactant was turn on. Although a drop in silica

content can be observed, it is not statistically significant.
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Comparing the influence of sampling location ie #irway showed an
increase in the average silica content when moving from behind the curtain
into the returns. The increase in average silica content can be $eguaren

33

Average Estimated Silica Content (a=0.05) atthe
Curtain or in the Returns
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Curtain Returns

20%

=
5]
Py
=

%5
P}
=

Silica Content {%)
S

]
B
-

Locations

Figure33: Comparison ofilica content behind theurtain and in theeturns

Figure33 also depicts the wider distribution of data found in the returns.
The actual cause of this increase may be due to the addition of silica from
rock dust in the returnsAlthough the increase is noticeable, it was not

found to be statistically significant

The influence of th€ M6 s o per at wasglsoexamined. tDuriogy s
thestudy a slightly larger amount of silica was pragal on thedft CM

when compared ttheright CM. The difference of 2% can be seerfigure

34 below.
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Average Estimated Silica Content (a=0.05 Fro the
Left and Right CM
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Figure34: Comparison o$ilica mntent between thieft and ight CM operators

The slight increase in silica content showrrigure34 may be due to the
geology. The lefCM had a tendency to take slightly smaller cuts due to
unfavorable geology. Thamaller and more frequespallingof the roof
material may have led to this increase, even though it istatitically

significant.
4.4.3 Dust Concentration during Shift

After each day of testing the data saved on the CPDMs were extracted and

exported to excel. Using the total dust that was measured on the filter every
minute dust accumulation can be observacomplete index of the total

dust values collectédomt he CPDMO s cAppendx®& Ahound
example of the total dust plots collected for a CM, and sampled at both the

returns anaturtainlocations, can be seen belawFigure35.
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Figure35: Example of a typicaldatal dust pot collected from aontinuousminer

In order to extract the average concentrations during testing, the start and
stop time of the CM ripper motovgere used. The total dust for the entire
test was found using the total dust levels at each start and seopTime
sampling rates of 2.2rhin and the total time of sampling allows the one to
calculate the average concentratioAster the field testng wascompleted
thesealed gravimetric sampla@sm the PDSwvere sent to NIOSH for
analysis The sampling rate for the PDS pumps was/Bihl The resulting

dust concentrations from the twlevices are shown belown Table®6.

Table6: Resultingdustconcentration from PDS and CPDM

PDS CPDM
Location Respirable | Sampling | Respirable dust| Respirable Sampling | Respirable dust]
dust (mg) | time (min)| concentration dust (mg) time (min) | concentration
(mg/n?) (mg/n?P)
Day 1 LC 0.641 161 1.99 0.62 161 1.75
RC 0.767 179 2.14 1.12 179 2.84
LR 0.295 180 0.82 0.32 180 0.81
RR 0.381 184 1.04 0.28 184 0.69
Day 2 LC 1.112 340 1.64 1.79 340 2.39
RC 1.317 301 2.19 2.38 301 3.59
LR 0.848 409 1.04 1.74 409 1.93
RR 0.217 52 2.09 0.3 51 2.67
Day 3 LC 0.954 270 1.77 2.35 270 3.96
RC 0.755 221 1.71 1.3 221 2.67
LR 0.712 271 1.31 0.86 271 1.44
RR 0.26 227 0.57 0.4 227 0.80
Day 4 LC 1.314 197 3.34 2.06 197 4.75
RC 0.937 175 2.68 1.2 175 3.12
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LR 0.556 194 1.43 0.91 194 2.13
RR 0.206 180 0.57 0.33 180 0.83
Day 5 LC 1.39 204 3.41 2.18 204 4.86
RC 1.309 165 3.97 2.61 165 7.19
LR 0.324 205 0.79 1.36 205 3.02
RR 0.39 165 1.18 0.72 165 1.98
Day 6 LC 1.211 198 3.06 1.84 198 4.22
RC 0.419 161 1.3 0.69 161 1.95
LR 0.725 214 1.69 0.99 214 2.10
RR 0.213 157 0.68 0.31 157 0.90
Day 7 LC 1.154 222 2.6 2.52 222 5.16
RC 1.491 198 3.77 2.94 198 6.75
LR 0.738 222 1.66 1.14 222 2.33
RR 0.239 193 0.62 0.45 193 1.06
Day 8 LC 1.768 309 2.86 2.5 309 3.68
RC 1.178 228 2.58 1.92 228 3.83
LR 0.414 311 0.67 0.68 311 0.99
RR 0.416 230 0.9 1.07 230 2.11

With the pre and post test waig, the total dusvasdeterminedor each
sample. Using the net gains of each sample and the total time that the
samples were taken, the concentrations of each sample were calculated.
Multivariateregression was conducted to determine the variableshwhi
significantly affected the dust concentration. The analysis examined the
Impacts of the measurirdgvice themselves, the location in the airwéye

CM operator, and the addition of surfactant. The variables which were
found to have a significant impawere the sample location in taeway

and the measuring devices.
4.4.3.1PDSvs CPDM

When examining the influence of the two devices, the average level of dust
concentration was higher for the CPDM when compared to the PDS. The
difference between the twavdices can be seenkilgure36 below.
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Average Respirable Dust Concentration (a=0.05)
Collected by CPDM and PDS
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Figure36: Comparison oflust @ncentration between PDS and CPDM

The very notable increase of measured dust concentration from the CPDM
amounted to just under 1 nng¥ and was found to be statistically significant.
The cause of this increase is unknown since tetlices were left to

measure the same environmeiihe differentflow rates for the device2.0
l/min for the PDS and 2.2 I/min for CPD, were taken irdocaint.

In some caseshe individual dust concentrations for a skifinificantly
higher than regulatory limits, but these are not compliance samplesignd
concentration during mining is calculated rather than-aow8 time

weighted average.
4.4.3.2Left vs Right CM

Additionally, the study examined the impact of the CM operator on the

respirable dust level. The results are showRigure37 below.
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Figure37. Com

parison oflustconcentrations betweenelieft andright CM

Figure37 does not show any notable difference between the Mo C

operatos, and no statistical significance was found.

4.4.3.3Curtain vs Returns

When discerning between the sampliogcationsin theair way, a vey

noticeable difference was seen. The resulting comparison of dust

concentration levels at the curtain and in the returns are shdviguire 38.
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Figure38 Comparison oflust concentrations at the airt and in theaturns
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Figure38 shows more than%0% reductiorof the dust concentration when
moving into the returns. The difference of 1.9 mivasfound to be
statistically significant. The drop in concentration is mdsyi due tathe

settlingof the respirable content by agglomerations.
4.4.3.4Surfactant

Lastly, the average dust concentrasiserecomparedor when the

surfactant was off and on. The resalteshown inFigure39.

Average Respirable Dust Concentration (a=0.05)
with and without Surfactant
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Figure39: Comparison oflust concentrations with and withaautrfactant

In Figure39, no significant differences in the respirable dust were seen with

the addition of surfactant.
4.4.4 Dust Concentration during Cut

In addition to the average concentration during testing, the cut by cut
conceirationscould be foundrom the CPDM data Using the known start
and stop times of each catndthe total dust, the dust concentration for each
cut could be found. The resultstbe dust concentrations collected cut by

cut are shown ifable?.
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Table7: Tabulation ofcut by cut dust oncentrations

Cut cepth | Starting | Surfactant| Left/right | Curtain/| Number d bits Air flow Dust @nc. for
(ft.) depth (ft.) CM return changed (#) (CEM) cut (mg/n?)
20 20 w/o L L 12 14,904 2.88
20 20 w/o L R 12 14,904 0.44
20 28 w/o R L 11 12,690 1.60
20 28 w/o R R 11 12,690 1.07
20 32 w/o L L 10 10,458 3.23
20 32 w/o L R 10 10,458 0.31
20 10 w/o R L 10 11,088 3.63
20 10 w/o R R 10 11,088 1.02
20 40 w/0 L L 10 9,261 4,51
20 40 w/o L R 10 9,261 0.28
25 0 w/o R L 9 11,016 5.29
25 0 w/o R R 9 11,016 0.85
20 0 w/0 L L 12 11,795 5.04
20 0 w/0 L R 12 11,795 1.89
25 0 w/0 R L 19 12,587 8.77
25 0 w/o L R 10 13,680 8.44
25 0 w/o L L 10 13,680 6.76
25 33 w/0 R R 0 11,875 2.25
25 33 w/0 R L 0 11,875 1.07
15 0 w/o R R 18 12,300 8.56
15 0 w/o R L 18 12,300 2.76
15 20 w/o L R 12 9,980 1.50
15 20 w/o L L 12 9,980 5.90
20 20 w/ R R 15 9,643 2.72
20 20 w/ R L 15 9,643 0.61
20 0 w/ R R 23 12,690 5.67
20 0 w/ R L 23 12,690 1.40
25 55 w/ R R 14 13,797 4.82
25 55 w/ R L 14 13,797 2.63
25 0 w/ L R 21 14,960 13.63
25 0 w/ L L 21 14,960 5.62
20 46 w/ R R 11 10,260 4.03
20 46 w/ R R 11 10,260 1.62
20 25 w/ L L 13 9,010 3.52
20 25 w/ L R 13 9,010 1.41
30 54 w/ R L 10 9,324 7.19
30 54 w/ R R 10 9,324 0.14
10 25 w/ L L 0 11,178 4.89
10 25 w/ L R 0 11,178 1.92
20 0 w/0 L L 24 18,080 10.24
20 0 w/0 L R 24 18,080 7.14
15 20 w/0 R L 11 9,207 5.82
15 20 w/o R R 11 9,207 4.33
20 30 w/0 L L 4 11,560 3.82
20 30 w/0 L R 4 11,560 1.61
15 50 w/0 R L 6 10,044 6.64
15 50 w/0 R R 6 10,044 0.69
15 20 w/0 L L 9 11,760 1.60
15 20 w/o L R 9 11,760 7.26
30 20 w/0 R L 12 9,820 7.88
30 20 w/0 R R 12 9,820 2.85
10 0 w/0 L L 9 15,066 6.72
10 0 w/0 L R 9 15,066 1.71
30 65 w/o R L 20 12,690 3.18
30 65 w/o R R 20 12,690 1.66
35 0 w/0 L L 18 14,784 13.14
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Cut cepth | Starting | Surfactant| Left/right | Curtain/| Number d bits Air flow Dust @nc. for
(ft.) depth (ft.) CM return changed (#) (CFM) cut (mg/n¥)
20 20 w/o L L 12 14,904 2.88
35 0 w/o L R 18 14,784 4.70
30 87 w/o R L 7 11,088 2.29
30 87 w/o R R 7 11,088 1.31
15 36 w/o L L 0 15,620 10.38
15 36 w/o L R 0 15,620 2.09
30 0 w/ R L 6 17,388 7.21
30 0 w/ R R 6 17,388 1.64
30 0 w/ L L 19 15302 9.35
30 0 w/ L R 19 15302 1.90
10 0 w/ L L 6 16,855 21.38
10 0 w/ L R 6 16,855 6.39
35 0 w/ R L 10 12,852 10.14
35 0 w/ R R 10 12,852 0.5%6
35 0 w/ R L 17 10,792 5.47
35 0 w/ R R 17 10,792 3.39
10 30 w/ L L 5 13,008 4.71
10 30 w/ L R 5 13,008 1.58
20 37 w/ L L 25 14,769 11.97
20 37 w/ L R 25 14,769 1.97
10 0 w/ L L 8 12,600 7.19
10 0 w/ L R 8 12,600 3.16
25 20 w/ R L 7 16,870 9.03
25 20 w/ R R 7 16,870 3.86
10 40 w/ L L 9 11,576 3.10
10 40 w/ L R 9 11,576 1.19
10 47 w/ L L 8 10,240 3.86
10 47 w/ L R 8 10,240 1.94

During the testing, unfavorable roof conditions restricted the CM operators

from taking normal deep cuts of #0 In a fewcasesroof falls were

experienced. A number or variablgsrerecorded for each cut and

examined to determirt@eir significance. The first and most obvious

variables were the locations of the monitors: ventilation curtain versus in the

returrs. The results are shownigure40.
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Average Respirable Dust Concentration per cut
(a=0.05) from the Curtains and the Returns
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Figure40: Comparison of dust concentrations between the curtain and the metatioths on a cut by cut basis

As expectedFigure40 shows asignificantdrop in the concentration when
moving into the returns. As seen before in the comparison of the average
shift concentrations, the dragp most likely due to the settlirgf the

respirable dust as agglomeoais. Next, the difference between the left and

right CM was examined and plotted kigure41.

Average Respirable Dust Concentration per cut (a=0.05)
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Figure41 Comparison oflust concentration between ttedt landright CM on a cut by cut basis

The analys found no significant impact due to the dtations although a
slightly higher dust concentration is seen from the left CM. This slight

difference may havkeeena result of the atypical cutting schedule caused by
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the unfavorable roof conditions. Tlaek of productivity on the left caused
theright CM to move further away from the right returns in some cases.
This atypical cut schedule and the inability to keep the measurement
apparatuses at a constant distance from the active face rttsg/ dsmisefo
some of thevariability seen in the dataNext, theinfluenceof the
surfactants on the levels of dust concentratiora percent basiwgere
examined. The resulting average demicertrationsare shown irFigure

42,

Average Respirable Dust Concentration per cut
(a=0.05) with and without Surfactant
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Figure42. Comparison oflustconcentration with and withoutifactant on a cut by cut basis

A slightincreasen the average dust concentration can be seen when the
surfactanwas added, but thifferencewas found to bénsignificant. In
addition,other variables that could impact dustiness were examined. The
first of these variables were the number of bits changes after thEigute

43 below shows a plot of theveragealust concentradn versus the number
of bits changedth three groupsThe groups chosen for the study wet@,0
10-19, and 20+ bits changed.
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Average Respirable Dust Concentration per cut
(a=0.05) relative to the Number of Bits Changed
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Figure43: Averagedustconcentration per cutlative to thenumber ofbits changed

The resulting angkis yielded no significant difference in the dust
concentration of a cut when examining the number of bits changed. Some
number of bits may be a bit subjectivetite continuous mineoperator in
somecaseswhile in other cases productivity was suffgriand the time was
not takerto examine or change the bitlext, the volumetric air flow

behind the curtain was examineigure44 below is a plot depicting the

averagalust concentratiomersushe groups ofvolumetric airflow behind

the curtain.
Average Respirable Dust Concentration per cut
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Figure44: Average distconcentration per cuelative to the volumetric flow infm
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The results show that there was a significant difference in the observed dust
concentrations correlatingith changes in the volumetric airflow behind the
curtain. The general trend shows that an increase in the volumetric flow
behind lead to higher dust concentrations behind the cuiithendifferences
were statistically significant which shows the effeetess of ventilation as

a primary engineering contralhich, when used correctly, can limit the

miners exposure by sweeping more dust away from their location at the face
Lastly, an analysis was conducted with regards to the starting cut déph
starting cut depth describes how many feet of coal were previously cut
relative to the beginning of the pillalhe starting cut depth data was split

i nt o fi v eft YLty PL8O ft., F1A0Gt. and greater than 40

The analysis showthat the differences between the dust concentrations of
the different grouparesignificant, buthe only group whih stood out was

the starting deptof less than or equal to 10 fThis can beseenn Figure

45,

Average Respirable Dust Concentration per cut
(a=0.05) relative to the Start Depth
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Figure45: Dustconcentration pecut against thetarting ait depth

In an effort tounderstand the possible caudehe significant difference,
total dust plots were inspecte@he primary difference noted was the use of

scrubbers.

72



4.4.5 Influence of Scrubbers

4451 Scrubbers

While examininghe total dust, discernable spikeere noticed A

correlation was evident between the large spikes and the starting cut depth.
When the starting cut depth was flush with piiiars, the dust
concentrationsveremuch higher. According to the dust control plan of the
mine, the scrubbers were only to be aatidd after the CM had reached a
cutting depth of 20 ft. An example of the spike in total dust can be seen in

Figure46 below.

Left Miner07/16/14
3.5

3

2.5
et PUMP 4

2 LEFT
CURTAIN

15 PUMP 3
LEFT

1 RETURN
o

2:24:00PM  3:36:00PM  4:48:.00PM 6:00:00PM 7:12:00PM 8:24:.00PM 9:36:00PM 10:48:00 PM 12:00:00 AM

Time

Dustimg}

Figure46: Example of dypical total dust plot ollectedfrom acontinuous miner including adhlightedspike

Due to the irregularity of the spikes from test to test, it was decided that each

of the spikes would bisolated andtheir characteristicexamined. The

criteria for determining whetherthecutwdsea nt i fi ed as fAscr ubl
were as followed. The cut haddtart below20 ft or flush with the pillars

and theending defh could not be more than 20 f Cuts which were

i denti fied as 0As cr ubringdeptrogreaterthan2® had
ft. This ensured that the scrubbers would always be atetasged in the

mineventilation plan. In someasesthe sarting depth was at 10 or 15 ft,
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and then 20tfof advance would be madén this casethe scrubber would
be offatthe beginningand n at t he end. These fAhybr

included in the analysis. This is clarified with the examples beldvigure

End Depth: 45 ft I

47, Figure48 andFigure49.

End Depth: 25 ft Total Cut

Depth: 15 ft

Tetal Cut ' Start Depth: 10 ft

Depth: 10 ft

Total Cut
Depth: 20 ft

Start Depth: 25 ft

Start Depth: O ft

Figure47. Environmental setup of Figure48. Environmental setup of  Figure49. Environmentabetup of
when srubber was off durinthe when srubber was both on and of  whenscrubber was on during cut.

cut during cut.

The following figuresshowthe isolated cuts as total dust plots. In addition,
the series of figures are split into the subgroups with and without the
surfactant additionFigure50 shows the isolated cuts with the surfactant off
and scrubbers offFigure51 shows the cuts with the surfactant on and
scrubbers off.Figure52 show the cuts with the surfactant off and scrubbers
on. Lastly, Figure53 shows the cuts with surfactant added and the scrubbers

on.
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Water Without Operating Scrubbers
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Figure50: Collection of solatedcutswhich used naurfactant and noperatingscrubber
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Figure51: Collection ofisolated ats which usedurfactant but no operatedrsbber
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Figure52: Collection of solatedcuts which used naisfactantbut operated srubber
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Water and Surfactant With Operating Scrubbers
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Figure53: Collection of isolated cuts which used thefactant andperated srubber

From the series of figure&igure50, Figure51, Figure52 andFigure53) it
can be seen that the plots depicting the lack of scrubber actiaagionuch

more vaied and hava steplike feature

From theseuts, specific cuts were examined which kadilarly recorded
characteristics. The recorded characteristics used to determine the specific
cuts werdhe numbenf new bits after the cut, cut depth, and starting depth.
The cuts have been stacked to dwdutter at the origin. The cusse also
stackedchronologically, with the first cut starting at the origin. The second
cut starts at the same time and total dust level as the end of the first cut. The
same procedure was followed for the third culhe Dasic statistics for the

cuts characteristics are shownTiable8 below, followed by the cuts plotted

in Figure54.
Table8: Statistics of cutltaracteristics withniactivescrubbers
Water w/o scrubbers Water and surfactant w/o scrubber
Total d) U Total (b u
New bits 54 18 6 53 18
Cut depth (ft) 55 18 3 65 22
Starting depth (ft) 0 0 - 0 0 -
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Cuts Without Scrubbers Operating
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Figure54: Defction of slectedisolatedcuts which did notmplementscrubbers

In Figure54 it can be seen that the cuts are quite variabén,and the step

form is evident. The same process was carried out on cuts with th

scrubbers activatedl able8 shows the statistics of the characteristics, and

Figure55 shows the cuts stacked chronologically.

Table9: Statigics of cutcharacteristics witlactive scrubbers

water w/ scrubbers water and surfactant w/ scrubbe

Total 00 u Total w u
New bits 31 10 1 38 13 2
Cut depth (ft) 60 20 0 65 22 3
Starting depth (ft) - 33 6 - 42 15
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Cuts With Scrubbers Operating
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Figure55: Depiction of selected isolated cuts which implementedidbers

In Figure55 above it can be seen that the cuts have more consistent dust

production. To compare the cuts with and without the scrubbesdon

Figure54 andFigure55were combined. This combination is shown in

Figure56 below.
Comparision of Cuts With and Without Scrubbers Operating
3.5
3
2.5 ’
W
2 S
=
2 15
a
= 1
5]
= 0.5
0
0 20 40 60 80 100 120 140
Time (min)
® water wy/ scrubbers ® water and surfactant w/ scrubbers ® Water w/o Scrubbers @ Water and Surfactant w/o Scrubbers

Figure56: Plotcomparing the total dust from selected isolatets gvith and withouscrubbersoperating

In Figure56it can be seen that the total dust production is approximately

twice as much when the scrubbers areamot It can also be seen that this

increased production is due primarily to thepstorm seen in the plots. The

total respirable dusturing eaclcut was plotted The significant drop in

total dust can be seenhigure57.
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Avg. Total Respirable Dust (a=0.05)
Scrubber on and off - Without Outliers
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Figure57: Plot of averagetotal respirabledust fromisolated ats with and withoubperatingscrubber

In Figure57 a veryclear and consistefdgweringof the average tokalust

can be seewhen the scrubbers are activated.

4.5 DISCUSSION

The data gathered during the field testichh was presented in Figure 8dd
Figure 35 demonstrates the effectiveness of the surfactant in successfully
and consistently lowerindné surfacednsion of the minepray water. There
was a perceived issue of the surfactant being left in the washed down hose
water after the first week of testing. Since losewas notin significant

use and the hose not being left to run for a sufficient amduime, the

surface tension was nableto returnto its normal level of about 72/m? at

the beginning of the second week. Regardless of the still substantial
difference in the surface tension, no significant difference in the dust

concentration was obsved with the monitoring instrumentation.

A significant difference was observdwbwever between the two pieces of
instrumentation, the CPDM, and the PDS. The CPDM measured a higher

concentration when compared to the PDS. Although this may be an
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important distinction for the required implementation the CPDM, it has no
important impacts with regards to the aims of the study via relative dust
levels. Additional work, howevershould be done to confirm the deviation
between the two devices. This doesd& much larger implication with
regardgo enforcement ofhe new dust standardsut wasnot explored with

vigor in this study

Additionally, a significant difference was observed between the testing
locations, in the returns and directly behind theain. This difference was
revealed in the analysis shown Figure38. This would be expected, since
given enough time, some amount of the dust will fall to a lower position in
the entry or settle out completddy agglomeratig together and acting as a
large sized particleAdditionally, the respirable particle could be attached to

the larger particle and then fall out of suspension.

Some additional factors examined were the number o€b#@sgedand the
guantity ofair flow. The number of bitshangedvas initially thought to be

an influencing factor, but the resulting data collection and analysis showed
otherwise. Airflow, however, was a considerable factor. The data showed
that the higher volumetric flows were sweepiagger amounts of dust from
the working face.This reinforces the use of ventilation as a primary
engineering control for diluting and transporting dust out of the immediate

mine atmosphere

The changing distances from the face and other environmentiitioos
lead to aralmost impossible comparison of data (need multiple samples with
the same start and stop depths as well as air velgcitidsally, a study on

the order of months is required to look at these parameters in depth.
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However, the naturef mining assures us that more variables, particularly

geologic, would likely be introduced.

Although not initially taken into account, the pronounced effect of scrubbers
on concentrations wadearlyobserved.An argument for the continuous use
of the £rubbers could be made, but not without first studying the effects of
dust concetnation around the CM operatas well as potential methane
concentrations.To geta completegicture of theeffectiveness of the

scrubber, dditional work should be done wdh places a dust measuriag
deviceby the CM operator In thepast there wereeoncernghat the

scrubbers would causecirculationat the face resultinigp apocket of

methane developin@issell & Bielicki, 1975) Past studies have shown

that the recirculation of methane at the face will occur when the scrubber is
moving more air than the ventilatigDiverset al, 1981) No deterioration

of ventilationperformancesvasobserved ironestudy, but these were at
curtainsetbacks of 2& or more with a blowing stem(Halfinger, 1984)
Recently a studyin three mines using exhausting ventilatioand that

there wasanimprovemenin the respirable content of dust outby @i,

but not by the CM operatdor cuts within 20t of the face. Interestingly

there was also no significant difference in the dust level at the CM operator
location when the scrubber was off or(@wvlinetet al, 2013) A strong

case could be made to investigate the role of scrulfiln¢ner with
conditionsthatelevateconcerns of methane buildamd negative alterations

to the vent controls. In addition, this preliminary study indicates that dust
exposure may be high for operators when starting a new cut and that
studying the use of specialized engineering controls for this scenario could

provemeaningful in reducing exposure.
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Through all of the analysis, no significant impact from the surfactant was
observed due to many significant variablekwever, he high degree of
variation from cut to cut analimited numbernf samples does not allowtf
meaningful conclusions to be drawn with regards to the ultimate

effectiveness
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5 CONCLUSION

This study evaluated the potential of using a surfactant to aid in coal dust
remediation to lower the risk of coal miner developing coal workers
pneumoconiosis. This study specificallyaexned the effects of adding a
surfactant to water at varying concentrations and varying the specific gravity
of the exposed dust in a static environment. The testing method used in this
instance was a particle wetting test. More detail on the testioggure can

be found in Sectio.3.3 Additionally, full-scale testing of thseurfactant
described irBectiord.4, was as also implemented. A number other
investigations have be@onducted in the past with other surfactants. Due

to the lack of @onsensughese investigations were undertaken to shed

more light on the issue.

To evaluate the additive, the concentration of the surfactant in the aqueous
solution was varied in comuetion with a varying specific gravity af¢ coal
dust. The current mineral content of the coal dust, to which coal workers are
exposed, is of concern since it is known that silica dust is more harmful to
human health than coal dust alonor this reasn, the assumemineral

content of the coal dust was studied using the specific gravity of the coal
dust as a proxy.t Ehould be noted that the minecahtent of the coal dust
tested was not however confirmed. The first battery of tests conducted
looked at three specific gravities and three surfactant concentrations with
each cell of the 3x3 test matrix tested in triplicate. Both of the variables
were found to be significant. The wetting rates of the dust increased with
increasing specific gravity arslirfactant concentration. There was also

significant, albeit to a lesser extent, interactions between the two variables.
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The second battery of wetting test extended the boundaries of the initial
study by including more surfactant concentrations and eclasses of

specific gravity. The test matrix included nine surfactant concentrations and
nine gravity classes. The results of the tests showed that both variables
again were significant, and the increase in either one was correlated with an
increase intlte wetting rate. Atronger effect from the surfactant was
observed on dustith a smaller specific gravity or a larger coal fraction in

the dust. This malge due to the nenoal fraction which is already
hydrophilic,being close to its fastest wettingtewith little room for

improvement.

The second effort in this investigation was geared towafdlé-acalestudy.
The surfactant which was being examineas kept at a constant
concentration of 1:5000. This solution was pumped through thetmihe
continuous miner. The sol udunngn was t|
production A control of no surfactant wadso used.Dust concentration
measurementsere collecteautby the working face both behind the curtain
andfurther in the returns. Twdifferent types of samples wecellected the
continuouspersonaddustmonitor (CPDM), andthe personablust sampler
(PDS) Both devices were placed ing same location, andd data \as
aggregated and examined to see if themea significant changenithe dust
concertatiorwhen thesurfactantvas being usedNo significant changes in
the dust levels were observeldowever in the CPDMdata there were
distinctive spikes in some places of the dalech correlated to theepth of
the cut. Themine ventilation plan did not allowfor the scrubbers to be
turned oruntil a cut depttof 20 ft was reachedThe significant decreases in
the dust concentrations from the activation of scrubbers are grounds for

continued work on the topicThis area of futurstudy should be focused on
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the scrubber usage and procedutes unclear whether the continuous
activation of scrubber would be beneficial to CM operators and other
personnel in the mineThis being the case, an additionally identified area of
study wauld focus on potential controls aimed at reducing the risk of expose
at the beginning of a pillar line of a crosscut. Wathmanwariablesand
relativly short experimental windowhere were not enough cuts taken to
gather enough similar cut to make me@ conclusions about the surfactant.
For this reasofurther investigation with longer term studies is suggested
Even with the limited number of consistent samples, a significant increase in
the dust concentration was observed from the CPDM whenarechpo the
PDS. The larger implication of this finding should be examined in future
studies.
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6 FUTURE WORK

There arenoticeale critiquesand further assessment which should be added
asadcdendato these two main studie®Vith regardsto the fiist study of the
wetting ratesanalysis othe dust contained in the materialaghd be

conducted. The analysis shoulddmducted on thdust beforeand after

the wetting test. This will botbonfirmthe actual silica content aatow

the investigatoto determinavhetherthe higher gravitglassmaterial is
selectively wettinghe mat hydrophiliccomponents of the dust. The
additional knowledge will also shift the correction factor usedlerive the

wetting rate

It has alsdoeennoteal that the marnual method for applying the dusin the

surface of thesolution became inadequate when testing high gravity class
material or greater concentratiorfdlze surfactant irsolution If these are

areas of futurenterest theconcen may bealleviatedby introducing an
automated mechanism for thpplication of dust. The automation should
allow for the rapid and even application of the dust onto the solution surface.
Somepopulaionsof theapparatis may include a very tight enclosure with

compressed aasadispersingnechanism.

One of the more justifiableritiquesfor futurestudies was the lack tésting
of the dynamic capability of the surfactant to strip the dust from theAdir.
of thebenchtop work executd dealt with the wetting rates a gatic
environment Although wetting rates have besunccessfullyused to som
extent in the past for the preselection of surfactants, the abilities of the
additiveshould still bescrutinizedwithin a controllable mock setup
number of tests could berrincluding particlesizingof the water droplet

from sprays andirbanedust alike using laser diffraction. Relative
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concentrations of dust could be assessed immediately downwind of the area
of application with ambscurationmeter, which actual conceation could

be meauredfurther down a mock entry. This would also allowegigators

to quickly changa variablelike pressurgorientation and sprayetype in

addition to the variable examined in this first study.

The second study is also not withiats own ares of improvement. The
principal amendment to tHall-scalestudy is simply @irther investigation
for the purposef controllingfor alarge amounbf environmental variation
andatypical mining condition within which the study took placBue to
unforeseerircumstancethe study was adapted to gathemaghdata as

possible, even if theonditionsand production cycles were not the norm.

Through the datanalysis however intriguing trends wereobserved with
theoperationof scrubbers Another engineering control used mine to
diminish the dust exposure. Further investigations should also place
measuwementdevices on or near the CM operator at the working face.
Measiring the CM operators immediaeavironmentwould aid
investigdors in confirming the observedmprovementin themine
environment. This is not just the case for examisimgactamhor scrubbers,
but alsosubstatiating the assertions made witegards to the high airflow

rates

The deviation of the CPDM and PDS from leather is also of interest.

The deviations seen should be reexamined by exposing both instruments to
similar conditions with the aim of repeating the findings. The implications
of this difference in measurement are far reaching with regards to the new

dust regulations.
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APPENDIX A
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Figure58.A1 - Particle size distribution for gravity cladedt 1.3

Tablel10:A2 - Tabulatedsize distribution for gravity classoft 1.3

Size
(>m)

Pass
%

Chan
%

Size
(>m)

Pass
%

Chan
%

Size
(>m)

Pass
%

Chan
%

Size
(>m)

Pass % Chan

%

352.0
296.0
248.9
209.3
176.0
148.0
124.5
104.7
88.00
74.00
62.23

100.0
100.0
100.0
100.0
100.0
100.0
100.0
99.88
99.42
98.63
97.22

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.1200
0.4600
0.7900
1.410

2.490

52.33
44.00
37.00
31.11
26.16
22.00
18.50
15.56
13.08
11.00
9.250

94.73
90.55
84.31
76.46
68.41
61.32
55.46
50.38
45.65
41.09
36.78

4.180
6.240
7.850
8.050
7.090
5.860
5.080
4.730
4.560
4.310
4.020

7.778
6.541
5.500
4.625
3.889
3.270
2.750
2.312
1.945
1.635
1.375

32.76
28.91
25.06
21.21
17.61
14.56
12.16
10.27
8.670
7.130
5.470

3.850
3.850
3.850
3.600
3.050
2.400
1.890
1.600
1.540
1.660
1.830

1.156
0.972
0.818
0.688
0.578
0.486
0.409
0.344
0.289
0.243

0.204

3.640
1.890
0.640
0.000
0.000
0.000
0.0000
0.0000
0.0000
0.0000
0.0000

1.750

1.250

0.640

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
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10

Particle Size Distribution (1.3-1.35)
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Figure59:A3 - Particlesize distribution for gravity class $1335

Tablel1:A4 -

Tabulaedsize distribution for gravity class 1335

Size
(>m)

Pass Chan
% %

Size
(>m)

Pass
%

Chan
%

Size
(>m)

Pass
%

Chan
%

Size
(>m)

Pass %

Chan
%

352.0
296.0
248.9
209.3
176.0
148.0
124.5
104.7
88.00
7400
62.23

100.0 0.0000
100.0 0.0000
100.0 0.00@®
100.0 0.0000
100.0 0.0000
100.0 0.0000
100.0 0.0000
100.0 0.5000
99.50 0.8900
98.61 1.570
97.04 2.650

52.33
44.00
37.00
31.11
26.16
22.00
18.50
15.56
13.08
11.00
9.250

94.39
90.21
84.23
76.71
68.68
61.39
55.42
50.48
46.01
41.52
36.94

4.180
5.980
7.520
8.030
7.290
5.970
4.940
4.470
4.490
4.580
4.350

7.778
6.541
5.500
4.625
3.889
3.270
2.750
2.312
1.945
1.635
1.375

32.59
28.79
25.50
22.45
19.43
16.46
13.78
11.56
9.71

8.00

6.170

3.800
3.290
3.050
3.020
2.970
2.680
2.220
1.850
1.710
1.830
2.050

1.156
0.972
0.818
0.688
0.578
0.486
0.409
0.344
0.289
0.243
0.204

4.120
2.140
0.730
0.000
0.000
0.000
0.0000
0.0000
0.0000
0.0000
0.0000

1.980

1.410

0.730

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
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10

Particle Size Distribution (1.35-1.4)
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Figure60:A5 - Particlesize distribution for gravity clask351.4

Table12:A6 -

Tabulatedsize distribution for gravity clask351.4

Size
(>m)

Pass Chan
% %

Size
(>m)

Pass
%

Chan
%

Size
(>m)

Pass
%

Chan
%

Size
(>m)

Pass % Chan
%

352.0
296.0
248.9
209.3
176.0
148.0
124.5
104.7
88.00
74.00
62.23

100.0 0.0000
100.0 0.0000
100.0 0.00@®
100.0 0.0000
100.0 0.0000
100.0 0.0000
100.0 0.0000
100.0 0.3400
99.66 0.5900
99.07 1.120
97.95 2.090

52.33
44.00
37.00
31.11
26.16
22.00
18.50
15.56
13.08
11.00
9.250

95.86
92.31
87.11
80.56
73.36
66.24
59.77
54.09
49.03
44.24
39.45

3.550
5.200
6.550
7.200
7.120
6.470
5.680
5.060
4.790
4.790
4.780

7.778
6.541
5.500
4.625
3.889
3.270
2.750
2.312
1.945
1.635
1.375

34.67
30.10
25.93
22.16
18.71
15.62
13.00
10.87
9.080
7.400
5.620

4.570
4.170
3.770
3.450
3.090
2.620
2.130
1.790
1.680
1.780
1.940

1.156
0.972
0.818
0.688
0.578
0.486
0.409
0.344
0.289
0.243
0.204

3.680 1.810
1.870 1.250
0.6200 0.6200
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.00@®
0.0000 0.0000
0.0000 0.0000
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Particle Size Distribution (1.4-1.45)
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Figure6L:A7 - Particlesize distribution for gravity clask4-1.45

Table13:A8 -

Tabulatedsize distribution for gravity clask4-1.45

Size
(>m)

Pass Chan
% %

Size
(>m)

Pass
%

Chan
%

Size
(>m)

Pass
%

Chan
%

Size
(>m)

Pass %

Chan
%

352.0
296.0
248.9
209.3
176.0
148.0
124.5
104.7
88.00
74.00
62.23

100.0 0.0000
100.0 0.0000
100.0 0.00®
100.0 0.0000
100.0 0.0000
100.0 0.0000
100.0 0.0000
100.0 0.3600
99.64 0.5700
99.07 0.960
98.11 1.600

52.33
44.00
37.00
31.11
26.16
22.00
18.50
15.56
13.08
11.00
9.250

96.51
93.90
89.88
84.24
77.47
70.68
64.68
59.64
55.17
50.77
46.08

2.610
4.020
5.640
6.770
6.790
6.000
5.040
4.470
4.400
4.690
5.000

7.778
6.541
5.500
4.625
3.889
3.270
2.750
2.312
1.945
1.635
1.375

41.08
36.08
31.44
27.29
23.61
20.39
17.68
15.46
13.59
11.83
9.990

5.000
4.640
4.150
3.680
3.220
2.710
2.220
1.870
1.760
1.840
1.960

1.156
0.972
0.818
0.688
0.578
0.486
0.409
0.344
0.289
0.243
0.204

8.030
6.110
4.480
3.230
2.280
1.530
0.9200
0.4100
0.0000
0.0000
0.0000

1.920

1.630

1.250

0.9500
0.7500
0.6100
0.5100
0.4100
0.0000
0.0000
0.0000

100
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Particle Size Distribution (1.45-1.5)
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Figure62:A9 - Particlesize distribution for gravity class451.5

Table14:A10 - Tabulatedsize distribution for gravity clask451.5

Size
(>m)

Pass Chan
% %

Size
(>m)

Pass
%

Chan
%

Size
(>m)

Pass
%

Chan
%

Size
(>m)

Pass %

Chan
%

352.0
296.0
248.9
209.3
176.0
148.0
124.5
104.7
88.00
74.00
62.23

100.0 0.0000
100.0 0.0000
100.0 0.00@®
100.0 0.0000
100.0 0.0000
100.0 0.0000
100.0 0.1100
99.89 0.4400
99.45 0.7200
98.73 1.260
97.47 2.230

52.33
44.00
37.00
31.11
26.16
22.00
18.50
15.56
13.08
11.00
9.250

95.24
91.51
86.02
79.11
71.83
65.20
59.56
54.61
49.95
45.32
40.73

3.730
5.490
6.910
7.280
6.630
5.640
4.950
4.660
4.630
4.590
4.440

7.778
6.541
5.500
4.625
3.889
3.270
2.750
2.312
1.945
1.635
1.375

36.29
32.05
28.02
24.29
21.02
18.26
15.92
13.86
11.97
10.18
8.450

4.240
4.030
3.730
3.270
2.760
2.340
2.060
1.890
1.790
1.730
1.690

1.156
0.972
0.818
0.688
0.578
0.486
0.409
0.344
0.289
0.243
0.204

6.760
5.170
3.800
2.730
1.920
1.300
0.8000
0.3700
0.0000
0.0000
0.0000

1.590

1.370

1.070

0.8100
0.6200
0.5000
0.4300
0.3700
0.0000
0.0000
0.0000
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Particle Size Distribution (1.5-1.6)
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Figure63Al1l - Particlesize distribution for gravity class5-1.6

Table15:A12 - Tabulatedsize distribution for gravity clask5-1.6

Size
(>m)

Pass Chan
% %

Size
(>m)

Pass
%

Chan
%

Size
(>m)

Pass Chan
% %

Size
(>m)

Pass % Chan
%

352.0
296.0
248.9
209.3
176.0
148.0
124.5
104.7
88.00
7400
62.23

100.0 0.0000
100.0 0.0000
100.0 0.00@®
100.0 0.0000
100.0 0.0000
100.0 0.0000
100.0 0.3200
99.68 0.4600
99.22 0.7100
98.51 1.170
97.34 1.880

52.33
44.00
37.00
31.11
26.16
22.00
18.50
15.56
13.08
11.00
9.250

95.46
92.51
88.17
82.30
75.33
68.22
62.00
56.79
52.20
47.70
42.99

2.950
4.340
5.870
6.970
7.110
6.220
5.210
4.590
4.500
4.710
4.810

7.778
6.541
5.500
4.625
3.889
3.270
2.750
2.312
1.945
1.635
1.375

38.18 4.530
33.65 4.040
29.61 3.650
25.96 3.410
22.55 3.170
19.38 2.770
16.61 2.280
14.33 1.890
12.44 1.700
10.74 1.670
9.070 1.680

1.156
0.972
0.818
0.688
0.578
0.486
0.409
0.344
0.289
0.243
0.204

7.390 1.580
5.810 1.320
4.490 0.9900
3.500 0.7300
2.770 0.5900
2.180 0.5400
1.640 0.5500
1.090 0.5800
0.5100 0.5100
0.0000 0.0000
0.0000 0.0000
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Particle Size Distribution (1.6-1.7)
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Figure64:A13 - Particlesize distribution for gravity class6-1.7

Table16:A14 - Tabulatedsize distribution for gravity clask6-1.7

Size
(>m)

Pass
%

Chan
%

Size
(>m)

Pass
%

Chan
%

Size
(>m)

Pass Chan
% %

Size
(>m)

Pass % Chan
%

352.0
296.0
248.9
209.3
176.0
148.0
124.5
104.7
88.00
74.00
62.23

100.0
100.0
100.0
100.0
99.89
99.89
99.79
99.46
98.98
98.21
96.91

0.0000
0.0000
0.00@®
0.1100
0.0000
0.1000
0.3300
0.4800
0.7700
1.300
2.180

52.33
44.00
37.00
31.11
26.16
22.00
18.50
15.56
13.08
11.00
9.250

94.73
91.19
85.91
78.95
71.27
64.03
57.94
52.88
48.43
44.13
39.72

3.540
5.280
6.960
7.680
7.240
6.090
5.060
4.450
4.300
4.410
4.540

7.778
6.541
5.500
4.625
3.889
3.270
2.750
2.312
1.945
1.635
1.375

35.18 4.470
30.71 4.130
26.58 3.660
22.92 3.200
19.72 2.810
16.91 2.450
14.46 2.100
12.36 1.800
10.56 1.600
8.960 1.530
7.430 1.520

1.156
0.972
0.818
0.688
0.578
0.486
0.409
0.344
0.289
0.243
0.204

5.910 1.440
4.470 1.240
3.230 0.9700
2.260 0.7300
1.530 0.5700
0.9600 0.4600
0.5000 0.3800
0.1200 0.1200
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000

103



Particle Size Distribution (1.7-1.8)
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Figure65.A15 - Particlesize distribution for gravity class7-1.8

Tablel17:A16 - Tabulatedsize distribution for gravity clask7-1.8

Size Pass Chan?d Size Pass Chan| Size Pass Chan]| Size Pass% Chan %
>m) % Gm) % % >Gm) % % (>m)

352.0 100.0 0.0000 | 52.33 96.87 2.580| 7.778 39.01 5.320| 1.156 6.660 1.610
296.0 100.0 0.0000 | 44.00 94.29 4.000] 6.541 33.69 4.460| 0.972 5.050 1.360
248.9 100.0 0.00® |37.00 90.29 5.390|5.500 29.23 3.640| 0.818 3.690 1.040
209.3 100.0 0.0000 | 31.11 84.90 6.320| 4.625 25.59 3.190|0.688 2.650 0.7600
176.0 100.0 0.0000|26.16 78.58 6.620|3.889 22.40 3.020|0.578 1.890 0.5800
148.0 100.0 0.0000|22.00 71.96 6.270|3.270 19.38 2.860]|0.486 1.310 0.4800
124.5 100.0 0.0000 | 18.50 65.69 5.600|2.750 16.52 2.540]0.409 0.8300 0.4300
104.7 100.0 0.3300 | 15.56 60.09 5.080|2.312 13.98 2.120| 0.344 0.4000 0.4000
88.00 99.67 0.4900| 13.08 55.01 5.020|1.945 11.86 1.810| 0.289 0.0000 0.0000

74.00 99.18 0.8300| 11.00 49.99 5.350|1.635 10.05 1.700| 0.243 0.0000 0.0000
62.23 98.35 1.480 |9.250 44.64 5.630|1.375 8.350 1.690| 0.204 0.0000 0.0000
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Particle Size Distribution (1.8 sink)
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Figure66:A17 - Particlesize distribution for gravity clask8 Sink

Table18:A18 - Tabulatedsize distribution for gravity clask8 Sink

Size
(>m)

Pass
%

Chan
%

Size
(>m)

Pass
%

Chan
%

Size
(>m)

Pass
%

Chan
%

Size
(>m)

Pass %

Chan
%

352.0
296.0
248.9
209.3
176.0
148.0
124.5
104.7
88.00
74.00
62.23

100.0
100.0
100.0
100.0
100.0
100.0
99.89
99.79
99.44
98.96
98.20

0.0000
0.0000
0.00@®
0.0000
0.0000
0.1100
0.1000
0.3500
0.4800
0.760
1.310

52.33
44.00
37.00
31.11
26.16
22.00
18.50
15.56
13.08
11.00
9.250

96.89
94.68
91.20
86.22
79.96
73.13
66.73
61.18
56.32
51.69
46.88

2.210
3.480
4.980
6.260
6.830
6.400
5.550
4.860
4.630
4.810
5.150

7.778
6.541
5.500
4.625
3.889
3.270
2.750
2.312
1.945
1.635
1.375

41.73
36.44
31.45
27.09
23.41
20.27
17.50
15.05
12.89
10.95
9.120

5.290
4.990
4.360
3.680
3.140
2.770
2.450
2.160
1.940
1.830
1.790

1.156
0.972
0.818
0.688
0.578
0.486
0.409
0.344
0.289
0.243
0.204

7.330
5.620
4.140
2.980
2.110
1.430
0.8700
0.3900
0.0000
0.0000
0.0000

1.710

1.480

1.160

0.8700
0.6800
0.5600
0.4800
0.3900
0.0000
0.0000
0.0000
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Table19:A19 - Tabulatedsink test using dst withgravity 1.31.35 and sdactant oncentration 1:5000 itriplicate

Data and Model

Residuals

Observed Vs. Predicted

Data and Model: 1.3-1.35 at 1:5000 -

Residuals: 1.3-1.35 at 1:5000 - Run 1

Observed Vs. Predicted: 1.3-1.35 at

Run 1 1:5000-Run 1
100
500 E 80 500
2 60
400 = _ 400
= 5 40 2
C
E 300 5 a9 = 300
z S o ¢ o0
S 200 = G 200 (e]
T = 0 5000 @ (o]
£ 100 g a0 [s] ;
2 - G
0 g 60
2000 4000 6000 @
-100 o 80 200 0 200 400 600
Time (s) 2 400 )
= : ) Predicted (mg)
Datd e Model 5 Time (s) '
Data and Model: 1.3-1.35 at 1:5000 - Residuals: 1.3-1.35 at 1:5000 - Run 2 Observed Vs. Predicted: 1.3-1.35 at
Run 2 1:5000 - Run 2
100
600 g a0 500
— 500 2 60
£ a __ 400
= 400 - 40 ]
% s =
& 300 @ 20 = 300
o o @
2 200 2 0 2
3 = 20 1000 000 3000 4000 g 200
z G 2
100 o [s]
R 100
1] 7]
@ .60
0 1000 2000 3000 4000 g o 0
=
Time (s) £ 100 0 200 400 600
Daty s Model [a} Time (s) Predicted (mg)
Data and Model: 1.3-1.35 at 1:5000 - Residuals: 1.3-1.35 at 1:5000 - Run 3 Observed Vs. Predicted: 1.3-1.35 at
Run 3 1:5000-Run 3
100
500 F g0 500
. 400 = 60
g a 400
% 300 = 40 =4
7 & 20 = 300
A 200 g 2
T g 0 - 200
2 = 1000. . 2000 3000 4000 3
g 100 z 20 2
a A0 100
0 z
0 1000 2000 3000 4000 T 60 ;
-100 _ < o
Time(s) g 80 200 0 200 400 6500
< 100 ) )
Data e odel 395 Time (s) Predicted (mg)
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Table20:A20 - Tabulatedsink test using dst withgravity 1.31.35 and sdactant concentration 1080 intriplicate

Data and Model

Residuals

Observed Vs. Predicted

Data and Model: 1.3-1.35 at 1:3000 -

Residuals: 1.3-1.35at 1:3000 - Run 1

Observed Vs. Predicted: 1.3-1.35 at

Run 1 1:3000-Run1
__ 100
500 g s0 500
— T 60
5 400 =
£ 2 4 400
ey E j £
300 5 20 = 300
O o t . g
g 200 g 0 m 2 o
= % 20 1000 2000 3000 ﬁ
= 100 é 40 © 100
: T 60
’ 0 1000 2000 3000 3 80 0o S
g 0 200 400 600
Time (s) 2 -100 i | . !
Data Model E Time(s) Predicted (mg)
Data and Model: 1.3-1.35 at 1:3000 - Residuals: 1.3-1.35 at 1:3000 - Run 2 Observed Vs. Predicted: 1.3-1.35 at
Run 2 1:3000 - Run 2
__ 100
500 2 a0 450
£ 80 400
SR00 =
£ S a0 5 0
#300 5 4 E 300
= —
a ] = 250
= = - a
200 2 £ 200
g. e 20 0 00 200 3000 4000 2 150
100 ¢ 40 | © 100
0 @ 60 50
0 1000 2000 3000 4000 g &0 0
) @ 0 200 400 600
Time (s) < -100 i - ) )
Data e iodel a Time (s) Predicted (mg)
Data and Model: 1.3-1.35 at 1:3000 - Residuals: 1.3-1.35 at 1:3000 - Run 3 Observed Vs. Predicted: 1.3-1.35 at
Run 3 1:3000-Run 3
100
500 g 500
— m
gA00 5 60 __ 400
%300 E 40 £
3 @ = 300
a = 20 o
T200 3 g
= = 0 g 200
2100 § 20 g .
g 100
0 £ -0
0 500 1000 1500 2000 2500 < 60 0
Time (s) - 0 200 400 600
Data e Model £ Time (s) Predicted (mg)
(]
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Table21:A21 - Tabulatedsink test using dst withgravity 1.31.35 and sdactant concentration 1000 intriplicate

Data and Model

Residuals

Observed Vs. Predicted

Data and Model: 1.3-1.35 at 1:1000 -

Residuals: 1.3-1.35at 1:1000- Run 1

Observed Vs. Predicted: 1.3-1.35 at

Run 1 1:1000-Run 1
__ 100
400 = 400
= = 350
£300 8 0 T 300
= - £
g < = 250
£200 = & PR =W~ 2
: o B g
= = 0 % 500 1000 1500 g 150
2100 I 8 100
g 50 50
0 o 0
o
0 200 400 600 800 1000 1200 Y 0 100 200 300 A00
] ; < -100 )
Time (s) = Time (s) Predicted (mg)
Data Model “Q:
Data and Model: 1.3-1.35 at 1:1000 - Residuals: 1.3-1.35at 1:1000 - Run 2 Observed Vs. Predicted: 1.3-1.35 at
Run 2 1:1000 - Run 2
__ 100
600 B o 500
—500 =
B Z 60 . 400
-— o
. _r% “ = 300
2300 T 20 . K
g 2 ’(%r' £ 200
- S i = a
gznu % i o 50?5 1000 -
100 % -20 © 100
0 o 40 )
o 0
] L7}
0 200 400 600 200 1000 g 60 0 200 200 600
Time (s) Y 80 f 1
Series]l —e—Series? "“QE Time (s) predicted (mg]
Data and Model: 1.3-1.35 at 1:1000 - Residuals: 1.3-1.35at 1:1000 - Run 3 Observed Vs. Predicted: 1.3-1.35 at
Run 3 1:1000- Run 3
__ 100
600 2 0 500
5500 2 60 200
£a00 S g
ki c
S s 20 = 300
& 300 @ T
= = 0 z
2 2 ! 200
£ 200 = b 500 1000 1500 g
g g i o
100 g 0 © 100
0 500 1000 1500 g 80 0 200 200 500
Time (s} 2 -100 . )
Seriesl t—Js;eriesz = Time(s) Predicted (mg)
(]
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Table22:A22 - Tabulatedsink test using dst withgravity 1.41.45 and sufiactant oncentration 1:5000 itriplicate

Data and Model

Residuals

Observed Vs. Predicted

Data and Model: 1.4-1.45 at 1:5000 -
Run 1

0 2000 4000 6000 8000

Time (s)
Data s Nodel

Residuals: 1.4-1.45at 1:5000- Run 1
300
200
100
0
2000 ' 4000 6000 8000

-100

-200

Diffrence Between Model and Data
{mg)

-300 -
Time (s)

Observed Vs. Predicted: 1.4-1.45 at
1:5000-Run1

600
500
400
300
200

Observed {mg)

100

0 200 400 600
Predicted (mg)

Data and Model: 1.4-1.45 at 1:5000 -
Run 2

0 1000 2000 3000 4000
Time (s)
Data s odel

Residuals: 1.4-1.45 at 1:5000 - Run 2

180
160
140
120
100
80
50
40
20
0
20 0 10 2000 3000 4000
40

Diffrence Between Model and Data{meg)

Time(s)

Observed Vs. Predicted: 1.4-1.45 at
1:5000- Run 2

Observed {mg)
o
o
o

200
100
o L&¥
0 200 400 600
Predicted (mg)

Data and Model: 1.4-1.45 at 1:5000 -
Run 3

Wetted Dust {mg)

0 1000 2000 3000 4000
Time (s)
Data —es—odel

Residuals: 1.4-1.45 at 1:5000 -Run 3

350
300
250
200
150
100
50
0
L 100 2000 3000 4000

-100 -
Time (s)

Diffrence Between Model and Data {mg)

Observed Vs. Predicted: 1.4-1.45 at
1:5000-Run 3

600

=L
o o
[T =1

Observed {mg)
[ o
[=] o
o o

=
=1
(=1

0 200 400 600
Predicted (mg)

109




Table23:A23 - Tabulatedsink test using dst withgravity 1.41.45 and sufiactant concentration 1080 intriplicate

Data and Model

Residuals

Observed Vs. Predicted

Data and Model: 1.4-1.45 at 1:3000 -

Residuals: 1.4-1.45 at 1:3000- Run 1

Observed Vs. Predicted: 1.4-1.45 at

Run 1 250 1:3000-Run 1
600 o
£ 200 600
. 500 o
[ ‘@ 150 500
£ 400 = w
kd c 100 £ 400
A 300 = =
ki b 30 @ 300
£ 200 = o z
2 [= 0 w @200
; o 1 2000 3000 e}
100 2 30 100
z
0 2 -100 0 8
N 7}
0 lUUUT_ “ 2000 3000 2 150 0 200 400 600
ime(s) a )
= -200 Predicted (mg)
Data Model = Time (s)
Data and Model: 1.4-1.45 at 1:3000 - Residuals: 1.4-1.45 at 1:3000 - Run 2 Observed Vs. Predicted: 1.4-1.45 at
Run 2 a0 1:3000-Run 2
600 ?
E | 600
= 500 = 20
g = i 500
= 400 2 { o
L 2 0 E 400
o 300 i 0 1000 2000 3000 4000 o
b z g 300
= o -20
g 200 = @ 200
P c
100 g 40 © 100
=
0 T 0
0 1000 2000 3000 4000 y 60 0 200 400 600
Time (s) e El 20 Predicted (mg)
Data Mode =
= Time (s)
Data and Model: 1.4-1.45 at 1:3000 - Residuals: 1.4-1.45at 1:3000 - Run 3 Observed Vs. Predicted: 1.4-1.45 at
Run 3 1:3000-Run 3
a0
o
500 £ 20 | 450
= i 400
S0
= 400 2 ' M — 350
£ S 0 1 2000 3000 £ 300
7 300 3 i T 250
a 2 40 Z 200
T 200 c % 150
= g 60 o)
g g © 100
100 g 80 50
a o L3
0 £ -100 0 200 400 600
0 1000 2000 3000 2 _
Data ez Model = 120 Time(s) Predicted (mg)
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Table24:A24 - Tabulatedsink test using dst withgravity 1.41.45 and sufiactant concentration 1000 intriplicate

Data and Model

Residuals

Observed Vs. Predicted

Data and Model: 1.4-1.45 at 1:1000 -
Run 1

500

400

Wetted Dust {mg)
=] W
Q Q
Q Q

=
(=1
(=]

(=]

o 500 1000 1500

Time (s)

Data Model

Residuals: 1.4-1.45 at 1:1000- Run 1
20

10 . {l‘?. @

[ 1000 1200
-10 |

-20
-30
40 |

-50

Diffrence Between Model and Data (mg)

Time (s)

Observed Vs. Predicted: 1.4-1.45 at
1:1000-Run 1

400
350
300
250
200
150
100
50

0 &
] 200 400 600

Predicted (mg)

Observed {mg)

Data and Model: 1.4-1.45 at 1:1000 -

Run 2

500

- 400
£

# 300
3
fal

T 200
o

Z 100

]

] 200 400 600 800
Time (s)
Data Model

Residuals: 1.4-1.45at 1:1000 - Run 2

800

Diffrence Between Model and Data {mg)
=
Q

Observed Vs. Predicted: 1.4-1.45 at
1:1000 - Run 2

Observed [mg)

= =] w = [¥,]
Qo Q (=1 Q Q
Q Q (=] Q Q

(=]

1] 200 400 600
Predicted (mg)

Data and Model: 1.4-1.45 at 1:1000 -

Run 3
500
= 400
E
¥ 300
=
O
@ 200
@
= 100
]
] 200 400 600 800
Time (s)
Data Model

Residuals: 1.4-1.45 at 1:1000 - Run 3

120
100
80
60
40

60
80 |

Diffrence Between Model and Data {mg)

Time (s)

Observed Vs. Predicted: 1.4-1.45 at
1:1000-Run 3

0 200 400 600
Predicted (mg)
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Table25:A25 - Tabulatedsink test using dst withgravity 1.51.6 and sufactant ©ncentration 1:5000 itriplicate

Data and Model

Residuals

Observed Vs. Predicted

Data and Model: 1.5-1.6 at 1:5000 -

Residuals: Run 1 of 1.5-1.6 at 1:5000

Observed Vs. Predicted for Run 1

Run 1 of 1.5-1.6 at 1:5000
600 80
500 £ ol 600
m
w £ 80 500
£ a00 2o 50 —
o o
i S ao £ 400
A 300 - =
T 5 30 g 300
£ 200 = 20 2
= 5 10 2 200
p ) (o]
100 g
£ 0 100
L o . 1 -
-10 1500
0 & . . § o 0 o
0 500 1000 1500 5 -30 0 200 200 600
Time(s) a Time (s) Predicted (mg)
Data Model
Data and Model: 1.5-1.6 at 1:5000 - Residuals: Run 2 of 1.5-1.6 at 1:5000 Observed Vs. Predicted for Run 2
Run 2 of 1.5-1.6 at 1:5000
400 100
350 £ 400
= 300 = 350
£ o 0 — 300
7 2 i 500 000 500 2000 z
3 & -50 £ 250
& 200 =
< - T 200
2 150 2 -100 z
@ §
= 100 S 150 é 150
L @ 100
=
0o £ 200 50
0 &2 o0
@ £
0 500 1000 1500 2000 2 -250 0
) o 0 100 200 300 400
Time(s) £ -300 ) )
Data Model a Time (s) Predicted (mg)
Data and Model: 1.5-1.6 at 1:5000 - Residuals: Run 3 of 1.5-1.6 at 1:5000 Observed Vs. Predicted for Run 3 of 1.5
Run 3 1.6 at 1:5000
500 20
g 70 500
400 =
o o 60 450
= @ 400
= a 50
% 300 o < 350
3 S £
a = £ 300
T 200 3 g 250
g = & 200
100 g o 150
E 100
0 - 1500 s0
0 500 1000 1500 g 0
Time (s) [ 0 100 200 300 400 500
Data Model S Time s) Predicted (mg)
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Table26:A26 - Tabulatedsink test using dst withgravity 1.51.6 and sufactant ©ncentration B00O0 intriplicate

Data and Model

Residuals

Observed Vs. Predicted

Data and Model: 1.5-1.6 at 1:3000 -
Run 1

Wetted Dust {mg)

] 200 400 600 800 1000 1200

Time (s)

Data Model

Residuals: Run 1 of 1.5-1.6 at 1:3000
100
80
60 |
40
20

o
1500

-20

Diffrence Between Model and Data{meg)

40

Observed Vs. Predicted for Run 1 of
1.5-1.6at 1:3000

600

w
(=1
(=]

=
(=1
(=]

(]
=
(=

Observed {mg)
o
Qo
Q

100

1] 200 400 600
Predicted (mg)

Data and Model: 1.5-1.6 at 1:3000 -

Residuals: Run 2 of 1.5-1.6 at 1:3000

Observed Vs. Predicted for Run 2 of

Run 2 1.5-1.6at 1:3000
600 __ 140
o
500 E 120 | 600
— m T
= e
Ea00 & 100 _ e
E g . =
£ 400
2300 s s
E = | o 300
£200 o 60 | z
= = [ @
= g a0 2 200
100 ¢ | (s}
i 1 [}
o L g 20 | 100 5
- .
0 200 400 600 800 1000 2 0 5 0 -
o - 0 200 400 600
Time (s) £ 20 0 800 1000
Data Model a Time (s) Predicted (mg)
Data and Model: 1.5-1.6 at 1:3000 - Residuals: Run 3 of 1.5-1.6 at 1:3000 Observed Vs. Predicted for Run 3 of
Run 3 1.5-1.6at 1:3000
500 50
= . 450
< ER 400
£ o)
= S o _ 0 1000 1500 - 3P0
i c | £ 300
fa} — 50 %
= [} = 250
o o L]
: £ 200
z § -100 é 150
2 100
& -150 50
0 200 400 600 800 1000 1200 g o
g 0 200 400 600
Time(s) £ 200 - )
Data Model a Time (s) Predicted (mg)
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Table27:A27 - Tabulatedsink test using dst withgravity 1.51.6 and sufactant concentration 1000 intriplicate

Data and Model

Residuals

Observed Vs. Predicted

Data and Model: 1.5-1.6 at 1:1000 -
Run 1

600

M

oustime)
(=1 (=1 (=1
(=] (=] (=]

Wetted Dust
=]
Q
Q

o 100 200 300 400 500 600

Time (s)

Data Model

Residuals: Run 1 of 1.5-1.6 at 1:1000

100

50

-50

-100

-150

Diffrence Between Model and Data (mg)

Time(s)

600

Observed Vs. Predicted for Run 1 of
1.5-1.6at 1:1000

600

w
(=1
(=]

400

Observed [mg)
[ w
Q Qo
Q Q

=
(=1
(=]

(=]

0 200 400 600
Predicted (mg)

Data and Model: 1.5-1.6 at 1:1000 -

Residuals: Run 2 of 1.5-1.6 at 1:1000

Observed Vs. Predicted for Run 2 of

Time(s)

40

Run 2 1.5-1.6at1:1000
600 100
o
500 E 600
— m
[ = 50
Eano a 500
.H o
3 E o 400
A300 = 0 E
o - o
g 5 600 T 300
200 = g
3100 é =0 & 200
z
o | 3 o 100
/]
0 100 200 300 400 500 600 2 0 &
Time (s) £ 150 0 100 200 300 400 500
Data Model a Time (s} Predicted (mg)
Data and Model: 1.5-1.6 at 1:1000 - Residuals:Run 3 of 1.5-1.6 at 1:1000 Observed Vs. Predicted for Run 2 of
Run 3 1.5-1.6at 1:1000
500 __ 1oo
o
600
500 E
= 80
= = i 500
£ 400 2 60 | —
i o
3 300 & E 400
= 3 4 - /
£ 2 o 300 —
2 20 % 0 @ g )//?.
100 g - 2 200 -
z 100 o
o 12 - 600
0 100 200 300 400 SO0 600 § 0 -
2 0 200 400 600
?D:

Data ee—odel

Time(s)
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Table28A28 - Analysis of wetting rates obtained from the models from triplicate testing

Data used in Analysis:

Surfactan| Gravity Class

t Dosage | 1.3- 1.4 1.51.6
1.35 1.45

1:5000 0.110 | 0.075 | 0.435
0.196 | 0.259 | 0.204
0.172 | 0.215 | 0.374

1:3000 0.189 | 0.293 | 0.605
0.187 | 0.241 | 0.610
0.202 | 0.228 | 0.500

1:1000 0.569 | 0.849 | 1.512
0.590 | 0.877 | 1.596
0.646 | 0.723 | 2.524

Coefficient of D&rmination of models

Surfactan| Gravity Class

t Dosage | 1.3- 1.4 1.51.6
1.35 1.45

1:5000 0.984 | 0.992 | 0.991
0.987 | 0.994 | 0.972
0.997 | 0.992 | 0.991

1:3000 0.981 | 0.963 | 0.987
0.997 | 0.999 | 0.990
0.986 | 0.994 | 0.979

1:1000 0.993 | 0.996 | 0.984
0.993 | 0.999 | 0.963
0.998 | 0.993 | 0.989

Descriptionof Data:

Wetting Rates { mg/sec)
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< = ™
o ok oo W

Average Obhserved Wetting Rates (a=.05)

0++

1:5000

*

1:3000

*

4SG 1.2.35
4SG 1.41.45
®sc 186

1:1000

Suirfactant to Water Ratio



AnalysisANOVATwo-Factor With Replicatiod " ' n ®n p 0

Hoa: There is no significant difference in the wetting rates correlated to the surfactant dosage
Hob: There is no significant difference in the wetting rates correlated to the gravity class
Hoc: There is no interaction between the variablagntion in Ha and Ho

SUMMARY 1.3 14145 | 1.5 Total
1.35 1.6
1:5000 | Count 3 3 3 9
Sum 0.48 0.55 1.01 2.04
Average 0.16 0.18 0.34 |0.23
Variance 0.00 0.01 0.01 0.01
1:3000 | Count 3 3 3 9
Sum 0.58 0.76 1.71 | 3.05
Average 0.19 0.25 0.57 |0.34
Variance 0.00 0.00 0.00 0.03
1:1000 | Count 3 3 3 9
Sum 1.81 2.45 5.63 |9.89
Average 0.60 0.82 1.88 |1.10
Variance 0.00 0.01 0.32 0.43
AVOVA | Source of SS df MS F P- F crit
Variation value
Surfactant 4.05 2.00 2.02 |51.41]0.00 3.55
Dosage
Gravity Class 1.93 2.00 0.97 24.55| 0.00 3.55
Interaction 1.17 4.00 0.29 7.43 | 0.00 2.93
Within 0.71 18 0.04
Total 7.86 26

ResultsHoais rejected, Ibis rejected, and W is rejected

ConclusionThere is a significant difference in the wetting rates which correlate with both the
Surfactant dosage and the Gravity class. There is also, a less considerable, but still significe
interaction between the two variables.
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Table29:A29 - Tabulated sink test using dust withagity 1.3float

Data and Model

Residuals

Observed Vs. Predicted

Data and Model: 1.3 Float at 1:0

Residuals: 1.3 Float at 1:0

Observed Vs. Predicted: 1.3 Float at

1:0
600 __ 100
")
600
= Z . : 500
£ 100 g 0 0000 100000 150000 200000 =
% g -100 E 400
193 200 g 200 g 300
£ 200 2 _ g
= 0 200
z g -300 5]
100 E - 100
0 @ 400 | 0
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0 50000 100000 150000 20000 2 co 0 200 400 600
a ]
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Data and Model: 1.3 Float at 1:7000 Residuals: 1.3 Float at 1:7000 Observed Vs. Predicted: 1.3 Float at
600 1:7000
300
500 g 250 600
E =
= 400 w200 __ 500
z 3 150 &
A 300 ?U £ 400
o F
S g 100 T 300
£ 200 o P
7] o 50 @
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100 c 0 o o]
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. . @ -100
0 50000 100000 150000 2004 5 o 0 200 200 500
Time (s) S - ) ) ) )
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— =
Data and Model: 1.3 Float at 1:6000 Residuals: 1.3 Float at 1:6000 Observed Vs. Predicted: 1.3 Float at
600 1:6000
60
m
= 500 g 20 500
£ -
= A00 = 20 500
3 = o
a 300 2 0 £ a0o
E = 3
£ 200 %E 20 20 400 6000 8000 g 200
T £
> 100 g 40 £ 200
@ 60 © 100
0 @
[¥)
0 2000 4000 6000 a(] = -80 o O
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Wetted Dust {mg)

Data and Model: 1.3 Float at 1:5000
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w
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Residuals: 1.3 Float at 1:5000
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o
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Data and Model: 1.3 Float at 1:4000

Residuals: 1.3 Float at 1:4000

Observed Vs. Predicted: 1.3 Float at
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m
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1:3000
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=
Data and Model: 1.3 Float at 1:2000 Residuals: 1.3 Float at 1:2000 Observed Vs. Predicted: 1.3 Float at
1:2000
500 - 200
= 500
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=4 400 E 100
= S < 400
i 300 ] £
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a 3 0 = 300
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= 8E Lu g 200
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Data and Model: 1.3 Float at 1:1000

Residuals: 1.3 Float at 1:1000

Observed Vs. Predicted: 1.3 Float at

1:1000
400
500 =
B 200 500
= 400 T
g s < 400
% 300 g 200 E
E S 300
=) = i
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Table30:A30 - Tabulatedsink test using dust withrgvity 1.3-1.35

Data and Model

Residuals
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Data and Model: 1.3-1.35 at 1:4000

Residuals: 1.3-1.35 at 1:4000

Observed Vs. Predicted:1.3-1.35 at

1:4000
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Table31:A31 - Tabulatedsink test using dust witgravity 1.351.4

Data and Model
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Data and Model: 1.35-1.4 at 1:4000

Residuals: 1.35-1.4 at 1:4000

Observed vs Predicted: 1.35-1.4 at

1:4000
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Wetted Dust {mg)
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Table32:A32 - Tabulatedsink test using dust with gravify4-1.45

Daa and Model Residuals Observed Vs. Predicted
Data and Model: 1.4-1.45 at 1:0 Residuals: 1.4-1.45 at 1:0 Observed vs Predicted: 1.4-1.45 at
1:0
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Data and Model: 1.4-1.45 at 1:5000

Residuals: 1.4-1.45 at 1:5000

Observed vs Predicted: 1.4-1.45 at

1:5000
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Data and Model: 1.4-1.45 at 1:1000 Residuals: 1.4-1.45 at 1:1000 Observed vs Predicted: 1.4-1.45 at
1:1000
500 30
B 400 £ 400
% 2 10 350
5 300 a = 300
S 200 3 0 £ 250
a = -10 1000 1500 E
3 100 5 z 200
= = 20 @ 150
0 S 30 8 100
. . 2
0 500 1000 1500 £ 40 50
Time (s) 2 [e] 0
2 50
3 0 200 400 600
£ -60
= Time (s)
— Model Data = ! Predicted (mg)
(]
Data and Model: 1.4-1.45 at 1:500 Residuals: 1.4-1.45 at 1:500 Observed vs Predicted: 1.4-1.45 at
1:500
600 __ 100
B 500 g 8 600
= o (e}
45_1. 400 g s0 _ 500
o
3 300 e o £ 400
2 200 2 3 300
< 100 . _ . g
= 500 1000 1500 2 200
0 a (s}
(/] P
0 500 1000 1500 2 50 O o 100
]
Time (s) = o OO 0 &
2 0 200 400 600
@ 100 -
= Ti ) .
Data Model = ime (s} Predicted (mg)

128




Table33:A33 - Tabulatedsink test using dust with gravify451.5

Data and Model

Residuals

Obsenred Vs. Predicted
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Data and Model: 1.45-1.5 at 1:4000

Residuals: 1.45-1.5 at 1:4000

Observed vs. Predicted: 1.45-1.5 at
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Wetted Dust {mg)

Data and Model: 1.45-1.5 at 1:500
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Table34:A34 - Tabulatedsink test using dust with gravify5-1.6
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Observed Vs. Predicted
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