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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 mine.  Due to a noticeable increase in black lung among 

coal miners and new dust regulations, surfactants or wetting agents have 

been used 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 benchtop tests is a simple 

wetting test.  Although there are variations of this type of test, principle and 

technique remain the same.  A known amount 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 surfactant in solution 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 compared to a dust with a higher non-coal 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 spray water to 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 long-term 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.  Additionally, 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 

lung is a disease caused by coal dust entering the lungs.  The bodyôs reaction 

to it is to build scar tissue around the piece of dust.  If this happens enough 

times over the minerôs career, then it becomes nearly impossible to breath.  

Normally, to prevent this from happening, water is sprayed in the coal 

before it is chipped off by the machine.  Since this 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 wetting 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 wetting rates were 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 the dust 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 the continuous 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 not enough data was taken, the 

resulting effect of the chemical could not be certain.  More long-term 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 

sampling equipment 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 in the future. 
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1 INTRODUCTION  

There has been a recent surge of concern in the mining community on the 

topic of occupational health.  One of the areas of intrigue and interest 

revolves around exposure of mine workers to respirable dust.  Specifically, 

the exposure of coal workers to respirable dust, coal, and silica-based dust.  

Respirable dust in coal mines has been an issue for a number of years.  

Efforts throughout the last half-century have greatly decreased the number 

of cases of black lung to record lows in the early 2000ôs.  That being the 

case, a recent uptick in the number of cases has been noticed.  There are 

many efforts under way to both identify the source or sources of the recent 

increase and to regulate its influence on the health of coal workers.  The 

regulations which will be instated puts more pressure on the producers to 

prevent and control hazards through better safe work practices or 

administrative and engineering controls.  A possible use of an engineering 

control will be investigated in this paper.  One of the more popular 

engineering controls for abating respirable dust is the use of sprays during 

the production and transport of ores.  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 led to the 

coal producers mining more rock than in previous operations.  These 

pressures on the industry have not only changed the mineralogy of the dust, 

but the tonnages and raw production rates necessary have stretched the 

effectiveness of sprays to their limits.  There have been many attempts to 

enlist the aid of surfactant in mitigating the exposure of underground coal 

miners to respirable dust, and there have been mixed results both from lab 

and field testing.  The surfactant or wetting agent reduces the surface tension 
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of the water and accelerates the wetting process.  This thesis assesses a 

surfactant in an aqueous solution for the purpose of mitigating airborne coal 

dust. 

A variation of a simple wetting test was used as benchtop test.  Wetting rates 

were found by dividing a known amount of material over the wetting time.  

In addition to the surfactant concertation, the gravity class of the dust was 

examined.  After it had been determined that the surfactant was effective, 

full -scale tests were run in a room and pillar underground coal mine.  Dust 

concentrations were compared with regards to different experimental 

variables.  
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2 L ITERATURE REVIEW  

Increasing population leads to increased demand for natural resources.  The 

demand leads to increased mining activity.   Coupled with the decreasing 

quality of ores and thinning of seams, increasing tonnages of excess rock 

becomes an inescapable part of the mining process.  For the employees 

working in the mines, the dust becomes more difficult to control, resulting in 

increased exposure.  Specifically, this paper will discuss what Progressive 

Massive Fibrosis (PMF), silicosis, and black lung are and how exposure to 

coal and silica dust causes the diseases.  This thesis will 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 by a noticeable uptick in the number of cases of 

lung diseases among coal miners.   Underground coal minersô occupational 

hazards, as they relate to mortality, have been extensively studied.  Coal 

mine dust has been found to be one of the most dangerous of these 

occupational hazards due in part to its ability to cause ñMinersô Black 

Lungò, or Coal Workerôs Pneumoconiosis (CWP) and silicosis. CWP and 

silicosis are chronic occupational lung diseases caused by long-term 

exposure to respirable dust (particles with 100% passing through a 10-

micron screen).  After coming in contact with the alveoli, the dust triggers 

inflammation, eventually resulting in fibrosis and irreversible lung damage. 

(Laney et al., 2012)  It has been found that the particles in the two to six-

micron range can be most damaging (Méndez-Vargas et al., 2013).  CWP 

and silicosis are both diagnosed by examining a chest X-ray.  The 

radiographic test will show opacities and will be classified by the size, 
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shape, and extent.  The two diseases are only differentiated by the 

individual's work history (Neimeier, 1993).  

2.1 COAL WORKERS PNEUMOCONIOSIS 

Some of the earliest references and investigations, including post-mortem 

examinations, into what we know now as black lung took place in the early 

1800ôs.  The term pneumoconiosis or ñdusty lungò was not used until 1874 

During this time, the tools used to study the disease were an examination of 

the lung tissue and societal correlations (Meiklejohn, 1951).  Around 1907, 

an etiological investigation into the disease began in earnest with the use of 

chest x-rays.  The x-rays at this time, however, lacked the resolution for 

early detection and could only be used for detection of very significant 

pathological differences (Neimeier, 1993).  It was not until the 1930ôs-1950 

that the investigators studying the disease had a wider range of tools and 

innovative techniques including radiology, biochemistry pathology, and dust 

sampling and analysis (Meiklejohn, 1952).  In addition, for a number of 

years, the causative agent was thought to be solely silica exposure.  This 

assumption, however, was brought into question after investigations found 

pneumoconiosis among coal trimmers in the United Kingdom.  The 

occupational responsibility of the coal trimmer was to load and distribute 

coal, which had been previously washed and separated from rock, into the 

hold of ships (Collis & Gilchrist, 1928).  Although the conclusions were 

contested in the 1930ôs, additional support was received in 1940 (Gough, 

1940).  Also, around this time, a technique of preemptive diagnosis, and  

assessment of the disease were attempted, but the accuracy remained low 

(Gough et al., 1949).   Correlation between the total dust and the severity of 

the pneumoconiosis was later found by analyzing radiographic and 
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pathologic data (King et al., 1956).  There were some investigations 

conducted in the US in the earlier part of the 20th century which also 

mirrored the sentiments of British researchers, and brought forth evidence 

that the lung disease among coal miners must be differentiated from the 

broad label of silicosis (Dreessen & Jones, 1936).  It was not until around 

the late 1950ôs, and 1960ôs that more emphasis was placed on studying the 

disease and finding an adequate method of reporting its incidence (Doyle et 

al., 1958).  In the US, a number of studies were conducted in Pennsylvania, a 

region with a higher reported frequency of the disease (Baier & Diakun, 

1961; Lieben & McBride, 1963; Mc Bride et al., 1963; McBride et al., 1966; 

Tokuhata et al., 1970).  Later studies looked at the larger Appalachian region 

and other coal fields throughout the US (Lainhart, 1969; Morgan et al., 

1973; R. L. Naeye & Dellinger, 1970).  Experts in the earlier part of the 

1970ôs began proposing that black lung was an agglomeration of complex 

disorders differing in severity and frequency,  all of which depended on 

aggregate exposure, and individual predisposition based on personal habits 

and exposure to pollutants in their respective communities (R. Naeye & 

Dellinger, 1972). 

The medical definition of CWP is a parenchymal lung disease resulting from 

the bodyôs response to the deposited and retained coal dust in the lung 

(Weeks & Wagner, 1986).  The current legal definition of pneumoconiosis is 

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

and pulmonary impairments, arising out of coal mine employment.ò From 

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

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

which can be cytotoxic (Castranova & Vallyathan, 2000; Huang et al., 

2006).  It has also been found and confirmed over the years that there is an 
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increased risk of contracting CWP with an increase in coal rank (M. D. 

Attfield & Kuempel, 2008; M. Attfield & Morring, 1992; Morgan et al., 

1973).  Additionally, the large surface area of the coal dust resulting from 

the small size has the ability to absorb aromatic compounds such as benzene 

and phenol present in the mine atmosphere.  These compounds may have an 

adverse effect on the lung tissue (Castranova & Vallyathan, 2000). In 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 <10mm (Neimeier, 1993) normally in the upper chest area 

(Castranova & Vallyathan, 2000).  An example of one of these x-rays can be 

seen in Figure 1 below.  Although the x-ray may show these opacities, the 

individual may not be suffering from any symptoms (Neimeier, 1993; 

Colinet et al., 2010).  Once diagnosed, the individual is at a greater risk for 

complicated CWP or PMF.  When the opacities found on the x-ray combine 

to cover an area greater than 1 cm then, the disease has progressed to the 

point of complicated CWP.  This can be seen in Figure 2 below.  It is not 

necessary for the individual to be diagnosed with simple CWP prior to this 

diagnosis (Neimeier, 1993). 
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Figure 1: Simple CWP (Colinet, 2010) 

 

Figure 2:  Complicated CWP (Colinet, 2010) 

2.2 SILICOSIS  

When respirable crystalline silica is deposited in the alveoli, it is possible for 

silicosis to develop.  This is due to the high reactivity of the cell membranes 

and the surface of the crystalline silica.  The silicon dioxides (SiO2) come in 

contact with water and form silanol (-SiOH) which are hydrogen donors 

(Castranova & Vallyathan, 2000).  Hydrogen bonds are then formed due to 

lone pair electrons on the oxygen and nitrogen that make up many biological 

macromolecules.  These bonds can lead to unfavorable interactions and cell 

damage, ultimately developing into silicosis (Castranova & Vallyathan, 

2000).  This disease has four categories, chronic, complicated, accelerated, 

or acute (Neimeier, 1993).  Exposure to the respirable crystalline silica for 

15 for more years can result in the contraction of chronic silicosis.  The 

silicotic nodule is the telltale feature.  It is made up of an amorphous center 

of a fibrous tissue surrounded by systematic hyalinized collagen fibers, 

sometimes referred to as onion skinning (Castranova & Vallyathan, 2000; 

Neimeier, 1993).  An example of this can be seen in Figure 3.  As with the 

case of simple CWP, the individuals does not need to show any symptoms, 

and the nodules will show up on the x-ray as opacities covering an area of 
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less than 1 cm (Neimeier, 1993).  As the area of the opacities increases to 

greater than 1 cm, the diagnosis is changed to complicated silicosis. At this 

stage, the 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 is normally five to ten years (Neimeier, 1993).  The 

acute form of silicosis is developed when the individual is exposed to 

virtually pure silica for intense and short periods of time (Castranova & 

Vallyathan, 2000).  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 seen in Figure 4.  Other 

sources submit the symptoms can develop over a period of a few weeks ( 

Colinet et al., 2010).   

 

Figure 3: Chronic silicotic nodule (Castranova & Vallyathan, 2000) 
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Figure 4: Acute silicosis (Scarisbrick, 2002) 

2.3 PROGRESSIVE MASSIVE FIBROSIS 

Progressive massive fibrosis is a generic term used for a multitude of 

pneumoconiosis comprising both the complicated CWP and complicated 

silicosis (Castranova & Vallyathan, 2000).  PMF is accompanied by 

breathlessness while resting or exercise due to greatly impaired lung 

function and oxygen diffusion (Neimeier, 1993).  Other complications 

associated with these diseases include chronic bronchitis, chronic obstructive 

pulmonary disease (COPD), cor pulmonale, and respiratory failure 

(Hadjiliadis, 2015). 

2.4 REGULATIONS  

In order to lessen the impact of CWP and silicosis, provisional mandatory 

standards were put in place by the Federal Mine Safety and Health Act of 

1977, section 202.  Later the standards were superseded by amended 

permanent standards under Section 101.  Section 202(b)(2) of the Act 
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required each operator in a coal mine to continuously maintain the average 

concentration of respirable 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 air (Congress, 1977). 

Proclamation of the Mine Act occurred on April 8, 1980, and is currently 

implemented under 30 CFR § 70.100, Respirable dust standards.  In the case 

where more than 5 percent silica is found in the respirable dust, then the 

limit is determined using the following formula from 30 CFR § 71.101: 

 
Ϸ 

                           (1.1) 

Where ū = respirable dust limit (mg/m3) 

% Silica = percent silica found in dust as a fraction 

Since 1980, average coal dust exposures and incidence of CWP have 

declined under the existing standards (National Mining Association, 2013), 

but recently, ñCWP has increased among experienced miners, and in some 

cases, CWP has progressed rapidly to PMFò (Department of Labor - Mine 

Safety and Health Administration, 2010).    Additionally, it was found that 

there is a geographic concentration of CWP cases in central Appalachia as 

shown in Figure 5. 
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Figure 5: Proportion of evaluated miners with rapidly progressive coal workersô pneumoconiosis by county (Antao et 

al., 2005) 

In other studies, higher concentrations of CWP and PMF cases took place in 

West Virginia, Virginia and Kentucky (Laney et al., 2012).  Additional 

studies have shown that the prevalence of CWP and PMF is more closely 

tied to mine size rather than the geographic location or coal rank.  A study 

conducted by Laney and others found that the individuals working in a mine 

with less than 50 miners were at a risk for increased frequency and severity 

of CWP and PMF (Laney & Attfield, 2010; Suarthana et al., 2011).  The 

level of exposure to crystalline silica is another factor that deserves 

consideration.  A study found that through careful examination of chest x-

rays for abnormalities and documentation of rapid disease progression, coal 
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miners may be exposed to more toxic levels of respirable silica than in 

previous years due to more difficult geology (Laney et al., 2010). 

For this reason, in October of 2010, the Mine Safety and Health 

Administration (MSHA) put forth a proposal to limit exposure further, 

changing the limit from 2.0 mg/m3 1.0 mg/m3.  Grounds for the proposal 

were primarily based on a National Institute for Occupational Safety and 

Health (NIOSH) report submitted to the Secretary of Labor Lynn Martin, on 

November 7, 1995.  The NIOSH report recommended that ñexposures to 

respirable coal mine dust be limited to 1.0 milligrams per cubic meter as a 

time-weighted averageò (NIOSH, 1995).  The final ruling is a 

comprehensive method which utilizes new continuous personal dust monitor 

(CPDM) technology to display real-time dust concentrations, as well as 

increased sampling and stricter standards.  The final rule has gone into effect 

as of August 1, 2014, with sections being introduced during the following 

two years (Department of Labor - Mine Safty and Health Administration, 

2014). 

2.5 SPRAYS 

Most of the coal dust production in a mine occurs at the face during cutting 

and has the potential to produce up to 8600 grams of respirable dust per ton 

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

proactive in the protection of miners from respirable dust, there are a number 

of methods that can be implemented.  The most predominate methods 

include are the introduction of engineering controls.  The engineering 

controls used to limit the minersô exposure to dust can vary from improved 

ventilation controls to the introduction of scrubbers and collectors. One of 
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the most popular engineering controls used to curb the dust problem has 

been the application of water via sprays in 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 also a few factors regarding the 

effectiveness of water spray systems depending in the function of the sprays; 

including the nozzle type, pattern, flow, location, and pressure (Colinet et 

al., 2010).  The first function, 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 key characteristics for these sprays are 

high pressure and strategic location. The second function is capture of dust 

particles, which has been  demonstrated (Cheng, 1973; Goodman et al., 

2006).  When capturing airborne dust with sprays, water droplet size and 

velocity are the most influential parameters.  Lastly is suppression and 

wetting where low pressure high flowrates are the most advantageous 

characteristics.  The function of wetting coal is also thought to be the 

primary mechanism for dust suppression, while capture and redirection are 

secondary effects (Kissell, 2003).   

There are a number of spray designs, each of which has a specific 

application.  Figure 6 shows the types of sprays using in mines to control 

and mitigate dust.   
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Figure 6: Spray nozzle types used for controlling dust in mines (Colinet et al., 2010) 

The smaller the water droplets produced by the hollow cone and atomizing 

spray, the faster the initial speed when it is propelled out of the spray nozzle.  

However, the small droplets are quickly slowed due to the effects of air 

resistance.  Even so, these sprays are more commonly used for capturing 

purposes.  The larger droplets are less affected by air resistance and maintain 

their momentum over larger distances.  The variability of the spray droplet 

characteristics accounts for the variety of spray nozzle types.   

The full cone sprays are most commonly used at belt transfer points because 

they offer a uniform wetting pattern and can be placed farther way from the 

dust source.  The flat fan nozzles are used for dust containment, normally 

located on the sides of cutter heads and before stockpile transfer points (Co. 
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Spraying Systems, 2013; Colinet et al., 2010).  Hollow cone nozzles are 

primarily used for combating the entrainment of dust and redirection of air 

flow.  These are also the most common type of spray placed behind the 

cutting head on the boom of a continuous miner.  In addition, the large 

openings help to keep the nozzle from clogging and allow for higher flow 

rates needed for wetting the host rock.  The atomizing and fine spray nozzles 

are used less in the industry due to their higher price and high maintenance 

requirements (Colinet et al., 2010).  The effectiveness of each type of spray 

nozzle in capturing airborne dust can be seen in Figure 7. 

 

Figure 7: Relative spray nozzle effectiveness (J Colinet et al., 2010) 

2.6 SURFACE TENSION  

Simple water sprays have now reached their useful limits in suppressing 

respirable dust due to the physical parameters, and new effective suppression 

aids are needed.  The wettability of coal is limited due to its hydrophobic 

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 water molecules (Figure 8).  The 

cohesive forces within the bulk of the liquid are essentially uniform and 

shared by all neighboring molecules.  The exceptions are the molecules on 

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

stronger attractive forces are formed. 

 

Figure 8: Cohesion due to polarity (Tien & Kim, 1997) 

These stronger attractive forces resist any distortion or increase of surface 

area and act as an elastic membrane.  This is the reason for the round shape 

of water droplets or of air bubbles (Silberberg & Weberg, 2009). The round 

shape allows for the least amount of surface area per volume and is the most 

stable arrangement.   Any distortion or increase in surface area will take 

energy.  The higher the surface tension, the more energy it takes to create a 

new surface.  The units of measurement are N/m, 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 and the surface.  This 

relationship is explained extensively in the work produced by J. W Gibbs. A 

portion of that work is shown in the equation below (Gibbs, 1878). 

Ὠ‎ ɜὨ‘  ɜὨ‘           (1.2) 
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Where ‎ is the surface tension in newton per meter, ɜ is the surface excess of 

a given component in mole per meter squared and ‘ is the chemical potential 

of a given component in joules per mole.  An example of this can be found 

by examining the surface tensions 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/cm (Stewart, 2009).  The increase in 

surface tension occurs because on average the surface of the water is less 

salty than the bulk, or in other words, the salt has a negative surface excess.  

In this case, if a new surface is to be created, the molecules of salt within the 

new surface layer must be forced back into the bulk (Chaplin, 2009).  If 

more salt is added to the solution and the potential is raised, it becomes 

harder to push the molecules back into the bulk.  As a result, the surface 

tension is increased.  In this case, the surface excess of the salt component is 

negative, and any increase in the potential of the salt component leads to the 

increase in the surface tension of that solution (Nalwa, 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 of the solution and a lesser 

concentration of soap in the bulk.  In this case, the soap has a positive 

surface excess, so when a new surface is formed soap molecules must be 

taken from the bulk and placed in the new surface layer.  If more soap is 

added to the solution, increasing the potential, then the abundance of 

molecules in the bulk are easily transferred to the surface. The fact that the 

soap molecules are readily available makes the process easier and less 

energy intensive, resulting in a lower surface tension.  In this case, the 

surface excess of the soap component is positive, and any increase in the 

potential of the soap component leads to the decrease in the surface tension 

of that solution (Nalwa, 2001). 
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2.7 SURFACTA NTS 

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 dust particles.  Surfactants all have a similar structure 

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

Examples can be seen below in Figure 9. 

 

Figure 9: Subgroups of surfactant molecules; cationic/anionic/amphoteric/nonionic 

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

An additional benefit of surfactants is that they allow for improved adhesion, 

engulfment, and agglomeration.  These three steps can be summarized as the 

wettability of coal.  The wetting is improved by converting the hydrophobic 

sites on the coal surface into hydrophilic site through the process of 

adsorption of surfactants.  The tail group of the surfactant comes in contact 
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with the hydrophobic sites, and the hydrophilic head group will be at the 

interface with the water.  This arrangement allows the coal surface to have 

peso-hydrophilic properties. 

2.7.1 Past Work 

There have been many studies which have not reached a consensus on how 

well surfactants improve dust capture or by what mechanism.  In one study 

conducted by Goldshmid and Calvert, the conclusion was that the interfacial 

tension was the primary mechanism by which the collection efficiency of 

water droplet could be greatly increased (Goldshmid & Calvert, 1963).  On 

the other hand, findings from Brauer and Varma suggested that the wetting 

characteristics rather than interfacial tension, were the primary mechanism 

(Brauer & Varma, 1981).  There have also been observations where the 

results were inconclusive, and the use of surfactants for the purpose of dust 

control are not justified (Hargraves & McKinnon, 1961).  Another study 

found that surfactants are useful or effective in high dust concentration 

areas, such as the face while cutting (Chander et al., 1991). Additionally, this 

study by Chandler et al. found that the decrease in droplet diameter 

increased collection efficacy.   A study done by Tien and Kim found that it 

was better wettability and not droplet parameters which lead to higher 

collection efficiencies (Tien & Kim, 1997), and they also determined that 

nonionic surfactants were found to have best collection efficiency (Tien & 

Kim, 1997).  Conversely, a study by Hu, Polat and Chandler observed that a 

nonionic surfactant had a narrow maximum peak, 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 contradicting conclusions, additional 

studies should be conducted in order to tip the balance of results and shed 

light on areas of dispute.  The purpose of the paper is to investigate 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.  This would aid in the implementation of an 

engineering control to combat a preventable occupational disease in the coal 

mining industry. 
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3 ASSESSMENT OF SURFACTANT VIABILITY FOR DUST 

WETTING VIA SINK TEST 

3.1 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 mine.  Due to a noticeable increase in black lung among 

coal miners and new dust regulations, the use of surfactants 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 benchtop tests is a simple wetting test.  

Although there are variations of this type of test, principle and technique 

remain the same.  In this study, a known amount of dust was placed on the 

surface of a solution and the time it takes for all the dust to fall through the 

interface was determined as the 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 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 compared to a dust with a higher non-coal mineral 

content.  

3.2 INTRODUCTION  

There has been a recent surge of concern in the mining community on the 

topic of occupational health, specifically, the exposure of coal workers to the 
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respirable dust, including coal, and silica-based dust.  Respirable dust in coal 

mines has been seen as an issue for a number of years.  Efforts throughout 

the last half-century have greatly decreased the number of cases of black 

lung to record lows in the early 2000, however, a recent uptick in the 

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

efforts under way to both identify the source or sources of the recent 

increase and to regulate its influence on the health of coal workers.  The 

regulations instated put more pressure on coal producers to prevent and 

control hazards, whether that be through better safe work practices or 

administrative and engineering control.  Advances in engineering controls 

such as ventilation practices, remote control equipment, dust scrubbers, and 

water spray systems have reduced the exposure of miners to respirable dust.  

The use of water sprays as an engineering control for abating respirable dust 

is common during the production and transport of ores.  The mechanism for 

abating dust is twofold; the airborne dust capture and the preemptive wetting 

of the coal or rock, the latter of which is the primary means (Kissel, 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 led to the coal producers mining more of the 

host strata than in previous operations.  These pressures on the industry have 

not only changed the mineralogy of the dust, but the sheer tonnages and rate 

of raw material being moved have stretched the effectiveness of water sprays 

to their limits.  There been many attempts to enlist the aid of surfactants to 

mitigate the exposure to respirable dust, with mixed results (Copeland, 2007; 

Hu et al., 1992; Kost et al., 1980; Organiscak, 2014; Zeller, 1983).  This 

paper will consider the practicality of using a surfactant to aid in wetting 

coal dust with differing mineral content using a variation of the Walker Sink 
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Test to gather preliminary data.  Wetting rates have been used numerous 

times in investigations to examine surfactant effectiveness to wet dust 

(Chander et al., 2007; Copeland & Eisele, 2008; Copeland, 2007; Feldstein, 

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 

surfactant to improve the wettability of coal dust.  Additionally, the study 

seeks to determine how the mineral content affects the wettability of the 

dust.  Due to the occupational hazards of respirable dust when coupled with 

the recent increase in the number of cases of lung disease among mine 

employees, a practical surfactant which reduces the amount of respirable 

dust which a mine employee is exposed to is needed.   

The laboratory test is first needed in order to determine the viability for the 

surfactant before running any experiment in the field.  For this purpose, the 

sink test was used.  The following sink test experiment uses an analytical 

balance to find the apparent weight of the wetted dust at predetermined time 

intervals.  By examining the changes in weight of the wetted dust over time, 

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 mineral content on the wetting rates. 
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3.3.2 Experimental design 

3.3.2.1 Equipment  

For this experiment, the most important piece of equipment was the 

analytical balance.  The analytical balance used was an Ohaus Pioneer 

PA214.  This scale was chosen because it had the necessary capacity to hang 

weights from the underside of the scale.  It also had the added benefit of 

being able to link to a laptop via a USB2.0/RS232 serial cable. With these 

attributes, the scale could be programmed to send a measurement at 

predetermined time intervals.  A computer was used as the data storage and 

data acquisition unit.  The software used to control and manage the scaleôs 

output was WinWedge.  A wire cable was used to connect a plastic platform 

and counterweights to the underside of the analytical balance, and a small 

glass basin was used to hold the solution.   

3.3.2.2 Equipment setup 

The analytical balance was set and suspended above a glass basin.  Tied to 

the underside of the analytical balance, via a wire, were the platform and the 

counter weights.  When the basin is filled with water or the solution, the 

platform is submerged.  The platform was cut to fit the basin with about one 

to two millimeters of space along the edge.  The RS232 end of the cable was 

connected to the analytical balance, and the USB end was connected to a 

computer.  The computer had previously been loaded with WinWedge 

software for data acquisition. The basic equipment setup can be seen in 

Figure 10 below.   
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Figure 10: Schematic of experimental setup 

3.3.2.3 Sample 

The laboratory testing was conducted with a single type of bituminous coal.  

The coal being used for this experiment was anonymously donated. The 

samples used had previously been gravity separated into nine gravity classes 

via submersion into baths with varying specific gravities.  The heavy 

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

feed for the next lower gravity bath.  This process is shown in Figure 11 

below.

 

Figure 11: Method of gravity separation 
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These coal samples were ground 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 weight.  It is 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 respectively in Figure 12 and Table 1 below.  

 

Figure 12: Example of a size distribution plot for gravity class 1.45-1.5 

Table 1: Tabulated size distribution for gravity class 1.45-1.5 

Size 

(ɛm) 

Pass % Change 

% 

Size 

(ɛm) 

Pass % Change 

% 

Size 

(ɛm) 

Pass % Change 

% 

352.0 100.0 0.0000 26.16 71.83 6.630 1.945 11.97 1.790 

296.0 100.0 0.0000 22.00 65.20 5.640 1.635 10.18 1.730 

248.9 100.0 0.0000 18.50 59.56 4.950 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 4.590 0.818 3.800 1.070 

124.5 100.0 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 97.47 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 91.51 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 screening, these samples were then oven-dried and collected in 

plastic sample bags.  Table 2 below shows the different gravity classes that 

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

Table 2: Tabulation of gravity class and estimated mineral content 

Gravity class Mineral content 

1.3 Float 0%  

1.3 - 1.35 0 - 4% 

1.35 - 1.4 4 - 7% 

1.4 - 1.45 7 - 11% 

1.45 - 1.5 11 - 15% 

1.5 - 1.6 15 - 22% 

1.6 - 1.7 22 - 30% 

1.7 - 1.8 30 - 37% 

1.8 Sink > 37 % 

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

and non-coal or mineral were 1.3 and 2.65 respectively.   

The surfactant being used was initially found to be too viscous to be drawn 

with a micropipette.  For this reason, the concentration was diluted 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 area.  There was concern that the 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.  Next, the then the deionized water was added with a separate 

100 ml syringe.  Using the solution, the syringe 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 syringe. The tested ratios are tabulated in Table 3 below 

along with their respective volumetric percent of the solution.   

Table 3: Tabulation of tested surfactant to DI water ratios 

Ratio of 

surfactant to DI 

water 

Surfactant as a 

percent of solution 

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 suspended analytical balance was leveled.  After randomizing 

the order of sample combinations to be tested, the concentration of the 

solution to be tested was prepared.  This was accomplished by mixing 300 

ml of deionized water with the appropriate amount of diluted surfactant.  

The deionized water was measured 50 ml at a time with a 60 ml syringe and 

place in a 500 ml beaker.  The surfactant was measured with a micropipette.  

The prepared solution or unaltered deionized water was then poured into the 

basin.  Next, the platform and weights were placed in the solution and the 

basin centered beneath the analytical balance.  Due to the movement 

involved, the system was allowed to settle before taring the analytical 

balance.  In this time, the dust sample was prepared.  The dust sample to be 

tested was weighed in a separate analytical balance.  A dust sample of at 

least 500 mg, but no greater than 510 mg was taken from the sample bags. 

Due to the drying process, some of the dust formed cakes which were 

broken up.  After breaking up the cakes, the dust was placed on a spatula, 

which would be used to place the dust on the surface of the liquid.  In 
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combination with the spatula, a sieve was used in order to disperse the dust 

evenly on the surface of the solution.  After the analytical balance had 

settled, it was zeroed, and the software was set to record the incoming data.  

After the first entry in excel appeared, the dust was distributed on the surface 

of the liquid.  The data were recorded as long as the dust continued to settle 

on the submerged platform.  The test was halted only when the recorded data 

appeared to reach steady state, and it was observed that the dust would no 

longer wet.  After the test was halted the platform and the counter weights 

were removed from the wire.  Lastly, the platform, basin, and beaker were 

all washed and rinsed thoroughly with deionized water a total of three times 

and then allowed to dry.   

3.4 RESULTS AND ANALYSIS 

3.4.1 Analysis 

The results that were recorded yielded some formatting errors.  Before the 

results could be analyzed the errors had to be removed.  In some cases, a 

negative sign would be incorporated into the data, not representative of any 

physical phenomena, and some entries had a misplaced decimal point or had 

multiple decimal points with the entry.  Finally, the data that were used had 

to be corrected due to displacement to depict the actual weight of the dust.  

In its recorded form, the data were showing the apparent weight of the dust 

in the solution.  The first steps began with correcting the apparent weight to 

reflect the actual weight of the dust.  This was achieved for each gravity 

class by using Archimedesô principle to find a correction factor.  The 

correction factor was found, assuming the gravity of the dust in each gravity 

class was the arithmetic mean of the limits for each class.  Next, the problem 
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of negative entries and misplaced decimals, which led to entries having 

values an order of magnitude larger than they should have been, were 

corrected.  This was done by setting limits of zero and 500 mg around the 

recorded data set.  It is important to note that errors remained in the data in 

some cases. (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 blanks as placeholders in order to not skew 

the data and to ensure the data points remained at the right time tag.   

After the data were refined, a model was selected.  The initial form of the 

data has two parts.  The first is the settling of the majority of the dust, 

approximately 0 to 4000 seconds in Figure 13.  The shallower incline 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 dust, approximately 4000 to 30000 seconds in Figure 

13.  In order to find the wetting rate, the model used a piecewise function 

with the first part being a linear function and the second part being a power 

function.  Although there were models that fit the data better, this one was 

chosen because the wetting rates could be determined directly from the 

model.  The slope of the first part of the piecewise function is considered the 

wetting rate of the sample.  The model was initially rough fitted by manually 

altering the constants in the model.  On a point to point basis, the model was 

compared to the recorded data.  The difference from each point was squared, 

and these values were then summed.  It was this sum which was minimized 

by fine tuning the constants of the model.  An example of the result is shown 

in Figure 13.   
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Figure 13: Recorded data and fitted model for gravity class 1.3 - 1.35 with a surfactant ratio of 1:5000 

After the initial models were completed, it became obvious that the 

shallower slopes in some of the models had too much influence over the first 

section of the model.  The model is fit by minimizing the difference between 

the observed data and what would be predicted by the model.  Since each 

point of data is equally 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 simply took much longer to settle on the platform after 

wetting.  For this reason, the tail ends of data were trimmed to allow the 

wetting rates to be more accurately represented.  An example of the altered 

model is shown in Figure 14. 
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Figure 14: Recorded data and fitted model for gravity class 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 experiment, possibly due to the manual deposition of dust 

onto the surface of the solution.  The wetting rates of some dust might 

appear higher in the beginning if the particles were agglomerated or released 

from a higher position than other samples.  Additionally, the higher wetting 

rates may be a result of higher than normal deposition of dust directly on the 

connecting wire or hook of the experimental setup.  In other cases, the initial 

measurements are lower than expected or negative, shifting the y-intercept 

of the model below zero.  This may be a result of the data transfer or 

interpretation between the analytical balance and the computer.  These 

depiction problems can be seen very well in the Observation versus 

Predicted (OvP) plots for each model.   Examples of these OvP plots for 

both the higher and lower than expected wetting rates can be seen in Figure 

15 and Figure 16 respectively. 
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Figure 15: Observed vs. predicted plot with initially higher than expected wetting rates 

 

Figure 16: Observed vs. predicted plot with initially lower than expected wetting rates  

These OvP plots were also used to confirm whether the model was a good fit 

to the data or not.  A coefficient of determination was used to determine if 

the model was a good fit. A limit of 0.95 was used to assess when the model 
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did not fit the data sufficiently.  Most of the OvP plots displayed bunching or 

curving of the end around 400 mg and above, as well as a scattered and 

curved section at the beginning, normally around 150 mg 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 predictive purposes, then a more 

accurate nonlinear model would be needed.  All of the OvP plots, as well as 

the Residuals plots for each run, are tabulated in Appendix A.   

In addition to the typical cases, there were also typical shapes for the case 

where no surfactant was used.  With the lower gravity class, there was no 

perceived wetting of the dust.  Any increase in weight was presumed to be 

due to evaporation, and the increased exposure of the previously submerged 

connecting cable.  In some cases, the experiment was allowed to run until 

the counter weights were exposed.  This resulted in the typical shape shown 

in Figure 17 below. 

 

Figure 17: Evaporation as primary means of recorded increase in mass 
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When testing the higher gravity classes with no surfactant, there is a slight 

weight gain from wetted dust, but this was only a portion of the total dust.  It 

is suspected the slight weight gain is due to the high liberation of the 

material.  The hydrophobic particles of coal and hydrophilic mineral 

particles are separated which may lead to the hydrophilic minerals settling 

onto the submerged plate.   

During some runs, regular oscillations were noticed in the data.  In all cases, 

the oscillations lead to less than significant variation in the data due to a 

large amount of data collected.  In a few, very pronounced cases, the 

oscillations could be clearly seen.  These regular oscillations can be seen in 

Figure 18 and Figure 19  below.   

 

Figure 18: Example 1 of regular oscillations 
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Figure 19:  Example 2 of regular oscillations 

In Figure 18 and Figure 19 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 three gravity classes examined were 1.3-1.35, 1.4-1.45, 

and 1.5-1.6.  The three dosage ratio used were 1:5000, 1:3000 and 1:1000.  

After the data were cleaned, the wetting rates were collected and compared.  

The examination of the OvP plots, as well as a coefficient of determination 

of 0.95, was used as a minimum to remove any model which did not 

sufficiently represent the data.  Weighted means of the wetting rates were 

then prepared.  A summary of the results for the triplicates can be seen in 

Figure 20 below. 
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Figure 20: Average wetting rates resulting from changes in gravity and surfactant ratios 

In Figure 20 above, it can be seen that the increase in surfactant 

concentration significantly increases the rate of wetting.  Even more evident 

is the wetting rates for the dust with a higher mineral content increase at 

faster rates than those with primarily coal dust.  An ANOVA two factor with 

replication test was conducted to confirm the observed influence of the 

gravity classes and the surfactant ratios.  The null hypotheses tested were as 

follows. 

¶ H0a: There is no significant difference in the wetting rates correlated 

to the surfactant dosage ratio. 

¶ H0b: There is no significant difference in the wetting rates correlated 

to the gravity class. 

¶ H0c: There is no interaction between the variables mention in H0a and 

H0b. 

The resulting analysis, detailed in Appendix A, Table 28, rejected all three 

null hypotheses.  Therefore, the conclusion is drawn that there is a 
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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 significant, interaction between the two variables. 

After conducting the initial experiments, additional data points were sought.  

In order to get a better picture of the correlation between the wetting rates to 

the gravity class and surfactant, additional parameters were tested.  The 

same procedures were followed.  The Observed vs. Predicted plots were also 

used to aid in the decision process of removing anomalous data.  In addition, 

the coefficients of determination had to be greater than 0.95.  The results are 

shown in Figure 21. 

 

Figure 21: Wetting rates resulting from dosage ratio 

Figure 21 shows a general trend of increased wetting rates with increased 

silica content and 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 
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immediately fell through, leading to the wetting rates 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 

surfactant on the different gravity classes is evident.  Figure 22 below 

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

dusts. 

 

Figure 22: Wetting rates of high and low gravity dust 

It can be seen in Figure 22 that the wetting rates from the high gravity dust 

increase about an order of magnitude from no surfactant to a 0.03% 

surfactant solution.  At the same time, the lower gravity dust 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 allow for a significant improvements to be made.          
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ANOVA tests were conducted, and detailed in Appendix A, Table 38, Table 

39, and Table 40.  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 

Figure 20 and Figure 21 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 measurements were taken at known time intervals, a 

wetting rate was derived.  The results gathered from settling tests conducted 

using the method described shows evidence of a correlation between the 

dosage level and the wetting rates.  The data presented in Figure 20 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 increased wetting 

rates and the increased dosage level and gravity class.  In order to gain a 

more detailed representation of the correlation, additional experiments were 

conducted, and the results are displayed in Figure 21 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 high gravity classes.  Due to the 

extremely rapid wetting rates, the manual dust deposition on the surface of 

the surfactant could be deemed inadequate and may have introduced bias.  

This problem may be alleviated with an automatic, single burst of dust 
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deposition via compressed air or the like.  Such a device should also bring 

about more consistency and even surface coverage with less agglomeration 

of the dust particles.  This burst mechanism along with tests run in triplicate 

would also aid to make sure the regular oscillations were not skewing the 

results.  On the same note, additional improvements could be made to the 

test apparatus with regards to isolation.  Due to the longer period of the 

regular oscillations, the source is most likely mechanical or environmental.  

Additional support under the analytical balance would help in removing 

some of the higher frequency oscillations.  The very low-frequency 

oscillations may be due to some environmental interference.  A small 

enclosure around the apparatus would aid to isolate the tests from these 

interferences.   

Additionally, scanning electron microscopy (SEM) 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 dust would also be 

very informative.  Taking samples at various points during the wetting 

process would also help to determine whether the non-coal fraction is 

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

Under laboratory conditions, it has been shown that the surfactant is an 

effective additive for wetting dust.  Until this point, no studies have been 

conducted in order to test the effectiveness of the surfactant at reducing the 

amount of airborne dust.  As a result, the potential to take the surfactant to a 

more dynamic environment to examine the effects of a sprayer type 

application, either in a lab on in the field, does exist.  
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4 EVALUATION OF SPRAY WATER WITH THE ADDITION 

OF SURFACTANT FOR THE PURPOSE OF RESPIRABLE 

COAL DUST SUPPRESSION  

4.1 ABSTRACT 

The application of water sprays is one of the most popular means of 

suppressing respirable dust in an underground coal mine.  Due to a recent 

spike in the number of cases of black lung among coal miners, the use of 

surfactants has been investigated to aid in dust wetting.  The surfactant 

lowers the surface tension thereby allowing the hydrophobic coal dust to 

come into contact with the water more easily.  Full -scale field 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 water to the cutter heads of the continuous miner.  The 

study implemented continuous personal dust monitors and personal dust 

samplers, which were placed in the mine environment to monitor the dust 

concentrations.  Measurements were taken when the surfactant was off and 

on.  When comparing the level of dust concentrations, no significant 

differences were found.  There was, however, a significant difference 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 

primary engineering control.  Interestingly, the dust measurement between 

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

The continuous demand for energy, driven by a rising population and 

subsequent increased demand for energy has forced many coal mines to 

produce in thinner and more difficult seams.  These difficult conditions have 

led to an increase of host rock being mined in the process.  In addition, 

several stakeholders have pointed out the increase of occupational lung 

disease among coal miners in recent years (Blackley et al., 2014).  Some 

effort seeks to lessen the impact of these diseases through regulation.  These 

new regulations, along with market pressure have placed more onus on the 

coal producers to implement better engineering controls.  The most popular 

method is the better implementation of ventilation which dilutes and 

removes the dust from the mine atmosphere. The next most cost effective 

and popular method is the use of water sprays for preemptive wetting of the 

coal before cutting and removal of dust from air near the source.  The 

pressures felt by the mining community have stretched the practical 

application of water sprays to their limit.  The method which is investigated 

in this paper is the addition of a surfactant into the spray water. The 

surfactant lowers the surface tension of water allowing for easier wetting of 

coal at the interface. The aid of surfactants to mitigating the exposure to 

respirable dust has been investigated in the past, but with mixed results for 

both laboratory and field testing (Copeland, 2007; Hargraves & McKinnon, 

1961; Hu et al., 1992; Kost et al., 1980; Organiscak, 2014; Zeller, 1983).  

This paper will consider the practicality of using a surfactant to aid in 

suppressing respirable coal dust in a mine environment.   
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4.3 MATERIALS &  METHOD 

4.3.1 Description of study 

The field test described in this chapter was conducted to determine the 

effectiveness of a surfactant to improve the wettability of coal dust, and 

subsequently, decrease the dust concentrations to which miners would be 

exposed.  Additionally, the study seeks to determine how well the surfactant 

mitigates the silica concentration of the dust.  Due to the known 

occupational hazards of respirable dust and the recent increase in the number 

of cases of lung disease among mine employees, new and practical 

engineering controls which reduce the amount of respirable dust to which a 

mine employee is exposed to are urgently needed.  This is even more 

important when it comes to suppressing the more toxic silica portion of the 

airborne dust in the mine atmosphere, since crystalline silica 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 more easily wetted.  The following field testing used a number 

of CPDMôs and personal dust monitors to determine the dust concentrations 

experienced at locations near the face as well as locations further outby and 

inby active continuous mining operations.  The measurements were taken 

during active cutting, with and without the surfactant addition.  These 

measurements collected during the test will be subjected to a number of 

analyses to determine the total dust concentrations and the silica content.  By 

examining the differences between the measurements, this 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 

bituminous coal mine, utilizing room and pillar mining technique.  Seam 

thickness at this mine is about nine feet.  The mine had two supersections in 

operation.  A split-type ventilation on each supersection was used with an 

exhausting fan.  For this study, a single supersection with two continuous 

miner production units was monitored.  The two continuous mining units 

alternated production and included three shuttle cars for haulage.  Budgeted 

production was 300 ft 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 Scientific PDM3600, which acted as the 

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

personal dust monitor designed for US-based mining applications and 

provides real-time measurements.  Battery powered pumps draw a 

continuous sample, the respirable portion of which is collected and measured 

on an exchangeable filter.  The PC-based software allows for the recorded 

data to be downloaded and reviewed.  This piece of equipment can be seen 

in Figure 23. 
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Figure 23:CPDM  with filter casing removed  (J Colinet et al., 2010) 

The second piece of equipment was the Zefon Escort ELF Personal air 

sampling pump, which will be referred to as the personal dust monitoring 

pump for the rest of this paper.  This pump is also battery powered and 

designed for US-based mining applications.  Dust samples can be collected 

with an attached Dorr-Oliver cyclone and filter.  A depiction of the personal 

dust monitor can be found in Figure 24. 

 

Figure 24: Personal dust sampler - Escort EFL pump with cyclone and filter (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 metal cage.  The PDM3600 were placed in the center of the 

cage with the pump and battery pack placed on the inside.  The inlet to the 

PDM3600 was clipped onto the front of the cage.  Two personal dust 

monitoring pumps were attached to the side of the cage and had the Dorr-

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

instrument setup can be seen in Figure 25. 

 

Figure 25: Example of equipment setup utilizing a CPDM and two personal dust samplers 

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

at varying locations throughout the mine.   

4.3.5 Equipment Location 

Two of the sampling units were placed in the returns halfway back the last 

pillar after the last sealed crosscut.  Figure 26 shows the locations of the 
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sampling units in the returns represented by a red diamond.  Data from these 

locations are referred to as left return (LR) and right return (RR). 

 

Figure 26: Location of sampling units in the returns 

Two more of the sampling units were hung near the face, behind the line 

curtain.  These sampling units gathered the respirable content immediately 

after being cut from the face.  Data from these locations are referred to as 

left curtain (LC) and right curtain (RC).  Figure 27, Figure 28 and Figure 29 

show the locations of the pumps with varying continuous miner orientations. 
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Figure 27: Location of sampling units placed behind the curtain - orientation 1 

 

Figure 28: Location of sampling units placed behind the curtain - orientation 2 

 

Figure 29: Location of sampling units placed behind the curtain - orientation 3 
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In addition, a fifth CPDM and cage sampling apparatus was constructed.  

This would have been used as a reserve if one of the other CPDMôs failed.  

The reserve CPMD started at the same time as all of the others and was hung 

in the intake measuring incoming air as a secondary objective. 

4.3.6 Experimental schedule 

The experiment was run within a two week time period.  The mine operated 

with three shifts.  The first two, morning and evening shifts, were normally 

for production and the third, night shift, is for maintenance.  Prior to the 

study beginning, pipes to the continuous miner were flushed with regular 

mine water.  This was done since the mine was, at the time, using the 

surfactant in their water.  The intent of running normal water before the 

study was to make sure the pipes were swept of any surfactant before the 

study began.  The study began on Monday, July 14th, 2014 with the 

surfactant turned off.  Sampling was conducted during the evening shift.  

Sampling with the surfactant turned off was repeated during the evening 

shift on the 15th.  At the end of the second run, the surfactant was turned on, 

and the surfactant was allowed to flow through the system.  This was done to 

ensure that the sampling conducted on the 16th was measuring a thoroughly 

mixed solution.  Sampling was conducted on the evening shifts of the 16th 

and 17th with the surfactant turned on.  After sampling on the 17th, the 

surfactant was turned off.  This was done to make sure any surfactant in the 

pipe would be washed out by the beginning of the following week.  The 

entire process was repeated the following week beginning on the 21st of July 

and ending on the 24th.  Table 4 below shows the experimental schedule in 

detail with each week, the three shifts and dates.  The red cells denotes when 

the surfactant was off, and blue denotes when the surfactant was on.   
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Table 4: Testing schedule 

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 

1 morning               

evening sampled sampled sampled sampled       

night               
  

7/21/2014 7/22/2014 7/23/2014 7/24/2014 7/25/2014 7/26/2014 7/27/2014 

2 morning               

evening sampled sampled sampled sampled       

night               

Due to changes in the availability of personnel and environmental conditions 

the procedure was altered.  The new procedures only had one team for both 

continuous miners.  This change may have led to less detailed observations 

during the cut because the researcher had to leave 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 allow for tramming of 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.  The instability of the roof restricted the amount of advance per 

cut (normally 40 ft) to 10-20 ft per cut, depending on location.  The 

increased frequency and less productive characteristics of the cuts increased 

the relative amount of time used for tramming of equipment.  Since it 

became clear that 100 ft would not be achievable for each CM, for every 

shift, the target feet of linear advance was decreased to 60 ft.  It is important 

to note that the initial plan was followed for the first shift, as it pertains to 

personnel.  Due to the roof conditions the targeted 100 ft of advance was 

never attained.   
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4.3.7 Pre-test 

A day prior to the testing the CPDMs were cleaned and programmed.  The 

mass transducer and the grit pot were removed, and compressed air was used 

to clear the sample line and the grit pot.  In addition, the surfaces were wiped 

down.  While the mass transducers were disconnected, the filters were 

carefully replaced using the designated filter replacement tool.  Then, the 

mass transducers were placed back into the CPDM units and secured.  The 

software WinPDM v7.20, provided by Thermo Fisher Scientific, was used to 

program the PDMs to startup and stop times in accordance with shiftôs 

scheduled start and stop times.  After the units had been programmed, they 

were charged 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 and care were 

taken not to scratch the cyclones surfaces.  After washing, the components 

were allowed to dry overnight, and the pumps were charged.   

Before testing began, the dried components for the Zefon gravimetric 

samplers were inspected and assembled.  The CPDM units were be placed in 

the cages along with the two Zefon gravimetric samplers.  When the CPDMs 

began to warm up, the cassettes containing the filters were be attached to the 

Zefon gravimetric samplers.   

4.3.8 Test 

Before the production shifts began, the flow data from the main water pump 

which fed the mine were gathered.  In addition, the tote which contained the 
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surfactant was examined, and the level marked with a date and time 

examined.  After arrival to the mining section, the team would hang the 

cages and record the location during which the mining crew conducted the 

pre-shift checklist.  In the pre-shift checklist the mining crew would measure 

the water pressure on the continuous miner.  This data was relayed by the 

mine foreman and recorded.  Prior to each cut, a water sample was taken 

from each CMôs wash-down hose; in addition to the volumetric flow of air 

behind the curtain with an anemometer by the mine personnel.  After the 

cages had been hung, the personal sampling pumps were turned on as the 

CM made its first cut, and time was recorded.  After each cut was 

completed, the 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.  The instability of the roof restricted the amount 

of advance per cut (normally 40 ft) to 10-20 ft per cut, depending on 

location.  The increased frequency and less productive characteristics of the 

cuts increased the relative amount of time used for tramming of equipment.  

During each shift, a target of 60 ft of liner advance was for each CM was set. 

Recording continued until a total of approximately 60 ft of advance were 

logged from each CM.  After the predetermined amount of material was 

mined, the Zefon gravimetric samplers were turned off and the time was 

recorded.  The sampling units were then collected, and the flow was 

recorded at the main pump. Finally, the chemical level was inspected and 

marked along with date and time.  Depending on the day, the surfactant 

pump may also be turned on or off.   
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4.3.9 Post-test 

After exiting the mine, the CPDM and gravimetric samplers were removed 

from the cages.  The cassettes were collected and recorded, and the data 

from the CPDM was extracted.  Afterward, the pretest procedures were 

repeated for the following run.   

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 

gravimetric 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 in 

triplicate for each of the water samples taken.  This was done to ensure the 

surfactant was consistent in lowering the surface tension of the spray water.  

A complete index of the measurements can be found in Appendix B, Table 

41.  The summarized results from week one and two are shown in Error! 

Reference source not found. and Figure 31.  
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Figure 30: Summarized surface tensions measurement 

for week one 

 
Figure 31: Summarized surface tensions measurement 

for week two 

It can be seen from the plots in Figure 30 and Figure 31, that when the 

surfactant was added to the spray water, the surface tension was consistently 

reduced to approximately 36 N/m2.  The erratic nature seen in at the 

beginning of the second week, with the surface tension ranging from 46 to 

74 N/m2 may be due to a lack of flow running through the wash-down hose.  

If the wash down hose was not utilized enough 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 the hose at the beginning of the second 

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

miners were as assumed to be ample 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 non-destructive method.  The results of the 

silica analysis at tabulated in Table 5. 

. 
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Table 5: Resulting silica analysis from NIOSH 

 
Location Respirable 

dust (mg) 

Sampling 

time 

(min) 

Respirable 

dust 

concentration 

(mg/m3) 

Silica 

mass 

estimation 

(µg) 

Silica 

concentration 

estimation 

(µg/m3) 

% Silica 

estimation 

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 31.4 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 1.31 197 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 3.41 226 553 16.2% 

  RC 1.31 165 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% 

Day 7  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 0.416 230 0.900 51.2 111 12.3% 
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The limit of detection (LOD) of the nondestructive method is five 

micrograms.  Using the silica mass of each sample and the total time that the 

samples were taken, the concentrations of each sample were calculated.  

When compared to the total dust concentration, a silica content could be 

derived.  Multivariate regression was conducted to determine the variables 

which significantly affected the silica content.  The analysis looked at the 

presence of the surfactant, which CM operator, 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 that the silica 

percentage dropped about 2% when the surfactant was turned on.  The drop 

in average levels of silica content can be seen below in Figure 32. 

 

Figure 32: Comparison of silica content before and after the addition of surfactant 

It can be seen in Figure 32 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 in the airway 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 seen in Figure 

33. 

 

Figure 33: Comparison of silica content behind the curtain and in the returns 

Figure 33 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 returns.  Although the increase is noticeable, it was not 

found to be statistically significant.   

The influence of the CMôs operating conditions was also examined.  During 

the study, a slightly larger amount of silica was produced on the left CM 

when compared to the right CM.  The difference of 2% can be seen in Figure 

34 below. 



61 

 

Figure 34: Comparison of silica content between the left and right CM operators 

The slight increase in silica content shown in Figure 34 may be due to the 

geology.  The left CM had a tendency to take slightly smaller cuts due to 

unfavorable geology.  The smaller and more frequent spalling of the roof 

material may have led to this increase, even though it is not statistically 

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 observed.  A complete index of the total 

dust values collected from the CPDMôs can be found in Appendix B.  An 

example of the total dust plots collected for a CM, and sampled at both the 

returns and curtain locations, can be seen below in Figure 35. 
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Figure 35: Example of a typical total dust plot collected from a continuous miner 

In order to extract the average concentrations during testing, the start and 

stop time of the CM ripper motors were used.  The total dust for the entire 

test was found using the total dust levels at each start and stop time.  The 

sampling rates of 2.2 l/min and the total time of sampling allows the one to 

calculate the average concentrations.  After the field testing was completed, 

the sealed gravimetric samples from the PDS were sent to NIOSH for 

analysis.  The sampling rate for the PDS pumps was 2.0 l/min.  The resulting 

dust concentrations from the two devices are shown below in Table 6. 

Table 6: Resulting dust concentration from PDS and CPDM 

  
PDS CPDM 

  Location Respirable 

dust (mg) 

Sampling 

time (min) 

Respirable dust 

concentration 

(mg/m3) 

Respirable 

dust (mg) 

Sampling 

time (min) 

Respirable dust 

concentration 

(mg/m3) 

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 weights, the total dust was determined for 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.  

Multivariate regression was conducted to determine the variables which 

significantly affected the dust concentration.  The analysis examined the 

impacts of the measuring device themselves, the location in the airway, the 

CM operator, and the addition of surfactant.  The variables which were 

found to have a significant impact were the sample location in the airway 

and the measuring devices.   

4.4.3.1 PDS vs. 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 two devices can be seen in Figure 36 below. 
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Figure 36: Comparison of dust concentration between PDS and CPDM 

The very notable increase of measured dust concentration from the CPDM 

amounted to just under 1 mg/m3 and was found to be statistically significant.  

The cause of this increase is unknown since both devices were left to 

measure the same environment.  The different flow rates for the devices, 2.0 

l/min for the PDS and 2.2 l/min for CPD, were taken into account. 

In some cases, the individual dust concentrations for a shift significantly 

higher than regulatory limits, but these are not compliance samples and only 

concentration during mining is calculated rather than an 8-hour time-

weighted average.    

4.4.3.2 Left vs. Right CM 

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

respirable dust level. The results are shown in Figure 37 below. 
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Figure 37: Comparison of dust concentrations between the left and right CM 

Figure 37 does not show any notable difference between the two CM 

operators, and no statistical significance was found.   

4.4.3.3 Curtain vs. Returns 

When discerning between the sampling locations in the air way, a very 

noticeable difference was seen.  The resulting comparison of dust 

concentration levels at the curtain and in the returns are shown in Figure 38. 

 

Figure 38: Comparison of dust concentrations at the curtain and in the returns 
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Figure 38 shows more than a 50% reduction of the dust concentration when 

moving into the returns.  The difference of 1.9 mg/m3 was found to be 

statistically significant.  The drop in concentration is most likely due to the 

settling of the respirable content by agglomerations.     

4.4.3.4 Surfactant 

Lastly, the average dust concentrations were compared for when the 

surfactant was off and on.  The results are shown in Figure 39. 

 

Figure 39: Comparison of dust concentrations with and without surfactant 

In Figure 39, 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 

concentrations could be found from the CPDM data.  Using the known start 

and stop times of each cut, and the total dust, the dust concentration for each 

cut could be found.  The results of the dust concentrations collected cut by 

cut are shown in Table 7. 
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Table 7: Tabulation of cut by cut dust concentrations 

Cut depth 

(ft.) 

Starting 

depth (ft.) 

Surfactant Left/right 

CM 

Curtain/

return 

Number of bits 

changed (#) 

Air f low 

(CFM) 

Dust conc. for 

cut (mg/m3) 

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/o 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/o L L 12 11,795 5.04 

20 0 w/o L R 12 11,795 1.89 

25 0 w/o 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/o R R 0 11,875 2.25 

25 33 w/o 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/o L L 24 18,080 10.24 

20 0 w/o L R 24 18,080 7.14 

15 20 w/o R L 11 9,207 5.82 

15 20 w/o R R 11 9,207 4.33 

20 30 w/o L L 4 11,560 3.82 

20 30 w/o L R 4 11,560 1.61 

15 50 w/o R L 6 10,044 6.64 

15 50 w/o R R 6 10,044 0.69 

15 20 w/o L L 9 11,760 1.60 

15 20 w/o L R 9 11,760 7.26 

30 20 w/o R L 12 9,820 7.88 

30 20 w/o R R 12 9,820 2.85 

10 0 w/o L L 9 15,066 6.72 

10 0 w/o 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/o L L 18 14,784 13.14 
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Cut depth 

(ft.) 

Starting 

depth (ft.) 

Surfactant Left/right 

CM 

Curtain/

return 

Number of bits 

changed (#) 

Air f low 

(CFM) 

Dust conc. for 

cut (mg/m3) 

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 15,302 9.35 

30 0 w/ L R 19 15,302 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 0.56 

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 40 ft.  In a few cases, roof falls were 

experienced.  A number or variables were recorded for each cut and 

examined to determine their significance.  The first and most obvious 

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

returns. The results are shown in Figure 40. 
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Figure 40: Comparison of dust concentrations between the curtain and the return locations on a cut by cut basis 

As expected, Figure 40 shows a significant drop in the concentration when 

moving into the returns.  As seen before in the comparison of the average 

shift concentrations, the drop is most likely due to the settling of the 

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

right CM was examined and plotted in Figure 41. 

 

Figure 41: Comparison of dust concentration between the left and right CM on a cut by cut basis 

The analysis found no significant impact due to the CM locations, although a 

slightly higher dust concentration is seen from the left CM.  This slight 

difference may have been a result of the atypical cutting schedule caused by 
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the unfavorable roof conditions.  The lack of productivity on the left caused 

the right 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 may be the cause of 

some of the variability seen in the data.   Next, the influence of the 

surfactants on the levels of dust concentration on a percent basis were 

examined.  The resulting average dust concentrations are shown in Figure 

42. 

 

Figure 42: Comparison of dust concentration with and without surfactant on a cut by cut basis 

A slight increase in the average dust concentration can be seen when the 

surfactant was added, but this difference was found to be insignificant.  In 

addition, other variables that could impact dustiness were examined.  The 

first of these variables were the number of bits changes after the cut.  Figure 

43 below shows a plot of the average dust concentration versus the number 

of bits changed in three groups. The groups chosen for the study were 0-9, 

10-19, and 20+ bits changed. 
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Figure 43: Average dust concentration per cut relative to the number of bits changed  

The resulting analysis 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 subjective to the continuous miner operator in 

some cases, while in other cases productivity was suffering and the time was 

not taken to examine or change the bits.  Next, the volumetric air flow 

behind the curtain was examined.  Figure 44 below is a plot depicting the 

average dust concentration versus the groups of volumetric airflow behind 

the curtain.   

 

Figure 44: Average dust concentration per cut relative to the volumetric flow in cfm 
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The results show that there was a significant difference in the observed dust 

concentrations correlating with 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 curtain. The differences 

were statistically significant which shows the effectiveness of ventilation as 

a primary engineering control which, 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 depth.  The 

starting cut depth describes how many feet of coal were previously cut 

relative to the beginning of the pillar.  The starting cut depth data was split 

into five groups; Ò10 ft, 11-20 ft., 21-30 ft., 31-40 ft. and greater than 40 ft.  

The analysis shows that the differences between the dust concentrations of 

the different groups are significant, but the only group which stood out was 

the starting depth of less than or equal to 10 ft.  This can be seen in Figure 

45.   

 

Figure 45: Dust concentration per cut against the starting cut depth 

In an effort to understand the possible cause of the significant difference, 

total dust plots were inspected.  The primary difference noted was the use of 

scrubbers. 
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4.4.5 Influence of Scrubbers  

4.4.5.1 Scrubbers 

While examining the total dust, discernable spikes were noticed.  A 

correlation was evident between the large spikes and the starting cut depth.  

When the starting cut depth was flush with the pillars, the dust 

concentrations were much higher.  According to the dust control plan of the 

mine, the scrubbers were only to be activated after the CM had reached a 

cutting depth of 20 ft.  An example of the spike in total dust can be seen in 

Figure 46 below.   

 

Figure 46: Example of a typical total dust plot collected from a continuous miner including a highlighted spike 

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

of the spikes would be isolated, and their characteristics examined.  The 

criteria for determining whether the cut was identified as ñscrubber offò 

were as followed.  The cut had to start below 20 ft or flush with the pillars, 

and the ending depth could not be more than 20 ft.    Cuts which were 

identified as ñscrubber onò cuts had an initial starting depth greater than 20 

ft.  This ensured that the scrubbers would always be on, as detailed in the 

mine ventilation plan.  In some cases, the starting depth was at 10 or 15 ft, 



74 

and then 20 ft of advance would be made.  In this case, the scrubber would 

be off at the beginning and on at the end.  These ñhybrid cutsò were not 

included in the analysis.  This is clarified with the examples below in Figure 

47, Figure 48 and Figure 49.   

 

Figure 47. Environmental setup of 

when scrubber was off during the 

cut. 

 

Figure 48. Environmental setup of 

when scrubber was both on and off 

during cut. 

 

Figure 49. Environmental setup of 

when scrubber was on during cut. 

The following figures show the isolated cuts as total dust plots.  In addition, 

the series of figures are split into the subgroups with and without the 

surfactant addition.  Figure 50 shows the isolated cuts with the surfactant off 

and scrubbers off.  Figure 51 shows the cuts with the surfactant on and 

scrubbers off.  Figure 52 show the cuts with the surfactant off and scrubbers 

on.  Lastly, Figure 53 shows the cuts with surfactant added and the scrubbers 

on. 
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Figure 50: Collection of isolated cuts which used no surfactant and no operating scrubber 

 

Figure 51: Collection of isolated cuts which used surfactant but no operated scrubber 

 

Figure 52: Collection of isolated cuts which used no surfactant but operated scrubber 
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Figure 53: Collection of isolated cuts which used the surfactant and operated scrubber 

From the series of figures (Figure 50, Figure 51, Figure 52 and Figure 53) it 

can be seen that the plots depicting the lack of scrubber activation are much 

more varied and have a step-like feature. 

From these cuts, specific cuts were examined which had similarly recorded 

characteristics.  The recorded characteristics used to determine the specific 

cuts were the number of new bits after the cut, cut depth, and starting depth.  

The cuts have been stacked to avoid clutter at the origin.  The cuts are also 

stacked chronologically, 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 cut.  The basic statistics for the 

cuts characteristics are shown in Table 8 below, followed by the cuts plotted 

in Figure 54. 

Table 8: Statistics of cut characteristics with inactive scrubbers 

 
Water w/o scrubbers Water and surfactant w/o scrubbers 

 
Total ὢ 

ů Total ὢ 
ů 

New bits 54 18 6 53 18 8 

Cut depth (ft) 55 18 3 65 22 3 

Starting depth (ft) 0 0 - 0 0 - 



77 

 

Figure 54: Depiction of selected isolated cuts which did not implement scrubbers 

In Figure 54 it can be seen that the cuts are quite variable again, and the step 

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

scrubbers activated.  Table 8 shows the statistics of the characteristics, and 

Figure 55 shows the cuts stacked chronologically.   

Table 9: Statistics of cut characteristics with active scrubbers 

 
water w/ scrubbers water and surfactant w/ scrubbers 

 
Total ὢ 

ů Total ὢ 
ů 

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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Figure 55: Depiction of selected isolated cuts which implemented scrubbers 

In Figure 55 above it can be seen that the cuts have more consistent dust 

production.  To compare the cuts with and without the scrubber turned on 

Figure 54 and Figure 55 were combined.  This combination is shown in 

Figure 56 below. 

 

Figure 56: Plot comparing the total dust from selected isolated cuts with and without scrubbers operating 

In Figure 56 it can be seen that the total dust production is approximately 

twice as much when the scrubbers are not on.  It can also be seen that this 

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

total respirable dust during each cut was plotted.  The significant drop in 

total dust can be seen in Figure 57. 
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Figure 57: Plot of average total respirable dust from isolated cuts with and without operating scrubber 

In Figure 57 a very clear and consistent lowering of the average total dust 

can be seen when the scrubbers are activated.  

4.5 DISCUSSION 

The data gathered during the field test which was presented in Figure 34 and 

Figure 35 demonstrates the effectiveness of the surfactant in successfully 

and consistently lowering the surface tension of the mine spray water.  There 

was a perceived issue of the surfactant being left in the washed down hose 

water after the first week of testing.  Since the hose was not in significant 

use and the hose not being left to run for a sufficient amount of time, the 

surface tension was not able to return to its normal level of about 72 N/m2 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 observed with the monitoring instrumentation.   

A significant difference was observed, however, 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, however, should be done to confirm the deviation 

between the two devices.  This does have much larger implication with 

regards to enforcement of the new dust standards, but was not explored with 

vigor in this study.   

Additionally, a significant difference was observed between the testing 

locations, in the returns and directly behind the curtain.  This difference was 

revealed in the analysis shown in Figure 38.  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 completely by agglomerating together and acting as a 

large sized particle.  Additionally, the respirable particle could be attached to 

the larger particle and then fall out of suspension.   

Some additional factors examined were the number of bits changed and the 

quantity of air flow.  The number of bits changed was 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 sweeping larger 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 environmental conditions 

lead to an almost impossible comparison of data (need multiple samples with 

the same start and stop depths as well as air velocities).   Ideally, a study on 

the order of months is required to look at these parameters in depth.  
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However, the nature of 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 was clearly observed.  An argument for the continuous use 

of the scrubbers could be made, but not without first studying the effects of 

dust concentration around the CM operator, as well as potential methane 

concentrations.  To get a complete picture of the effectiveness of the 

scrubber, additional work should be done which places a dust measuring a 

device by the CM operator.  In the past, there were concerns that the 

scrubbers would cause recirculation at the face resulting in a pocket of 

methane developing (Kissell & 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 ventilation (Divers et al., 1981).  No deterioration 

of ventilation performances was observed in one study, but these were at 

curtain setbacks of 25 ft or more with a blowing system (Halfinger, 1984).  

Recently, a study in three mines using exhausting ventilation found that 

there was an improvement in the respirable content of dust outby the CM, 

but not by the CM operator for cuts within 20 ft 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 on (Colinet et al., 2013).  A strong 

case could be made to investigate the role of scrubbers further with 

conditions that elevate concerns of methane buildup and 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 

prove meaningful in reducing exposure. 
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Through all of the analysis, no significant impact from the surfactant was 

observed due to many significant variables.  However, the high degree of 

variation from cut to cut and a limited number of samples does not allow for 

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 specifically examined 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 testing procedure can 

be found in Section 3.3.3. Additionally, full-scale testing of the surfactant 

described in Section 4.4, was as also implemented.  A number other 

investigations have been conducted in the past with other surfactants.  Due 

to the lack of a consensus, these 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 conjunction with a varying specific gravity of the 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 alone.  For this reason, the assumed mineral 

content of the coal dust was studied using the specific gravity of the coal 

dust as a proxy.  It should be noted that the mineral content 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 and surfactant 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 more classes 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 in the wetting rate.  A stronger effect from the surfactant was 

observed on dust with a smaller specific gravity or a larger coal fraction in 

the dust. This may be due to the non-coal fraction, which is already 

hydrophilic, being close to its fastest wetting rate with little room for 

improvement.   

The second effort in this investigation was geared towards a full -scale study.  

The surfactant which was being examined was kept at a constant 

concentration of 1:5000.  This solution was pumped through the mine to the 

continuous miner.  The solution was then used in the CMôs sprays during 

production.  A control of no surfactant was also used.  Dust concentration 

measurements were collected outby the working face both behind the curtain 

and further in the returns. Two different types of samples were collected, the 

continuous personal dust monitor (CPDM), and the personal dust sampler 

(PDS).  Both devices were placed in the same location, and the data was 

aggregated and examined to see if there was a significant change in the dust 

concertation when the surfactant was being used.  No significant changes in 

the dust levels were observed.  However, in the CPDM data there were 

distinctive spikes in some places of the data which correlated to the depth of 

the cut.  The mine ventilation plan did not allow for the scrubbers to be 

turned on until a cut depth of 20 ft was reached.  The significant decreases in 

the dust concentrations from the activation of scrubbers are grounds for 

continued work on the topic.  This area of future study should be focused on 
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the scrubber usage and procedure.  It is unclear whether the continuous 

activation of scrubber would be beneficial to CM operators and other 

personnel in the mine.  This being the case, an additionally identified area of 

study would focus on potential controls aimed at reducing the risk of expose 

at the beginning of a pillar line of a crosscut.  With so many variables and 

relativly short experimental window, there were not enough cuts taken to 

gather enough similar cut to make meaning conclusions about the surfactant.  

For this reason, further 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 when compared to the 

PDS.  The larger implication of this finding should be examined in future 

studies. 
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6 FUTURE WORK  

There are noticeable critiques and further assessment which should be added 

as addenda to these two main studies.  With regards to the first study of the 

wetting rates, analysis of the dust contained in the material should be 

conducted.  The analysis should be conducted on the dust before and after 

the wetting test.  This will both confirm the actual silica content and allow 

the investigator to determine whether the higher gravity class material is 

selectively wetting the most hydrophilic components of the dust.  The 

additional knowledge will also shift the correction factor used to derive the 

wetting rate.   

It has also been noted that the manual method for applying the dust on the 

surface of the solution became inadequate when testing high gravity class 

material or greater concentrations of the surfactant in solution.  If these are 

areas of future interest, the concern may be alleviated by introducing an 

automated mechanism for the application of dust.  The automation should 

allow for the rapid and even application of the dust onto the solution surface.  

Some populations of the apparatus may include a very tight enclosure with 

compressed air as a dispersing mechanism.   

One of the more justifiable critiques for future studies was the lack of testing 

of the dynamic capability of the surfactant to strip the dust from the air.  All 

of the benchtop work executed dealt with the wetting rates in a static 

environment.  Although wetting rates have been successfully used to some 

extent in the past for the preselection of surfactants, the abilities of the 

additive should still be scrutinized within a controllable mock setup. A 

number of tests could be run including particle sizing of the water droplet 

from sprays and airborne dust alike using laser diffraction.  Relative 
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concentrations of dust could be assessed immediately downwind of the area 

of application with an obscuration meter, which actual concentration could 

be measured further down a mock entry. This would also allow investigators 

to quickly change a variable like pressure, orientation, and sprayer type in 

addition to the variable examined in this first study.   

The second study is also not without its own areas of improvement.  The 

principal amendment to the full -scale study is simply further investigation 

for the purpose of controlling for a large amount of environmental variation 

and atypical mining condition within which the study took place.  Due to 

unforeseen circumstance, the study was adapted to gather as much data as 

possible, even if the conditions and production cycles were not the norm.   

Through the data analysis, however, intriguing trends were observed with 

the operation of scrubbers.  Another engineering control used mine to 

diminish the dust exposure.  Further investigations should also place 

measurement devices on or near the CM operator at the working face.  

Measuring the CM operators immediate environment would aid 

investigators in confirming the observed improvement in the mine 

environment.  This is not just the case for examining surfactant or scrubbers, 

but also substantiating the assertions made with regards to the high airflow 

rates. 

The deviation of the CPDM and PDS from each other 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 

 

Figure 58:A1 - Particle size distribution for gravity class float 1.3 

 

Table 10:A2 - Tabulated size distribution for gravity class float 1.3 

Size 
( m˃) 

Pass 
% 

Chan 
% 

Size 
( m˃) 

Pass 
% 

Chan 
% 

Size 
( m˃) 

Pass 
% 

Chan 
% 

Size 
( m˃) 

Pass % Chan 
% 

352.0 100.0 0.0000 52.33 94.73 4.180 7.778 32.76 3.850 1.156 3.640 1.750 

296.0 100.0 0.0000 44.00 90.55 6.240 6.541 28.91 3.850 0.972 1.890 1.250 

248.9 100.0 0.0000 37.00 84.31 7.850 5.500 25.06 3.850 0.818 0.640 0.640 

209.3 100.0 0.0000 31.11 76.46 8.050 4.625 21.21 3.600 0.688 0.000 0.0000 

176.0 100.0 0.0000 26.16 68.41 7.090 3.889 17.61 3.050 0.578 0.000 0.0000 

148.0 100.0 0.0000 22.00 61.32 5.860 3.270 14.56 2.400 0.486 0.000 0.0000 

124.5 100.0 0.1200 18.50 55.46 5.080 2.750 12.16 1.890 0.409 0.0000 0.0000 

104.7 99.88 0.4600 15.56 50.38 4.730 2.312 10.27 1.600 0.344 0.0000 0.0000 

88.00 99.42 0.7900 13.08 45.65 4.560 1.945 8.670 1.540 0.289 0.0000 0.0000 

74.00 98.63 1.410 11.00 41.09 4.310 1.635 7.130 1.660 0.243 0.0000 0.0000 

62.23 97.22 2.490 9.250 36.78 4.020 1.375 5.470 1.830 0.204 0.0000 0.0000 
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Figure 59:A3 - Particle size distribution for gravity class 1.3-1.35 

 

Table 11:A4 - Tabulated size distribution for gravity class 1.3-1.35 

Size 
( m˃) 

Pass 
% 

Chan 
% 

Size 
( m˃) 

Pass 
% 

Chan 
% 

Size 
( m˃) 

Pass 
% 

Chan 
% 

Size 
( m˃) 

Pass % Chan 
% 

352.0 100.0 0.0000 52.33 94.39 4.180 7.778 32.59 3.800 1.156 4.120 1.980 

296.0 100.0 0.0000 44.00 90.21 5.980 6.541 28.79 3.290 0.972 2.140 1.410 

248.9 100.0 0.0000 37.00 84.23 7.520 5.500 25.50 3.050 0.818 0.730 0.730 

209.3 100.0 0.0000 31.11 76.71 8.030 4.625 22.45 3.020 0.688 0.000 0.0000 

176.0 100.0 0.0000 26.16 68.68 7.290 3.889 19.43 2.970 0.578 0.000 0.0000 

148.0 100.0 0.0000 22.00 61.39 5.970 3.270 16.46 2.680 0.486 0.000 0.0000 

124.5 100.0 0.0000 18.50 55.42 4.940 2.750 13.78 2.220 0.409 0.0000 0.0000 

104.7 100.0 0.5000 15.56 50.48 4.470 2.312 11.56 1.850 0.344 0.0000 0.0000 

88.00 99.50 0.8900 13.08 46.01 4.490 1.945 9.71 1.710 0.289 0.0000 0.0000 

74.00 98.61 1.570 11.00 41.52 4.580 1.635 8.00 1.830 0.243 0.0000 0.0000 

62.23 97.04 2.650 9.250 36.94 4.350 1.375 6.170 2.050 0.204 0.0000 0.0000 
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Figure 60:A5 - Particle size distribution for gravity class 1.35-1.4 

 

Table 12:A6 - Tabulated size distribution for gravity class 1.35-1.4 

Size 
( m˃) 

Pass 
% 

Chan 
% 

Size 
( m˃) 

Pass 
% 

Chan 
% 

Size 
( m˃) 

Pass 
% 

Chan 
% 

Size 
( m˃) 

Pass % Chan 
% 

352.0 100.0 0.0000 52.33 95.86 3.550 7.778 34.67 4.570 1.156 3.680 1.810 

296.0 100.0 0.0000 44.00 92.31 5.200 6.541 30.10 4.170 0.972 1.870 1.250 

248.9 100.0 0.0000 37.00 87.11 6.550 5.500 25.93 3.770 0.818 0.6200 0.6200 

209.3 100.0 0.0000 31.11 80.56 7.200 4.625 22.16 3.450 0.688 0.0000 0.0000 

176.0 100.0 0.0000 26.16 73.36 7.120 3.889 18.71 3.090 0.578 0.0000 0.0000 

148.0 100.0 0.0000 22.00 66.24 6.470 3.270 15.62 2.620 0.486 0.0000 0.0000 

124.5 100.0 0.0000 18.50 59.77 5.680 2.750 13.00 2.130 0.409 0.0000 0.0000 

104.7 100.0 0.3400 15.56 54.09 5.060 2.312 10.87 1.790 0.344 0.0000 0.0000 

88.00 99.66 0.5900 13.08 49.03 4.790 1.945 9.080 1.680 0.289 0.0000 0.0000 

74.00 99.07 1.120 11.00 44.24 4.790 1.635 7.400 1.780 0.243 0.0000 0.0000 

62.23 97.95 2.090 9.250 39.45 4.780 1.375 5.620 1.940 0.204 0.0000 0.0000 
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Figure 61:A7 - Particle size distribution for gravity class 1.4-1.45 

 

Table 13:A8 - Tabulated size distribution for gravity class 1.4-1.45 

Size 
( m˃) 

Pass 
% 

Chan 
% 

Size 
( m˃) 

Pass 
% 

Chan 
% 

Size 
( m˃) 

Pass 
% 

Chan 
% 

Size 
( m˃) 

Pass % Chan 
% 

352.0 100.0 0.0000 52.33 96.51 2.610 7.778 41.08 5.000 1.156 8.030 1.920 

296.0 100.0 0.0000 44.00 93.90 4.020 6.541 36.08 4.640 0.972 6.110 1.630 

248.9 100.0 0.0000 37.00 89.88 5.640 5.500 31.44 4.150 0.818 4.480 1.250 

209.3 100.0 0.0000 31.11 84.24 6.770 4.625 27.29 3.680 0.688 3.230 0.9500 

176.0 100.0 0.0000 26.16 77.47 6.790 3.889 23.61 3.220 0.578 2.280 0.7500 

148.0 100.0 0.0000 22.00 70.68 6.000 3.270 20.39 2.710 0.486 1.530 0.6100 

124.5 100.0 0.0000 18.50 64.68 5.040 2.750 17.68 2.220 0.409 0.9200 0.5100 

104.7 100.0 0.3600 15.56 59.64 4.470 2.312 15.46 1.870 0.344 0.4100 0.4100 

88.00 99.64 0.5700 13.08 55.17 4.400 1.945 13.59 1.760 0.289 0.0000 0.0000 

74.00 99.07 0.960 11.00 50.77 4.690 1.635 11.83 1.840 0.243 0.0000 0.0000 

62.23 98.11 1.600 9.250 46.08 5.000 1.375 9.990 1.960 0.204 0.0000 0.0000 



101 

 

Figure 62:A9 - Particle size distribution for gravity class 1.45-1.5 

 

Table 14:A10 - Tabulated size distribution for gravity class 1.45-1.5 

Size 
( m˃) 

Pass 
% 

Chan 
% 

Size 
( m˃) 

Pass 
% 

Chan 
% 

Size 
( m˃) 

Pass 
% 

Chan 
% 

Size 
( m˃) 

Pass % Chan 
% 

352.0 100.0 0.0000 52.33 95.24 3.730 7.778 36.29 4.240 1.156 6.760 1.590 

296.0 100.0 0.0000 44.00 91.51 5.490 6.541 32.05 4.030 0.972 5.170 1.370 

248.9 100.0 0.0000 37.00 86.02 6.910 5.500 28.02 3.730 0.818 3.800 1.070 

209.3 100.0 0.0000 31.11 79.11 7.280 4.625 24.29 3.270 0.688 2.730 0.8100 

176.0 100.0 0.0000 26.16 71.83 6.630 3.889 21.02 2.760 0.578 1.920 0.6200 

148.0 100.0 0.0000 22.00 65.20 5.640 3.270 18.26 2.340 0.486 1.300 0.5000 

124.5 100.0 0.1100 18.50 59.56 4.950 2.750 15.92 2.060 0.409 0.8000 0.4300 

104.7 99.89 0.4400 15.56 54.61 4.660 2.312 13.86 1.890 0.344 0.3700 0.3700 

88.00 99.45 0.7200 13.08 49.95 4.630 1.945 11.97 1.790 0.289 0.0000 0.0000 

74.00 98.73 1.260 11.00 45.32 4.590 1.635 10.18 1.730 0.243 0.0000 0.0000 

62.23 97.47 2.230 9.250 40.73 4.440 1.375 8.450 1.690 0.204 0.0000 0.0000 
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Figure 63:A11 - Particle size distribution for gravity class 1.5-1.6 

 

Table 15:A12 - Tabulated size distribution for gravity class 1.5-1.6 

Size 
( m˃) 

Pass 
% 

Chan 
% 

Size 
( m˃) 

Pass 
% 

Chan 
% 

Size 
( m˃) 

Pass 
% 

Chan 
% 

Size 
( m˃) 

Pass % Chan 
% 

352.0 100.0 0.0000 52.33 95.46 2.950 7.778 38.18 4.530 1.156 7.390 1.580 

296.0 100.0 0.0000 44.00 92.51 4.340 6.541 33.65 4.040 0.972 5.810 1.320 

248.9 100.0 0.0000 37.00 88.17 5.870 5.500 29.61 3.650 0.818 4.490 0.9900 

209.3 100.0 0.0000 31.11 82.30 6.970 4.625 25.96 3.410 0.688 3.500 0.7300 

176.0 100.0 0.0000 26.16 75.33 7.110 3.889 22.55 3.170 0.578 2.770 0.5900 

148.0 100.0 0.0000 22.00 68.22 6.220 3.270 19.38 2.770 0.486 2.180 0.5400 

124.5 100.0 0.3200 18.50 62.00 5.210 2.750 16.61 2.280 0.409 1.640 0.5500 

104.7 99.68 0.4600 15.56 56.79 4.590 2.312 14.33 1.890 0.344 1.090 0.5800 

88.00 99.22 0.7100 13.08 52.20 4.500 1.945 12.44 1.700 0.289 0.5100 0.5100 

74.00 98.51 1.170 11.00 47.70 4.710 1.635 10.74 1.670 0.243 0.0000 0.0000 

62.23 97.34 1.880 9.250 42.99 4.810 1.375 9.070 1.680 0.204 0.0000 0.0000 
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Figure 64:A13 - Particle size distribution for gravity class 1.6-1.7 

 

Table 16:A14 - Tabulated size distribution for gravity class 1.6-1.7 

Size 
( m˃) 

Pass 
% 

Chan 
% 

Size 
( m˃) 

Pass 
% 

Chan 
% 

Size 
( m˃) 

Pass 
% 

Chan 
% 

Size 
( m˃) 

Pass % Chan 
% 

352.0 100.0 0.0000 52.33 94.73 3.540 7.778 35.18 4.470 1.156 5.910 1.440 

296.0 100.0 0.0000 44.00 91.19 5.280 6.541 30.71 4.130 0.972 4.470 1.240 

248.9 100.0 0.0000 37.00 85.91 6.960 5.500 26.58 3.660 0.818 3.230 0.9700 

209.3 100.0 0.1100 31.11 78.95 7.680 4.625 22.92 3.200 0.688 2.260 0.7300 

176.0 99.89 0.0000 26.16 71.27 7.240 3.889 19.72 2.810 0.578 1.530 0.5700 

148.0 99.89 0.1000 22.00 64.03 6.090 3.270 16.91 2.450 0.486 0.9600 0.4600 

124.5 99.79 0.3300 18.50 57.94 5.060 2.750 14.46 2.100 0.409 0.5000 0.3800 

104.7 99.46 0.4800 15.56 52.88 4.450 2.312 12.36 1.800 0.344 0.1200 0.1200 

88.00 98.98 0.7700 13.08 48.43 4.300 1.945 10.56 1.600 0.289 0.0000 0.0000 

74.00 98.21 1.300 11.00 44.13 4.410 1.635 8.960 1.530 0.243 0.0000 0.0000 

62.23 96.91 2.180 9.250 39.72 4.540 1.375 7.430 1.520 0.204 0.0000 0.0000 
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Figure 65:A15 - Particle size distribution for gravity class 1.7-1.8 

 

Table 17:A16 - Tabulated size distribution for gravity class 1.7-1.8 

Size 
( m˃) 

Pass 
% 

Chan % Size 
( m˃) 

Pass 
% 

Chan 
% 

Size 
( m˃) 

Pass 
% 

Chan 
% 

Size 
( m˃) 

Pass % Chan % 

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 0.0000 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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Figure 66:A17 - Particle size distribution for gravity class 1.8 Sink 

 

Table 18:A18 - Tabulated size distribution for gravity class 1.8 Sink 

Size 
( m˃) 

Pass 
% 

Chan 
% 

Size 
( m˃) 

Pass 
% 

Chan 
% 

Size 
( m˃) 

Pass 
% 

Chan 
% 

Size 
( m˃) 

Pass % Chan 
% 

352.0 100.0 0.0000 52.33 96.89 2.210 7.778 41.73 5.290 1.156 7.330 1.710 

296.0 100.0 0.0000 44.00 94.68 3.480 6.541 36.44 4.990 0.972 5.620 1.480 

248.9 100.0 0.0000 37.00 91.20 4.980 5.500 31.45 4.360 0.818 4.140 1.160 

209.3 100.0 0.0000 31.11 86.22 6.260 4.625 27.09 3.680 0.688 2.980 0.8700 

176.0 100.0 0.0000 26.16 79.96 6.830 3.889 23.41 3.140 0.578 2.110 0.6800 

148.0 100.0 0.1100 22.00 73.13 6.400 3.270 20.27 2.770 0.486 1.430 0.5600 

124.5 99.89 0.1000 18.50 66.73 5.550 2.750 17.50 2.450 0.409 0.8700 0.4800 

104.7 99.79 0.3500 15.56 61.18 4.860 2.312 15.05 2.160 0.344 0.3900 0.3900 

88.00 99.44 0.4800 13.08 56.32 4.630 1.945 12.89 1.940 0.289 0.0000 0.0000 

74.00 98.96 0.760 11.00 51.69 4.810 1.635 10.95 1.830 0.243 0.0000 0.0000 

62.23 98.20 1.310 9.250 46.88 5.150 1.375 9.120 1.790 0.204 0.0000 0.0000 
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Table 19:A19 - Tabulated sink test using dust with gravity 1.3-1.35 and surfactant concentration 1:5000 in triplicate 

Data and Model Residuals Observed Vs. Predicted 
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Table 20:A20 - Tabulated sink test using dust with gravity 1.3-1.35 and surfactant concentration 1:3000 in triplicate 

Data and Model Residuals Observed Vs. Predicted 

   

   

   
 

 

 

 

 

 

 

 

 



108 

Table 21:A21 - Tabulated sink test using dust with gravity 1.3-1.35 and surfactant concentration 1:1000 in triplicate 

Data and Model Residuals Observed Vs. Predicted 
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Table 22:A22 - Tabulated sink test using dust with gravity 1.4-1.45 and surfactant concentration 1:5000 in triplicate 

Data and Model Residuals Observed Vs. Predicted 
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Table 23:A23 - Tabulated sink test using dust with gravity 1.4-1.45 and surfactant concentration 1:3000 in triplicate 

Data and Model Residuals Observed Vs. Predicted 
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Table 24:A24 - Tabulated sink test using dust with gravity 1.4-1.45 and surfactant concentration 1:1000 in triplicate 

Data and Model Residuals Observed Vs. Predicted 
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Table 25:A25 - Tabulated sink test using dust with gravity 1.5-1.6 and surfactant concentration 1:5000 in triplicate 

Data and Model Residuals Observed Vs. Predicted 
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Table 26:A26 - Tabulated sink test using dust with gravity 1.5-1.6 and surfactant concentration 1:3000 in triplicate 

Data and Model Residuals Observed Vs. Predicted 
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Table 27:A27 - Tabulated sink test using dust with gravity 1.5-1.6 and surfactant concentration 1:1000 in triplicate 

Data and Model Residuals Observed Vs. Predicted 
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Table 28:A28 - Analysis of wetting rates obtained from the models from triplicate testing 

 
Data used in Analysis: 

Surfactan
t Dosage  

Gravity Class 

1.3-
1.35 

1.4-
1.45 

1.5-1.6 

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 Determination  of models 

Surfactan
t Dosage  

Gravity Class 

1.3-
1.35 

1.4-
1.45 

1.5-1.6 

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 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Description of Data:  

 

   SG 1.3-1.35 

   SG 1.4-1.45 

   SG 1.5-1.6 
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 Analysis: ANOVA Two-Factor With Replication όʰҐлΦлрύ 
 
H0a: There is no significant difference in the wetting rates correlated to the surfactant dosage ratio 
H0b: There is no significant difference in the wetting rates correlated to the gravity class 
H0c: There is no interaction between the variables mention in H0a and H0b 

 

 SUMMARY 1.3-
1.35 

1.4-1.45 1.5-
1.6 

Total 
  

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 
Variation 

SS df MS F P-
value 

F crit 

 Surfactant 
Dosage 

4.05 2.00 2.02 51.41 0.00 3.55 

 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         

 
Results: H0a is rejected, H0b is rejected, and H0c is rejected 
 
Conclusion: There 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 significant 
interaction between the two variables. 
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Table 29:A29 - Tabulated sink test using dust with gravity 1.3 float 

Data and Model Residuals Observed Vs. Predicted 
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Table 30:A30 - Tabulated sink test using dust with gravity 1.3-1.35 

Data and Model Residuals Observed Vs. Predicted 
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Table 31:A31 - Tabulated sink test using dust with gravity 1.35-1.4 

Data and Model Residuals Observed Vs. Predicted 
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Table 32:A32 - Tabulated sink test using dust with gravity 1.4-1.45 

Data and Model Residuals Observed Vs. Predicted 
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Table 33:A33 - Tabulated sink test using dust with gravity 1.45-1.5 

Data and Model Residuals Observed Vs. Predicted 
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Table 34:A34 - Tabulated sink test using dust with gravity 1.5-1.6 

Data and Model Residuals Observed Vs. Predicted 

   

 

 

 

   

 

  














































































































































