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ABSTRACT 

 

In 2009, a collaborative, multi-year research program began to study coal and silica dust 

wetting characteristics in Illinois Basin coal mines. Primary funding for the study was 

provided by National Institute for Occupational Safety and Health (NIOSH) with ICCI 

providing matching support. This report covers the third year of the study focusing on 

characterizing coal and silica dust for a coal mine in western Kentucky and developing 

improved engineering controls to minimize dust exposure of workers. 

 

Bulk sampling and analysis indicates that quartz content in roof (8.3%) and floor (9.2%) 

strata is higher than in coal (1.6% to 3.7%). Dust produced from immediate roof and floor 

bulk samples are 100% wettable by water alone as was observed for mines in Illinois and 

Indiana. Similar data for -500-mesh coal dust is about 97%. Wetting rate data showed 

that dust wettability increased about 60% within the first 50-60 seconds of contact time. 

Dust particle surface tension enhancement showed that type of surfactant is important. 

Quartz in wetted fractions is proportional to wetted mass. Particle size distribution data of 

wetted fractions showed that after 60 seconds contact time, more and more fine fractions 

are being wetted. Thus, wettability can be improved either by increasing contact time 

between dust particles and water droplets or by decreasing the surface tension of water. 

Cascade impactor data showed that about 70-80% of dust particles generated during 

bolting operations are less than 1 µm. For continuous miner operations, this value is 

about 50-60%. Scanning electron microscopy analysis of filter cassettes showed 

agglomeration of particles as well as spherical, angular, flaked, oblong, and crushed 

particle shapes.  

 

Airflow patterns in the face area around the continuous miner during the initial cut in an 

entry were analyzed using computational fluid dynamics modeling to identify low 

velocity and recirculation zones with and without scrubber operation. Results suggest that 

dust generated in this type of cut is mostly controlled by dilution from intake air as 

scrubber efficiency in capturing dust-laden air is low. Finally, the research team‟s 

innovative spray system was redesigned for a mine in Indiana to improve dust control 

around the face area and at downwind locations. 
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EXECUTIVE SUMMARY 

 

The overall goal of this multi-year NIOSH- and ICCI-funded study on characterization of 

coal and quartz dust in Illinois Basin coal mines is to minimize coal and silica dust 

exposure to operating personnel in underground coal mines and to help the industry meet 

Mine Safety and Health Administration (MSHA) dust standards through appropriate 

engineering controls. Specific objectives for the third year study were to: 1) Develop 

physical and chemical characteristics of coal and silica dust prepared from bulk channel 

samples collected at a Western Kentucky mine identified as KY 5-1, 2) Develop similar 

data for dust collected from in-mine dust sampling, and 3) Identify and implement 

engineering controls for respirable coal and silica dust based on results from the first two 

objectives.  The study also designed a modified spray system for an Indiana mine.  

 

Bulk Sample Characterization 

 

This study utilized standard protocols for bulk sample collection, storage, and 

characterization developed during Year 1 of the study. Bulk samples were analyzed using 

two wettability tests, x-ray diffraction (XRD), scanning electron microscopy (SEM), 

inductively coupled plasma atomic emission spectroscopy (ICP-AES), particle size 

distribution (PSD), particle morphology, and MHSA‟s P-7 quartz analysis.  PSD data 

showed that about 70% of dust particles produced from the immediate roof strata were 

less than 10 µm in size.  Similar data for the immediate floor strata was 80%. These 

values are considerably larger than for coal dust samples (28% of particles < 10 µm). 

XRD data showed the presence of quartz in all samples analyzed and mineral 

composition varied significantly within the mine. Quartz content in roof (8.3%) and floor 

(9.2%) samples was higher than in coal (top bench: 2.8%, middle bench: 1.6%, and 

bottom bench: 3.7%). PSD data on wetted fractions revealed that finer particles are more 

wettable than coarser particles. This trend is similar for Illinois and Indiana mines.  

 

In-Mine Sampling Characterization 

 

In-mine airborne dust samples were collected from different operating units in the host 

mine for physical and chemical characterization utilizing protocols developed over the 

last seven years (Chugh and Mondal, 2012).  Sampling equipment included gravimetric 

samplers, a digital Thermo-Electron 1000AN personal dust monitor (PDM), and cascade 

impactors. Cascade impactor data showed that in-mine dust collected from roof bolting 

operations (~70-80% < 1 µm) was finer than dust generated by the continuous miner 

(CM) near the face (~50-60% < 1 µm). SEM analysis of filter cassettes showed apparent 

agglomeration of particles and varying particle shapes (spherical, angular, flaked, oblong, 

and crushed). PSD and SEM analyses show that in-mine dust characteristics are different 

than bulk dust sample characteristics.  

 

Wettability Characteristics 

 

Wetting phenomenon is of critical significance for dust control since water is the most 

commonly used medium. Two wettability tests were pursued: 1) Absolute wettability 
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(AW) testing measures the maximum wettability of a given sample either with pure water 

or, if required, with addition of a surface tension reducer; and 2) Fixed-time wettability 

(FTW) testing (Chugh et al., 2004) attempts to simulate wetting in underground mine 

environments, such as the face area and material dump points, where residence times for 

contact between dust and water or chemicals are generally low (10-20 seconds). Both 

tests assess wettability with water first, and then use suitable chemicals to further enable 

wetting. FTW data indicates that coal dust from the mine is 97% wettable and dust from 

roof and floor is 100% wettable by water alone. Wetting rate (AW) data showed that 

most of the increase (~60%) in wettability occurs within 50-60 seconds of contact time. 

AW Techniques 1, 2, and 3 showed that wettability improvement is not just due to the 

decrease in the surface tension as a result of surfactant addition. The selected surfactant 

determines the amount of surface tension decrease and the extent of adsorption onto the 

dust particle surface. Fourier-transform infrared (FTIR) spectroscopy analysis on wetted 

fractions from AW testing proved that quartz content in wetted fractions is proportional 

to the wetted mass.    

 

Surface Charge Characteristics  

 

Surface charge characteristics of coal particles were measured using a zeta meter, which 

provides zeta potential (ZP) values. This value is a measure of the surface charge on a 

particle under a particular set of conditions, such as pH of water and particle size.   ZP 

determines whether a particle, normally un-wettable with no surface charges, would be 

wetted by a fluid under certain specific charge conditions. It also determines the potential 

of dust to agglomerate. ZP was evaluated for -500-mesh samples and all values were 

found to be negative.  

 

Engineering Control Studies  

 

Airflow patterns were analyzed using computational fluid dynamics (CFD) modeling for 

a CM making the initial cut in a straight, defined as a cut made in an entry with the face 

location at the start of the cut being less than 10 feet beyond the last open crosscut 

(LOXC). CFD analysis identified low velocity and recirculation zones with and without 

scrubber operation. Airflow patterns suggest that dust generated in this type of cut is 

mostly controlled by dilution with intake air. Based on visual observations of airflow 

patterns, scrubber efficiency for capturing dust-laden air is low due to the fact that 

scrubber openings are in line with intake flow and allow only a small portion of the dust 

generated in the face area to be picked up by the scrubber. Line curtain and scrubber 

operation significantly affect the airflow patterns. 

 

The spray system currently used on a CM at an Indiana mine (IN 6-3) was redesigned 

based on dust characterization data from the mine, CM specifications data, and field dust 

sampling observations to improve dust control in the face area at this mine. Out-of-seam 

dilution (OSD) mining at this location is typically over 50% and the innovative spray 

system for CMs was scientifically designed for such mining conditions including 

development of “fourth line of defense” (FLD) sprays specifically engineered to 

minimize dust rollback to the haulage unit operator (HUO).  
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OBJECTIVES 

 

The overall goal of this research is to minimize coal and silica dust exposure to operating 

personnel in underground coal mines and to help the industry comply with MSHA dust 

standards. Specific objectives are to: 1) Develop physical and chemical characteristics of 

coal dust from bulk samples, 2) Characterize in-mine dust samples, and 3) Identify and 

implement engineering controls for respirable coal and quartz dust control based on 

results from the first two objectives. The research program has six tasks.  

 

1. Collect bulk samples of coal, immediate roof, and immediate floor strata and 

process into dust.  In addition, collect airborne dust samples from in-mine 

sampling. 

2. Develop physical, mineralogical, and elemental characteristics of coal and quartz 

dust from bulk samples. 

3. Develop surface and wettability characteristics of respirable coal and quartz dust 

prepared from bulk samples of coal, immediate roof, and immediate floor strata. 

4. Develop physical, mineralogical, and elemental characteristics of coal and quartz 

dust from in-mine dust samples. 

5. Develop surface and wettability characteristics of respirable coal and quartz dust 

from wettability studies on respirable dust from in-mine sampling. 

6. Identify near-term strategies for coal and quartz dust control. 

 

Characterization study results are reported for a western Kentucky mine (KY 5-1) and 

compared with similar results from IL 5-1 and IN 6-1 mines reported in Phases 1 and 2 of 

this project. This report refers to the Third Annual Progress Report submitted to the 

National Institute for Occupational Safety and Health (NIOSH) (Chugh and Mondal, 

2012) hereinafter referred to as the NIOSH-2012 Report. The CM spray system design 

work reported herein is for an Indiana mine (IN 6-3). 

 

INTRODUCTION AND BACKGROUND 

 

Coal and quartz dust control is a major issue in underground coal mines throughout the 

world. Current MSHA dust standards limit total dust exposure to 2 mg/m
3
 for an 8-hour 

period. Where silica content in dust exceeds 5%, total dust exposure must be 

appropriately reduced. MSHA has recently released draft regulations that propose to 

reduce the total dust exposure standard down to 1 mg/m
3
. It is also proposed to reduce the 

quartz dust standard from 100 µg/m
3
 to 75 µg/m

3 
(MSHA, 2011). If these regulations are 

approved, mine operators will have to use significantly improved engineering controls to 

maintain current production rates and productivity levels. Understanding wetting 

characteristics of coal and quartz dust is vital for development of engineering controls.  

 

Researchers in the Department of Mining and Mineral Resources Engineering (MMRE) 

at Southern Illinois University Carbondale (SIUC) commenced a dust control research 

program in 2000.  Since then, the research team has developed several technologies for 

improved dust control. Wettability studies on coal dust led to the development of a new 

scientifically sound approach for quantifying wettability (Chugh et al., 2004).  Flooded-



5 

 

 

bed scrubber improvement studies led to the development of modified spray systems 

within the scrubber with lower water volume and reduced pressure drop.  In field 

demonstrations, suction inlets to the scrubber were modified to minimize the amount of 

coarse material being drawn into the scrubber and to improve the capture of respirable 

dust (Chugh et al., 2006a). Novel SIUC filter screens, which offer less resistance and 

improve coal and quartz dust capture when compared to industrial filter screens, were 

also developed.  

 

Perhaps the most significant achievement of this dust control research was development 

of an innovative spray system concept for the CM (Chugh et al., 2006b). The system 

locates different sprays spatially to develop “two lines of defense” minimizing dust 

escape and increasing the time period for dust, water, and air to interact with each other. 

It utilizes approximately the same amount of spray water as a conventional CM spray 

system. The concept has been evaluated at five mines with 30-40% reduction in 

respirable dust at the CM operator (CMO) location and 15% reduction in the LOXC. 

Further development on the innovative spray system concept took place in 2010 adding 

“third line of defense” (TLD) sprays, which were demonstrated to industry professionals 

including MSHA on a mock-up CM at the team‟s Illinois Coal Development Park 

laboratory as well as at an underground mine in Illinois. The system was designed for a 

typical Illinois coal seam with mining height of 6-7 feet. Gravimetric sampling results 

from the host mine showed dust reductions of 30-40%, 15-25%, and 20-25% at CMO, 

HUO, and LOXC locations, respectively. In another ICCI-funded project, the innovative 

spray system is being redesigned for 14 feet of mining height. Results from a temporary 

field implementation at this height showed 50-60% reduction in dust exposure for CMO 

and HUO locations. Additional concepts are being considered to increase those values to 

80-85%. At the time of this writing, 18 CMs are successfully using some form of the 

innovative spray system. 

 

CFD studies began (Alam, 2006) by analyzing airflow patterns in a room-and-pillar 

mining face area with line curtain (LC) installed but without any mining equipment 

present. Kantipudi (2009) expanded on Alam‟s study by incorporating CM with and 

without its wet scrubber operating and analyzed airflow patterns in the face area beyond 

the LOXC. This study focused on when the CM makes deep cuts in an entry with results 

indicating that LC position, cut type, cut sequence, and scrubber operation all affect 

airflow patterns in the face area. A similar study was performed by Kollipara et al. (2012) 

with the CM making a right-turn cut. During this study, effects of air leakage through LC 

at roof and floor levels on airflow patterns was studied in addition to those parameters 

evaluated in earlier studies. Results showed that air leakage through the LC significantly 

affects the volume of air at the end of the LC (VLC) and thus airflow patterns in the face 

area. It is important to perform similar analyses for different CM cut configurations to 

develop a complete picture for the design of engineering controls. Prior to this study, 

airflow pattern data have been developed for straight deep, straight deepest, and right turn 

cuts. Airflow patterns for making a straight initial cut were analyzed during this study.  
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EXPERIMENTAL PROCEDURES  

 

Description of Cooperating Mines 

 

KY 5-1 Mine is an underground room-and-pillar coal mine located in Waverly, Union 

County, Kentucky. It operates in the Kentucky No. 9 coal seam, which is equivalent to 

the Springfield No. 5 coal seam in Illinois.  Average mining depth is about 350 feet. Coal 

seam thickness is approximately 6.0 feet and is overlain by black shale and limestone. 

The immediate floor strata are a relatively competent claystone. 

 

IN 6-3 Mine is an underground room-and-pillar coal mine located in Wheatland, Knox 

County, Indiana. It operates in the Danville No. 7 coal seam, but also has reserves in the 

Springfield No. 5 coal seam in Illinois.   Average mining depth is about 350 feet. Coal 

seam thickness varies widely but averages 4.5 feet and is typically overlain by black 

shale.  The immediate floor strata are typically claystone.   

 

Sampling and Analysis Protocols  
 

ASTM 4596-99 standard procedures were followed for collecting bulk samples of coal, 

roof, and floor strata. Standard protocols were developed for sample collection, storage, 

preparation, and analyses, which are described in detail in the NIOSH-2012 Report.  

 

In-mine dust samples and readings were collected using gravimetric samplers consisting 

of Escort ELF pumps, Dorr-Oliver cyclone separators, and standard dust cassettes; a 

digital Thermo-Electron 1000AN personal dust monitor (PDM); and cascade impactors. 

Descriptions of in-mine sampling protocols and data analysis techniques are included in 

the NIOSH-2010 Report and have been reviewed by NIOSH. Sampling took place on a 

“straight deep” cut where the face was 40 feet inby the LOXC and the CM was making a 

40-ft box cut and a “straight deepest” cut where the face was 85 feet inby the LOXC and 

the CM was making 40-ft box cut. For each cut, cascade impactors and dust pumps were 

run for about 56 minutes. Pumps operated at a volumetric rate of 2 liters per minute and 

were calibrated using a MSHA Dust Pump Calibration Kit prior to use. Air volume 

readings were also made in the return entry. 

 

Wettability Characterization 

 

Procedures for performing wettability characterization work are described in detail in 

final reports for Phases 1 and 2 (Chugh, 2010; Chugh 2011) as well as in the NIOSH-

2012 Report.  Absolute wettability (AW) tests measure maximum wettability of a sample.  

Fixed-time wettability (FTW) tests simulate wetting in underground mine environments 

where residence time for contact between dust and water or chemicals are limited. Both 

AW and FTW tests assess wettability with water first, and then use suitable chemicals to 

further enable wetting if needed.  Surface charges on particles, or zeta potential (ZP), 

affect agglomeration or colloidal behavior of particles as well as wettability and were 

measured with a zeta meter using the principle of electrophoresis.  

 



7 

 

 

Engineering Controls  

 

In Phase 1 of this project, CFD studies analyzed airflow patterns in the face area with the 

CM making deep and deepest cuts in an entry or straight.  In Phase 2, CFD studies 

modeled a right turn cut. In this phase, the initial cut in an entry or straight is analyzed. 

 

In addition to CFD modeling, implementation of the SIUC innovative spray system was 

attempted at in Indiana mine (IN 6-3).  Baseline data were collected for a Joy Model 

14CM-15 CM and used to custom design spray blocks. The overall length of the CM was 

35 feet with a 43.5-inch diameter double-laced cutting drum 11.1 feet in width. Operator-

and scrubber-side inlets to the scrubber measured vacuums of 1.118 and 0.0025 inches of 

water, respectively. The operator-side suction inlet was approximately 184 inch
2 

while 

the scrubber-side inlet was approximately 147 inch
2
.  Both suction inlet openings were 

clear with minimal accumulation of dust. Duct cleaning water sprays were operating. 

There was accumulation of dust and material in the operator-side duct at the point where 

isolation barriers end and enter the main duct. Center and side air ducts were reasonably 

clean. The 20-layer filter screen was cleaned between cuts with only small amounts of 

debris accumulating in front of it and a minimal number of particles lodged in it. The 

spray system in use on the CM consists of 40 sprays on the cutter head and chassis as 

shown in Figure 1 taken from the mine‟s dust control plan and listed in Table 1. Total 

water volume for this system, not including sprays within the scrubber ductwork, was 

approximately 34 gpm based on the spray manufacturer‟s specifications of 0.85 gpm for 

BD-3 sprays operating at 80psi. In-mine dust sampling protocols used to collect baseline 

data are included in the NIOSH-2012 Report.  

 

RESULTS AND DISCUSSION 

 

Physical, Mineralogical, and Elemental Characterization of Bulk Samples 

 

Dust produced from bulk samples collected from KY 5-1 mine were subjected to PSD, 

XRD, ICP-AES, and Quartz P-7 analyses. Results of each analysis are discussed below. 

The material designation followed throughout the report is shown in Table 2.   

 

Particle Size Distribution (PSD) 

 

PSD analyses were performed on -500 mesh pulverized coal and immediate roof and 

floor strata samples with a Microtrac particle analyzer, which works on the principle of 

light scattering. PSD data are presented in Figure 2 as volume-based distributions.   

 

Dust produced from the immediate floor strata is finer than dust produced from the 

immediate roof strata and both are finer than pulverized coal dust. For coal, 28% of dust 

particles are less than 10 µm (respirable size fraction), whereas similar data for roof and 

floor strata are 70 and 80%, respectively.  This is consistent with other Illinois Basin 

mines tested in Phases 1 and 2. Differences in size fractions of dust produced from bulk 

samples of different strata are quite large near fine fractions and decrease towards large 

size fractions. PSD for C-TB, C-MB and C-BB are similar. D50 values for dust samples of 
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coal, immediate roof, and immediate floor strata are 15, 5, and 3 µm, respectively. Ten 

percent of dust particles from floor strata are less than 0.8 µm. Thus, cutting roof and 

floor strata generates more fines. 

 

PSD data for KY 5-1 mine is compared to IL 5-1 and IN 6-1 mines in Tables 3 and 4. D50 

values for coal dust samples from all mines range from 12.27 to 15.48 µm. Similar data 

for IR and IF dust samples are 4.1 to 1.63 µm. D10 values for coal dust samples from all 

mines range from 3.54 to 5.24 µm. Similar data for IR and IF dust samples are 1.23 to 

7.47 µm. IR and IF dust samples are finer than coal dust samples. Between IR and IF dust 

samples, IF dust is finer. This is true for all mines. Comparing coal dust samples, C-MB 

is finer than C-TB and C-BB; however, there are no noticeable differences in D50 and D10 

trends between the three mines. 

 

X-Ray Diffraction (XRD) 

 

Bulk dust samples were subjected to XRD analysis using a Philips X‟Pert Diffractometer 

(Model PW3040-PRO) operating at 45 kV and 40 mA. These samples were dry-mounted 

in aluminum holders and scanned from 7-90
o
 2θ values at 0.0133 degrees/second with 

copper K-alpha radiation.  XRD provides qualitative data shown in Figure 3. Some of the 

minerals identified are listed along with their chemical formulae in Table 5.  

 

Quartz is common in all samples in relatively high concentrations. Other minerals found 

and their level of abundance differed between samples. From data obtained thus far, 

mineral composition varies considerably from mine to mine and from strata to strata. It is 

more important to quantify the relative abundance of different minerals and their 

chemical associations with other minerals since quartz is hypothesized to exist either in 

pure form or interlocked with organic fractions.  

 

MSHA Quartz P-7 

 

Bulk samples prepared in the laboratory were sent to MSHA for quartz analysis using 

their P-7 technique. Quartz data is summarized in Table 6. Floor and roof strata dust 

samples have higher amounts of quartz (IF: 7.8 to 9.2%, IR: 5.3 to 8.3%) as compared to 

coal dust samples (C-TB: 2.3 to 4.8%, C-MB: 0.8 to 1.7%, and C-BB: 2.1 to 3.7%). This 

trend is true for all Illinois Basin mines tested. 

 

Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) 

 

Table 7 summarizes elemental composition data for dust from coal, roof, and floor strata 

from three mines. Designations „A‟ and „B‟ indicate two different locations in a mine.  

Where concentrations are low, data are reported in parts per million (ppm). In all 

samples, silicon (Si) and iron (Fe) concentrations were found to be higher than other 

elements. Also, concentrations of all elements were relatively higher in roof and floor 

strata than in coal.  Of greatest concern is the percent of silica present in pure form versus 

the percent present with other mineral forms such as alumino-silicates or organics.  
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Wettability Characterization of Bulk Samples 

 

Fixed Time Wettability (FTW) 

 

General Wettability (FTW 1 Procedure):  Tests were performed on -500-mesh (< 25 µm) 

samples of C-TB, C-MB and C-BB for a contact time of 20 seconds and with water 

temperature at ~69-73
o
F. Figure 4 shows FTW data for all coal samples collected at two 

locations in the mine. Each bar is the average of three tests. In addition, wettability data 

for all mines (KY 5-1, IN 6-1 and IL 5-1) are summarized in Table 8. Designations „A‟ 

and „B‟ in Table 11 represent samples collected at two locations in each mine.  Roof and 

floor strata dust samples of all mines were 100% wettable by water for all contact times 

and water temperatures. The average wettability data for coal dust samples from KY 5-1, 

IN 6-1, and IL 5-1 mines were 97%, 94.5%, and 74.2% respectively. Thus, coal from the 

IL 5-1 mine was least wettable.  

 

Effect of Contact Time (FTW 2 Procedure): Since typical contact times in mine 

environments vary between 10 and 25 seconds, tests were performed on -500-mesh 

samples at four contact times: 10, 15, 20, and 25 seconds.  Results for all mines (KY 5-1, 

IN 6-1, and IL 5-1) are shown in the Figure 5 with each data point representing the 

average of three tests. The increase in wettability with increased contact time for KY 5-1, 

IN 6-1, and IL 5-1 dusts were about 1%, 5.8%, and 23%, respectively. The least wettable 

IL 5-1 dust showed the largest improvement in wettability with increased contact time.  

 

Effect of Temperature (FTW 2 Procedure): CM spray water temperature may change 

over time since it is used to cool motors prior to dust control use. Since surface tension 

(σt) of water decreases as temperature increases, experiments were conducted in the range 

of 7.2-40.5
o
C (45-105

o
F).  Results for all mines (KY 5-1, IN 6-1, and IL 5-1) are shown 

in Figure 6 with each data point representing the average of three tests. Contact time 

affects only the fraction that gets wetted and not absolute wettability. Temperature of the 

wetting fluid on the other hand affects both wettability and wettability rates. As water 

temperature increased, wettability increases for KY 5-1, IN 6-1, and IL 5-1 dust were 

about 3%, 8.8%, and 38.1%, respectively. Increased temperatures improve wettability 

more than contact time for IL 5-1 dust. This concept can be utilized to develop 

engineering controls and has been discussed with Joy Mining Machinery.   

 

Absolute Wettability (AW) 

 

Technique 1: Figure 7 shows the cumulative wettability data as a function of surface 

tension of water. Wettability of all coal dust samples at σt of 72 mN/m (0% methanol) 

was found to be about 94% for C-TB and 93% for C-MB and C-BB. This finding is 

consistent with other mines tested in Illinois and Indiana.  As methanol concentration is 

increased from 0 to 1.5% (by volume), wettability increases from 93 to 98.5%. This is the 

maximum possible wettability that can be attained at this mine through improved 

engineering controls. 
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Extension of Technique 1: This technique evaluates the wettability of particles whose 

surface properties have been altered by surfactant (0.001 wt. %, Surfactant A) adsorption 

by estimating the surface tension of water required for maximum wettability. Surface 

tension can then be altered by use of suitable surface-active agents or by increasing water 

temperature. Figure 8 shows the cumulative wettability data as a function of surface 

tension of water.  Pre-treatment of dust particles with surfactant results in an increase in 

wettability of about 0-1% (at σt of 72 mN/m) for all coal samples confirming that 

wettability can be affected by decreasing the surface tension of the fluid and also by 

altering the surface properties of dust particles as found in Illinois and Indiana testing.  

Similar to Technique 1, C-MB was found to be less wettable than C-TB and C-BB, which 

was also consistent with results from Illinois and Indiana. In all techniques, maximum 

wettability of dust samples was about 98%.  

 

Technique 2: Surfactant A was added to the fluid (water) to alter particle surface 

properties and reduce the surface tension of water. Figure 9 shows cumulative wettability 

data as a function of surfactant concentration. Similar to the other two techniques, 

maximum wettability of all coal samples was about 98%. With increase in surfactant 

concentration from 0.0005 to 0.002 wt.%, wettability increased by 2-4%. This increase is 

due to the surfactant action on both fluid and particles.  

 

Technique 3: This technique evaluates particle wettability rates in different wetting 

fluids. Figures 10-15 show cumulative wettability data as a function of time for 0, 0.5, 

and 1% methanol, as well as 0.0005, 0.001, and 0.002 wt.% of Surfactant A,  

respectively. Three horizontal lines in each figure correspond to absolute (maximum 

attainable) wettability of C-TB, C-BB and C-MB and are reference lines. Two wetting 

rates are observed in each figure. Most of the increase (~60%) in wettability occurs 

within the first 50-60 seconds. After about 1,200 seconds it is almost a constant.  As 

methanol or surfactant concentration is increased, wettability as a function of time 

approaches absolute wettability. Wettability within 25-30 seconds contact time is 

important for developing engineering controls.  Overall, these observations KY 5-1 mine 

were similar to observations reported for other mines in Illinois and Indiana.  

 

Effect of Surfactant Selection 

 

The six plots in Figure 16 were used to analyze the effect of surfactants on dust samples 

from the three coal benches. The three plots on the left side of Figure 16 show the extent 

of wetting as a function of surface tension along with surface modification due to 

pretreatment of the particle surface with surfactant. The three plots on the right side of 

Figure 16 show wettability of samples as a function of surfactant concentration.  

Comparing the top two plots in Figure 16 for the C-TB dust sample and surfactant 

concentration of 0.001 wt.% Surfactant A, the observed absolute wettability would be 

about 96.2 % (wetting fluid with apparent surface tension of approximately 71.1 mN/m). 

The wettability of the untreated sample in water alone (σt =72.01 mN/m) is about 93.7 %.  

The wettability of the sample pretreated with 0.001 wt.% of surfactant only has a 

wettability of 94.7 %.  Thus, the wettability enhancement cannot be just due to the 

decrease in the surface tension as a result of surfactant addition. This illustrates that the 



11 

 

 

choice of surfactant would determine the amount of surface tension decrease and the 

extent of adsorption onto the particle surface.  Similar conclusions are made regarding 

sample wettability for the other two benches.  

 

Quartz Dust Wetting 

 

To understand quartz wetting, the following three terms must be defined: (1) Yield 

representing the percent wetted fraction by mass, (2) Quartz recovery representing the 

percent of quartz by mass in the yield or wetted fraction, and (3) Incremental quartz 

represented mathematically as follow: 

                                               Incremental quartz = 
q

1
m1- q

2
m2

(m2- m1)
 

 
where q1 and q2 represent quartz content in the wetted fractions of mass m1 and m2. 

Figure 17(a) shows quartz recovery, yield, and quartz content data for a -500 mesh C-MB 

sample as a function of Surfactant A concentration while Figure 17(b) shows yield data 

as a function of quartz content.  Quartz content and quartz recovery tend to increase with 

increase in surfactant concentration and quartz recovery follows yield. Figure 18(a) 

shows yield, quartz recovery, and incremental quartz as a function of contact time for the 

same sample, Figure 18(b) shows yield data as a function of quartz content, and Figures 

18(c) and (d) show incremental quartz data as a function of surface tension and surfactant 

concentration, respectively. Quartz recovery has a direct correlation to yield or the 

recovered portion of the wetted fraction of the sample.  Incremental quartz content of the 

wetted fraction reaches a maximum in the first five seconds. This is also valid for 

samples treated with either a surface tension reducer (methanol) or varying surfactant 

concentrations.  Recovery of 35-50% resulted in the highest quartz content in the wetted 

fraction.  Similar data on yield, quartz recovery and incremental quartz as a function of 

contact time are plotted in Figures 19(a)-(d) for different surface tension and surfactant 

concentration values and show the same results. Thus, similar quartz dust wetting 

characteristics will be exhibited by C-TB and C-BB because of their similarities in bulk 

wetting characteristics.  

 

Wettability as a Function of Particle Size Distribution and Zeta Potential (ZP)  

 

Figure 20 shows PSD data for wetted fractions at different contact times (Technique 3). 

During the first 30 seconds, the mean and median particle size of the wetted fraction 

decreases. Initially, the heaviest wettable particles are collected since they experience a 

stronger acceleration effect due to gravity; however, as contact time increases, it is 

observed that the wetted fraction contains increasing amounts of smaller size particles.  

After one minute, the trend seems to reverse and more and more fine fractions are being 

wetted. These findings are consistent with other mines in Indiana and Illinois.  

 

Table 9 provides ZP values for -500-mesh dust produced from bulk coal samples. All ZP 

values were found to be negative and C-BB had the largest negative potential. 
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Physical and Wettability Characteristics of In-Mine Dust Samples 

 

Air Velocity and Dust Concentration 

 

Air velocity was averaged over the entire cross-section in return entries for the two cuts 

that were sampled. Values were 30 and 73 fpm (3,432 and 8,935 cfm) for deep and 

deepest cuts, respectively.  Respirable and total dust concentration were measured 

downwind of both CMO and roof bolter operators (RBO). 

 

Surface and wettability characteristics were not developed for the KY 5-1 mine because 

sufficient amounts of dust could not be collected from in-mine gravimetric sampling. 

Plans are underway to collect dust samples from the scrubber; however, this data may not 

be representative of airborne dust samples.  

 

Particle Size Distribution  

 

Figures 21 and 22 present PSD curves downwind of CM and RB for sampled cuts.  In the 

0-15 µm particle size range, 80% of particles are less than 10 µm and 65% of particles 

are less than 2 µm at 50 feet downwind of the CMO. Similar data at 100 feet downwind 

of the CMO are about 90% and 75%, respectively. Thus, finer particles (< 2 µm) travel 

longer distances. In the same particle size range, 98% of particles are less than 10 µm and 

85% of particles are less than 2 µm at 50 feet downwind of the RBO. Similar data at 100 

feet downwind of the RBO are about 92% and 80%. Over a distance of 50 feet, PSD 

curves shifted down indicating a decrease in dust concentration (in all size ranges) and 

settling of coarser particles. Dust associated with roof bolting (~70-80% of particles are 

less than 1 µm) is finer than dust from the CM (~50-60% of particles are less than 1 µm), 

which is important but could be mine specific. 

 

Scanning Electron Microscope (SEM) 

 

Figures 23-26 show SEM analyses of dust collected on filter cassettes during coal cutting 

and roof bolting.  Analyses were performed on only a small area of the filter cassette and 

since these may not represent the entire sample, inferences on particle size variation 

between dust collected from CMO and RBO locations may not be statistically valid.  

Agglomeration of dust particles was observed in all samples. At both CM and RB 

locations, most particles in the range 0-5 µm are irregular in shape (angular, flaked, 

oblong, and crushed). A portion of particles above 2 µm seem to be spherical. This is in 

contrast to dust produced from bulk samples where 100% of dust particles were found to 

be irregular in shape.  This is attributed to different mechanisms of dust generation.  

Comparatively, particles downwind of the RBO are more spherical than particles 

downwind of the CMO. This could be due to different force mechanisms acting on coal 

and rock during CM cutting and roof bolting operations. Dust particle density per unit 

area is higher for CMO operations than for RBO operations because dust concentration 

around the CM is higher than around the RB.   
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Engineering Controls for Coal and Quartz Dust 

 

Description of Physical and Modeling Scenarios  

 

Figure 27 shows 2-D schematics of four different scenarios with the CM making the 

initial cut in an entry or straight. Scenario 1 represents the CM advancing an entry 

beyond a T-shaped LOXC intersection with intake entering on the right and exhausting 

on the left. Some air leakage can occur through the entry behind the CM. Scenario 2 

represents the CM advancing an entry beyond a lower-case F-shaped LOXC intersection 

with an open intake crosscut to the right and air exhausting out the entry behind the CM 

to the first return LOXC. Intake air leakage can occur through the open crosscut located 

directly across from the LOXC return.  Scenario 3 represents the CM advancing an entry 

from an upper case F-shaped intersection without an open return crosscut. The entry 

advanced by the CM in Scenario 3 serves as the return air course. As in scenario 2, air 

leakage can occur through the crosscut behind the CM. In Scenario 4, the CM advances 

from a lower case H-shaped LOXC intersection with an open return crosscut on the left 

side and intake air entering through the entry behind the CM. Line curtain (LC) is 

typically used immediately out-by the LOXC intersection to course the intake air to the 

mining face as shown in the figure with the end of the LC positioned about five feet from 

the back end of the CM body. The distance between the adjacent coal rib and the end of 

the LC (DELC) is about four feet. Air leakage can occur through the both the LC and the 

crosscut behind the CM. 

 

Twelve simulation models of this straight initial cut are described in Table 10. Although 

installation of LC is typically not necessary for this cut except for Scenario 4, the effects 

of LC were compared for Scenarios 2 and 3 since they are similar.  In general, air leakage 

at roof and floor levels was not included in CFD modeling.  Boundary conditions for all 

models are shown in Table 11. When the CM scrubber is turned on, pressure boundary 

conditions were used to study changes in intake air and LC air volumes. A fan boundary 

condition was used at the scrubber outlet based on typical scrubber discharge capacity 

(VSC) of about 7,000 cfm. Wall roughness effect on airflow was analyzed by assigning 

roughness values of 3-inch and 1-inch for walls and CM, respectively. To simulate 

underground conditions, density, atmospheric pressure, viscosity, and temperature of air 

were calculated using standards from US Standard Atmosphere (1976) at 500 feet mining 

depth and are shown in Table 12.  

 

Computational Fluid Dynamic (CFD) Modeling 

 

Three CFD models were simulated for each scenario with velocity vectors plotted at five 

feet above floor level to identify low air velocity (LAV) and recirculation (RC) zones. 

 

Scenario 1: Figures 28-30 show velocity vectors for Models 1-3.  Letters „M‟ and „H” 

indicate locations of CMO and HUO.  Observations include: 

 

1. Zone A in Model 1 is a combination of both LAV and RC regions, whereas the 

same Zone A in Model 2 is only a LAV zone where the HUO is located.  
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2. Zone B in Model 2 is a higher velocity zone (~350 fpm) as compared to Model 1 

(~196 fpm). This is due to reduced cross-sectional area since the CM is present; 

however, the CMO is in a fresh air zone and the HUO is in a LAV zone. 

3. Airflow patterns change significantly for Model 3. The HUO is in a RC zone, but 

may not be exposed to high dust concentration due to intake air dilution. 

4. Overall, the CMO is always in a fresh air zone, whereas the HUO could be either 

in LAV or RC zones albeit not necessarily exposed to high dust concentration. 

However, the HUO‟s dust exposure level can change once the CM advances five 

feet into the face. 

5. Analysis of airflow distribution suggests that scrubber suction efficiency of dust-

laden air is low until the CM advances beyond five feet into the cut due to the 

entire intake air volume (~24,000 cfm) being used for diluting dust generated near 

the face area.  While this means there is low probability of the scrubber capturing 

dust-laden air, both CMO and HUO are in a fresh air zone with and without 

scrubber operation.  

 

Scenario 2: Figures 31-33 show velocity vectors for Models 4-6. Observations include: 

 

1. Zone A and Zone B in Model 4 are a combination of LAV and RC zones. In-mine 

conditions were simulated with air leakage of about 4,000 cfm from the adjacent 

crosscut. Some recirculation was observed in the upper left corner where there is 

potential for methane accumulation; however, its effect is neutralized by high 

intake air volume of 24,000 cfm.  

2. With the CM in position to cut (Model 5 in Figure 32), RC in Zone B is 

minimized and Zone A is better ventilated due to increased air velocity above the 

CM body and the LC position, which helps to maintain uniform airflow across the 

width of the opening. Both HUO and CMO are in fresh air zones.  

3. When the scrubber is turned on (Model 6 in Figure 33), RC in Zone B is 

completely eliminated; however, Zone A is transformed into a combination of 

LAV and RC zones and the HUO may be exposed to high dust concentrations. 

Air leakage is diverted towards the HUO location due to the high pressure curtain 

created by scrubber discharged air along the left rib of the mine opening.  This 

additional air can dilute dust near the HUO.  

4. Overall, the CMO is always in a fresh air zone and the HUO could be in either 

LAV or RC zones. LC installation may not play a major role and similar to 

Scenario 1, scrubber suction efficiency of dust-laden air is low.  

Scenario 3: Scenario 3 is similar to Scenario 2 except that air outflow is different and LC 

is not installed.  Figures 34-36 show velocity vectors for Models 7-9.  Observations are: 

 

1. In Model 7, airflow throughout the domain is uniform with no LAV and RC zones 

except partial recirculation in the upper left corner. 

2. Even when the CM is in position to make a cut (Model 8), air velocity is uniform 

except that the HUO could be in a LAV zone (Zone A). 

3. When the scrubber is turned on in Model 9, the HUO is in a combination of RC 

and LAV zones. Air leakage from Zone B is being diverted to the face area as in 

Scenario 2. The CMO is always in a fresh air zone.  
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Scenario 4: Figures 37-39 show the velocity vectors for Models 10-12. Air leakage of 

approximately 4,000 cfm was provided.  Observations include: 

 

1. Zone A in Model 10 is a high velocity zone (~688 fpm) due to the LC position, 

which reduces the cross-sectional area for the air to reach the face area; however, 

the volume of air at the end of the LC is maintained at around 7,000 cfm.  Zone B 

in Model 10 is a combination of LAV and RC zones.  

2. Similar to Model 10, Zone A in Model 11 is a high velocity zone and Zone B in 

Model 11 is a combination of LAV and RC zones; however, both CMO and HUO 

are in a fresh air zone. 

3. Compared to other scenarios, airflow patterns for this scenario change 

significantly when the scrubber is turned on. Intake air volume is decreased by 

50% due to resistance from the LC, which is modeled as a wall with no leakage at 

roof and floor levels, and because scrubber discharge volume (~9,000 cfm) 

creates a high-pressure hydraulic curtain resisting incoming air. In addition, 

recirculated air (see Zone E in Figure 39) across the entire cross-sectional area 

blocks intake air. Thus, the HUO is in a RC zone and could be exposed to dust-

laden air if scrubber dust suction efficiency is low. 

4. Due to decreased air volume in the intake and to satisfy pressure requirements 

between intake and return air domains, air volume increased by 75% in Zone D 

(near air leakage) of Figure 39. Here, intake air bypasses to the return location 

without reaching the face area increasing dust concentration levels in the face area 

and downwind. 

5. Air from the return side (see Zone C in Figure 39) travels back to the face area to 

satisfy the scrubber pressure requirements, which could create a volume of dust-

laden air recirculating in the face area over a period of time. This air could also 

travel to the CMO operator.  Zones A and B remain the same 

6. Overall, both CMO and HUO could be in a dust-laden air zone.  

 

Scientific data developed through analysis of all four scenarios indicate that LAV and RC 

zones exist when the CM is about to make a box cut in the straight initial cut.  Visual 

observations of airflow patterns indicate that scrubber efficiency for capturing dust-laden 

air is low for Scenarios 1, 2, and 3.  Dust in face area is mostly diluted by high volumes 

of intake air (~24,000 cfm) until the CM advances 15 feet into the cut.  LC position and 

scrubber operation significantly affect airflow patterns at the face in Scenario 4 as 

compared to other scenarios. These analyses can be used to optimize the CM cut 

sequence, CM advance within a cut, scrubber operation, and LC position for improved 

dust control. 

 

SIUC Innovative Spray System for IN 6-3 Mine 

 

Following Phase 2 work in Indiana, efforts began to demonstrate SIUC‟s innovative 

spray system at an Indiana mine. Baseline sampling of the existing system led to design 

of an innovative spray system for a CM being rebuilt for the mine. This report describes 

that baseline sampling and how it was used to design innovative sprays for the mine. 
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Gravimetric Sampling Results: In-mine dust sampling data were collected on two days 

(Sets 1 and 2). Set 1 was collected for three cuts diagrammed in Figures 40-42.  Set 2 was 

collected for two cuts diagrammed in Figures 43-44. During collection of Set 2, at the 

request of the company, a temporary set of operator-side TLD and side chassis sprays 

were used for the first half of the cut while loading 14 of the 27 haulage units. This was 

done to assess effectiveness of modified sprays concepts. These sprays were connected to 

the CM road hose and were cycled on and off manually between haulage units. A 

pressure gage recorded water pressures for TLD sprays of 45-50 psi for the first four cars 

and 80-85 psi for the next ten cars. Sampling for Set 2 was conducted on the return side 

CM in a super-section in conjunction with MSHA compliance sampling.  Table 13 

summarizes gravimetric sampling results for all cuts.  

 

Observations from Set 1 sampling of Cuts 1-3 include:  

 

1. Cuts 1 and 2 were deep with the face 38 feet past the LOXC. Cut 2 was the 

second cut in a crosscut left. Cut 3 was deepest with the face 80 inby the LOXC 

2. Intake dust concentrations were 0.37, 0.08, and 0.13 mg/m
3
 resulting in a mean 

intake concentration of 0.193 mg/m
3
.  

3. At the CMO location, dust concentrations corrected for intake dust were 0.77, 

2.80, and 4.82 mg/m
3
. During sampling at the CMO location, pumps were 3-4 feet 

outby the end of the LC.  

4. Elevated dust concentrations at the CMO location were the result of high dust 

concentrations at the face and low air volumes at the end of the LC (5846 and 

5895 cfm for Cuts 1 and 2, respectively).  

5. Dust concentrations at the HUO location were 21.83, 18.18, and 23.59 mg/m
3
, 

some of the highest concentrations observed by the project team.  

6. Average dust concentrations for return (RT) locations RTO and RTI were 13.29, 

16.25, and 8.31 mg/m
3
. For Cut 3, RT dust pumps were located approximately 

130 feet from the face resulting in dilution from the intake crosscut. 

 

Observations from Set 2 sampling of Cuts 4 and 5 include:  

 

 Face locations at the start of Cuts 4 and 5 were 70 and 55 feet inby the LOXC. 

 Intake dust concentrations were 0.10 and 0.09 mg/m
3
.  

 CMO locations recorded dust concentrations of 0.11 and 0.58 mg/m
3.

 

 HUO locations experienced exposure of 32.37 and 7.29 mg/m
3
. 

 Mean dust concentrations at RTO/RTI locations were 16.45 and 17.45 mg/m
3
.  

 Gravimetric sampling for Cut 5 was continuous throughout the entire cut and 

results are time-weighted average dust concentrations.  

 

PDM Sampling Results: Results of PDM dust monitoring are presented in Table 14 and 

Figures 45 through 50 for the two cuts sampled in Set 2 of gravimetric sampling. Dust 

concentrations were continuously logged over the duration of each cut at CMO, HUO, 

and RT locations.  Data in Table 14 is separated into the maximum dust concentration 

recorded (Max) and a time-weighted average (TWA) dust concentration over the duration 

of the cut.  
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Table 14 and Figures 48-50 show that there was a substantial reduction in TWA 

respirable dust while using temporary field versions of SIUC‟s innovative spray system 

TLD and side chassis sprays on the operator-side of the CM.  These reductions were 

61%, 50%, and 52% at CMO, HUO, and RT locations, respectively. There was also 

significant reduction in maximum dust concentration readings while this modified spray 

system was operating.  

 

Summary Observations for Baseline Sampling: Time study data collected during baseline 

sampling is presented in Table 15.  It may be useful in discerning any effect the 

innovative spray system may have on face productivity. 

 

For cuts that were sampled, dust concentrations at HUO and RT locations were very high. 

This was not unexpected because these cuts are classified as “straight deep” and “straight 

deepest” and there is low air volume at the end of the LC as compared to scrubber 

discharge capacity causing considerable recirculation in the face area. Temporary 

installation of TLD sprays on the operator side showed significant reduction (on the order 

of about 50%) in dust concentrations at HUO and RT locations. TLD sprays are just a 

small part of the total innovative spray systems design that also includes spatially located 

chassis sprays, “second line of defense” (SLD) sprays, under-boom sprays, and a 

modified spray design in the wet scrubber to improve wetting of dust, cleaning of the 

filter screen, and minimize pressure loss within the scrubber. Implementing these changes 

in an integrated fashion should further improve dust control around the CM area. 

 

The current spray system is limited in that the operator-side scrubber suction inlet has 

insufficient vacuum to pull in dust, which may be a mechanical problem that can be 

fixed.  Otherwise, the design of the system is limited in that it does not adequately 

suppress dust generated when cutting roof rock. Large amounts of dust escape out both 

sides of the loading pan.  The absence of side chassis sprays allows dust to migrate along 

the CM chassis until it passes scrubber suction inlets and once dust is out of the reach of 

these inlets, it is free to follow airflow to the rear of the CM chassis. Here it becomes part 

of the scrubber exhaust and is also influenced by the conveyor while loading. At this 

point it reaches the HUO, can recirculate to the CMO through leakage of the LC, and can 

also reach all downwind personnel.  

 

Baseline sampling clearly suggests that SIUC‟s innovative sprays system would be more 

efficient for deep cuts where most dust control problems are experienced. They control 

dust through additional wetting of dust, improved capture of dust by the scrubber, 

reduced recirculation of dust toward the CMO and HUO locations, and aiding airflow 

toward the face area.  Recommendations were made to IN 6-3 mine operators for 

redesign of the entire sprays system for the CM, including consideration of “fourth line of 

defense” (FLD) sprays, a new concept under development by the project team.   

 

Design of Proposed Innovative Spray System: The innovative spray system is designed to 

spatially redistribute the water volume of sprays based on anticipated needs in strategic 

locations and orientations around the CM chassis. This includes using some of current 
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spray locations while relocating others and adding some new spray locations. Proposed 

spray blocks will allow the mine operator to use only the existing conventional spray 

system and remain on extended cut status until MSHA has approved use of the proposed 

system. This will be achieved by incorporating two systems into proposed spray blocks 

and their locations allowing either system to be disabled quickly with changeover to the 

other system with the relocation of certain sprays and plugs. Each component of the 

proposed spray system is described in detail below. 

 

Cutter Head Sprays: The top of the cutter head will have three spray blocks in the same 

locations as the current system.  Physical dimensions for outboard spray blocks are 

similar to current blocks while the center spray block will be longer than the current 

block.  Each block will have dual spray ports allowing both innovative and conventional 

spray systems to be used simultaneously or separately. The dual porting design employs 

two rows of sprays with the lower row directed towards the apex of rotating cutter drum 

bit tips and the top row (SLD sprays) angled upwards. SLD sprays create a seal against 

the roof to minimize escape of dust along the roof level, particularly when cutting roof 

rock as shown in Figure 51. 

 

Under-Boom Sprays: On the bottom side of the cutter boom, there will be two spray 

blocks that can use two or three sprays each. The number of sprays used at this location is 

dependent upon water supply capacity to the CM. Using three sprays should lessen dust 

generated when dumping coal into haulage units as water added at this location typically  

improves wetting of coal. This also helps to reduce haul road dust since material falling 

from haulage units in transit to the feeder is wetter. Dust generated while dumping into 

the feeder/breaker and transfer to the belt conveyor may also be reduced.   

 

TLD Sprays: One of the most integral parts of the proposed spray system is TLD top and 

side chassis sprays. They are located near the mid-length area of the CM chassis and 

provide a hydraulic seal between the CM and the mine roof and ribs to minimize dust 

escape as illustrated in Figures 52 and 53. The location of TLD spray blocks is 

determined by individual mine characteristics and mining practices and must also be 

located in concert with electrical, hydraulic, and maintenance systems on the CM. The 

number and orientation of individual sprays within each block is also engineered 

specifically with regard to mine characteristics and mining practices. The top chassis 

TLD blocks are recessed to prevent damage from falls of roof. Side chassis spray blocks 

will be mounted using an adjustable mounting plate that allows some vertical redirection 

of sprays if needed for anomalous mining conditions. 

 

Cutter Head Side Sprays: Sprays on the side of the CM cutter head will be redesigned to 

relocate them to the bottom edge of the cutter boom frame as seen in Figure 54. The 

current system uses three sprays located near mid-height on the side of the cutter head 

cover. These sprays are oriented out from the vertical about 15 degrees resulting in about 

30-40% of the spray cone impacting the side cover.  The proposed location minimizes 

interaction between spray cones and the CM frame. Location and size of these spray 

blocks is determined by CM type to allow access for cutter motor maintenance. 
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FLD Sprays: Based on field observations during mine visits, some of the dust on the 

exhaust side of the CM escapes and can potentially reach the HUO as it enters the return 

air stream. Therefore, it is proposed to use FLD sprays located at the rear of the CM on 

the scrubber side as illustrated in Figure 55. The FLD spray concept has not yet been 

implemented in the field, but laboratory experiments and CFD modeling suggest this 

concept can have significant impact on residual fugitive dust that escapes all other dust 

control measures. The addition of a hydraulic mist at the rear of the CM on the scrubber 

side can wet dust as it reaches the rear of the CM. A portion of the mist created by FLD 

sprays will also be pulled into the scrubber exhaust and travel with and potentially wet 

dust that escapes scrubber and chassis sprays.  

 

Wet Scrubber Spray System: The typical scrubber spray system currently used on most 

CMs consists of one or two large volume (6-7 gpm) sprays positioned to spray 

horizontally.  They are located in the cross-sectional middle of the duct about 18 inches 

from the filter screen (see bottom half of Figure 56). Studies at SIUC have indicated that 

using vertically oriented sprays (see top half of Figure 56) can improve the dust capturing 

efficiency of the scrubber, reduce pressure loss, and improve overall cleaning of the filter 

screen. Horizontal scrubber sprays usually require solid piping and hydraulic hoses to 

supply water. That plus the framework to support sprays introduces significant resistance 

to airflow inside the scrubber. The scrubber spray bar in the innovative spray system will 

be physically smaller than existing components and will be aerodynamically designed to 

minimize airflow resistance. It will mount to the top of the scrubber duct and house five 

BD-3W sprays operating at 80psi oriented vertically downward as seen in the top half of 

Figure 56.  Each spray has a volume of 0.85 gpm for a total volume of 4.25 gpm.  

 

CONCLUSIONS AND RECOMMENDATIONS 

 

This multi-year project is concerned with developing characteristics of coal and silica 

dust in mining areas that can be used to develop engineering controls to minimize the 

incidence of coal workers‟ pneumoconiosis (black lung). Bulk and in-mine dust samples 

were collected and characterized using protocols developed earlier in the study. First and 

second year studies concentrated on one mine each from Illinois and Indiana. During this 

third year, similar data was developed for one Kentucky mine. Engineering control 

studies focused on analyzing airflow patterns in a room-and-pillar mining area when the 

CM is making the initial cut in an entry. The following conclusions and recommendations 

summarize findings to date.  

 

Conclusions 

 

 Immediate roof and floor strata contain 8.3% and 9.2% quartz, respectively. 

Similar data for coal is 1.6-3.7%. XRD data showed that quartz was present in all 

samples analyzed. Mineral composition varied within different sections of a mine.  

 PSD data showed that dust particles produced from the immediate roof strata were 

about 70% less than 10 µm. The same data for the immediate floor strata was 

80%. For coal dust particles, 28% were less than 10 µm. 
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 Cascade impactor data showed that 70-80% of dust particles generated during 

bolting operation are less than 1 µm, which is finer than dust generated by 

continuous miner operation where 50-60% of particles are less than 1 µm. 

 SEM analysis of filter cassettes showed distinct agglomeration of particles and 

varied particle morphology (spherical, angular, flaked, oblong, and crushed). 

 FTW data shows that coal dust is 97% wettable and roof and floor dust is 100% 

wettable by water alone.  

 Wetting rate data from six samples showed that wettability increased about 60% 

within the first 50-60 seconds of contact time. PSD data on wetted fractions 

showed that fine particles are more wettable than coarse particles. 

 Absolute wettability studies show that wettability improvement is not just due to 

the decrease in surface tension as a result of surfactant addition. The selected 

surfactant determines the amount of surface tension decrease and the extent of 

adsorption onto dust particle surfaces.  

 FTIR analysis on wetted fractions from AW testing showed that quartz content in 

wetted fractions is proportional to the mass of the wetted fraction.    

 CFD analysis identified LAV and RC zones with and without scrubber operation. 

Airflow patterns suggest that dust generated in the initial cut mined in an entry is 

mostly controlled by dilution of intake air and scrubber efficiency for capturing 

dust-laden air is low. Line curtain and scrubber operation significantly affect 

airflow patterns. 

 An SIUC innovative spray system was designed based on an evaluation of the 

current spray system and mine geological conditions. A new concept termed 

“fourth line of defense” (FLD) sprays came into development as part of this 

project.  

 

Recommendations  

 

 Absolute wettability of dust is not a concern but fixed time wettability of coal dust 

can be low. Thus, development of engineering controls should consider increasing 

contact time between water droplets and dust particles. This can be achieved by 

SLD and TLD sprays and dual filter screens in the CM‟s wet scrubber. 

 The redesigned SIUC innovative spray system should be implemented and tested 

in the field.  

 CFD analysis suggested the importance of line curtain and scrubber operation 

effects on airflow patterns. Proper installation of line curtain is necessary to avoid 

air recirculation in the face area. Scrubbers should be designed to discharge air at 

low velocity while maintaining capacity of 7,000 cfm.  
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FIGURES 

 

 

Figure 1: CM spray locations based on dust control plan for Indiana mine.  

 

 

Figure 2: PSD for processed bulk samples. 

 

 

Figure 3: XRD for coal and floor strata samples from KY 5-1 mine. 
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Figure 4: FTW data for coal dust samples from different locations in KY 5-1 mine. 

 

 

Figure 5: Wettability as a function of contact time. 

 

 

Figure 6: Wettability as a function of temperature. 
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Figure 7: Wettability as a function of surface tension for KY 5-1. 

 

 

Figure 8: Wettability of pre-treated sample as a function of surface tension for KY 5-1. 

 

 

Figure 9: Wettability as a function of surfactant concentration-KY-5-1. 
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Figure 10: Wettability rate with water only. 

 

 

Figure 11: Wettability rate with 0.5% methanol. 

 

 

Figure 12: Wettability rate with 1% methanol. 
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Figure 13: Wettability rate with 0.0005 wt. % Surfactant A. 

 

 

Figure 14: Wettability rate with 0.001 wt.% Surfactant A. 

 

 

Figure 15: Wettability rate with 0.002 wt.% Surfactant A. 
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Figure 16: Influence of surfactant as surface altering agent and surface tension reducer. 

 

 

Figure 17: Effect of surfactant on quartz recovery and content in wetted C-MB fraction. 
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Figure 18: a) Yield, quartz recovery, and incremental quartz as a function of time 

(at 72.01 mN/m), b) Yield recovery vs. quartz recovery, and incremental quartz 

content as a function of (c) Surface tension and d) Surfactant concentration. 

 

    

    

Figure 19: Yield, quartz recovery, and incremental quartz as a function of time for 

(a) surface tension of 71.1 mN/m, (b) surface tension of 70.2 mN/m, (c) surfactant 

concentration of 0.0005 wt.%, and (d) surfactant concentration of 0.0001 wt.%). 

a b 

c d 
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Figure 20: Absolute Wettability as a function of PSD (from Technique 3). 

  

 

Figure 21: PSD downwind of CM operation.  

 

 

Figure 22: PSD downwind of RBO.  
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Figure 23: SEM images at magnifications 18993 X, 3200X, and 2206 X  

(Left to right) – RBO location (total dust). 

 

Figure 24: SEM images at magnifications 22104 X, 5452X, 5045 X, and 2293 X  

(Left to right) – RBO location (respirable dust). 

 

 

Figure 25: SEM images at magnifications 20879 X, 6596 X, 4665 X, and 1988 X 

 (Left to right) – CMO location (total dust). 

 

 

Figure 26: SEM images at magnifications 22936 X, 10463 X, 5291 X, and 1930 X  

(Left to right) – CMO location (respirable dust). 
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Figure 27:  2D schematics of four scenarios for CM making a straight initial cut 

(I1 = Inlet 1, I2 = Inlet 2, O1 = Outlet 1, O2 = Outlet 2). 

 

 

Figure 28: Model 1. 

 

Figure 29: Model 2. 

 

Figure 30: Model 3.

 

 

Figure 31: Model 4. 

 

Figure 32: Model 5. 

 

Figure 33: Model 6.
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Figure 34: Model 7. 

 

Figure 35: Model 8. 

 

Figure 36: Model 9.

 

 

Figure 37: Model 10. 

 

Figure 38: Model 11. 

 

Figure 39: Model 12.

 

 

Figure 40: Set 1 – Cut 1. 

 

Figure 41: Set 1 – Cut 2.
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Figure 42: Set 1 – Cut 3. 

 

 

 

 

Figure 43: Set 2 – Cut 4. 

 

Figure 44: Set 2 – Cut 5.
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Figure 45: PDM data for CMO – Cut 1. 

 

Figure 46: PDM data for HUO – Cut 1.

 

 

Figure 47: PDM data for RTI – Cut 1. 

 

Figure 48: PDM data for CMO – Cut 2.

 

 

Figure 49: PDM data for HUO – Cut 2. 

 

Figure 50: PDM data for RTO – Cut 2.
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Figure 51: Coverage area for innovative spray system sprays on CM cutter head. 

 

 
Figure 52: TLD and side chassis spray locations and coverage areas. 

 

 
Figure 53: Elevation view of innovative spray system design. 
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Figure 54: Locations of cutter head side sprays. 

 

 

Figure 55: FLD spray locations and coverage areas. 

 

 

Figure 56: Scrubber sprays orientations.  
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TABLES 

 

Table 1: Current (un-modified) CM spray system specifications. 

Location 
Number 

of 
Sprays 

Spray 
Type 

GPM 
per 

Spray 
@ 80 
psi 

Total 
GPM 
@ 80 
psi 

GPM 
per 

spray 
@ 90 
psi 

Total 
GPM 
@ 90 
psi 

Top cutter head - right side 5 BD-3 0.85 4.25 0.90 4.5 

Top cutter head - left side 5 BD-3 0.85 4.25 0.90 4.5 

Top cutter head - center 5 BD-3 0.85 4.25 0.90 4.5 

Side cutter boom - right side 3 BD-3 0.85 2.55 0.90 2.7 

Side cutter boom - left side 3 BD-3 0.85 2.55 0.90 2.7 

Under boom sprays - right side 5 BD-3 0.85 4.25 0.90 4.5 

Under boom sprays - left side 5 BD-3 0.85 4.25 0.90 4.5 

Right side bit ring 3 BD-3 0.85 2.55 0.90 2.7 

Left side bit ring 3 BD-3 0.85 2.55 0.90 2.7 

Conveyor throat 3 BD-3 0.85 2.55 0.90 2.7 

Totals 40 
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Table 2: Material designation for different horizons. 

Immediate roof top bench  IR-TB 

Immediate roof bottom bench  IR-BB 

Coal top bench C-TB 

Coal middle bench C-MB 

Coal bottom bench C-BB 

Immediate floor top bench  IF-TB 

Immediate floor bottom bench  IF-BB 

 

Table 3: D50 and D10 data for dust prepared from bulk samples. 

Mine Size 
Diameter (µm) 

C-TB C-MB C-BB IR IF 

IL 5-1 
D50 14.91 13.56 12.27 6.48 7.21 

D10 5.00 4.72 4.87 2.78 1.23 

IN 6-1 
D50 15.06 14.30 14.78 7.47 6.80 

D10 4.02 3.54 4.28 1.30 1.63 

KY 5-1 
D50 15.74 15.48 15.19 4.10 6.34 

D10 5.09 5.24 4.81 0.84 1.34 

 

Table 4: Percent of particles ≤ 10 µm for dust prepared from bulk samples. 

Mine Name C-TB C-MB C-BB IR IF 

IL 5-1 31 36 40 72 65 

IN 6-1 31 31 32 60 66 

KY 5-1 28 26 28 79 82 
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Table 5: Typical mineral matter in bulk samples from KY 5-1 mine. 

Mineral Name Chemical Formula 

Quartz SiO2 

Pyrite FeS2 

Kaolinite (Al2 Si2 O5 (OH)4) 

Illite (K,H3O)(Al,Mg,Fe)2(Si,Al)4O10[(OH)2,(H2O)] 

Calcite CaCO3 

Halite NaCl 

Plagioclase NaAlSi3O8 – CaAl2Si2O8 

 

Table 6: MSHA Quartz P-7 analysis data. 

Type of 
Material 

Percent Quartz 

IL 5-1 IN 6-1 KY 5-1 

C-TB 2.3 4.8 2.8 

C-MB 0.8 1.7 1.6 

C-BB 2.7 1.1 3.7 

IR 5.5 7.8 8.3 

IF 7.8 11.2 9.2 

 

Table 7: Elemental composition data for dust prepared from bulk samples. 

 

Table 8: FTW wettability data. 

Type of 
Material 

Wetted fraction (% by mass) 

IL 5-1(A) IL 5-1(B) IN 6-1(A) IN 6-1(B) KY 5-1 (A) KY 5-1 (B) 

C-TB 74.3 67.45 95.4 97.86 95.8 97.05 

C-MB 71 63.45 96 81.5 95.9 97.76 

C-BB 87.5 81.75 96.8 98.9 98.4 98.14 

IR 100 100 100 100 100 100 

IF 100 100 100 100 100 100 

 

 

Mine 
Sample 

Type 
Si 

(%) 
Al 
(%) 

Ba 
(ppm) 

Ca 
(%) 

Cu 
(ppm) 

Fe 
(%) 

Mg 
(%) 

Pb 
(ppm) 

Zn 
(ppm) 

IL 5-1 
IR-TB 25.7 11.6 77 0.3 25 9.5 0.7 60 90 

C-MB 19.5 7.3 36 6.2 13 15 0.6 10 22 

IN 6-1 

C-TB (A) 1.2 0.6 76 0.9 43.6 3.2 0.1 6.1 28.8 

C-MB (A) 1.53 0.7 51 0.5 22.5 3.9 0.1 55.5 47.3 

C-BB (A) 1.29 0.7 37 0.8 18.7 2.6 0.1 3.4 13.1 

C-TB (B) 1.2 0.7 34 0.1 6.7 0.8 0 <0.01 <0.01 

C-MB (B) 1.89 0.9 80 1.2 46.6 3.1 0.1 34.6 283.7 

C-BB (B) 2.37 1.1 57 0.2 19.5 1.7 0.1 17.7 34.7 

IR-TB (A) 22.6 5.3 28 0.1 22 3.2 0.7 86 132 

IF-TB (A) 21.3 8.3 16 0.1 204 3.1 0.8 81 125 

KY 5-1 

C-MB 0.94 0.9 57 1.9 41 0.3 0.1 6 23 

C-BB 1.58 2 130 2.4 48 0.3 0.1 60 80 

C-TB 2.16 1.8 43 0.9 49 0.8 0.1 6 27 

IR-TB 4.85 8.8 283 0.1 145 2.2 0.8 26 70 

IF-TB 5.49 10 204 0.1 152 2.2 0.9 14 71 
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Table 9: ZP for -500-mesh coal dust from KY 5-1 bulk samples. 

Sample ID Zeta Potential (mV) Standard Deviation 

C-TB -12.3 1.851 

C-MB -15.6 1.671 

C-BB -16.8 1.828 

 

 

Table 10: List of CFD models simulated. 

Model No Description 

1 Scenario -1, No Equipment 

2 Scenario -1, With CM, Scrubber OFF 

3 Scenario -1, With CM, Scrubber OFF 

4 Scenario -2, No Equipment 

5 Scenario -2, With CM, Scrubber OFF 

6 Scenario -2, With CM, Scrubber OFF 

7 Scenario -3, No Equipment 

8 Scenario -3, With CM, Scrubber OFF 

9 Scenario -3, With CM, Scrubber OFF 

10 Scenario -4, No Equipment 

11 Scenario -4, With CM, Scrubber OFF 

12 Scenario -4, With CM, Scrubber OFF 

 

 

Table 11: Boundary conditions for CFD models. 

Model Inlet 1 Inlet 2 Outflow 1 Outflow 2 

1 14  kg/sec - 4 kg/sec 10 kg/sec 

2 14  kg/sec - 4 kg/sec 10 kg/sec 

3 1.647 Pa - 0.0134 Pa 0.39 pa 

4 14 kg/sec 2.33 kg/sec 4 kg/sec 12.24 kg/sec 

5 14 kg/sec 2.33 kg/sec 4 kg/sec 12.24 kg/sec 

6 2.728 Pa 0.116 pa 0.0494 pa -0.456 Pa 

7 14kg/sec 2.33 kg/sec 16.34 kg/sec - 

8 14kg/sec 2.33 kg/sec 16.34 kg/sec - 

9 2.86 Pa 0.114 Pa -0.66 pa - 

10 14 kg/sec 2.33 kg/sec 12.24 kg/sec 4 kg/sec 

11 14 kg/sec 2.33 kg/sec 12.24 kg/sec 4 kg/sec 

12 6.228 Pa 0.081  pa 0.0544 pa -0.152 pa 

 

 

Table 12: Air properties for CFD models. 

Mass Density 1.243 kg/m
3
 

Temperature 289.14 K 

Atmospheric pressure 103169 Pa 

Viscosity 1.8E-05 kg/m-s 
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Table 13: Gravimetric sampling data. 

Cut 
# 

Cut Type 
Sampling 
Location 

Measured Dust 
Concentration 

(mg/m
3
) 

Corrected Dust 
Concentration 

(mg/m
3
) 

1 Straight deep Intake 0.37 0.37 

1 Straight deep CMO 1.14 0.77 

1 Straight deep HUO 22.2 21.83 

1 Straight deep RTI 12.79 12.42 

1 Straight deep RTO 14.53 14.16 

2 Crosscut left - second cut Intake 0.08 0.08 

2 Crosscut left - second cut CMO 2.88 2.8 

2 Crosscut left - second cut HUO 18.26 18.18 

2 Crosscut left - second cut RTI 11.5 11.42 

2 Crosscut left - second cut RTO 21.15 21.07 

3 Straight deepest Intake 0.13 0.13 

3 Straight deepest CMO 4.95 4.82 

3 Straight deepest HUO 23.71 23.59 

3 Straight deepest RTI 8.69 8.56 

3 Straight deepest RTO 8.18 8.05 

4 Straight deepest Intake 0.1 0.1 

4 Straight deepest CMO 0.21 0.11 

4 Straight deepest HUO 32.47 32.37 

4 Straight deepest RTI 27.6 27.5 

4 Straight deepest RTO 5.5 5.4 

5 Straight deepest Intake 0.09 0.09 

5 Straight deepest CMO 0.67 0.58 

5 Straight deepest HUO 7.38 7.29 

5 Straight deepest RTI 20.22 20.13 

5 Straight deepest RTO 14.85 14.76 

 

Table 14: Dust concentrations in mg/m
3
 from PDM sampling. 

Set – Cut 
CMO HUO RT 

Max TWA Max TWA Max TWA 

Set 1 - Cut 1 28.69 1.20 126.70 24.20 137.90 24.80 

Set 1 - Cut 2 - entire cut 22.28 1.34 93.20 10.87 95.70 18.54 

Set 1 - Cut 2 - with SIUC TLD sprays 3.43 0.79 51.30 7.48 51.90 12.40 

Set 1 - Cut 2 - without TLD sprays 22.28 2.01 93.20 14.81 95.70 25.98 

Percent reduction with TLD sprays 84.6 60.7 45.0 49.5 45.8 52.3 

 

Table 15: Time study data for IN 6-3 in-mine dust sampling. 

C
u

t 
#

 Cut 
Volume 

(ft
3
) L

o
a
d

s
 

Load 
Time/Car 

(sec) 

Wait 
Time/Car  

(sec) 

Wait- 
Load 
Ratio 

OSD 
(in) 

Advance 
Load Rate 
(tons/min) 

Overall 
Load Rate 
(tons/min) 

1  758670 26 50 127 2.55 37 13.7 2.91 

2  563193 20 46 87 1.9 22.5 13.15 4.55 

3  570240 25 54 77 1.36 24 9.33 4.04 

4 713155 24 45 119 2.48 42.5 16.23 4.49 

5 599952 27 38 117 3.07 26.5 13.02 3.28 

 Ave. 641042 24.4 46.6 105 2.27 30.5 13.09 3.85 
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