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Abstract

Correctly applied rock dust can dilute, inert, and mitigate the explosive potential of float coal dust. 

Trickle dusters are one element of a comprehensive system to help prevent coal dust explosions in 

underground coal mines. Trickle dusters supply rock dust to inert fine float coal dust in areas 

where it is commonly deposited, such as the longwall tailgate returns, return airways, pillaring 

areas, and downwind of belt transfers. Dust deposition studies show that the effectiveness of 

trickle dusters depends on several key factors. Using multiple orifices, rock dust should be 

released near the mine roof in the direction of the airflow in order to spread the cloud cross the 

entry. The rock duster should have a mechanism to break up rock dust agglomerates as they leave 

the rock duster. The particle size distribution of the limestone rock dust and its airborne 

concentration should be proportional to the airborne size distribution and concentration of coal 

dust passing by the trickle duster. Specifically, rock dusts having a greater proportion of <74 µm 

material are more effective at minimizing downwind zones of explosible mixtures than mostly 

larger particles. In our testing, rock dusts having more than 95% of <74 µm sized particles were 

adequately dispersed by trickle dusters. Based on our results, the mass rate of rock dust discharge 

from the trickle duster should exceed the rate of float coal production by at least a factor of four in 

order to minimize accumulations of explosible dusts.
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Background

Good rock dusting practices have been shown to prevent large float coal dust explosions. 

Simply stated, rock dust acts as a heat sink to remove the energy associated with a 

propagating coal dust explosion. Therefore, to effectively suppress a coal dust explosion, 

sufficient quantities of effective rock dust must be present at the mine entry so that the 

expanding explosion pressure wave entrains both coal dust and inerting rock dust [Cybulski 

1975; Michelis et al. 1987; Michelis 1996; Reed and Michelis 1989; Lebecki 1991].

Rock dusting in mine entries dates back to the early 1900s. Since that time, coal mining 

practices have changed substantially and produce finer particles of coal dust, termed float 

coal dust. Since the Upper Big Branch Mine disaster, regulatory requirements and 

inspections to ensure that adequate quantities of rock dust are applied to the roof, ribs, and 

floor throughout the mine have become increasingly stringent in an effort to prevent coal 

dust explosions. In an effort to apply rock dust and keep pace with the generation of coal 

dust, many mines use trickle dusters, which disperse rock dust in working areas of a coal 

mine [Courtney et al. 1982].

Operators continue to face compliance issues and to search for rock dust application 

methods that comply with the standards with minimal operational impact. For example, the 

Mine Safety and Health Administration’s (MSHA’s) post-explosion dust sampling results 

obtained as part of the Upper Big Branch Mine accident investigation indicated numerous 

locations at which non-compliant dust samples were found in the mine (MSHA 2011). 

MSHA’s analysis of the evidence showed that a limited amount of methane ignited and 

propagated into a massive coal dust explosion. The MSHA report concluded that continual 

rock dusting into the tailgate of longwalls, section returns, and other areas where float coal 

dust accumulates during mining is a proactive practice to inert float coal dust and to 

minimize the risk of an explosion [MSHA 2013]. MSHA’s analyses of rock dust samples, 

sampling records, impact inspections, and other enforcement data indicate that combustible 

materials, coal dust, and float coal dust still accumulate at some underground coal mine 

operations. Some operations also did not have sufficient rock dust in all required areas. 

Violations of 30 CFR 75.403 (Maintenance of incombustible content of rock dust) rank 

fourth and third, with 1,667 violations in 2015 and 2,200 violations in 2014, respectively 

[MSHA 2016]. Compared to 2010 (981 violations), the number of violations cited in 2014 

have doubled.

In coal mining, the dust deposition rate is important because it indicates how quickly 

explosible conditions can develop. Deposition measurements also provide a check on the 

adequacy of the rock dust used to minimize excessive accumulations of explosive coal dust. 

However, it is difficult to investigate the key factors of dust deposition in an active coal 

mine. The concentration of airborne dust varies continuously, and the airway geometries 

where the dust travels are complicated. In the case of longwall tailgate entries, it is 

especially difficult to access and measure incombustible content.

The authors considered whether dust dispersion techniques and practices could be enhanced 

to improve the efficacy of rock dusting efforts and to increase compliance among mine 
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operators. To this end, rock dust dispersion was studied to identify variables that may 

improve dust dispersion along the entire treated area. The effects of dust particle size, the 

size distribution of rock dust particles within a larger sample, and the effect of air velocity 

on rock dust dispersion in relation to coal dust deposition were examined. This paper 

summarizes the results of coal and rock dust deposition studies conducted within the 

Bruceton Experimental Mine (BEM) along with limited data collected from the tailgate of 

an operating longwall. Key operational factors for improving the effectiveness of trickle 

dusters as rock dust dispersal devices are also identified.

Dust Settling

The terminal settling velocity of dust particles is derived by balancing drag, buoyancy, and 

gravitational forces on each particle. For diluted suspensions, Stokes’ law predicts the 

settling velocity of spheres in air due to the viscous forces at the surface of the particle 

providing the majority of the retarding force. Stokes’ law is given by the following equation:

g ρp − ρa Dp
2

18μ = VS
(1)

where VS = terminal settling velocity (cm/s), g = gravitational constant (cm/s2), ρp = density 

of the particle (g/cm3), ρa = density of air (g/cm3), Dp = particle diameter (µm), and µ= 

viscosity of the air (g/cm/s).

At standard conditions, a simpler version of Equation 1 can be written for spheres:

VS = 0.003ρpDp
2

(2)

The terminal settling velocity, VS, increases rapidly as the square of particle diameter. The 

denser rock dust particles (2.7 g/cm3) settle about two times faster than the less dense coal 

dust particles (1.35 g/cm3) of the same diameter. To settle at the same location downwind, 

the average diameter of a rock dust particle must be 0.7 times that of an average coal dust 

particle.

When particles are dispersed near the roof of height H (m) in a mine tunnel with an average 

airflow of Vo (cm/s), the distance, X (m), downwind where a particle settles on the floor can 

be estimated by:

X = H
VO
VS

(3)

The location, XCD, where a coal particle settles on the mine floor is given by the product of 

the ratio of the densities of the rock dust and coal dust particles (ρRD / ρCD) and the settling 

distance of a rock dust particle of similar diameter, XRD.

XCD = XRD
ρRD
ρCD

= 2XRD (4)
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By substituting VS from Equation 2 into Equation 3 and solving for Dp, the mean particle 

diameter decreases as 1
X  with distance, X, downwind:

Dp =
VOH

0.003ρpX (5)

There are many dust propagation and deposition models that were developed specifically for 

the underground mining industry and mostly driven by the regulatory environment (NIOSH 

2005). A simplified Gaussian model is being developed and validated with this experimental 

deposition data from the BEM. The simple model and its methods of application will be 

presented in a follow-up publication. The authors anticipate that the model can help mine 

operators make more effective use of their trickle dusters by providing a better downwind 

incombustible balance between the mining-generated coal dust and the distributed rock dust. 

Input parameters include the coal and rock dust particle distributions at the trickle duster, 

average ventilation rate, entry geometries, coal dust generation rates, and the rate of rock 

dust discharge from the trickle duster.

Experimental Procedure

The dust deposition study described in this paper was mostly carried out in the BEM under 

controlled conditions. Limited deposition data was also collected from one tailgate entry at a 

participating coal mine.

BEM Test Conditions

Pittsburgh Mining Research Division (PMRD) researchers conducted studies within the 

BEM to examine the effect of variations in rock dust particle size and their ability to provide 

an inerting balance between the aerodynamically deposited float coal dust and rock dust 

applied using pneumatic rock dusters.

The main entry of the BEM was used to perform controlled dust deposition experiments. 

The single entry is nominally 2.74 m wide by 2.2 m high and 396 m long. A variable-speed 

fan provided the ventilating air for the dust dispersion studies.

Fifteen dust deposition experiments were conducted in the BEM. Seven experiments were 

conducted with three rock dusts (RD 1, RD 2, and RD 3) and at two airflows—an average 

high airflow of about 1.5 m/s and an average low of about 0.6 m/s. Eight experiments were 

conducted with either 10% or 20% of coal dust mixed with the previously mentioned three 

rock dusts and an additional rock dust (RD 4). The mixtures were also conducted at high and 

low ventilation flow rates (Table 1). RD 1 and RD 2 are commercially available and used in 

coal mines. RD 3 is an anti-caking rock dust developed under a NIOSH BAA agreement 

(Imerys 2014), and RD 4 consisted of a commercial rock dust having only ~7% of <10 µm 

particles. The coal dust used in these tests is from the same coal seam and has similar 

particle size distributions as those used in large-scale inerting studies conducted at the Lake 

Lynn Experimental Mine (LLEM) (NIOSH 2010).
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The differential volume percent and cumulative volume percent size distributions of the four 

commercial rock dusts and the Pittsburgh seam pulverized coal dust used in these 

experiments are shown in Figure 1. The particle size distributions of the dispersed coal dust, 

rock dust, and the deposited mixtures were determined using a Beckman-Coulter LS 13 320 

Laser Diffraction Particle Size Analyzer equipped with a Tornado Dry Powder System (B-

C). The refractive index (RI) used for all rock dust samples is 1.68+0.0i (i.e., no absorptive 

component) as it is the value listed in the B-C manual for calcium carbonate. The RI used 

for all coal dust samples has a significant imaginary component (it is strongly absorbing) 

and is 1.80+0.3i. The particles were treated as equivalent spherical light scatterers (Mie 

scattering). Note that all rock dusts, except RD 4, exhibit bimodal distributions.

To minimize the potential formation of dispersed clouds of explosible mixtures in the 

BEM’s single entry during testing, coal dust and rock dust mixtures of 80% and 90% by 

mass rock dust were thoroughly mixed by tumbling in 32-gal drums before loading the rock 

duster for test dispersion. A total of 183 kg of each mixture was dispersed for each test 

except for tests 14 and 15, where 91 kg were dispersed.

The mid-stream average air velocity for each experiment was measured at all sampling 

stations using a Davis vane anemometer, and the average volumetric airflow was calculated 

based upon the entry dimensions. The dust was distributed using an A.L. Lee EL5–200 

battery-powered rock duster with the air-dust discharge through a 5-cm diameter nozzle 

attached to the roof (Figure 2).

Dust was dispersed in two 91-kg) batches, each batch requiring about 20–40 min to disperse. 

The rock dust discharge rate was not constant. It varied with the size distribution of the rock 

dust, the depth of dust in the hopper, and dust hang-up on the walls of the hopper. Settled 

dust was collected on metal dust collection trays measuring 23 cm wide by 33 cm long, and 

approximately ~800 cm2 in area. These were placed on the experimental mine concrete 

floor, rib shelves, and center post shelves downwind of the rock duster.

Settled dust was also collected on 1.2-m x 1.8-m-1.9-cm thick plywood that was covered 

with waxed butcher block paper. Samples collected from the tailgate entry of a participating 

mine were collected by brushing off predetermined marked sections of the ground support 

cribs.

Longwall Mine Test Conditions

The experimental procedure used at an active longwall mine was different from that used in 

the BEM. The longwall operation used pressurized air to entrain and push rock dust through 

a flexible duct along the ground support shields starting at the headgate and ending at the 

tailgate, which is a distance of ~305 m in length. At the tailgate, rock dust was injected 

through a 5.1-cm diameter pipe positioned at mid-entry height near the last shield. Coal dust 

produced by the shearer was carried along the ventilation path towards the injection pipe. 

The movement of ground support shields also produced dust that remained airborne, mixing 

with the rock dust near the last shield before being carried with the ventilating air into the 

return airway. Before the longwall startup at the beginning of the shift, ground support cribs 

adjacent to the coal pillar were wiped clean, and metal trays were placed mid-entry on the 
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floor and spaced 6 m apart starting at the longwall panel. After three days, when the 

longwall shut down for routine system checks and repairs, dust samples were collected. 

Using a soft bristled brush, the support crib dust samples were gathered at distances 3, 12, 

and 24 m from the tailgate. Other dust samples were collected from the remaining 8 metal 

trays that were not lost to the gob as the coal face advanced.

Post-test Analysis

After the dust cleared the entry, the dust samples were collected from each tray or crib 

surface, sealed in an air-tight plastic bag, and brought to the surface for analysis. After 

drying, the samples were weighed using a Mettler balance, to the nearest 0.01g, and then 

underwent a particle size analysis using the B-C. The rock dust content of the deposited coal 

dust and rock dust mixtures was determined using the low-temperature ashing (LTA) method 

which burns off the coal component at 515°C (Montgomery 2005, NIOSH 2010).

Results

The focus of this research was to demonstrate how coal dust and rock dust particles settle 

out of the ventilating air and to identify the factors that impact the formation of explosible 

coal and rock dust zones downwind of trickle dusters.

Studies were designed to experimentally determine and numerically model the time and 

distance for coal and rock dust particles to deposit under various airflow conditions and 

initial particle size distributions. Researchers also wanted to determine the potential impact 

of any aerodynamic size classification that may occur between the coal and rock dust 

particles and its potential impact on inerting explosible accumulations of float coal dust.

Rock Dust

Shown in Figure 3, the experimental results from Test 9 serve as a representative example of 

the measured floor mass deposition (g/m2) and mean particle diameter Dm variations with 

distance downwind of the discharge point. The results indicate that the mass deposited 

downwind follows a logarithmic decay from x =18.3 to 152 m proportional to ~1/x2, while 

the decay mean diameter is proportional to ~1/√x. The decay of mass deposition and mean 

diameter is particularly consistent for Tests 1–13 as listed in Table 1, which shows the 

respective correlations for the 15 experiments conducted in the BEM.

The differential and cumulative size distributions for RD 1 and for floor samples collected 

afterwards at various distances downwind are shown in Figure 4 for Test 2. This data shows 

that 38% of particles by mass >74 µm in size dropped out of the air within 18.3 m of the 

rock duster. This left only about 62% of the released mass of rock dust to inert coal dust at 

greater distances.

Dispersing RD 2 under the same ventilation conditions (Test 4) yielded the data shown in 

Figure 5a and Figure 5b. The cumulative size distributions of Test 4 with RD 2 (Figure 5b) 

are similar to the original RD 2 except that only 4% of particles >74 µm settle out within 

18.3 m. Consequently, 96% of the particle mass <74 µm is able to travel downwind to inert 

coal dust.

Sapko et al. Page 6

J Loss Prev Process Ind. Author manuscript; available in PMC 2019 November 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Mixtures of Coal and Rock Dust

Variations in rock dust particle size distributions and mass percentages <74 µm, such as 

those shown in Figure 1, were expected to produce different inerting effects downwind of 

the trickle duster. To help illustrate the extent of inerting differences, eight experiments with 

coal and rock dust mixtures (Table 1) were conducted in the BEM. The 80/20 (RD 1/CD) 

mixture and the 80/20 (RD 2/CD) mixture were dispersed in separate experiments (Tests 1, 

3, 5, and 7) at the two different air velocities listed in Table 1. The deposited samples were 

collected and analyzed.

Shown in Figures 6 and 7 are the particle size distributions of the coal and rock dust 

mixtures and of the samples collected from the floor at various distances from the rock 

duster for Test 5 and Test 7, respectively. A mixture of 80% RD1 and 20% CD was 

dispersed in Test 5. Approximately 33% of RD 1 is <74 µm in size. As the mixture is 

discharged from the rock duster, the larger coal and rock dust particles in the range of 74 µm 

to 250 µm settle on the floor within 5 m to 9 m from the source. Due to the varying particle 

sizes and densities, the rock dust and coal dust particles settle out of the airstream at 

differing rates and times. The resulting effects on the total incombustible content are seen in 

Figure 8. The total incombustible content increases to 97% within 9 m of release. This is 

substantially higher than the 80% rock dust concentration originally dispersed. Between 9 

and 15 m, however, the concentration of rock dust rapidly decreases to 70%, which is less 

than the 80% incombustible content required in 30 CFR 75.403. At 60 m, the percentage of 

rock dust returns to the non-explosive range and remains ≥80% for the remainder of the 

samples.

The rock dust used in Test 7, RD 2, contains only 2% >74 µm particles. The 84.5% 

incombustible content of the floor samples at 9 m is similar to the concentration in the initial 

sample (80%). The concentration of rock dust drops to 76% at approximately 12 m but then 

rapidly returns to 80% at 18 m. The concentration continues to increase, building to about 

85% at 40 m, and remains >85% for the remainder of the samples.

These results indicate that a rock dust containing ~33% of >74 µm particles left an area >50 

m inadequately rock dusted. This could have a significant impact on the size and variation of 

explosive zones. Rock dusts with smaller percentages of particles >74 µm produced 

improved rock dust coverage downwind of application.

Air velocity also has an effect on the location and extent of inert and explosive zones 

downwind of the rock duster (Figure 9). Comparing downwind inerting results between Test 

3 using RD 2 at 0.6 m/s with Test 7 using RD 2 at 1.63 m/s, the zones with <80% rock dust 

increase from essentially none at the low airflow to 10 m (7 m to 17 m from the rock duster) 

with the higher airflow. The explosive zone when using RD 1 is even greater, extending from 

~ 25 m to 50 m in length with increasing airflows.

Additional Tests 12, 13, 14, and 15 consisted of mixtures created with 90% rock dust 

uniformly mixed with 10% CD. These tests were conducted to explore the extent to which 

the combined effect of increasing air velocity and the relative amount of rock dust particles 

<10 µm would have on the dust mixtures’ abilities to inert over longer distances. Two rock 
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dusts, RD 3 (~42% <10 µm) and RD 4 (~6% <10 µm), were used in these experiments 

(Figure 10). The rock dust percentages in Tests 12 and 13 continued to increase with 

distance and decrease with increasing velocity over the same space. These trends are similar 

to those observed for Tests 1 and 5 where the rock dust contained ~32% <10 µm. Since RD 

4 contains only ~6% <10 µm particles, the rock dust percentages measured in Tests 14 and 

15 continued to decrease with increasing distance and ventilation velocity.

Longwall Tailgate Dust Samples

The PMRD researchers, as part of another study examining mine dust sampling methods, 

had the opportunity to collect dust samples from ground supports and trays placed in a 

tailgate entry of a longwall panel. Although these experimental data are limited, the results 

are presented here for completeness.

At the crib locations ~3 m, ~12 m, and ~24 m inby the tailgate corner, the measured mean 

diameters were 36, 33, and 7 µm, respectively. Figure 11 shows the changes in particle size 

distribution. These results cannot be directly compared to the BEM deposition studies since 

the size distribution of the combined coal dust and rock dust leaving the tailgate changes 

with the advancement of the face and the movement of the shearer across the ~305-m 

longwall panel. When the longwall dust samples were collected, the air split at the tailgate 

entry with more air flowing outby along the coal block and less air flowing towards the gob. 

Within 3 m of the face, 90% of the coal and rock dust particles collected from cribs were 

less than 74 µm. At 24 m, 98% of the collected coal and rock dust particles were less than 30 

µm. Incombustible results indicate that the total incombustible content increased from 72% 

at 3 m from the face to 82% at 24 m.

Conclusions

These results suggest that when using trickle dusters in return airways and belt entries to 

minimize the zones of explosive coal dust and rock dust mixtures, a finer-sized dispersible 

rock dust provides a better inerting balance for the reference coal dust over longer distances 

downwind. Particles >74 µm in size fall out of suspension very close to the release point.

The effective inerting balance of deposited coal and rock dust mixtures depends on the size 

distribution of the coal dust passing by the rock duster and the size distribution of the rock 

dust being dispersed into the airflow. The finer rock dust is better able to follow and settle 

with the fine coal dust produced by modern mining activities. The total dispersed mass of 

rock dust dispersed by the duster should be at least four times the mass generation rate of the 

coal dust to meet the 80% total incombustible content requirement.
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Highlights:

• Deposition of rock dust and mining generated coal dust varies with dust 

particle size.

• The coal dust may be finer than the rock dust applied to inert the coal dust.

• A simplified Stokes theory is presented to emphasize importance of particle 

size in dust deposition.

• Laboratory depositions of coal and rock dust mixtures are examined.

• Depositions of coal and rock dust at a longwall tailgate are examined.

• The larger rock dust particles fall out of suspension before the smaller coal 

dust particles and may not provide the necessary explosion protection.
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Figure 1. 
Complete differential volume % with (a) cumulative volume % and (b) size distributions of 

the coal dust and rock dusts used in BEM deposition experiments
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Figure 2. 
Air-dust discharge through a 2-in (5.1-cm) diameter tube attached to the roof 7.25 ft (2.2 m) 

above the floor
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Figure 3. 
An example of mass deposition and mean particle size measurements of samples collected 

from the mine floor downwind of the rock duster during Test 9
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Figure 4. 
The measured differential volume % with (a) cumulative volume % and (b) particle size 

distributions of the original dust dispersed (RD 1) and of the floor samples collected at 

various distances downwind for Test 2
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Figure 5. 
The measured differential volume % with (a) cumulative volume % and (b) particle size 

distributions of the original dust dispersed (RD 2) and of the floor samples collected at 

various distances downwind for Test 4
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Figure 6. 
The measured differential volume % with (a) cumulative volume % and (b) particle size 

distributions of the original rock dust/coal dust mixture dispersed (initial mix) and of the 

floor samples collected at various distances downwind for Test 5
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Figure 7. 
The measured differential volume % with (a) cumulative volume % and (b) particle size 

distributions of the original rock dust/coal dust mixture dispersed (initial mix) and of the 

floor samples collected at various distances downwind for Test 7
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Figure 8. 
Comparison of the explosive zone lengths formed in Test 5 using RD 1 and Test 7 using RD 

2. The red shaded area below 80% incombustible content indicates the explosive range
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Figure 9. 
Comparison of the explosive zone lengths formed in Tests 1, 3, 5, and 7 for mixtures of 80% 

RD 1 and RD 2 and 20% CD conducted at two air velocities. The red shaded area below 

80% incombustible content indicates the explosive range
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Figure 10. 
Comparison of the explosive zone lengths formed in Tests 12, 13, 14, and 15 for mixtures of 

90% RD 3 and RD 4 and 10% CD conducted at two air velocities
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Figure 11. 
The measured differential volume % with (a) cumulative volume % and (b) particle size 

distributions of mine dust samples collected from the return airway of a longwall. The 

incombustible content is also indicated in the legend for each distance from the longwall
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Table 1

Correlation of mass deposition and mean particle diameter 18.3–152.4 m downwind of the rock duster.

Test # Dust Air flow, cm/s

Mass Deposition
g/m2= cXK

Mean Diameter
Dm = aXb

c k R
2 A b R

2

1 80% RD 1/20% CD 58 100,000 −1.88 0.96 96 −0.53 0.98

2 RD 1 59 36,000 −1.57 0.96 53 −0.44 0.97

3 80% RD 2/20% CD 60 99,000 −1.87 0.99 82 −0.44 0.99

4 RD 2 59 64,000 −1.86 0.98 73 −0.44 0.99

5 80% RD 1/20% CD 163 198,000 −1.90 0.99 182 −0.56 0.98

6 RD 1 139 69,000 −1.78 0.99 103 −0.51 0.96

7 80% RD 2/20% CD 169 493,000 −2.04 0.99 136 −0.46 0.97

8 RD 2 147 579,000 −2.10 0.99 98 −0.41 0.99

9 RD 3 70 222,000 −2.03 0.99 139 −0.53 0.99

10 RD 3 40 71,000 −1.81 0.99 109 −0.57 0.99

11 RD 2 46 45,000 −1.93 0.99 88 −0.47 0.99

12 90% RD 3/10% CD 46 95,000 −1.91 0.99 127 −0.57 0.99

13 90% RD 3/10% CD 100 375,000 −2.09 0.99 206 −0.58 0.99

14 90% RD 4/10% CD 64 477,000 −2.42 0.98 57 −0.27 0.99

15 90% RD 4/10% CD 124 170,000 −2.13 0.99 48 −0.22 0.98

X from 18 to 152 m downwind
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