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ft/min 

ft 3 /min 

g/cm 3 

in 

lb 
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UNIT OF MEASURE ABBREVIATIONS USED IN THIS REPORT 

degree Fahrenheit L/min liter per minute 

foot mg / (f t 2 • mi n) milligram per square foot 
per minute 

square foot 
mg/ft 3 milligram per cubic foot 

foot per minute 
mg/m3 milligram per cubic meter 

cubic foot per minute 
min minute 

gram per cubic centimeter 
mm millimeter 

inch 
]Jm micrometer 

pound 
pct percent 

SYMBOLS' USED IN THIS REPORT 

cross-sectional area of airway 
(ft2 ) 

local dust concentration 
(mg/ft 3) 

L 

n 

deposition surface across 
airway (ft) 

air viscosity 

p particle density 
D particle diameter 

dm/dt 

g 

k 

rate of dust deposition per unit 
area along airway [mg/(ft 2 ·min)] 

acceleration of gravity 

dust deposition rate constant 
(ft/min) 

K slope 

"meao" value corresponding to the 
particle size distribution in 
the respirable size range. 

(J air density 

side rate 

Rf floor rate 

roof rate 

v air velocity (ft/min) 

x distaoce along airway (ft) 



DEPOSITION OF RESPIRABLE COAL DUST IN AN AIRWAY 

By Welby G. Courtney,' Lung Cheng,2 and Edward F. Divers3 

ABSTRACT 

Because of the inherent safety problem associated with the deposition of 
airborne respirable dust onto the floor and other airway surfaces, the 
Bureau of Mines investigated the rate of reduction of airborne respirable 
dust in an airway due to deposition of the particles onto the surfaces of 
the airway. The effects of relative humidity and air velocity on the dep
osition rate were examined. It was found that the deposition rate was 
comparable in magnitude with the Stokes sedimentation rate and that it was 
independent of relative humidity. However, near the dust source the depo
sition rate depended significantly upon the air velocity, with such de
pendence decreasing with increasing distance from the dust source. In ad
dition, the size distribution of the airborne particles was approximately 
constant along the first 300 ft of the airway, indicating that it was not 
merely the larger (heavier) particles that were being deposited. These 
results suggest that deposition, though comparable with the Stokes sedi
mentation rate in magnitude, does not follow a simple Stokes-type process, 
and that the process of deposition remains to be explained. 

'Supervisory research chemist. 
2Mechanical engineer. 
3Mining engineer. 
Pittsburgh Research Center, Bureau of Mines, Pittsburgh, PA. 
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INTRODUCTION 

The coal dust that is inevitably formed 
during mining operations and becomes en
trained by the ventilation airstream 
tends to deposit onto the floor and other 
surfaces of the mine airway. Deposition 
of the respirable component of the 
airborne dust (particles less than 10 ~m 
nominal diameter) decreases the health 
hazard of downstream personnel but in
creases the safety hazard in that a coal
dust deposit can be reentrained during a 
methane explosion and initiate a violent 
coal-dust explosion. 

The extent of the health or safety 
problem depends upon the rate of depo
sition of the airborne dust particles 
onto surfaces of the mine airway. Con
sider a monodisperse dust cloud being 
passed along a rectangular airway by an 
airstream. Mass balance in a control 
volume along the airway (fig. 1) requires 
that the rate of decrease of the airborne 
dust concentration be equal to the rate 
of deposition of the airborne particles 
onto surfaces of the airway,4 and 

vAc - [ vAc + d(~~c) dx J dm 
Cit L dx 

or 

where 

and 

-vA dc = L dm 
dx dt 

v = air velocity (ft/min), 

A cross-sectional area of 
airway (ft2), 

(1) 

c = local dust concentration 
(mg/ft 3 ), 

x = distance along airway 
(ft), 

dm/dt 

L 

rate of dust deposition 
per unit area along 
airway [mg/(ft 2 'min»), 

deposition surface across 
airway (ft). 

4Dust reentrainment is assumed to be 
negligible. 
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FIGURE 1.-Control volume In airway. 

If dust particles deposit onto the roof, 
ribs, and floor at equal rates, then L is 
the perimeter of the airway. When depo
sition occurs only on the floor, then L 
is the width of the airway. 

If the rate of dust deposition depends 
upon the local dust concentration, then 

where k 

dm/dt = kc 

dust deposition rate constant 
(ft/min) • 

Equation 1 then becomes 

and 

dc 
-Av - = Lkc 

dx 

c/co = exp {-L/Av) kx}, ( 2) 

where Co is the dust concentration at the 
dust source. 

The numerical value of k (the deposi
tion rate constant) will depend upon 
sedimentation, diffusion, thermal, elec
trostatic, and other phenomena. For 
respirable-size particles (and larger 
particles), diffusion, thermal, and elec
trostatic effects probably are negligible 
and the deposition rate will probably de
pend only on a sedimentation type of 
process. 

Dawes and Slack (1)5 investigated the 
rate of decrease of -respirable-size (and 
larger) coal dust particles from a turbu
lent airstream in a laboratory smooth
walled wind tunnel and observed the 

SUnderlined numbers in parentheses re
fer to items in the list of references at 
the end of this report. 



exponential decrease of concentration 
with distance noted in ion 2. They 
assumed that deposition involved deposi
tion in the laminary boundary layer 
adjacent to the "well-mixed" turbulent 
airstream and took k as the Stokes termi
nal sedimentation velocity 

k St { ( p -a ) g / IBn} D2 • (3) 

where p particle density, 

a air density, 

g acceleration of gravity, 

n air viscosity, 

and D particle diameter. 

concluded that their experimental 
dust deposition rates agreed with equa
tion 3 for particles between 1.4 and 
10 ~m diam. and that the 

tion rate was r than equa-
tion 3 for smaller and larger particles 
because particle diffusion becomes impor
tant for smaller particles and their 
thermal-precipitator dust-measurement 
technique undersampled the larger par
ticles. further concluded that the 
experimental deposition rates onto the 
side (Rs) and roof (Rr) were less than 
the floor rate (Rf) and depended on par
ticle size, 

/Rf :: 2D-l.35 

/R f == 5.3D-3.3 

For D ~ 2 ~m, and Rr were 
to Rf , i.e., L in equation 2 is the pe
rimeter of the wind tunnel. For D ~ 5 
~m. was ~ 25 pct of Rt and was 
~ 2.5 pet of Rf • Field tests in a coal 
mine roadway basically agreed with the 
wind-tunnel results in that: 

1. Rf decreased 10 pet for 
and 75 pet for 30-~m-diam par

ticles along a ~ 300-ft length because 
of the corresponding decreases in the 
airborne concentrations; and 
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2. For the respirable component (0.5-
5 , Rs/Rf ~ 0.85 and /Rf ~ 0.60. 

A survey of dust depos ts in U.S. coal 
mines (2), which involved respirable and 
also larger icles, indicated that the 
Rs/Rf ratio was 0.30 and the /Rf ratio 
was 0.07. 

Pereles (1) developed a theoretical 
model for dust deposition onto a smooth 
wall from a turbulent airstream which 
was based on the dust particles being 
"flung" by turbulent eddies directly to 
the deposition surface; i.e •• the bound
ary layer was assumed igible. He 
concluded that (1) Rt was equal to the 
Stokes terminal velocity for particles 
greater than ~ 5 pm diam, (2) the theo
retical values of Rs/Rt and Rr/Rf 
with the data of Dawes and Slack for 0.5-
to 5-)lm particles, but (3) Rt and also 
Rs and Rr increased with increasing air 
velocity. Owen (4) extended the theo
retical model to include eddy t 
in the boundary The 
t ectory then depends upon 
and the viscous resistance and decreas
ing turbulent velocity in the boundary 
layer. Results were similar to those of 
Pereles. 

However, several investigators [e.g •• 
Browne (5) and and Ismail 
(6)] have found that the rate of deposi
tion of respirable particles is much 
greater for even slightly-rough surfaces 
than for smooth surfaces, and the rate 
increases as the increases. 
This sensitivi to is espe-
cial acute for less than 
~ 5 ~m diam. Although roughness appar
ently has a negligible effect on the 

ition rate of particles larger than 
~ 10 ~m diam, prediction of the deposi
tion rate of respirable-size particles is 
difficult because of the problem of 
obtaining an accurate value of equivalent 
wall roughness. 

This Bureau of Mines report 
the results of an inves ion of the 
effect of air velocity and relative 
humidity on the reduction of airborne 
respirable dust in an airway having rough 
surfaces that simulate the roughness of 
coal mine 
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EXPERIMENTAL WORK6 

Tests were done in a limestone mine 
in Drift D of the Bureau of Mines' Lake 
Lynn Laboratory. Drift D consists of a 
straight 1,664-ft-Iong entry with a con
stant rectangular cross sec:tion of 7 ft 
height and 18 ft width. The floor had a 
limestone flat surface and the bottom 
half of the ribs had a conventional con
crete surface, both with an average 
physical roughness of ~ 1 mm. The lime
stone surfaces of the top half of the 
ribs and the roof (fig. 2) had an average 
roughness of ~ 1 in. 

Between tests, the ventilation air
stream was varied from 80 to 500 ft/min 
by adjusting a ventilation blower and a 
movable bulkhead located 20 ft downstream 
from the right-angle entrance to the 
entry. The ventilation air velocity was 
maintained nominally constant during each 
test, but actually varied by 5 pct during 
a test due to a variation in the speed 
of the blower. 

Pulverized coal dust was dispersed into 
the ventila tion airstream by a trickle 
duster (MSA,7 No. 92916) located 50 ft 
downstream from the bulkhead. Test dura
tion was 20 to 40 min, during which 100 
to 200 lb of the pulverized dust was dis
persed into the airstream. The discharge 
hose of the trickle duster (fig. 2) was 
moved in a circular manner by hand during 
the test to disperse the dust cloud 
across the airstream. The size distribu
tion of the pulverized coal dust, mea
sured by a Coulter counter , is given in 
figure 3. The mass median diameter of 
the pulverized dust was 34 ~m with 5 pct 
of the mass in the respirable range 

6Te~~;~ere - co~-ucted by F. Nagy, 
phys ical science technician, Pittsburgh 
Research Center . 

7Reference to spec ific equipment does 
not imply endorsement by the Bureau of 
Mines. 
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FIGURE:: 3.-Slze distribution of pulverized dust measured 
by Coulter counter. 



«10 ~m diam). The respirable fraction 
had a mass median diameter of 8.0 ~m. 

Dust sampling stations were established 
100, 300, 500, and 700 ft downstream from 
the trickle duster. At each station, two 
MSA personal samplers operated at 2 L/min 
with nylon cyclones were mounted with the 
inlet ports to the cyclones within 6 in 
of each other and facing into the venti
lation airstream. Each sampler package 
was located 2 ft 10 in above the floor in 
the middle part of the entry. 

In several tests, personal samplers 
were also mounted 1 ft below the roof at 
a station to measure the vertical gra
dient in respirable dust concentration. 
Also, one Andersen cascade impactor 
(model 20-831) was mounted 2 ft 10 in up 
from the floor at a station and another 
Andersen impactor was mounted 1 ft down 
from the roof to simultaneously measure 
roof and floor size distributions of the 
airborne particles at that station. The 
eight-stage impactors also contained 
the commercial preseparators and were 
operated at 0.42 ft 3 /min by a Staplex 
pump (TFIA) with individual inlet ports 
throttled with needle valves and in mon
itored with vacuum gauges. Circular, 
sharp-edged sampling orifices pointed 
directly into the airstream were used to 
isokinetically sample the airborne dust 
cloud. An orifice was connected to its 
impactor with a 9-in-Iong sampling probe 
having a I-in ID and a 90° bend with a 
7-in radius of curvature. The orifice
probe juncture was conically tapered to 
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minimize particle deposition at the junc
ture. The probe-impactor juncture simi
larly was tapered to the 3/8-in-diam en
trance to the impactor. 

Relative humidity (RH) and temperature 
of the ventilation air were measured at 
each sampling station with a sling psy
chrometer. Results did not depend upon 
location. An attempt to increase the RH 
of the airstream with a bank of water 
sprays at the trickle duster was largely 
unsuccessful in that the RH was increased 
only 5 pct. The effect of RH, therefore, 
was examined by comparing tests performed 
winter and summer months when the na
tural RH in the mine was ~ 65 and ~ 95 
pct, respectively. 

A total of nine tests were performed to 
measure the airborne respirable dust con
centration along the entry. Test condi
tions are summarized in table 1. Several 
other tests were conducted shortly 
after test 9 to measure size distribu
tions along the airway. 

TABLE 1. - Test conditions 

Test Date v, RH, Temp, 
ft/min pct of 

1 •••••••• 2/28/84 160 64 46 
2 •••••••• 3/14/84 250 70 47 
3 •••••••• 3/21/84 500 72 42 
5 •••••••• 4/03/84 80 61 51 
6 •••••••• 4/26/84 110 70 53 
8 •••••••• 7/17/84 100 91 59 
9 •••••••• 8/09/84 240 95 68 
RH Relative humidity. 

RESULTS 

SIZE DISTRIBUTION 

Figure 4 is a photomicrograph of coal 
dust particles that deposited onto a 
glass slide on the floor at the 100-ft 
station. There were a considerable num
ber of ~ 50-~m-diam and larger particles 
and considerable agglomeration between 
particles. Mean aerodynamic particle 
sizes collected on the Andersen stages, 
given in table 2, were calculated by di
viding the manufacturer's values for unit 
density spheres at a sampling flow rate 
of I ft 3 /min by ~ and by 10.42. Size 

distributions measured with the Andersen 
impactors may be affected by preferen
tial deposition of large particles in the 
probe along with deagglomeration 1'n 
the probe, etc. Table 3 gives the per
cent of the mass of dust that entered the 
sampling orifice of the probe which was 
deposited on the probe walls or the 
preseparator, or accumulated at the other 
impactor stages. At the 100-ft station, 
20 pct of the mass of the dust sampled 
near the floor deposited onto the probe 
walls, 70 pct deposited on the presepa
rator, and only 10 pct passed the 
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TABLE 2. - Mean aerodynamic particle diameter for Andersen impactor stages, 
micrometers 

Preseparator •••.••.•..••••.••...•. >13.5 
0................................. 12.2 
1 • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 7. 8 
2. • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 6. 3 

3 ••••••••••••••••••••••••••••••••• 
4 ••••••••••••••••••••••••••••••••• 
5 ••••••••••••••••••••••••••••••••• 
6 •••••••••••••••••••••••••••••••• '; 

4.5 
2.8 
1.5 
1.0 

TABLE 3. - Separation of sampled dust particles 
in impactor sampling 

(Percent of sampled dust) 

Location 

In probe ......................... 
On preseparator .................. 
On other impactor stages ......... 

FIGURE 4.-Dust deposit at 100·ft station. 

preseparator and deposited on the other 
stages. Near the roof,S pct deposited 
in the probe, 65 pct on the preseparator, 
and 30 pct on the other stages. Such re
sults imply a large number of airborne 
particles of >13.5 ~m diam and an appre
ciable vertical gradient of such large 
particles. For comparison, at the 300-ft 
station, negligible dust deposited in the 
probe, and the fraction of the mass of 
the sampled dust which passed the presep
arator similarly increased near the roof, 
implying a lesser concentration of very 
large particles and a similar vertical 
gradient in large particles at the 300-ft 
station. 

100-ft station 300-ft station 
Floor Roof Floor Roof 

20 5 0 0 
70 65 95 80 
10 30 5 20 

A much smaller vertical gradient oc
curred with the respirable fraction of 
the dust cloud, with the roof concentra
tion of respirable dust being 92 pct of 
the floor concentration at the 100-ft 
station and 97 pct of the floor concen
tration at the 300-ft station. 

Figure 5 plots the size distributions8 

of the dusts that entered the Andersen 
impactors near the floor and roof at the 
various stations along the airway. Im
pactor data at the different stations 
were obtained in the different tests 
since only two Andersens were avail
able, and figure 5 should be viewed with 
caution since the size distribution may 
change between tests. A median particle 
size in the respirable range was obtained 
by taking the "wt pct less than" of par
ticles less than 10 ~m and deducing the 
particle size of the dust mass fraction 
having one-half of the 10 ~m mass frac
tion. For example, for the roof sample 
at the 100-ft station, 20 pct of the 
sampled dust had a particle size less 
than 10 ~m. Since 10 pet of the dust had 
a size about 4.7 ~m, 4.7 ~m is taken as 
the median size in the respirable range. 
At the 100- and 300-ft stations, the 

8It should be noted that "wt pct less 
than" is based on the total weight of 
dust that entered the sampling orifice of 
the probe; i.e., the sum of the weights 
collected in the probe, on the presepara
tor, and on the other impactor stages. 
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FIGURE S.-Slze distribution at roof and floor measured by Andersen cascade Impactor. 

median size 4.7 ~m near the roof and 
~ 6.5 ~m near the floor. At the 500-
and 700-ft stations, the median size was 
4.9 ~m near the roof and ~ 4.5 ~m near 
the floor. 

RESPIRABLE DUST CONCENTRATION 

Table 4 gives the respirable dust con
centrations measured 2 ft 10 in above 
the floor. Values in parentheses are 
considered to be questionable and 
were discarded. Table 4 includes average 

concentrations cav at the locations and 
the coefficients of variation (CV)9 of 
the measurements. The average CV was 10 
pct when the questioned values were ig
nored. This value of CV is comparable to 
the 6- to 8-pct value obtained in other 
studies. 

9Por two measurements, CV 12 I 
(c-cav/c av I where c is a measured c on
centration and c av is the avera ge of the 
two measured concentrations. 

7 
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TABLE 4. - Respirable dust concentration along airway 

v, ft/min Station, ft Conc,l mg/m.:> CV,L. pet 
First sample Second sample Average 

160 ............. 100 
300 
500 
700 

250 •••••.••••••• 100 
300 
500 
700 

500 • ••••••••.••• 100 
300 
500 
700 

80 •••••••••••••• 100 
300 
500 
700 

110 .•....••.•.•• 100 
300 
500 
700 

100 ............• 100 
300 
500 
700 

240 ............. 100 
300 
500 
700 

CV Coeffic~ent of variat~on. 
NAp Not applicable. 

14.79 
6.77 
4.92 
4.37 

(45.87) 
5.15 
3.81 
2.91 

11. 07 
3.31 

(2.09) 
2.37 

18.94 
13.83 
8.53 
5.47 

23.74 
17.25 
10.35 
3.80 

20.70 
13.61 
7.10 
4.09 

25.47 
7.85 
5.33 
1. 89 

16.90 15.84 9.3 
7.94 7.36 11.1 

(16.33) 4.92 NAp 
Lost 4.37 NAp 

10.14 10.14 NAp 
4.76 4.95 5.6 
3.47 3.64 6.6 
3.62 2.91 15.0 

10.69 10.88 2.4 
3.73 3.52 8.5 
2.99 2.99 NAp 
2.83 2.60 12.6 

20.88 19.91 6.9 
13.70 13.76 7.8 
8.98 8.76 3.5 
6.10 5.78 4.5 

31. 05 27.40 18.6 
18.98 18.12 6.6 
13.80 12.08 20.2 
3.80 3.80 0 

20.91 20.80 1.0 
11. 88 12.74 9.6 
9.25 8.18 18.6 
5.39 4.74 18.1 

19.17 22.32 20.0 
6.59 7.22 12.3 
7.23 6.28 21.2 
Void 1. 89 NAp 

'Items in parentheses are considered to be questionable and are discarded. 

Figure 6 plots lnc av versus distance 
along the airway.10 The slope K (= Lk/Av 
in equation 2) of a plot was linear for 
v = 80, 100, and 110 ft/min, but K de
creased with distance for higher air 
velocities. 

--nTThe concentration at the 700-ft sta
tion for V = 240 ft/min was considered to 
be questionable and was omitted from fig
ure 6. 

Assuming that k = k'vn where k' and n 
are constants independent of v, equation 
2 then gives K as a function of v 

KA/L k'vn -' 

and log (KA/L) logk' + (n-1) logy. 

Further assuming that the rates of depo
sition on the roof, ribs, and floor are 
equal, A/L = 2.5 = 18x7/2(l8+7). Mean 
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FIGURE 6.-Resplrable dust concentrations along airway. 

values of KA/L between sampling stations 
were calculated from c av data given 
in table 4; e.g., K200 is the mean value 
between the 100- and 300-ft stations and 
was calculated using the clOO and c300 
data." Figure 7 plots log(K200A/L) ver
sus logv for the 200-ft zone. Figure 7 
includes data measured in tests. at high 
and low RH. Figure 7 also includes 
log(K4ooA/L) and log(K600A/L) plots using 
300- and 500-ft data and 500- and 700-ft 
data, respectively. The plots have con
siderable scatter but approximately cor
respond to 

k 200 1.6x10- 4v 1 • S 

k 400 3.5xlO- 3vO. 7 

0.13 vO. 3 (4) 

where k 200 is the mean experimental k 
value for the 100- to 300-ft zone, k400 
is the mea n value for the 300- to 500-ft 
zone, and k600 is the mean value for 
the 500- to 700-ft zone; k values are 

--, 1 'rhe assumption '- of a mean K 

stations is admittedly drastic 
value s of v. 
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DISCUSSION 

The dust cloud was polydisperse, and 
a k exp value in equation 4 is a mean 
value corresponding to the particle size 
distribution in the respirable size 
range. 

The values of k exp in equation 4 are 
comparable to the simple Stokes sedimen
tation velocity; i.e., kSt = 0.2 ft/min 
for 5-~m particles and 0.8 ft/min for 10-
~m particles while kexp ~ 0.5 ft/min (if 
v = 100 ft/min). 

If deposition depended only on a simple 
Stokes-type process, then (1) k exp 
should not depend upon the air velocity 
and (2) k exp should decrease along 
the airway because the larger particles 
(which should have a higher k value) 
should decrease in concentration along 
the airway. 

However, k exp appeared to depend upon v 
in the 200-ft zone per equation 4. Also, 
the median particle size of the airborne 
dust in the respirable range was approxi
mately constant at the 100- and 300-ft 
stations; i.e., large and small particles 
deposited at similar rates along the 
airway for these distances. Although 
depletion of the larger particles appears 
to have occurred by the 500-ft station 
(the median size at the floor decreased 
from ~ 6.5 ~m at 100 and 300 ft to 4.5 ~m 

at 500 ft), the me dian sizes at 500 
and 700 ft similarly remain approximately 
consta nt with distance. 

The concrete and limestone surfaces of 
the present airway were definitely rough 
in texture, and the deposition rates of 
the smaller particles should be expected 
to be greater than the Stokes values. 
The bigger particles in the respirable 
range apparently have largely been depos
ited by the 500-ft station. Otherwise, 
the simplest explanation for the apparent 
constancy of the size distribution in the 
100- to 300-ft distance and the 500- to 
700-ft distance probably is that the in
crease in k for smaller particles due to 
roughness somewhat counterbalances the 
expected decrease in k for smaller par
ticles due to a simple Stokes-type sedi
mentation process. If so, then k depends 
upon wall roughness and should be ex
pected to vary between mines. 

However, the dependence of kexp on v in 
the 200-ft zone implies an actual change 
in the size distribution with distance 
and remains to be explained. Clarifica
tion of these features will be difficult 
and probably could best be done by 
laboratory-type tests using monodisperse 
coal aerosols. Such tests were beyond 
the sco pe of this project. 

REFERENCES 

1. Dawes J. W., and A. Slack. Depo
sition of Airborne Dust in a Wind Tunnel. 
Safety in Mines Res. Estab. (Sheffield, 
England), Res. Rep. 105, 1954, 41 pp. 

2. Nagy, J., D. W. Mitchell, and E. M. 
Kawenski. Float Coal Dust Hazard in 
Mines: A Progress Report. BuMines RI 
6581,1965,15 pp. 

3. Pereles, E. G. The Theory of Dust 
Deposition From a Turbulent Airstream 
by Several Mechanisms. Safety in Mines 
Res. Estab. (Sheffield, England), Res. 
Rep. 144, 1958, 34 pp. 

'" u.s. GOVERNMENT PRINTING OFFICE: 1986- 6(J5.{)17/40 ,068 

4. Owen, P. R. Dust Deposition From a 
Turbulent Airstream. Ch. in Aerodynamic 
Capture of Particles, ed. by E. G. 
Richardson. Pergamon, 1960, pp. 8-25. 

5. Browne, L. W. B. Deposition of 
Particles on Rough Surfaces During Turbu- J 

lent Gas-Flow in a Pipe. Atmos. Env., 
v. 8, 1974, pp. 801-816. 

6. EI-Shoboksky, M. S., and I. A. Is
mail. Deposition of Aerosol Particles 
From Turbulent Flow Onto Rough Pipe Wall. 
Atmos. Env., v. 14, 1980, pp. 297-304. 

INT.-BU.OF MINES,PGH.,PA. 28338 


