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FOREWORD

4

This volume coniains publications resulling from respirable dust rescarch performed in
{he Generic Mineral Technology Center for Resplirable Dusl by facully, stafl and graduale
siudents al The Pennsylvania Slate Universily, Wesl Virginia University, Universily of
Minnesola, and Massachusells Insilule of Technology. These publications have
appeared in scientific journals, proceedings of Lhe nalional and Inlernational
symposiums and meellngs. Complele cllations of the publications can be found in the
text. The Generic Mineral Technology Cenler for Respirable Dust Is funded by the U.5,
Bureau of Mines through the Mining and Mineral Resources Research Institule Program.
The oplnions and conclusions expressed in {he papers are those of the authors alone and
do not represent the opinions of the Generic Mineral Technology Center for Respirable
Dust, the Mining and Mineral Resources Research Inslitnie Program or {he U.S. Bureau of
Mines. Cilation of manufacturers’ names in the papers were made [or general
mlormation purposes, and do nol imply endorsement of (he products by the aulhors.

All of the publications in this volume are on research thal has been supported by the
Depariment of the Inlerfor's Mineral Instllule program administered by the Bureau of
Mines (hrough the Generle Miueral ‘Technology Center for Respirable Dusl under
allolment granl number G1135142 or Gl 175142,

In addition Lo these papers, a dusl conlereince was organized by the Center and held at
West Virginla Universlly in Oclober 1984. The conference was co-sponsored by ACGIH,
MSHA, NIOSH and USBM. Proceedings from this conference are available In the
publication, Coal Mine Dusl Conference, 1984. The generic cenler maintains a relerence
center thal serves as a clearinghouse for iechnlcal information for the generic area and
supplies reporls on generic cenler accomptishinenis.

The support from Lhe Uniled Slales Congress [or the Generlc Mineral Technology Center
for Respirgble Dust is gralefully acknowledged. We also acknowledge and appreciate the
support and Inpuls [rem USBM, NIOSIH, MSHIA, Lhe Research Advisory Council, and the
Commilitee on Mining and Mineral Resources Research which have significantly
coniribuled io the activities of the Generic MIneral Technology Center for Resplrable
Dusl.

Respecllully submitled,

Robert L. Frantz

Co-Direclor, Generic Mineral
Technology Cenler for Resplrable Dust
Co-Edltor

R. V. Ramanl

Co-Direclor, Generle Mineral
Technology Center for Respirable Dust
Co-Edilor

vii
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Excerpted From The

1988 UPDATE TO THE NATIONAL PLAN
FOR
RESEARCH IN MINING AND MINERAL RESEARCH

Repot io:; December 15, 1987

The Secretary of the Intertor

The President of the United States

The President of the Senale

‘The Speaker of the House of Representatives

Section Ble) of Public Law 98-409 of Augnst 29, 1984, (98 Stat. 1536 et seq.)
mandates that the Committee on Mining and Mineral Resources Research submit an
annual npdate to the National Plan for Research m Mining and Mineral Resources:
“Improving Research and Education In Mineral Science and Technology through
Governunent-(Federal, State and Locall, Indusiry, and University Cooperation.”

R L LT F P PP T

Resplrable Dust (centered at Pennsylvania Siate U. and West Virginla U., with affiliates
at U. of Minnesota and Massachusells Instifule of Technology): brings together experts
concertied with parlicles causing polent lally disabling or Ialal diseases, including
pneuntoconlosts ("black lung"}, silicosls, and ashestosis, 1he laiter of deep concem not
Just to workers In the mineral seclor of the economy bul also to the general populace.

2 ' md%k £ e

LT P Y Y FY

SICNED:

CarZ Win
Mini ndustry Naticoal Science
Foundation

T QU e L0 Clhppans f DLy

Don L. Warmer Walter R. Hibbard, Jr. H. De
University Administ:aztor National Academy of S, Geological
Scisnces Survey
Glertfl bty Plssun
/duseqm . Crewiey C. Calboun, Jr. bm D, Morg Q
Coiversity Adminigtrator tional Acadewmy of Engineering resu of Mine

/54@;‘7/ b 2@

Edverd 5. Pr Orme Levis, Jr. Jhows :’. 21
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U.S. Department of
tha Interior
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The Generic Mineral Technology Center for Respirable Dust

SUITE OF SAMPLING AND DUST SUITE. OF
CHARACTERIZED GENERATION METHODS MEDICAL TESTS
DUST SAMPLES '
1. Anthracite Dust /Lung Interaction 1. Rats
{Low Volatile}
2. Bituminous Particle Characterization 2. Guinea Pigs
(Medium Volatile)
3. Bituminous Mine Workers. Mining Svstem. 3. Dogs
{High Volitile} Seam Geolosv Dust Relationship
4, Fireclay Resnirable Dust Dilution, 4. Non-Human
Transport and Deposition Primates
5. Silica Control of Dust Generation 5. Black Lung
Patients
6. Rockdust 6. Healthy
People
SIZE, CHEMICAL AND
MINEROLOGICAL ANALYSIS

Statement of Goal

The primary goal of the Generic Mineral Technology Center for
Respirable Dust is to reduce the incidence and severity of
respirable dust disease through advancing the fundamental
understanding of all aspects of respirable dust associated with
mining and milling and the interaction of dust and lungs.

xiii



Control of Dust Generation



DESIGN AND FABRICATION OF A ROTARY COAL CUTTING SIMULATOR

A. Mahab Khair, Ph.D.
Department of Mining Enginerring
Coliege of Mineral and Energy Resources
West Virginta University
Morgantown, WY 26506

ABSTRACLT

This paper deals with the description
of the capabilities of 2 unique rotary
coal cutting simulator which has been
designed and fabricated at West ¥irginia
University. 1t operates under the
simulated mining conditfons with in-situ
stresses (horizontsl and vertical
stresses) being applied to a coal block
of 18 in. x 15 in. x & in. located in a
suitably designed confining chamber.
Cutting drum rotation can be varied from
1 to 40 rpm with the capability of
stopping the drum sfter a predetermined
number of rotations. Tests can be
performed with four different bit angles,
15, 30, 45 and 60 degrees. A maximum of
seven bits could be used in seven dif-
ferent orbits. VYarfous cutting depths
up to & maximum of 4 in. s possible.

Monitoring devices constitute, Linear
VYariable Differential Transformers
{LYDOTs), pressure transducers, cascade
impactors, flow meters, flow controls and
drum cutting speed, LVDTs are used to
monitor the displacement of the coal
block &s well as the depth of cut,
Pressure transducers are used to monfitor
the changas in pressure, both due to
the thrust and due. to the intermittent
cutting nature of the rotary cutting.
Flow controls will be used to run the
drum at a set rpm between 1 and 40 and to
provide a diffarent rate of advance. Al
the above mentioned devices can be opera-
ted and monitored by a fully automated
control system, Six-stage cascade
{mpactors are used to determine the mass
distribution of dust along the rotation
path of the drum. The fracture size,
shape and intensity can be studied by
optical micrescopy and the dust entrain-
ment by using high speed phatography.

This equipment will basically be used
to study the fracture mechanism in coal,
associated with operating and in-situ
parameters and further relate 1t to dust
generation and entrainment in underground
coal -mines. :

INTRODUCTION

The Federal Coal Mine Health and
Safety Act of 1969 was enacted to
enforce on the coal operators that the
airborne respirable dust not exceed

2 mg{ua. intended to reduce the incidence
of coal workers pneumoconiosis, This,
{nciuding the other aspects of the lagis.-
lation and the subsequent menitoring and
enforcement by MSHA made 1t very impers-
tive on the coal operators to provide a
relatively healthier and safer working
environment to the coal miners, Yet, it
has been accounted that since 1370, the
Federal government has paid over 11.7
bitlion dollars to over 470,000 miners
with coal workers pneumoconiosis and their
survivors (4). These reguiations couplad
with the assessment of the continuing
burden on the mipers, the mining industry
and taxpayers appears to have provided an
impetus for the mining community towards
comprehending the different parameters
that Influence the dust generation and
entrainment.

Dust control techniques such as con-
ventional water sprays and dust collectors
are only partially effective and require
additional equipment expenditures. A more
authentic approach would be to reduce the
respirable dust at the source, the con-
tinuous mining machine cutting head.
Improving the fragmentation process will
not only reduce the respirable dust at the
face, but 1t will also decrease the amount
of respirable dust that can be 1iberated
during secondary handling. As 2 result
a number of research projects were initia-
ted in the area of understanding the gene-
ration of primary dust and its control to
improve the ex{sting coal cutting tech-
nology or to develop a new one,

DESIGN PHILOSOPHY

Beacause of the complex nature of dust
generation and the uniquely varying mining
conditions under which it is generated, it
{s essentfal to develop basic solutions
to problems that are more generic, which
will be of a greater benefit to a larger
segment of the mining industry than those
resulting from previous research, Review
of literature on the coal cutting tech-
nology revealed that most of the existing
coal cutting machinery is of the rotary
type and hence any research on dust
control and entrainment should be based on
the ratary coal cutting concepts and {ts
parameters. Design and fabrication of the
unique automated rotary coal cutting
simulator {(Fig. 1) at West Virginia

Presented at the Proc. Coal Mine Duet Conference,
Morgantown, W. Va., October 8-10, 1984.
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University was based on this premise,

Furthermore, the design was done with an
fdea of incorporating the capability to
Study the different machine and in-sity

Fragmentation of coa)l which {5 yary
closely related to the generation and
entrainment of dust Particles inte air
can be expressed as a function of three
major groups of Parameters, namely:

) coal properties, {2) In-situ condi-
tions, and (3) operating parametars,

Furthermore, the operating factor
consists of parameters such as velocity

angle of attack, bit configuration, and
bit lacing (spacing and pattern},

The unique automated rotary coal
cutting simulator {Fi?. 1} has the
capability to study all thase above
mentioned parameters.

DESCRIPTION OF THE SIMULATOR

The description of the simulator can
be subdivided fnto the following:

1. Main Frame

2. Confining Chambar

3. Cutting Drum

4. Bit Blocks

5. Hydraulfc unit
Main Frame

The machine s mounted on a rectangular
frame of 5 ft. x 3.5 ft. side dimensions
with four legs which are further mounted
on wheels for Easy maneuvering capa-
bivlity {ffg. 1), "The Tegs are 37 inches
th height and are made of holiow pipe
material {nto which ons end of a screw
type bolt of 1 1pn. {n diameter 1s screwed
in. A flat plate of 0.5 in, x 4 in. x
4 in. 1n dimensign is welded ogn
to the other end of this bolt. When
the machine 15 §n position for tests
the screw bolt can be screwed down from
the hollow pipe of the leg s¢ that the
wheels are clearly off the ground and
the legs stand on the flat plate end of
the screw bolt,

Confining Chamber

The confining chamber {5 made of | {ipch
thitck steel. 1Its fnside dimensions are
24 in, x 20 in., x § in. The base plate
of the cenfining chamber {s extended by
6 inches on either side of the cenfining
chamber (Fig, 2). A slot {s made {n the
middle of this sxtended base plate on
either sfde of the confining chamber {n
order to facilitate the mounting of the
confining chamber on the main frame,

Four corners of this extended base plate
are bolted to tha four L-shaped structures
which sre further bolted to the main

frame {Fig. 3), This type of mounting was
desfgned to 1imit the titting of the con-
fining chamber, Between the four L-shaped

and 6 rows of springs (Fig. 3). These
springs absorbd the sudden impact of the
cutting drum on the coa) black. The
stiffness of thege Springs can be adjusted
8s and when needed. The L-shaped stryc-
tures are reinforced by welding angled
plates between the vertical and the
horfzonta) plates. To further Vimit the
rotation of the confining chamber which
consequently limits the bending of the
frame, two plates of about 1 in, x § {n,

x 10 in. {n size are welded to the middie
of the verticatl plates that make up the
confining chamber., These plates are then
bolted to the main frame with rubber
washers in betwesn, The extended slots tn
these plates enables the gperator to
adjust the 5prings stiffness between the
L-shaped structures and the cenfining
thamber (Fig. 2). Angled plates are
welded between these horizontal plates and
the vertical confining chamber plates {n
order to provide adequate requirsments (Fig. 4),

Lonfining pressure 1 the confining
chamber 1{g accomplished by 4 hydraulic
Tifting tyVinders., Two of these are of
10 ton capacity each with 1.5 inches
Stroke and the gther two are of 20 ton
capacity each with 1.75 inches stroke,

The 10 ton capacity cylinders aras used for
horizontal pressyre and the 20 ton capa-
city cylinders sre used for vertfcal
pressure. Hydraulic pressure is accom-
plished by two manuatly gperated hydraulie
Pumps, one connected tp the two 10 ton
cylinders while the other s connected to
the two 20 ton capacity cy) tnders.

Hydraulic cylinders are placed in the

slots of the wooden blacks which are made
to conform to the dimensions of the hydrau-
He cylinders, These cylinders apply
pressure on the steel plates of 1| 4n, x

6 in. x 18 In, s{ze at the side and * {p.

* 6 in. x 14 j§n, size 4t the bottom which
ensures the application of uniform

Pressure on the coal block, After allowing
room for the hydraulfc¢ cylinders on the
right and bottom sides of the confining
thamber, coal bloeks of up to a maximum of
18 in. x 14 §n, x § in. size can be con-
fined. For this maximym stze of the
specimen, confining pressyre equivalent

to that which exists at 1000 ft. depth of
mining can be appl{ed,

Cutting Drum

The cuotting drum {(Fig. 5) ts g tnches
in diameter and t2 inches in width.
Depending on the height of the bLit blocks
which are made to conform to certafn
predetermined bit gttack angles, the tip
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to tip diameter varies virtually with
every single kind of cutting bit. The
metered hydraulic fluid flow controls
give the operiator enough flexibility

to virtuaily rotate the drum at any rgm
from 1 to 40 and to advamce the drum into
coal at any rate of 0 to 4 inches per
minute.

power for the rotation of the drum s
provided by a gerotor type hydraulfc
motor which has a speed reducer of 20:1,
The motor has a continuous torque of 867
4n-1bs and & peak torque of 1350 in-1bs.
Mith a 20:1 speed reduction ratio, the
drum shaft attains a peak torque of
27,000 in-ibs. The unique feature of
this gerotor type motor 1s that it
multiplies the actual displacement of
the gerotor and provides the mechanical
advantage of 6:1 gear reduction. This
accounts for the high fluid displacement
and low speed characteristics with 95%
yolumetric efficiency (1).

Advancing and retreating of the cutting
drum is accomplished by four hydraulic
cylinders, two for advancing and two for
retreating. These cylinders have 2
piston diameter of | in. and a stroke of
§ inches, The pistons of the two
hydraulic cylinders which are located at
the operator end, one each on either
side of the main frame push the movable
frams on which the drum and the motor is
mounted. The retreating of the drum is
accomplished by the two cyliinders
located at the confining chamber end, one
on sither side of the main frame, The
advance and retrest cylinders can be seen
in Figs., 6 and 7.

The drum has the provision to mount a
maximum of seven bits in an echelon
pattern or two or three bits straight
across the width of the drum {Fig. 5].
1t can also accommodate 4 different bit
hiocks (Fig. B), which are fabricated
to conform to & different predetermined
pit attack angles, 15, 30, 45, and 60
degrees {measured with respect to the
drum axis).

pit Blocks

Four types of bit blocks (7 each type)
are fabricated to conform to 4 different
predetermined bit attack angles, 15, 30,
45, and 60 degrees {measured with
respect to the drum axis (Fig. 8). The
bit block 1s made of steel which 1s
welded to a base plate of 0.5 in. x
3.6 {n, x 1.5 in. size that 1s curved
to conform.to the curvature of the drum,
Four holes are driiled at the four
corners of this plate. These holes are
machined in such a way, 50 2§ to ctonform
to the holes machined on the drum. Then
a block of 1.5 In, x 2.5 in. x 4 in, size
5% taken and cut in such a wdy so as to
conform to the curvature of the base

plate {base plate conforms to the curva-
ture of drum) and the necessary angle st
which the bit 13 supposed to be with the
axis of the drum, Then a one inch hole {g
drilled in this block tnto which the diY-
ferent cutting bits will be inserted. The
biock 1s then welded on %0 the base plate
in between the four corner holes of the
base plate. A one fourth inch hole s
also made on the bit block which goes
through the top end of the one inch bit
hole. Then an alien screw §s screwed in
this hole which holds the bit {n place,
This allen screw is adjustable to
facilitate the rotation of the bit in the
bit block. This results §n the symmetri¢
wear of the bit, Four notches are made in
the bit block, two in the front and two

at the back in order to provide enough
room to run the bolts through the base
plate on to the drum.

Moyeable Frame Arrangement

The movement of the movable frame is
guided by B8 rollers, 4 on each side of the
main frame, Two of these rolliers movement
s horfzontal (Fig. 9) while the movement
of the other two is vertical (Fig. 9}.

Two steel plates which are balted to
each other in an L-thape are bolted to the
main frame. In between these L-shaped
piates two rollers move in a horizontal
direction. These rollers held another
plate to which twe small plates of 0.5 in,
x 2 in, x 5.5 §n. size are welded, These
small plates are bolted with two more
rollers which move vertically and are
guided by the horizontal plate of the
L-shaped plates (Fig. 7). The same
arrangement is there on the other side of
the main frame. This special arrangement
guides the movement of the cutting drum
in a straight line along the main frame,

Two small plates of 1 in. x § 1n. 2
9 in. are welded (one en each side of the
main frame) to the steel plates that are
held by the rellers. On these small plates
the spsed reducer with motor 1s mounted
on the right side of the main frame and
the drum shaft assembly on the left side
of the main frame.

A horizontal bar of 1 In. x 2 in. X
35 in. which extends from one end of the
malh frame to the other 1s welded to the
steel plates that are held by the rollers
on either side of the main frame {Fiqg. 6).
The two hydrauiic cylinders one on each
side of the main frame which are mounted
on the operator end push the horizontal
bar which in turn pushes the steel plates
that are held by the rollers.

The movable frame can be dismantled ,
compietely to mount the optical micro-
scope with a camera in arder tqQ photograph
the fracture surface.
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Dust Collection

Collection of dust particles is
accomplished by & vacuum pump through an
aluminum hood {Fig. 10) and the three
cascade impactors (Fig. 11}. Cos) frag-
ments are collected by using a canvas
which 15 hooked to the wain frame
(Fig. 12).

An aluminum hood of 40 ¢n, x 45 {n.
s1de dinensfons up to a height of 12
tnches in haight and tapered from
thereon 15 used. A two way coupling
connects the tapered end of the hold and
the hose which 1s connected to the
vacuum pump. A horizontal pipe connects
the hood and the sliding pipe (Fig. o).
The s11ding plpe slides on a vertical
pipe which s fitted to the right corner
of the main frame behind the confining
chamber. Two springs are hooksd
between the plate on top of the vertical
steel pipe and the sliding pipe (Fig. 1g).
The s1iding pipe has a handle and 2
locking screw which facilitates the
operator to fix the hood at any desired
position over a vertical distance of
19 inches, The hood can alsc be rotaged
aver 360 degrees. The left side of the
tapered part of this hood has a plexi-
glass viewing window {Flg. 1a). Anm
tluminuam plate can be s1id beneath this
plexiglass so as to keep the plexiglass
clean when not in use. .

Hydraulic Unit

The rotary coal cutting simulator §s
powered by a hydraulic unit (Fig. 13)
through a solenoid controlled acteator
assembly (Fig. 1), The hydraulic system
is powered by & 25 hp electric motor
which runs at 1800 rpm. The motor {%
powered by 230/460 volts at 64732
ampherage rating. The hydraulic reserveir
has 2 capacity to hold 25 gallons. The
headline flow meter monitors the flow
from the hydraulic unit reservoir to the
directional coatrolled solenoid valve
(Fig. 13). " The solenoid valve has 3
pressure rating of 3500 psi with a flow
capacity of 20 gpm (75 tpm}. Its
operating o1l temperature {s [BO° F
(82° C). The solencid controlled
actuator assembly 15 powered by 12 ¥ DC.
The solenofd controlled actuatar
#ssembly can be actuated manually
(Flg. 1) and automatically,

INSTRUMENTATION

Instrumentation fnvolves devices such
as acoustic emission transducer (AET),
Vinear varfsble differential transformers
{LVDT)(2), pressure transducers, cascade
Impactors {3), flow meters and flow
control valves.

It al1s0 involves other instrumentation
such as signal conditiening unit, JO

channel analeg data acquisition recorders,
optical microscope with a camera fitted to

1t, high speed phato?raphy unit, hydraulic
cylinders and hydrauiic pumps,

Undar a particular set ef in-sftv and

fnstrumentation. The persmeters that will
be measured are: {1) scoustic emission
activity to characterizs the fragmentation
process, (2) penetration of bit into coatl
and displacemant of confining chamber
using Yinear variable differentia)l trans-
formers, (3} penstration resistance
{thrust and cutting) using pressure
transducers, (4) collection of the respir-
able dust particles by cascade fimpactors
for respirable dyst characterization,

{5) study the derodynamic characteristics
of the fragmented dust particles by high
speed photography, and finally (6} the
fracture surface will be photographed

with a camera fitted on the optical micro-
scope, to characterize the fracturs size,
shape, and Intensity for diffarent bit
configurations.

AUTOMATED CONTROL AND MONITORING SYSTEM
(ACMS)

Apart from being asble to operate
manually the rotary cutting simulator can
also be operated by a fully automated
control and monitoring system (Fig. 14).

The ACMS controls and monitors (1
number of preset series of functions
depending an the signals which it recefives
from the program that has been incorpara-
ted Into the system.

The ACHS has switchas to operate §n a
programmed or manual run mode and con-
tinuous or counter run mode. The first
switch §s self explanatory while the
second switch runs the drum continvously
or stops 1t after & predetermined number
of revolutions. Thare are switches to
rotate the drum clockwise and counter
¢lockwise, while the thrust {s always {n
the forward direction.

The system has a cutter drum rpm sensor
which gives a digital readout of the drum
while 1t {s recording on the recorder in
analeg form, It has a thrust cylinder
pressure sensor and a cutter drum motor
préssure sensor which give an analog
output of the pressures on the thrust
cylinders and the cutter drum motaor.

The system operates in two modes. {n
the first mode, the rotation of the drum,
the advancement of the drum fnto coal, the
number of rotations of the drum and the
retreating of the drum §s all automatic.
In the other mode, the rotation of the
drum, the advancement of the drum into
coal, the number of rotations of the drum
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is automatic while the retreating of the
drum is manual.

The system al1s50 has a limit switch
which stops the drum advancement after
a predetermined depth of cut (Fig, &),
One other feature of the system is to
advance the drum to a pradetermined depth
of cut and then start cutting. The
counting of the number of revolutions of
the drum ¥s accomplished by mounting a
disc on the drum shaft. This disc has
a number of teeth on {t., Th2 program
incorporates the conversion factor to
thange these number of teeth into the
number of revolutions (Fig. 19.
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Fig. 1. The overall setup (a) rotary
coal cutting simulator, (b)
hydraulic unit, {c) ACMS control
panel, {d} data acguisition
system, {(e) handles to actuate
the solenoid valves manually,
{(f) salengid valves,

Fig. 2. Confining chamber with coal block.
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Fig. 3. Four L-shaped structures for
mounting confining chamber to
the main frame, shock absorbing
elements and the LVDTs arrange-
ment.

Flg. 4. Horizontal plates top Yimit the Fig. 5, Cutting drum and bit arrangement
rotation of the confining {a) 7 bits, (b) 3 bits,
chamber and shock absorbing c) 2 bits.
arrangement,
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Fig. 6. (a} Advancing cylinders, (t)
Horizontal bar, {c) Horizontal
distance limit arrangement.

»*

i L T . .-
Bit blocks depict four different
attack angles, 15, 30, 45, and
60 deqrees with respect to the
drum axis.

Fig. 9.

Cvtting head guiding arrzngment
{a} along horizontal plane,
(b} along vertical plane.

Fig. 10.

Ilustrates the dust collecting
arrangement. {(a) Aluminum hood,
{b) Plexiglass viewing window,
{c) Hortzontal pipe, (d} Verti-
cal pipe, (e} Lifting spring,
{f} Yacuum pump.
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Fig. 11. Dpust sampling arrangment with

three cascade impactors,

1g, 12,

Canvas beneath main frame for

cellecting large fragments of
coal.

Special arrangement for moni{tor-
ing the speed and the revolu-
tians of cuttin? drum {a) count-

ing element, (b) rpm sensor.
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STUDY OF FRACTURE MECHANISMS IN COAL SUBJECTED TO VARIOUS
TYPES OF SURFACE TRACTIONS USING HOLOGRAPHIC INTERFERGMETRY*
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Associate Professor, Mining Engineering Department
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Morgantown, West Virginia

ABSTRACT

This paper presents an analysis of fracture mechanisms in coal sub-
jected to bi-axial state of stresses, indentation of larerally con-
fined coal specimen. Coal specimens were loaded to failure by the
straight wedge indenters at various lateral confinement pressures.
Strain distribution and acoustic emission characteristics of coal
specimens under stress were recorded. The influence lines of vertical
forces acting on the horizontal straight boundary of the coal specimen
for each type of wedge indenter have been established using holograph-
ic interferometry technique. The effects of wedge indenter angle,
confinement pressure, and coal anisotropy on fracture types, failure
modes, and post-failure conditions were studied. . The results indica-
ted that combined application of holographic interferometry and acous-
tic emission monitoring techniques is not only suitable for studying
deformability of heterogeneous and microscopically discontinuous ma-
terial under stress but it also enhances the mode of fracture during
the post fallure stage.

INTRODUCTION

One of the relevant processes in the coal cutting techmology is the
application of indentation theories. Since most cutting tools in the
coal industry are wedge shaped most of the indentation research is
found for a wedge shaped tool.

A wide range of behavior is found in different rocks subjected to
the wedge penetration. A rock which is elastic brit:le at standard
pressure might become elastic plastic at high confining pressure
(Gnirk and Cheatham, 1963). It was also observed that some rocks will

*Prepared for presentation at the 25th U.S. Symposium on Rock Mechanics,
Northwestern University, Evanston, Illinois, June 25-27, 1984.
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merely be crushed and indented by a wedpe whereas others will crack
and form chips, furthermore the existence or non-existence of chips
depends mostly on the geometry of the indenter, type of rock and the
depth of penetration (Evans and Murrel, 1958). However, coal cutting
technology {s mostly explained by models which use rigid wedge to
penetrate intc a brittle material in which both crushing and chipping
will occur (Evans and Murrel, 1958, 1962). :

Depending upon the magnitude of the local flaws, at least three
distinct regions of damage below a bit can be recognized: (a) a
powdered zone adjacent to the bit (crush zone), (b) long fracturea
which originate in the first zone but extend to depth. These long
fractures are called median vents, formed during the indenter loading,
(c) an intricately fractured region in between the two above reglons,
Fractures in this region are called the lateral vents, which are
formed during indenter unloading. It was said that lateral cracks are
always assoclated with plastic deformation at high loads (Hartman,
1959; Johnson and Singh, 1967; Lawn and Swain, 1975).

Lundberg has conducted tests on Swedish Bohus Granite using seven
indenters with engles in the range of 60° to 150°. - Results here show
that no chipping will occur for angles greater than 60° while crushing
was predominant. However, for smaller angles chip failure was pre-
dominant (Lundberg, 1974).

The main objective of this study was to understand the fracture
mechanism in coal using indentation téchnique with wedge shaped tools
of different angles, at various confining pressures. - In addition to
the strain measurements, accoustic emission monitoring and holographic
interferometry techniques were also used in analyzing the fracture
mechanism. A brief introduction to these techniques is given here,.

Microseismic techniques are based on the fact that many materials
including coal, emit transient noises or vibrations. These vibrations
are called microseismic activity, rock noise, seismo-acoustical, or
acoustic emission (A.E. hereafter). The fact that these microseismic
activities are generated from regions of instability, probably due to
local failure, makes it possible to monitor failure of geologic mate-
rials (Khair, 1981). Detailed information about A.E. can be found in
Hardy and Leighton, 1977 and 1980.

Holographic interferometry is a technique of measuring surface dis-
placement. It 1s a photographic technique which needs no surface in-
strumentation, but measures displacement by superimposing a picture
(hologram) of the surface in a disturbed condition over a picture of
this surface in an undisturbed condition thus creating an interference
pattern which describes the way that the surface has moved. This pat-
tern is made up of contour lines of equal displacement. Closeness of
these displacement lines are indicative of the severity of displace-
ments (Khair, 1983). Detailed information about the holographic in-
terferometry is given elsewhere in Khair, 1983.
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EXPERIMENTAL STUDY

Test Specimens

Rectangular specimens of cpal with approximate dimensions of 3
inches were obtained from (Coal Berg No. 2) coal blocks using a water-
cooled diamond saw. The surfaces of these specimens were then ground
flat and parallel, with the help of a jig attached to a surface grin-
der as shown in Figure la. After air-drying for a week, the direc-
tions of bedding, major and minor cleat planes of each specimen vere
{identified and marked as shown in Figure lb. At that time all of
these specimens were instrumented with foil-type strain gages as shown
in Figure l(c-d). The cubical shaped specimens {Figure lc) were used
for determination of mechanical properties of coal while the plate
shaped (Figure 1d) were used for the study of fracture mechanisms. 1In
the latter case the strain gages were mounted in a position to provide
strain distribution in the specimen both laterally and vertically and
these gages are numbered from 1-5. Gages 1-4 are mounted to measure
transverse strains, and Gage 5 measures longitudinal strain parallel
to the applied load. Gage | is positioned on the upper edge away from

PLAMNE

Figure 1. Illustrates: {a) specimen preparation, (b) bedding and

cleat plane orientation (c) and (d) arrangements of strain
gages.

the loading wedge, where Gage 2 is positioned on the upper edge right
under the loading edge followed by Gage 3, 4, and 5. In order to ob-
tain a clear hologram of the specimen a coat of white paint was used

on the surface of the specimen opposite to where the strain 8ages were
mounted.

Test Facilities

Determination of associated parameters required to utilize various
equipment which, due to space limitation can only be briefly discussed.

Mechanical properties, namely compressive strength, Young's moduli,
and Poisson's ratio of coal were determined using a testing machine
and recording units. The facilities associated with study of fracture
mechanism consisted of an optical table which acts as a vibration free
surface to conduct holography, a 50 mW He-Ne laser, laser steerers and
expanders. A point load tester with specially designed sperical set
and loading edges was used to load the specimen to failure. An acous-
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tic emission (A.E.) monitoring unit and recording facility was used to
record deformation characteristics of the testing specimen. An over-
all view of experimental facilities is shown in Figure 2a. The later-
al constraint was provided by a special chamber as shown in Figure 2b.

Figure 2. Shows: (&) experimental facilities; (b) confining chamber.

Test Progranm

‘The orthotropic mechanical properties of coal material were deter-
mined and are tabulated in Table 1. These mechanical properties were
mostly used in determination of equivalent confining pressure. During

Table 1. Mechanical Properties of the Coal Tested

Compressive Strength Young's Modulus Poisson's Ratio
(psi) (10% psi)
c C c E E E v v v
x y z X y z x y z
4688 3234 7400 0.88 1.16 0.50 0.33 0.28 0.47

an experiment the test specimen was placed in the confined chamber.
While monitoring strains the specimen constrained laterally to a pre-
determined value. To avoid stress concentration due to lateral con-
straining pieces of cardboard were placed between the specimen and the
chamber. Tests were carried out at four levels of equivalent confin-
ing pressures namely (0, 200, 500, and 900 psi)}. For each pressure
level the average strain in five gages and directional elastiec con-
stants of coal were used. The specimen and the confining chamber were
then placed in the loading frame, the straight edge of the wedge in-
denter was aligned perpendicular to the specimen and the load was ap-
plied to the specimen step by step. Two wedge indenters with angles
of 20° and 45° as shown in Figure 3a-b were used. At each step the
load and the strains were recorded; the holograms of the loaded spec-
imen was obtained. Meanwhile A.E. was monitored continuously until
the completion of the experiment. Following completion of the tests,
the fractured specimens were photographed as in Figure 3c.

14
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(a) 20°, (b) 45° wedge indenters, (c) fractured
specimen.

Some typical examples of fractured specimens are shown in Figure 4.

} (F{ F‘\: S50, F(P_,o <)
Figure 4. Shows fractured specimen by using (a) 20°, (b) 45° wedge

indenters on face (F), and butt (B) cleat plane at confin-
ing pressures (Pc)'

Results and Discussions

Mechanical properties of coal tested indicated directional ani-
sotropy. Table 1 shows that compressive strength of coal in the bed-
ding plane directien is very high in comparison to the cleat plane
directions. Furthermore the value of Young's modulus in the butt
cleat is much higher than the face cleat direction. Observation
of fractured specimens indicated fibroidal texture resembling a stack
of compressed plywood in the bedding plane direction. This feature
provided rigidity in the butt cleat direction. In study of fracture
mechanisms indentation forces were applied either in the direction of
face cleat or butt cleat vwhile deformation and fracture patterns were
observed in the bedding plane. Table 2 shows the results of force per
unit of length required to split (fracture) specimen of coal by wedge
indentation under various confining conditions.

Despite the limited number of tests at each constraint condition,
the following facts are clear: a) failure force per unit of length
is less when using a 20° wedge than a 45° wedge, b) coal provides less
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Table 2. Extension Strength of Coal, Tested in Face/Butt Cleat Plane
Directions at Various Confining Pressures Using 20°/45°
Wedge Indentors

Splitting Force/Unit Lengeh (1b/in)
Equivalent Confining

Pressure _ Face Cleat Buct Cleat
(psi)
20° 45° 20° 45°
0 2302 2864 1744 2909
200 2183 4073 - -
500 2099 3584 2774 5188
200 2293 4169 3087 4318

resistance when force is applied in the butr cleat plane direction
than when it is applied in face cleat plane direction, ¢) the magni-
tude of failure force per unit of length is increasing with lateral
constraining of the sample. This fact is quite clear when force is
applied in the butt cleat direction, however the results are quite
erratic at higher confining pressures and even at low pressures where
the indentation force is applied in the face cleat. Change in the
direction of the failure plane and the chipping of the local area
under the load, as a result of high stress concentration or local
flaws, could be the reasons. Observation of a failed specimen indica-
ted more crushing and chipping when change in the direction of the
failure plane occurred.

Force per unit of length-strain distribution as well as A.E. char-
acteristics of specimen under different boundary conditions are pre-
sented in Figures 5(a-b). 1In general less strain in the specimens
were observed prior to failure when loaded under a 20° wedge than a
45° wedge. Similarly the A.E. patterns exhibited low activity in case
of a 20° wedge (Figure 5a) and high activity in the case of a 45°
wedge (Figure 5b). Higher rate of A.E., indicative of higher occur-
.rence of micro-fractures (crushing) in the specimen along the fractur-
ing plane especially at the area of the influence of the wedge. The
A.E. patterns also indicated that the rate of activity in cthe loaded
specimens increases with confining pressures, Figures 5(c-d), as well
as when the load is applied in the face cleat direction. The effects
of cleat orientation, confining pressure, wedge angle, and flaws with-
in the coal on deformation characterisrics is presented in Figure 6,
Figures 6(a-c) show the line of action of a 45° wedge Indenter in the
butt cleat direction while Figures 6(d-f) indicate the line in the
direction of the face cleat plane. Comparing tliese two series of
holograms it can be seen that a larger stress concentration zone for a
given load increment is developed in the specimen loaded in the face
cleat plane direction. On the other hand the line of action of the
wedge indenter, applied in the butt cleat plane direction, changed
throughout the specimen under each loading increment, indicative of

16
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Figure 5. Shows force/unit length-strain, strain-A.E. characteristics
of coal specimen under ccmbined action of indenters and
confining pressures. (A.E. set at 70 db at rate of 999
counts/0.25 sec. chart speed = 16 cm/h).
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Figure 6. Shows displacement contour lines in the coal specimens sub-
jected to incremental indentation force per unit length
(F;) in the direction of face (F) or butt (B) cleat plane.
{(a=c) 45° indenter in B with P, = 0 psi for (a) Fy = 346~
433 1b/in, for (b) Fy = 519-693 1b/im, for (ec) Fy = 952-
1126 1b/in, (d-E) 45° indenter in F with P_ = 0 psi for

(d) F, = 1377-1463 1b/in, for (e) F, = 206652151 1b/in, for
(£) Fy = 1900-1987 1b/in, (g-h) 20 indenter in F for {(g)

P, = 0 psi, Fy = 1379-1577 1b/in, For (h) P, = 500 psi, F;=
958-1057 1b/in, (i) 453° indenter in B with P_ = 500 psi and

F, = 2036-2103 1b/in].

strain redistribution in the loaded specimen. The higher the resis-
tance provided by the specimen under failure load the larger the
stress concentrated zone became. Figure 6-g exhibits lines of equal
displacement in the specimen similar to Figure 6-d, however the zone
of high stress concentration is much smaller due to the application of
a smaller wedge angle (20°). Observation of the failed specimen,
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under 20° indenter, indicated less damage, crushing, and fracturing
than in the case of the 45° wedge application. Figures 6{h-1) depicts
the influence of local flaws in the specimen. 1In Figure 6-h the spec-
ymen was constrained first in the butt cleat plane directlon resualting
in near horizontal lines of displacements. Then the load was applied
by a 20° wedge indenter. Discontinuities observed in the fringe pat-
tern are due to local flaws., In Figure 6-i the specimen was first
constrained in the face cleat direction resulting in near vertical
lines of displacements.. Then the load was applied by a 45° wedge in-
denter. The lines of action were altered by local flaws, and a com—
bination of high confining pressure, larger wedge angle, and local
flaws created high local stress concentration zone.

In summary the deformation-failure process of the coal specimen
under the loading conditions described in this study can be illustra-
ted schematically im Figure 7. As the load was applied to the speci-
men by the straight edge, bending of the specimen occurred as shown in
Figure 7-a. This was substantiated by recorded strain in the gages.
As the applied load increased to the failure load, under low confining
pressure the specimen split, failed in extension, and the failure
place was parallel to the direction of wedge indenter as shown in
Figure 7-b. In this case less chipping, crushing, and fragmentation
were observed in the failed specimen (Figure 4-a). Under higher con-
fining pressures and higher wedge angle when force was applied in the
direction of the face cleat plane, failure in the specimens occurred in
an extension mode where the failure plane was perpendicular to the
direction of wedge indenter as shown in Figure 7-c. Such failure was
accompanied by popping, chipping, and expulsion of material, and the
failed specimen was severely damaged (Figure 4-b) resulting in higher
debris and fragmentation.
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Figure 7. Depicts deformation and direction of failure plane. (a)
initial stage of deformation, (b) direction of failure
plane parallel to line of action of the wedge at low P
and (c) direction of failure plane perpendicular to lifie of
action of the wedge at high Pc. '

CONCLUSIONS

In general coal samples do not behave perfectly brittle, they often
exhibit some degree of ductility at the time of rupture, because they
are neither homogeneous nor microscopically continuous mediums. In-
herent imperfections such as porosity, cleats, joints, cracks add to
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the discontinuous state of coal. This discontinuity is one of the
sources of permanent deformation in the coal under stress. On the
other hand, discontinuities cause local stress concentration in the
material when stressed, and raise stress in local areas higher than
the gtrength of the material. This heterogeneity of the stress field
causes the specimen to become locally unstable before it fails.

Results of the tests indicated that faillure of coal samples under
the action of a wedge indenter were in extension mode. The direction
of failure plane was altered at higher confining pressure. Anisotropy
of coal had a significant impact on the magnitude of load applied by
the indenter to cause extension failure. Butt cleat plane direction
provided the least resistance to the indenter wedge and as a result
extension failure occurred in coal specimens with limited crushing
zone under the straight edge of the indenter. The area of contact
between the wedge and coal not only affected the size and shape of the
crushed zone in the coal sample but also altered the mode of failure
in the failure plane. The smaller the area of contact was, according-
ly the failure was in a pure extension mode. As the area of contact
increased (i.e., from 20° to 45°) the failure mode changed from bi-
mode (shear-extension) to single mode {shear). The later conclusions
were substantiated with two experiments’as shown in Figure 8. Figures
B(a-d) show loading conditions and deformed configuration of a coal
specimen subjected to a compression load applied perpendicular to the
bedding plane. From Figure B{(b-d) it is obvious that deformation
within the specimen is affected by the size and shape of the loading
platen, especially at the boundary edge where stress is highly con~-
centrated, resembling a punching effect. Extended loading of this
specimen under the above loading conditions would have caused shear
failure of the coal specimen. Figures g(e-i} illustrate point load
compression test and deformed stages of the same coal specimen.

Figure g-f shows deformed configuration of the coal specimen prior to
failure load of 300 lbs. The loading condition influenced the dis-
placement contour lines close to the centact point in a conical shape.
Extended loading of the coal specimen under this type of applied load
caused failure in shear-extension mode. Shear failure at the stress
concentrated cone and extension failure at the tip of the cone can be
observed as shown in Figures 8(g-1). Figures 8(g-i) illustrates the
extent of the shearing zone, at post failure stage under subsequent
incremental load. Fallure zones resembling the plastic zones in duc-
tile material. Traditional weasuring techniques such as the use of
strain gages would have indicated ductile failure. However these
crushed zones indicated the existence of fine particles discontinued
by micro-fractures, a characteristic typified by brittle failure.
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Figure 8. Illustrates loading condition and lines of
displacements in the coal specimen. [(a-d)
compression test under 0.8 in2 area, (b}
at 450-562 lbs, {(c) at 618-675 lbs, (d)
at 675-787 lbs. (e-i) peint load com-
pression, tip angle 30° radius 1/8%.

(£) at 450-562 1bs, (g) at 0-45 lbs, (h)
at 45-90 1lbs, (i) at 90~135 1lbs.]
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ABSTRACT

The Waticnal Acedemy of Sciences (1) recognized
the importance of studying the spatial and temporal
charscrerintics of respirable coal wine dust
atmospheren. In this paper, the propress to date
of a research project on dust transportation and
depesition in mine afrways Is presented, A
pathematical sodel is proposed for studyling the
transport of dust. A source representative of dust
gensration In undezground coal mining is defined.
The influence and applicability of surface rough-
neas, disperaivities, congniation and reentrainment
to vine dust [low sre examined. A convective-
dtffusion model ls proposed for the transport and
deposition of dust in mine alrvays, Using the
model, the spatial and temporal characceriatics can
be evalusted in terms of dust concentrations In the
alne atmospheres.

LIST OF SYHBOLS

A' = cross sectional area ol particle
¢ = alrborne concentration
C_ = drag coefficient
¢, = local stress coefficient
C » slip correction factor
d = psrticle diameter
D = diawetar ot hydraudic dlameter of duct/airvay
Dp = Brownlan diffusivity
« dispersion coefflcient in x dlrection
[ = faoning [riction facter
f4 » coefficient of friction

F = resistance to the motion of settling
particlen

F_ = frictional forée resisting movement of
deposited particle

g = acceleration due to gravity

_ k = surface roughness height

Klj - c::lllinh frequency function
t" cloas of size distribution

L' = mean free path of gas

L = length of sirway under consideration

n, = number of particles Ln sire class k

N = amsunt ol particles deposited on o surface

r, = rsdius of pasticle in £ clans

R = radius of duct

Re = Reynolds number
Scl » molecular Schmidt number
Sct = tutbulent Schaidt nueber
U = [low velocity
u, = friction velocity
= deposition velocity of particles
¥ = non-dimensional deposition velocity
v = particle seteling velocity

» distance from lesding edge of o finite
surface where 2* = 0 is che point whare the
flow starts

y = distance from surface of deposition
y = non-dieensional y = yu, /v

§ = rcbound factor of gas from a particle’s
surfoce

€ = eddy diffusivicy
g = energy dissipated by turbulence

A = coefficient of friction for soooth plpes
3 = coetficient of friction for rough pipes
u = dyramic viscosity

v = kinematic viscosity
p = density of gas
» density of pacticles

a4 m

= dimensionless particle relaxation time

-
1

particle relaxation time

INTROBUCTIOR

The predictlon of the behavior of fine particles
12 iwportant in many Elelds of science and engl-
neering including physics, chemistry, mining.
mineral procesaing, ond ateospheric science. In
wining from the health point of view, Eine coal
dust 11 swsociated with the appearance of pneumoco-
niosis in miners exposed ko the dust. Alse, in
addition to being a nuisance factor obscuring visi-
bility and genersl mobility of miners, it can lesd
to sudden catastrophic incidences of explosiona.
This paper outlines the progress te dsce of a
rosearch project on dust transportation and deposi-
tion in mine airvays, A msthemstical model ia
proposed for studying the transpott of dust for the
various mechanises., The dust dispersion is defined
in teems of a dispersion term determined (rom
experimental data by Skubunov (23)., Coagulnation In
consldered as one of the mechsnisms that can lesd
to changes in the particle size distribution.
Reenccainment o3 & possible swcondary sourca of

Presented at the Proc. Coal Mine Dust
Conference, Morgantown, W. Va., October 8-10, 1984.
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dust was examined during model developmant but wvas
aot included in the Final wodel,

Tha above factore ure inktegrated to predice
deposition vates aund ambiont concentratlons ag A
Function of time and distance. The tranapartation
of dust has been madeled os a turbulent flow phe-
nosenon in rough pipes using a convective diffusion
squation salved for several particle tanges using
finite difference techniques,

MODELING CONSIDERATIONS
Particle Deposition

Hass tranafar resintance immediately adiacent to
a surface 19 wsually described by a deposition
velocity, V, defined by Chamberlain {5) as:

V= Rfe. n

The deposition velocity equation (1) can be nondi-
mensionalized vich vespect to the friction velocity
u, ss follows:

Vv = — 2)

The deposition velocity is the sum of the depo-
sition due to various sechuninpms that act on a
particle. The chree major mechanisms of particle
deposition in tutbulent flow are Browntan diffu-
sion, addy diffusion, and sedimentacion, The other
uechanisns of minor importance with reference to
conditions prevailing in coal mine airways are mass
transfer due to thermal gradiente that exigt near
the surface of deposition, attractiovn of charged
particles to deposition gurfaces and inertlal
ippaction of particles at poilnts whoere the air-
stream undergoes abrupt changes in flow direction.

Amonget the major mechanismn of deposition,
unagimity does not exist smongst vesearchers as to
the delineation of the vegimes of the different
nechanisms with respect to particle sizes. Foc
axample, Gardnar {l1) categorizcs deposition of
particlea into three main regimes: vamely, dif-
fusional (in the order of 0.1 microns), turbulent
eddy diffusion or eddy impaction (2 to 50 microns),
and particle inertia moderated regime {iu the order
of 10 microns). S5ince in the particle inettia
soderated regime, thu deposition proceas is also &
turbulent impaction pruceas ir can be thought of pa
& continuation of the eddy diffusion-impaction pro-
cess. Friedlander (%), on the other band, adopts a
simpler classification dividing deposition into
convective diffusion {< 1.0 microus) and inertial
depoaiction {> 1.0 mlicrons). Ia this paper, the
Friedlander clawsification 18 adopted, but the
wmodel 1a developed such that all three mechanisms
are adequately accounted for.

Depopition by Convective Diffusion

Friedlander and Johnstone (8) did ploneering
work in this area. Later workers have adopted
their model assuming that partlcle deporitian In
vertical pipe flow can be described by an eddy Jif=-
fusion traneport followed by a fiunl f1'che te tie

Burface. Owen (17} proposed that particles are
convected from the reglon of snergatic turbulent
motion outside tha viscous sublayer to the wall by
the occanlonal large addy chat encroachas the
sublayer. lie supparts hias theory by relacing to a
phenomenon of aporadic vislent aruption from khe
viscous sublaycr as observed by Kiine at al. (13).
There are not many experimental or theoretical
observations on the final £light of the particles.
However, regardless of the sctual phyaicsl phenom-
ena, by assuming that the particlea are dapoaited
once they reach the viscous sublayer, the genaral
expreasion for the d{ffusion flux as proposed by
Frivdlander (9) and modified by Sehmel (21) can ba
used. This equation 1s

de
H= (Dp + o) dy + Ve, (1)

The slgn of the terrinal velocity, v_, is positive
for floor deposition and negative tof roof deaposi-
tion. For side deposition the v ¢ ters ls not
included in the expression for N-

The value of the eddy diffusivicy varies with
Uiscence from the boundary layer. When incegrating
the deposition velocity relatfonship, the 1imits of
integration will have to be taken according to the
applicability of the various relationshipe used to
deseriba the eddy diffusivity of the purticies,

Nwen (18) proposed the Following expression Eot
efv.

/v = 0,001y

0<y‘<5 - sublayer {ia)
e/v = 0.012¢y" - 1.6)7 5¢5°<20 - bufer layer (4b)

cfv=0.4(y" = 10.0)  y*>20 - curbulent core (4c)

Friction velocicy 1a colculated from the relation

(5)

»
Lo
L)

whare € 1s the fanning friction factor and is ¢qual
to one fourth of Darcy's friction €actor. This
formula is mare spplicable than others for studias
in mining as Darcy's friction factors are routinaly
calculated in mine ventlilation studies,

Assusing that the roughness of a mine alrvay ia
in the order of the buffer layer, then the integeal
for the sublayer (i.e, O<y <5) will be negligible,
Thepefgre, the igtegration will span the ceglon
5¢y <R , where B is Ethe dlnanslnnlegn hydesulic
tadiua of the duct and 13 given by & = Ru, /v,

In thia paper, the above equatica ix used for
describing deposition rates for particles with
dimensionless relaxation time (o} between 0 and 17,
wlhcre

(6)

and t 1s the relnxation time, given by

—
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n, 4%
Ml M

For ¢ betveen 17 and 265, the Wood (27) approxima-
tion, watched with Liv and Agarwol data (16), 1s
given by

+*

N
¥ 'E";-- 0.13. [£.}]

For o » 165, the Wood empitical ftormula is

+ _ 1.6 50,0
Vo= == (g - 2y (9)
Yo L]

Deposition Due to Cravitv Effeccs

For deposition on the [loor, the rate will
depend upon the termipal velocity, Ve The deposi-
tion velocity due to gravicy will be

v;ravtty T Ve (10

The aquation deseribing the termingl velocity
depends on the Particle sire range. Fuchs 4113]
calculated settiing velocities for steady atace
particle motion 1n the various size tanges, The
expreseion for terminal sectling velocity {n the 0
to 0.01 micron range is |

’ - F(4.5 a%z (11a)
Gwur
where,

udlo E

F= -—-32— .

The value of & depends on the vy the gas wole-
culas rebound Icrom the sutface of the particle and
Tanges from 1.091 to 1.175. 4An average of 1,13 1y
assumed hare,

For pareicle dismeters from 0.01 to 6 microns,
Fuchs squation 1g (21)
2

pd'g ' '
1 L br
't —ﬁu—{l.()‘ﬁ—-r-‘q—;ﬂlp (-Tr)]. (115}

The values of the coefficients A, Q and b are
1.246, 0.42 and 0.87, respectively,

For particle diarecers ETenter than B nicrons
and lese than 15 wicrone, Stokes formula is
considered applicable (21},

2
pdg
v - 'fii' . {1le)

A general equation for particle sizes Ereater chan
& microns 1s (21}

v, - (-——5- . (11d)

The drag coefficient CD is caleculated ss follows
(21):

€y = 22 (1.0 4 (asbResche’sdre’sera®) (1ef)) (12

where,

-1.1204909 x 1073
0.112008758
-2.0444472 x 1074
2.9734145 % 1077
-1.2782079 x 107}
-0,2121004 x 1071,

Lo T - N - Y
[ I B I I I |

In this papee, equations s and LIb ate usad
for the calculacion aof terwinal velocity of the
patticles of size up to 8 mictonn, For particlas
over B mierons, cquation Llc ig ured instead of [l1d
zince the results From the latter do not compare
well with other data {7},

Coagulacion

The interaction of particulate matter plays an
{nportant role in the determination of mirborne
porticle size distribution ang thus the amount
deposited on the surfaces of the airways,
Smoluchowskt (6} proposed a model for the rate of
change of the number of Patcicles in any size tange
as

doy () k-1 -
—ar "3k tel K“ninj L™ ‘1—1 Klk o {63)
14jmk

where nk(t) 1= the number of particles of size k at
time t and K, . 13 the collision frequency function
between pnrtiéleu of sires 1 and §. The First term
on the right aide represents the gain to size k
tron collisions betwesn particles i and | and the
second represents lows from the k™" claws by colli-
alons of particles of gize k with all other parti-
cles, The factor of 1/2 is Introduced becsuse each
collision iu counted tvice in the summation,

The efficivncy of aticking 1a probably dependent
on shape, nature of the surface of the colliding
particles, size, am well 28 electrostutic and Van
der Waals forces, In Lhe abeence of definire e~
erature, theoretical or experimental. the gffi-
clency of sticking {a usually assumed to be |,

In o modified form of the Smeluchowski equation
[6) cthe consideration of porosity of agglorerated

particles iz {gnored. The modified rate equation
used in the model 15:

dnk(t) L t -
Tt "3 I X_ nnen I K..n =n I ¥K,.n
de 2 gy 13071k 1.1 iK1 Tk 1=gs1 i1
1444k

(14)
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Collision Hechanisms

Cosgulntion of particles occurs when tuo
particles Intercept sach other. Assuming that all
particles that intercept ons another ndhmre to sach
othey, then the vumber of particles thar coagulace
er coalesce with time 18 given by a colliclon fre-
quancy function.  The colllsion Frequency function
depends on the physical processes involved. The
procanges invelved csn be Brownian motion, turbu-
lent motion of the fluid, differential shear of the
fluid due co velocicy pradient, and differential
setr)ing. It is assumed that ‘the particles are
non=-interacting, i.a,, the forces of attraction
between them are negligible except on concact, when
they are large enough to hold them together,

Saffwan snd Turner (20) developed a comprehien-
slve model that took into account the wotion of the
drops with the aly, sedimentation and also velative
motion due to the afr, The tormula proposed is:

- 1/2 2 Pg.2,0u,2 2
Ky = 200 e 2010 - BT 1)

1 P 2 221 2 Y4102
+3 - pp) (tl-rz) g ¢ 3('1*71) =}

{15)
::;f. (%%)1 5 l.3\.||"'”2 t:f!

an shown by Batchelor

Feentraloment

Parcicles of dust deposited on a surface may
become oirborne through the process of reentrain-
sent, Reentraipment occurs when the dispersing
force acting on che particle overcomes the forces
¢f sdhesion. Reentralnoent can take place by three
mechanicme, namely, mechonical concussion, explo-
sive dislodgement and aerodynamic dispersement. In
a duct flow, the dominating mechanism is the
temoval of particles by airflow and the turbulence
caused by it, 1.e. asrodynamic dispersement.

According to Bagnold and others {2,12) wlen the
phear due to alrilow exceede adhesive forces, then
the parcicles rall over the other grains, a process
known as saltation. Aw the particles gacher momen-
tum, thelr paths will consist of little bumps over
other particles or che surface, If the bumps are
slightly viclent, then the particles may jump above
the viscoug sublayer. The turbulent £luctuation of
the airflov may now act cartying the parcicle clear
off the surface. In the absence of anv conclusive
eviderce, it 18 presumed that once the particles
are veentrained they are carrled into the
airstrepm,

Bagnold (2} ruggeated that g static thresheld
velocicy 1s necessary to overcome thu adhesive
forces which hold the particle to che surface.

~This velocity depends nn the history ol the exposed
surface and turbulence., Punjrath and Heldman (19},
based on the Bagnold hypotheais, proposed thit the
purticle reentrafinment rate can be derived from a
force balance equation, The acvrodyuamle force F
acting on a depuaited pacticle can be written an:

2 .
C.p U A
Fa —E—_EE___—_ . (16)

At tha boundary layer vheara the sutrface has an
effect on flow conditions near it, the deag coeffi-
cient can ba replaced by a local shasr stress
coetiiclent {19}, The frictional fovce (F ) can ba
defined as: ¥

k]
- * wd
Fr pp[ R an

Reepntruinment occurs when the local aecodynamic
force exceeds the frictional force, i.e.,

2 3
d u tond
=« e 52 ppf s . {18}
Assuming the roughness haight of the surface to
be the game as the diameter of the particles, tha
Schlicheing dJefinicion (22) of cfx 1is

2 ]

_ 1
Cp, ™ (2.87 + 1.58 log x'/k) U 1o ¢52<1n (19}

thus expressing the stress coefficlent as & fune-
tion of the distance x' from the leading edge,

Assuming that the surface roughnese can be

represented by roughness height, reentrainment
occurs Af

E ]
4p df g 1/2

L]
u> (-5;———) [2.87+1.58 log(liilsf&
[ ]

]
. 102<534106

(20)
whete d is che medlan diameter of the particle.

It wust be realized that the sbove devrivations
are valid only for reentrainment from horizontal
surfaces, This aspect had attracted the attention
of sclentists atudying movement of desert gande and
resuspension and transportation of radicactive wa-
terial From the earth's surface afcer s nuclear
fallout. Mo such analysesa have been made for reen-
tvainment from the rvoof snd sldes of ducts. Little
§8 kncwn about the forces thot hald these particles
once they are deposited, It is poasible that elec-
trostatic forces, Van dar Waals forces, sucfoce
tenslon and chemical bonds may be the dominant ar
contributing mechanisms, BDue to the absence of
saltating forces which are the dominating mechan-
{sms on horizontal surfaces, the amount of reen-
trainment from the side and roof 1s probably not
signilicant. As mentioned carliec, the equations
are based on the physical interpretation of
Bagneld. Ho account 1a coken of nther possible
gdhesive meclanisms such as electrostacic forces,
Reentrainment may be Ignored sa o source-aink aince
tes effect can be dominant only at high air valoc-
itles and not at the 7 co & mfs maxioum velocitien
nogmally cncountered in mine wvorkings.

Diffusion and Pispecrsion of Dust
Skubunov {(2}) praposed the folloving rclation-

ship for the langltudinal dispecrsion coefflcient,
E .
%
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- -0.6 e
Ex 15.8 uose; 5¢, rl}lr . (21}

1o transinte the dispcrsjon coeflicicents pro-
posed by Skubunov to the tronsfer of acrosols in a
turbulent medfum, the relation between particle
acceleration and f1uld ootion has to he connidered
ss the density of the wedivm (n ) aud of the porti-
cles (o ) become tmportont. whlin the pnreicle is
very llEht. p' end pp are nearly equal, Ll.e., the

[
tatio (;E) spproaches 1.0, then the particle can

P
be expected to very nearly follow the Eluid motion.
On tha other extreme, vhere ¢ _fn_ approaches rero,
the particle will tend to recdiinPrearly fixed in
spate, end the fluid will flow around it.

A Fundowental problem in turbulent [low 1»
wvhether the motion of particles can be congidered
idencical to that of the medlam. On the basis of
theoretical studiea, Tchen (12} showed that the
coefllcientns of turbulent diffuslon of particles
are equal to that of the cedium. While particles
possess » swaller fluctvation velocity than che
wedivm, thelr velocitles are more persistent. Thus
their time gcale of turbulence and the diffusion
steps are larger than those of the elements ot the
Eluid. Siwilnr conclusions were later dravn hy Sco
{25) and Liu (15). Soo also carried out experi-
ments (26} which confirmed these conclusions.

Skubunov {24} censolidated the results of a
number of researchers to detereoine the coefficients
of turbulent tronafet. A pajor contlusion of his
work 1s that the coefflcients of turbulent transfer
agees irreapective of the nature of the floving
tluid or the diffusing inpuritles, These relate to
workings with a steady, unitorm velocity profile in
the transverse direction. Uhore the velociry pro-
tile is oot uniform, the coelficient of longitudi-
nal diffusion may be higher,

MUMERICAL HODELLLG OF DUST FLOWS

Tutbulent transfer of particulate matter in
aleflov lends itmelf to numerical analyses.
Particulate analyses differ from that ol dispersion
studlens of gasecus watter in that the dominant
physical wechanisms are site dependent.

The propectics ol o turbulent fluid are cbserved
to spread malntaining s nearly gavssian distribu-
tion. and a statistical equation for turbulent
d{ffusion of & perabolic form has often been
spplied (12). TFor incompressible {lows the
equstion in generallzed form con be expressed as:

I YR PO TP TN I 7
it Ix Fe i’ * ?,(E, iy) ¢ 3:(Ez 3:)

- U(l)%i - U(y)%% - Ulz)%% + pourccs - sinks

(22)
vhere ¢ 1s the average concentration; x, y and ¢
ace the gxea; E |, Ev' and E: are tucbhulent disper-
aion coefficienta: and Ulx)T U(y) and U(2) nre the
welocitins In the three directions respectlively.

Assumlng that the concentration vemnins tnther
conatant as one troverses from the core of the duce
to the boundary with most of the change taking
place in the boundary layers, ond basing deposition
cquations on such an ossumption, the population
balance one=-dimensional equation Eor constant
velocity in the direction s

: ?
3:1 ve E] < c
FI3 x a‘z

-1 -ii + pources - winks (23)

vitere Lot n poarticla range with representative
diameter 1,

Jc
—¢ - roee of growth of concenttation

dc
v -3% = net gain due to convective transfer

azc
E 1
A

3

« |oss due to turbulent diffusien.
x

The size distribution of the particles is
divided into n number of size classes. Thls equa-

tion i solvaed for various size classes using

represencative particle diameters. The general
tehiavior of o particular size distribution is
obtained ns a aum effect of that of the individual
size classes,

To solve the equation one initial and two hound-
ary condivlons are required. The initial condition
can be of the form:

c(x,t}) = 0 for t = D, O<x<L f24})

where L. i the length of the alrway under consid-
e¢ration. Asasuming a dominative convective traunuler
and that the concentration gradient at the point L
does not vary, it can be

de
it 1] (25)

This would meon that st the acctificial boundary, L,
the concentratlon is in the asymptotic teplon of
the falling concentrotion curve, an assumption that
would be reasonable when considaring long airways.

Source Term

Recognizing the fact that the rate of emisalon
of duat vorice with the mode of operation of the
cont inuous miner, a step type source function is
assumed (Figure 1) given by:

s{x.t} = a(:—:l)al + G(t-tz)ﬁz PN {26}

vhere 8(t-t ) is the direct delta function and ﬁl

13 the emisslon when in mode 1 of the miner's
operatlon.
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The Thomas slgorithm Eor scolution of diogonally
dominsnt tridisgonal matcicus ia used in the

computar program for solving the finite diffcrences

approxisacion of tha convective-diffusion squation
devalopad by Bandopadhyay (3).

ERLLl
1.8 1)
Tl

Dt Goneratmn Rate —e

[}
—luunl—m—'-— s . —-l&uukﬂvm‘-on v |

TatiabLby
Tiap =

Figure 1. Dust Generacion Rate of & Continuous
Hioar,

Preliminacry Anslvses of Hadel

Yalidacion of mathemstical models of environ-
mental systems is difficult due to a number of
reasons. For one, the boundaries of environmental
oystema are 111 defined, Secondly, there are too
vany parsasters of the wodel (o carry out con-
troiled validation experiments, Thizdly, model
validacion expariments can also be very expensive.

A preliminary test of the model was done using
published data (14). The sine section in which the
data vag collected is shown in Figure 2. Due to
the lack of dats on all the paraceters needed for
validation, it was poasible to cowpare enly the
depogition patterns of the model and not absalure
values. Thiz was done by taking the ratio of the
deposition at all points with tespect to point |. .
Figure 3 shows the results of the deposition
pattern obtained from the wodel. The experimental
data points are slsoc shown in the figure. As can
be seen in the figure, the depasition pateecn Is in
grneral agreement with che experimental poincs.

The discrepancy with points 2 and 3 could probably
be dus to the assumption of an sversge velocity in
the model while the velocities varied from point to
point as well as during the couvse of the expari-
ment. The experimental deposition data slso showed
some variation at the 30.48 w station., Ar points
whers more than one samples vas taken, an average

value vas susumed. Ona of the ressous for discrep-

ancy ot the last point way be the assumprion of an
arcificial boundary condition in the madel. The
last poiat i» located close to this boundacy.

It is recognized, hovever, that more than one
sat of duts can lead to similar curves. A wore
compiete and crganized data collection is necessary
to validate these cypes of enironmental wodels,

SUMMARY

A wathematical wodel has Leen developed that s
designed to evaluate:
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Figuts 3. Plot of Model Output and Experimental
Data,

l. Dust deposition in a straight section of a
roadway, Both total dust as wall as
resplrable dust values sre outpur for the
varlous polats in the roadvay.

2. amblent concentration, including concentra-
tion in the respirable range. Tioe averaged
snd Instautanzous values can be detersined.

3. eftece of varying source emigaion rstes on

the dust exposure values st the various
polucs,

On the basts of the validation teat, the wodel
for dust duposition and tramsport 1 considered
representative of che pheucmenan of deposicion.
Conplece and controlled cxperimental studias will
have to be performed for fully validating ambient
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copcentrationa and depusition topether., The model
Incorporates sevatal dominont physical mechanisms

that ave not part of presently available wodels For
aine dust flow,

The ameunt of dust & miner ik exposed to when
wotking at any locatiou is determined, at ptesent,
by mctual measurementn, MHowever, these measura-
wments are known to have a high cnefliclent of
variation, Onec way of complementing these experi-
mental data 1a to develop wathematical models that
attempt to explain the transport characteristics of
dust clouds gencrated by ninlng machines., Ln faer,
a3 the understanding of the plivsical mwechanises
that act on these clouds Increases, premining
investigation can be made of dust hazard in pro-
posed mining work areax. Appropriate measutes can
then.-ba taken, if necessary, to reduce dust oxpo-
sures. Towards thot cffert, a machematical model
for prediccing the beohaviar of dust cloyds in mine
airvavs under the action of controlled ilow has
been developed,
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SOME FACTORS [RFLUENCING THE AIRBORNE DUST DISTRIBUTION IN LONGWALL FACE AREA

H, S. Chiang,” 5. §. Peng, 6. C, Sun, and Y, F. Zhao
Department of Mining Engineering
College of Mineral and Energy Resources
West Virginia University

Morgantown, WY

ABSTRACT

Dust sampling was performed in two
longwall faces working in two separate
seams. Instantaneous dust samples were
measured by RAM's. for various locations
in the longwall faces. Freliminary
analysis of the data shows that in
addition to the shearer's haulage speed,
there are four major factors that
influence the airborne dust distribution
in longwall face areas; locations with
respact to the position of the shearer's
cutting, hardness of the materials,
characteristics of water spray, and roof
conditions, This paper presents the
effects of those four parameters in
detall,

INTRODUCTION

A research project was inftiated in
September 1983 to measure and construct
.3 dust distribution map for the ltongwall
face, During the first year, airborne
dust samplings were performed in two
longwall panels located in northern and
southern West Virginia and working in the
Pittsburgh and Eagle Seams, respectively.
The physical parameters and equipment
emplayed for both panels are listed in
Table 1. Figure 1 shows the detailed
characteristics of the coal seams,

Notice in both panels floor cutting was
involved efther to gain sufficient mining
height or to reduce the adverse effects
associated with a saft floor.

The purpose of the research is to
define the dust distribution at any
{nstance in the longwall face area so
that proper working pesitions can be
determined and/or effective dust control
techniques can be developed.

This paper presents the partial
results obtained during the first year,

SAMPLIKG METHODOLOGY

In order to understand the diffusion
and flow of dust-laden air generated from
various dust sources and construct the
dust distribution maps, the arrangments
of the sampling points for various
locatfons in the face area are designed
as follows. HNote two real-time aerosel
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wonitors (Model RAM-1} are used and
three operators are required:

A. Along the HWhole Face Area

The sampling points in the longitudi-
nal cross-sections {(i.e., along the face
advancing direction} is shown in Figure 2.
The same sampling point will be repeated
every five shields starting from the
headentry T-junction. There are two
scheaes of sampling arrangement in each
cross-section. The 3-row arrangment
(Fig. 2A) 15 suitable for the period
immediately before shearer's cutting while
the 4-row arrangement {Fig. 2B} is
immediately after the cutting but before
the support advance,

B. Shearer's Cutting

The sampling point around the shearer
and shearer operators are shown in Fig. 3.
[n order to determine the dust distribu-
tions around both leading and rear drums,
sampliings were taken around the circum-
ferences of both drums near the gobside
end of the drums.

C. Support Advance

Three or four sampling points under-
neath the roof and parallel to the canopy
were arranged for measuring dust concen-
trations before, during, and right after
support advancing (Fig. 4). The hydraulic
leg pressures of the support before and
after support advance were 2also recorded.

D. Coal Transportation

The airborne dust produced by coal
transpartation can be divided into the
following five parts:

3. During coal conveying by AFC, the
sampling cross-sections were taken
every 5 or 10 shields between head-
entry T-junction and the shearer.
The sample points in each cross-
section is similar to that shown
in Fig. 2.

b. At the transfer point where the
AFC emptied into the stage loader,
the dust concentrations were
monitored around the headentry
T-junction transfer paint.

Presented at the Proc. Coal Mine Dust
Conference, Morgantown, W.Va., Occt. B-10, 1984,
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¢. Ouring coal traveling alang the
stage lpader, the sampling points
were arranged as shown in Fig. §
for every 10 ft. interval.

d. At the discharge point from the
stage loader to the tatl-plece
of the belit conveyor, two
sampling crots-sectians were
taken immedfately befare and
behind the transfer point.

e. Along the belt conveyor in the
headentry, the sampling cross-
section was taken every 100-
150 ft. as shown in Fig. 6.

RESULTS AND DISCUSSTON

Based on the data obtained so far,
four major factors that control the
airborne dust distribution in longwall
facses have been identified, t.e., loca-
tions with respect to the positions of
the cutting shearer, hardness of the
materials being cut, water spray system,
and roof conditions.

1t must be noted that all data
presented in this pzper are instantanecus
dust concentration and each data point
i{s a mean value of from 30 to 30
measurements. For simplicity, only the
dust concentrations along the walkway
are presented unless otherwise stated in
the text.

(1) Location with Respect to the Positions
of the Cutting Shearer

Dust concentration at any point at

any instance varfes with the movement
of the shearer.

figures 7 and B show the airborne dust
distributions around the shearer under
different cutting directions at panel #2,
and panel Fi, respectively. Generally,
the leading drum cuts the full drum
height and generates the majority of the
dust measured while the trailing drum
makes much less amount due to lesser
amount of coal cut. When the shearer {s
cutting from headentry to tailentry
{(Fig. 7), the shearer is moving downwind.
Dust concentration increases rapidly on
the downwind side beginning with the
teading drum, Within the shearer, the
Towest dust level occurs near the rear
drum operator’'s position, [t {ncreases
on both directions, i.e. both toward the
rear drum and leading operator. When the
shearer is cutting upwind (Fig. B}, the
dust concentration at the leading
operator 1s higher, 1t decreases con-
tinuously on the downwind side [l.e. even
at the rear operator's position) and
reaches the lowest level at two-support
distance downwind from the rear drum.
tt then fncreases gradually away from the
shearer,

Therefore under both caonditions, the
rear operator’s position and his {mmediate
neighborhood have the lowest dust concen-
tration which are approximately 50-60%
Tower than that around the leading drum
operator, This can be attributed to the
following two factors:

(1) Water spray - the use of shearer
clearer system with water sprays
located and oriented strategically
confines the dust-laden air on
the face side of the shearer
(Fig. 9).

{2) The air speed near the shearer
increases significantly due tao
the reduction In cross-sectional
area avafilable for air flow.
Higher air Speeds tend to
dilute the afrborne dust con~
centration (Table 2).

HWowever, after this low concentration
area in the return air side of the
shearer, the dust concentration increases
gradually untdl 1t reaches the highast
Tevel which is generally 2-3 times higher
than that around the leading drum eperator
(Fig. 10). Beyond that point, dust cen-
centrztion decreases away from the shearer.
The distance between the point of highest
dust concentration and the shearer depends
on the dust concentration of the dust-
Taden air flow, air speed, 51ze and weight
of the airborne dust particles. The
higher §s the airborne dust concentration
and the lower {5 the air speed, the
shorter is the distance between the point
of highest dust level and the shearer.

For example, the sverage dust concentra-
tion near the shearer in panel #1 is less
than 2 mg/m3 and the local air speeds are
more than 800 fpm at the shearer's
position and 400-500 fpm behind the
shearer in the return air side, the
highest dust concentration (4.5 mg/m3)
occurs at the 26th shield (130 ft.)
behind the shearer, whereas in panel #2,
the highest dust concentration (19.8 mg/m3)
appears onlty 50 ft, behind the shearer.
In comparison with panel #1, the averzge
dust concentration is much higher

(5 mg/m3) and the air speed is much lower
(1.e. 238 ft, at the shearer's location
and 210-240 fpm behind the shearer on the
return atr side}.

Figure 11 shows the dust distribution
around the drums. The higher dust con-
centration occurred near the top side of
the 1eading drum during cutting while
during the clean-up trip, the higher con-
centration always occurred near the bottom
of the drum,

{2) Hardness of the Material to be Cut
The amount of dust ?enerated durfng

cutting fs proportional to the hardness
of the material to be cut (e.g. soft vs.
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hard coal and coal vs. rock). For
fnstance the Hardgrove Grindabflity
index {HG1} for the Eagle seam is higher
than that for the Pittsburgi seam

{Fig. 1), the dust concentration
genarated in the Eagle seam is much
higher that that in the Pittsburgh seam
{(Fig. 10).

Furthermore, in order to make a mining
height of & ft. for optimum Support
operation in panel #2, sometimes, the
shearer has to cut the floor about 1 ft.
deep. Airborne dust concentration during
floor cutting fincreases significant\y
and reaches up to 12 mg/m® which is 4-6
times higher than those during coal
cutting (Fig. 12).

(3) Water Spray

At present water spray on the shearer
s the mwost {mportant and effective
technique for reducing airborne dust
level. Figures 8 and 13 fndicate the
significance of water spray fin dast
reduction. Once the water spray on the
shearer was completely turned off
during cutting, the ajrborne dust
concentration_fincreases suddenly reaching
up to 12 mg/m3 for the softer Pittsburgh
seam (Fig. 8) and 42 mg/m? for the
harder Eagle seam {Fig, 13) which fis
6 and 12 times, respectively, more than
those for normal cutting with water
sprays. The effects of water spray
system under four working conditions
{Fig. 8) on the effectiveness of dust
reduction was conducted in panel #1 -
using GCA RAM-1. Obviously the internal
water sprays which were mounted on the
cutting drum near the cutting bits were
most effective. The dust concentratians
when the external water sprays were
turned off (i.e., only internal water
sprays were operating) were only 30-60%
of those when the internal water sprays
were turned off (i.e., only external
water Sprays were operating). Table 3
shows dust concentrations at various
positions under the four working
conditions. Hote that for panel #1, the
water was supplied at 452 psi and 115 gpm
whereas for panel #2, 1t was 300 psi
ard 80 gpm.

it contrivutes to the girborne dust
generation for anly a short period of
time, The amount of afrborne dust
generatad by support advance depends on
the {mmedlate roof conditions. Filgure 16
shows a systematic result of sirborne dust
cancentration and variatfons during sup-
port advancing process under various
immediate roof conditions., Oust concen-
tration under various steps of support
advancing {i.e., leg Vowering, support
advance, and leg rising for resetting) are
different, The airborne dust concentra-
tions messured under crushed roof condi-
tion are 2 times (for support advance

and resetting) to 8 times (for leg
lowering) more than that under stable roof
conditions. Therefore some effective dust
contral techniques are necessary when the
fwmedfate roof is unstable or crushed.

Summary

There are many factors that affect the
dust generation and distributicon in the
longwall faces. Those generic to all
longwall faces are shearer's cutting,
support advancing, immediate roof condi-
tion, cutting drum's rotatfonal speed,
shearer's hawlage speed, coal conveying
by AFC, method of ventflation, alr speed,
effectiveness of water spraying, hardness
of the material to be cut and coal cutting
methods, etc.

The first year's results have ¢learly
demonstrated that shearer cutting is the
primary source of airborne dust generation
while support advancing is the secondary
source (especially under crushed roof
condition) although it occurred in a short
period of time. Airberne dust generated
by AFC and/or belt transportation is
rather 1imited, generally 0,1-0.3 mg/m
depending on the loaded length of the
conveyor, Therefore the study of dust
distribution in longwall faces equipped
with DERDS {double-ended ranging drum
shearer) should focus on the location
with respect to the position of the
shearer's cutting drums.
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A dust curtain was mounted lengthwise
across the shearer's body in panel #2.
Figures 14 and 15 show that a dust cur-
tain 1s an effective method for reducing
the dust concentration on the gobside.
This 4s particularly true for the rear
operator's position (Fig., 34}, The
effectiveness reduces toward the down-
wind side between the rear and the
leading operators {Fig. 15}.
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{4} Support Advance under Yarfous Roof
Conditlions

Support advance is a neglected dust
source in modern longwall face, althouah
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ABSTRACT

An adrborne dust study was undertaken
at a Southwestern Pennsylvania underground
bituminous coal mine by the Pennsylvania
pepartment of Mines and Mineral
fndustries fn 1964 for the purpose of
making recommendations and requivements
regarding compliance with heatth and
safety aspects of The Bituminous Coal
Mining Laws of Pennsylvania, approved by
the legislature on July 17, 1961. The
study was designed to accurately
represent the airborne dust conditions
of the subject mine. Sampling by midget
impinger of specific worker locations
throughout the mine was accomplished.
Sample analyses yielded dust concentra-
tiens in mppcf, particle size determina-
tions in cumulative per cent less than
specified cut-off diameters, and
determinations of free silica percentages
in total dust samples. The data from this
study s further analyzed, and the results
ars presented,

THNTRODUCTION

The Bituminous Coal Mining Laws of
Pennsylvania, enacted in 1961, prompted
a study of respirable coal mine dust by
the Department of Mines and Minerals
Industry in 1964. 1In recegnition of
their obligation for ensuring the health
and safety of bituminous coal miners, the
department set out to characterize the
airborne dust of mines throughout the
commonwealth, The purpose of the studies
was to make recommendations and require-
ments far compliance with the law and for
control of airborne coal mine dust in
Pennsylvania mines.

One such study was undertaken at an
underground bituminous coal mine operating
in the Pittsburgh Seam in Southwestern
Pennsylvania. The study was designed to
sample specific worker locations through-
gut the mine site and characterize the
respirable dust relative to each of then.
A midget {mpinger was used to gather
respirable range dust samples during an
B-hour shift. Continuous miner operater,
roof bolter, stoper bolter, loading
machine operator, shuttle car operator,
gathering motorman, mainline motorman,
and rotary dumper jobs were sampled

Presented at the Proc.
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underground. 1In addition, barge mover,
coal sampler, fine coal operator, heavy
media operator, and boller room attendant
occupations were sampled on the surface.
The surface sampling was over a 7i-hour
shift because of UMWA contract provisions.

DESCRIPTION OF THE MINE AND MINING SYSTEM

Coal was extracted at this mine by the
room-and-pillar method, utilizing &
G-entry system, A GCM continuous mining
machine equipped with B to 10 water sprays
ripped the coa) from the face and dumped
it on the bottom. It mined a 4-foot pass
and the roof bolters would next {install
anchor bolts, The roof bolting apparatus,
fncluding a dust collector system, was an
{ntegral part of the 6CH. Supplemental
bolting was done with a pneumatlc stoper
bolter. An 11BU loading machine loaded
coal dumped on the bottom fnto alternating
105¢ shuttle cars. The shuttle cars
trammed an average distance of 425 feet
to a ramped dumping point. lere the
shuttle cars dumped their payload into
6-ton mine cars which were supplied to
the section via a continuous loop track
system (40-pound rafl). A car mover,
controlled by the shuttle car operators,
was placed between the rails at the
dumping point to move wagons as they were
1oaded,

Two 13-ton gathering locomotives were
used on a section to transport loaded
30-wagon trips out of and take empty trips
of 10 wagons back into the section. Main-
line S0-ton tandem locomotives were used
to pull 50-wagon trips to the mine bottom,
approximately 4.5 miles away. The rotary
dumper dropped wagon payloads into two
12-ton skip buckets lalternating) which
w?re hoisted to bins at the preparation
plant.

In the preparation plant, coal was
washed and sampled for quality., A yield
of approximately 80% resulted from the
beneficiation process. HWeavy medis washing
by rotary processors, fine coal washing by
drag tank and rheo launders, and elaborate
washing by froth flgtation were performed
in the plant. The product was loaded into
1000-ton barges at a loading tipple on the
nearby river.

Coal Mine Dust Conference,
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METHOD OF SAMPLING

As mentioned previously, midget
impingers were used to sample the
respirable range dust existing at
specific work locations. A team con-
sisting of two state mine inspectors, a
company industrial hygienist, and a
company dust sampler gathered the samples,
The impinger was located In close
proximity to each worker position sampled
on separate days. A 20-minuvte sample was
taken each hour during the shift. Thus,

8 samples were obtained for each under-
ground job sampled, and ? samples were
obtained for each surface job sampled due
to a 7i-hour work day. In addition to
the impinger samples, a drop cleth sample
of total dust was obtained for amalysis
of silica. A total of 162 20-minute
samples were gathered during the study,
consfisting of 120 underground samples and
42 surface samples. Twenty-one drop cloth
samples were taken, one for each work
position.

SAMPLE AMALYSES AND RESULIS

Each 20-minute sample obtained had a
particle count analysis (200 particles by
micro-prejector) made on it, and a
determination of number concentration
was made {in mppcf). The B 20-minute
samples (7 for surface work position)
obtained for a work position on a day
were then combined into a weighted number
concentration. A size analysis was also
made. Table 1 shows the resuits of these
analyses for weighted number concentration
in mppcf and average per cent of particles
less than | micrometer diameter for each
worker position sampied. The geometric
standard deviation and count wedian
diameter are alsoc given to fully
describe the particie size distribution,
Analysis of the drop cloth sampie for
per cent silica is also listed. The
worst number concentratfon during Lhe
shift 1s given to show the relative
maximum deviation from the welghted
number concentration.

Threshoid 1imit values {TLY’s) for
maximum permissible number concentration
in 1964 were dependent upon the per cent
sfiica-1n the dust, Ffor less than 50%
silica, 50 mppcf was allowed. For s111ca
content greater tham 50%, a TLV of only
5 mppef existed. Number concentrations
which exceeded the existing TLY for any
work position sampled are boxed in Table
1. Two samples were out of compliance
according to these TL¥'s. A roof bolter
and a stoper bolter were over the maximum
allowable number concentration value of
20 mppef for dust containing from 5% teo
50% sitica. 1t {s interesting to nnte
that 1f the silica content of the dust was
less than 5% in &} cases, then nol a
single noncompliance would have occurred.

Needless to say, the dust study was
very favorable for this mine. The two bad
samples could have been easily brought
into compliance by simple alteration of
the dust collector systems of the roof
bolter and the stoper bolter according to.
the dust study committee. Comparison with
dust standards exfisting today, however,
gives quite a different result.

FURTIER STATISTICAL ANALYSIS

Using original particle size distribu-
tions and number concentrations, further
statistical analyses were wade on the
samples. 1lhe resulting mass concentrations
and MRE equivalent mass concentrations
were then evaluated in accordance with
modern dust standards. Using the geo-
metric standard deviation {G5D)} and count
median diameter (CMD) for each size
distribution, the mass median diameter
{MMD) was calculated using

MMD = CHD, {3 1n®

GSD).

The total percentage of mass which would
have been deposited on a filter following

a 10 mm cyclone separation of the
atmospieric dust was then computed using
the ACGIH curve for the 10 mm cyclone
collectton efficlency and the cumulative
mass distribution curve described by the
MHD and G50 for a specific worker positien.

Ay using the particle size statistics,
the particle diameter of average mass was
determined from

. 2
dm CMDell.S 1n° GSD)
and then the total dust mass concentration
was computed using

3
Cm = C" %; dn .

This total dust mass concentration was
then multiplied by the percentage of total
mass collected by the 10 mm cyclone to
arrive at a respirable mass concentration.
Finally, the respirable mass concentration
was multiplied by 1.38 to obtain the MRE
equivalent mass concentration which is the
benchmark for determination of compliahce
with present statutes contained ¥n 30 CFR
70.100 and 70.101.

1t is important to note here again that
the maximum allowable respirable mass
concentration is dependent upon the quartz
content of the respirable sample. When-
ever the percentage of quart:z exceeds 5%,
that number is divided inte 10 to get the
total respirable dust thresheld 1imit
vatue. Table 2 reflects the results of
these computations. Agatin, boxed concen-
trations represent those which would have
been out of compliance with current law,
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COMPARISONS AND CONCLUSIONS

The results summarized 1n Table 2
present a totally diffevent perspective
on the dust conditions at this mine.
Seven of fifteen underground samples of
work positfions are out of compliance
according to the MRE equivalent mass
concentrations. Three of the ten are
nearly out of cempliance because of the
quartz content of the total dust. Six
out of eleven Face worker samples are
out of compltance. The roof bolter who
was determined out of compliiance in the
original study s found to be in
compliance with respect to mass concen-
tration. The shuttle car operator and
one of the CH operators sampled were {n
compliance under either analysis, Two of
three CM operators, one lcading machine
operator, and three of four roof/stoper
bolters are out of compliance. A1}
three locomotive operators are found
nearly out of compliance primarily due to
silica content of total dust. This may
or may not held true If the respirable
dust were analyzed for quartz content.
M1 surface work pesitions were in

Vable 1. Results of Dust Aralyses - 1964
t Worst

Worker Type L] L 3] Kour  $1lica

Pasition Mining  {wppef) 1 um LMD 65D II" Content
TH Operator REY 15.26  52.0 0.%1 2.99 35.86 n
LM Oprrator RET 0.5  SLS 0.0 271 .7 7
Roof Bolter OV wo s ams 651y [ 51
5 Operator DEY 3 sne 0B 207 1O T
M Qperator DEY 29.96 540 092 .01 51% (1]
Roof Holter DEY .80 495 128 27 LW s
Stoper Bolter  DEY  [30.87] 46.0 1.145 2.8 76.30
Stopar Bolter  OEV B.41 400 1.5% 241 6.0 fO%
LM Operator DEV 13,62 475 1.909 145 20.m ]
€ Operator RES S.12 S0 0.6 4.1) 20.6d “
5« Operator RET .77 515 D.EE? 135 7.6 "
6. Materman - 327 580 b4l 295 S22 21T
Dumper - €25 SI.0 o.er 337 B «
M. Materman . 418 640 D715 259 10.68 228
N, Motorman . N NS o6 242 698 2
Soller Attnd. - LM 0 1 % TET 0%
Slate Picter - 10.30 615 D033 3.8z ) TH
Barge Hover - 0.965 %60 D0.89F7 273 1.8 a
Sompler - 5.99 515 0.9)1 2.88 .08 51
Wy Medis Opr. - 6.09  $3.0 0.9 4.M 40,15 ”
Five Coad Opr, - 449 N0 065 2.3 5w kH]
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compl lance origina!lr and are found in
compl iance upon further analysis.

Mo problems have occurred at this mine
in complying with modern standards for
respirable dust concentratfon. 1[It {s
obvieus from this analysis that much was
done to achieve compliance. A mpre
effective water spray system was necessary
to gain consistent compl fance for CM
operaters. A better dust collector system
is now used to ald in compliance for roof
bolters, Loading machines are no longer
used In the mining cycle at this mine, so
noe comparison uil? be made, nor will
discussion on improvement methods be
addressed. Stoper bolting is rarely used
now, generaltly only for bolting over falls
construction work, or on the havlage for
supplemental support. The motormen have
stayed in compliance with present
standards although ne dust control
improvements have been effected. This
perhaps has resulted from more favorable
quartz content determinations as analyzed
from the respirable mass collected.

Table 2. Results of Further Analyses

Worker Type Cy $14ca, r'n 3 HRE

Position  Mining {mppcf) Content (mo/m’)  Equly. ¢
CH Operstor  RET  15.26 n ey [z23]
LM Operitor RET 10.59 F4 3 1.3 1.81
Roof Bolter  DEY  [31,60] 55 0.95 1.1
SC Operator  DEY R T LT 0.22 .30
CH Operator  DEV  29.96 2t ae L]
foof Bolter  DEY 26.00 ix 4.5 i£33]
Stoper Bolter €Y [30.37] 13 2R E I T TY
Stoper Bolter  DEY LU m tes  [Em]
LM Gperator  DEY 1.2 .63 a8 730
M Operator AET .12 41 0. 19 0.26
SC Operator RET 4.77 k4 0.26 0.36
6. Motorman - 122 [y e.32 0.4 s, D.AE
Tumpnr - L 11 0.1} 0.18
M Hotormen - s DBE] ooe  [032]  ws. 0.ae
M. Hotorman - 0 [7]  em 0.4 vs. D4
FaVler Attnd, - 28 o .10 0.14
Siate Plcker - 10.30 [ 0.0¢ 0.08
Burge Mover - 0.965 &} 0.10 0.1
Sampler - 5.99 1] on 0.98
Hyy Hedls Gpr. - 6.9 " 0.09 0.04
fine Cozl Opr. - K49 i 0.1l 0.4)
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Table 1. Physical Parameters and Equipment Employed in Longwall Panels.

Panel Humber
Mine Humber

Coal Seam
Depth, ft.
Thickness, in.
Panel Layout
Panel length, ft.
Panel width, ft.
Number of Entry
Entry width
S{ze of chain pillar, ft. x ft.
Ventilation System
Poweared Suppert
Type
Setting: psi/tons
Yield: opsi/tons
Number of Units
Cutting Machine
Type
Haulage {chainless)
Haulage speed
cutting, ft/min.
¢leaning, ft./min.
Cutting pattern
Cutting web, 1in.
Cutting drum rotational
speed (rpm)
AFC
Type and chain strand
Chain size, mm.
Motors, HP
Stage Loader

Table 2. Afr Speed at Various Locations

Location

Headentry

Shield #1

Shield ¥l

Shield #30

Shislid #50

Shield #70

Shield #50

Shield #1110

Headentry side operater
Tailentry side operator
Tailentry

1
[}

Pittsburgh
750
12-16

3760
550

4

13*10"
100 x 1156
Antitropal
Shield
Gatlick-Dobson 2-leg

4500/342
70207535

112

L §
i

Lagle
1100
60-66

2400
590
Head 4/Tafl 3
20"
Head 80 x B0/Tail 40 x 80
Antitropal
shield/chock shield/shield
W51.7/B52.1/Dowty 4-leg
41357240, 420G; 480
7255/420; 5440/550; 7150/760
161 + 5 + 12 = 1iB

DERS DERS
Eickhoff £DW-150-2L Sagem
Eickhoff Rack Eickhoff Rack
13-18 19-15
30-40 15-25
Tail-to-Head Head-to-Tail
]} 10
15 45
H & B, DCLS Wwestfalia Lunen, DCCS
26 26
2 x 200 1 x 175
Long-Airdax H&B
Along the Face.
Local Air Speed, fpm
Panel #1 Panel #2
561 2N
431 -
423 -
418 233
4§24 214
423 21}
414 232
464 240
855 3318
915 340
418 224

41
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Table 3, Dust Concentrations under Four Working Conditions for Panel #1

Airborne Dust Concentration, ng!n3

Testing Condition Position* Haximum Minimum Mean Standard Deviation
M 7.8 2.8 5.54 1,551
L LI z.9 3.8z 0.419
R 1.¢ 0.6 0.91 0.285
A1l sprays closed B, 6.1 2.9 4.66 1.003
84 12.7 5.7 7.84 0.097
BB 13.4 9.5 11,08 1.514
GL 3.3 1.6 2.30 0.395
Onty external °R 1.6 0.9 1.29 0.29%4
sprays opened Ag 5.1 0.9 2.9 0.864
OL 2.3 1.1 1.59 0.337
0g 2.6 1.0 1.19 0.293
‘R 4.6 1.6 2,77 1.106
Only internal
sprays opened Bz 3.6 1.6 2.38 0.521
By 4.2 1.8 2.79 0.668
B6 4.5 2.7 3.37 0.550
ER 1.3 0.5 0.80 0.283
M 1.4 1.1 1.22 0,109
L 2.9 1.2 1.67 1.120
R 2.5 0.6 1.1} 0.214
AR 1.4 0.4 0.9 0.313
A1l sprays opened 82 0.8 0.6 0.68 0.100
B, 1.2 0.9 1.01 0.100
Bs 2.8 1.0 1,85 0.550

*L - teading shearer cperator; R - Rear shearer operator; M - Between L & R; Agp - Hear
the sprays arm of the rear drum; By » By BE -at 2, 4, & shields from the rear drum
of the shearer during shearer cutting rom tail- to headentry.
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INSTRUHMENTATION FOR THE MEASUREMENT
OF RESPIRABLE COAL MINE DUST
Yirgll A. Marple, Frofessor
Kenneth L. Rubow, Reseprch Asxociate
University ol Minnecsota
125 Mechanlicsl Engineering Building

1

LNTRODUCTICN

Resplirable dust o defined as the dust
vhich penetrates to the slvenlated teglons
of the lungs. Due to the size selective
aature of the particle removal wechanisms
in the nasal pessages and lung sicvsys,
criteria defining vrespirable particles
sust be a function of the particle gize.
Three criteria defining resplirable par-
ticle penetration are shovn in Figure 1,
These criteris have been defined by the
Britieh Medical Research Council (BHRC),
the Awerfcen Conference of Governmental
Industrial Hyglenismte {ACGIN} and German
TAF 50-11 (1).

The quentity of resplrable particles in
an serosc] can be wmessured by use of two-
stage ssuplers. The first stsge conslsts
of & patticle preclasstfter vith penetra-
tion characterictics corresponding to one
of the respirable penetration curves In
Figure 1. The large nonrespivrable dust
perticles are removed from the airstresn
in the preclessifier and the snaller
respirable dust particles pass on to some
device vhich can measure thelr con-
centratfion (the respirable duse
ctoncentratfon}.

Instrumentation for the meacurement of
respirable coal mine dust has been limited
by the severe conditfons extsting within
the coal wine. The conditions of par-
tlevlar {mportance are the methane atmos-
phere, high husidity, and the genetal
non-laboratory type envitonment. The most
severe of these conditions 13 the methane
atmosphere since any electronle ar
¢lectric povered instrumentation wust be
fntrineically safe to operate in such an
atmcsphers.

In spite of the difflculty of sampling
resplrable dust within the nines, ssny
instrusents have been developed [or In
mine use. Although these Instrunents
operate under a varlety of principles,
they generally fall vithin two categorles:
personal sasplers and areas samplers.

A permcnal asmpler ls worn by
vhile he 1a performing his dutles In the
mine. These devices ate genecrally small,
Tight velight and requive little pover so
49 not to Interfere with the winer's abi-
Iity to work.

on the other hand, are

Area monitorse,

Chureh
Hinneapolis, MW

the miner

Strect
55455

larger but yet portable inctrumente which
are generally located st fixed posltions
and sasple dust from s specific ares of
the mine. These devices normally operate
on the same principles as the personasl
samplery but are larger in gize and often
are more versatile in thelir functlons.

The more poverful scphisticated [nstru-
maents used for analyeing povders and
instruments tov messure stmospheric aercosol
partlicles sve norwmally not Intrinslcselly
safe and cannot be taken Into the mine.
Even {f the instruments were to be made
Instrinsically sefe they are vsuvally too
large and cuabersome to be transported
easl]y to the wvork place and from loca-
tion to location within the mlne. For
these instruments to be used in anslvring
coal mine dust poartlcles, the particles
must be collected within the wine and
brought to the surface for analysis.

In this paper the most common personal
#nd ares samplers are revieved and the
adaptation of the tecently developed serc-
dynamic perticle sizer to messure the size
disetribution of cos!l mine dust collected
in the mine and trensported to the surface
s described. A general discussion of
these different types of samplers as well
#3 specific descriptions of several

100 Loy
80 - -
ACGIH

;Q - _
z 60 - -
2
5 - -
=
w 40 - .
5 _ /7eF s0-I
a.

20 -

0
0 2 4 6 0

AERODYNAMIC PARTICLE DIAMETER Jpm

flgure 1. ACGIK, BMRC and TBF 50-1)

reapirable dust criterla.

Presented at the Coal Mine Dust Conference,
Morgantown, W. Va., October 8-10, 1984.
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samples and Inptruments can be (nund In
the book Alr Sampling Instrusentas (1) amdg
the report "Heasurement and Comtrel of
Respirable Dust™ {21},

PERSONAL SAHPLERS

Personal samplers are worn by the indl-
vidua) vorkers in an attempt O measure
the concentration of the resplrable duat
to vwhich the worker is exposed. MHost per-
sonal ssmplers are almple devices con-
aleting of a parcicle classitier, [llter
collector for the resplrable particlea snd
s pusp. However, the recently developed
MINIRAN iv 8 compact photometer vhich can
ba worn by the worker as & resplrable duast
sampler.

Of the classifier/I[i1lrer type sanplers,
the Dore-Oliver cycione followed by »
fi1lter (s the most common {J-6). AL &
flow rate of 1.7 or 2 liters per mlnute
depending upon the dust, the classilica-
tton chavactecistices of this cyclone
approximate the ACGIH respirable curve.
Thus the large nenrespirable particles are
renoved §n the cyclone and the smaller
resplrable particles penetrate the cyclone
to be collected on the Filter. The fliter
is velghed before and afrer a test and the
mass of particles collected on the fliter
devermined gravisecricslly. The alr 13
pulled through the cyclone and {ileer by
an inteinsically safe personal ssmpling

pump .

A siwilar device, the SINPEDS, has been
used in Britein (7). This unit again hes
s cyclone for a preclassifier and collects
the particles upon & fllter.

Recently, tasrtlal ispaciors desipned
{n such & ssnner as to provide penetvation
charsceerlstics which sre silmilar to
elther the ACGIH or the British HRC
resplratle dust curves have been deve-
loped (B). These devices are vetry slallar
to the cyclone Filrer devices with the
exception that the cyclane hes been
replaced by an tnertial impactor. The
sadvantage ia that the dmpactor csn be
designes for any sasple flovw rate. Thus
the only lisit omn the flov rate is set by
the asppling pump.

The GCA MINIRAM {CCA Corp. Bedford, HA)
{¢ & smull photometer which makes use of
the oprical systes to discriminate sgainst
the lavge nonreapirable particles and 1
only senaitive to the respirable frection
of the aerosel (9). Therefare, this pho-
tometer does not require the vse of &
claselliter sand no pump Is needed. The
HINIRAM ta designed ta such a fachion that
the alr curvents carry the particlen
through the sensing cavity ol the photo-
meter. The HINIRAM has the advantage of
electronle dats aquisition snd can provide
the msass concentratlon an 2 funcrion of
¢cime. The disadvantage of such & device

1a that cellbreatfen of the Ilnstrument is
requlred since 3t Ia not measurlng the
aass of the particles directly bui the
Jight scatveved from an aevrosel cloud.

AREA SAMPLERS

Ares vampletrs are designed to be
located In s speclfic srea of the slne and
mepsure the mass concentrations of the ’
serosol In that ares. These Losctruments
are uswally portable so they can be woved
easily from locatlon te location but are
toolarge to be ueed a3 personal samplern.
Hany of the sres senplers une a
preclasaliier in much the sace mannsr &8¢
personal eamplers. One of the oldaspt of
these asmplers is the British HRE
Gravisetric Dust ssmplet uvaing a horlzon-
tal élutrlator as & preclensifier to model
the Brleish HRC respirable curve (10},

The particles which penetrace the
elutristor are considered vrespirable and
are collected vpon a filter. 1In more
recent developments, thie horizontsl
elutriator has been vsed an 2
preclasstfier for photometers as In the
SIHSLIR 11 sampler.

The Dorr-Oliver 10mm nylon cyclone has
also been uscd a5 a classifler on aveas
samplers such as for the GCa RDH-1D1,
ADH-301 and RAH-1 instrusencts. For the
CCA RDH-101 and EDM-301, parcicles which
penctralte the cyclone are collected a2t 4w
impactor stege and the mase of the par-
ticles messured by beta sttenuation
through the deposit {11-16)}. The 10an
cyclone 1s alsc usaed a3 o preclassifier on
the RAH=1 which 1s & photomserer (9,
17-19). Since the scerosol 13 passed
through the Dorr-Oliver cyclone, the pho-
tometer i» now measuring the concentration
of the respirable psrticles as defined by
the ACGIN criteria vheress the SIMSLIN 11
(Rothecoe & Hlitchell Led., Rufslip,
Middlesex, England) photowmeter 18
measuring the concentration corresponding
to the Britlsh HRC critevia {16-20}).

Yet another photosetric device utilizen
the wave length of the light source aad
the angle of the optice to discriminate
agafinst the large nonresplrable particles.
This device 48 the Tyndalloaeter TH
Digical Sawpler (Ernst Lelt: GmbH,
Mettlsr, West Cermany), which 1un designed
to detect the pavrcicles sccording to the
IBF S0-11 cespleable criteria (16, 19-21).

As Indicated above [t ls isportant to

be swate of the varlous resplrable dust
cicetla snd choose » sampler vith

respirable classiflcarion of the criteris
of interest. MWowever, §if a pecsonal
cascade lapsctor such as the Harple Hodel
7198 (Andeison Samplers, Imc., Atlasnta, GA)
Is used, the mass slze distcibution of the
aerosol will be messured and any of the
above ment loned resplrable criceria can be
spplied. The une ol this personal cescade
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Figure 2.

impactor will therefore yleld more infor-
sation than a single stage respirable
classifier.

THE DUST AERODYNAMIC PARTICLE SIZER

Recently a nev instrupent for measuring
the serodynsmic parricle stze of aerosol
partfcles has been developed by TS50 Inc.,
500 Cavrdigan Road, Shoreview, HN 55112,
This inscrument, called the Aetodynamic
Particle Sizer (AP5), Model 3300, is
eesentially a high technology inertlsl
impactor {22-24). The acerosol particles
sare accelerated through a nozzle in much
the came manner as in an inertial iopac-
tor. Hovever, Instead of the jeti of par-
ticles jmapinging vpon an impaction plate
8 in ap {apactor the particles are passed
through a split laser beam. The APS
seasures the velecity of the particlesn
between the tvo beams. Since the airflow
15 sccelerating through the nozzie there
15 a lag in the particle velocity coupared
to the air velocity. Since particles wich
higher fnertis {larger particles) have
lover accelerstion, the veloctity of the
Intger particles vill be less than the
velocity of the smaller particles.
Therefore, by measuring the velocity of
the particles at the exit of the nozzle
the werodynamic dlametear of the partlicles
¢an be deternined.

The AFS e sutonated to present the
sercdynanic dlamecer perticle sdze diseri-
bution in much the game manner ms #n oprl-
cal particle counter. That 15, a

47

The aerodynamic particle sizer system.

histogram of the concentration of par-
ticles a5 8 function of parcicle size.

To vtilize this device to messure the
slre discributfion of coal dust particles &
dust dispercion system vas developed 85 an
accestory to the AFS. A photogtaph of the
system Lls shown in Flgure 2. The matin
cemponents of the system ere the dust
disperser, the APS, microconputer data
acquisition and analysis system and The
excess parkicle dump. It may be noted in
this flgure that the APS is opevrated In an
inverted position so that the particles
can be aerosolized and transported ver-
tically upward directly into the inlet of
the APS5. The APS can operate in the
inverted position withaut any moedlfica-
tions te the instrument.

A schematic disgram of the system s
shown in Figucre 3. The procedure to anas-
lyze a dust 12 to place the dust on a
tample plate from where §t ip piched up by
afr streac floving upward Lo » small
capiliary tube. Thie tube operates 835 &
se2l} vacuun clesner passing over tChe
sample plate. The air §5 drawvn up the
caplllary tube at the vrate of 2 liters pet
winute by a venturd asplratoer. This {5
accomplished by placing the outlet ol the
caplliiary tube near the throat of Lhe ven-
turli., The Accelerated velocity of (he air
creates & )ow pressure In this reglon
which dravs [lov up the capillary tube.
From the outlet of the capilinry tube dust
I's transported upwatd to the Iinlet of the
APS where o swmall fraction 1is smopled and
the aerodynamic disweter of the particles
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dust acrodynamic particle sizer
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measured., The particles which are not
measvred by the APS mre passed through a
filter (patticle dump).

There are twe important criterla for
thist dust dispersion system. Filrat, the
particles must be disperced {n a steady
manner such that no “puffs™ of particles
are introduced into the APS., Il pufls of
particles wvere sampled by the APS, {1t
would becowr overlosded and ertronecus
results obtalined., Second, the particles
must not be agglomerated when they enter
the APS or the APS5 will messuvre the acro-
dynamlc dlameter of the agglomerared par-
ticles rather than the individual
particles. Thus the dust dispersion
systen must disperse the patticles in »
ttendy munner without puflz and must
thoroughly deagglomerate the particles.

The steady dispernteon of the dust van
obtained by uelng » vough surfsce
{sandpaper) nanmple plate. To prepsre a
sample plate the povwder is placed upon the
tough surifece and then sprend over the
surface vith the edge of & glasgs slide.
The pawder particles are nov In the crevi-
g of 1he vorgh surface. As this rough
sutivsce Ly passed vnder the inlet of the
cantliary sampling probe, the dust par-
tlcles ave xucked out ol the ctevices and
transported up the tube. 1T the wurfasce
of the sample plate 15 not rough, the
povder will be draun Into the caplllary
tube a3 clumpe which vesults In pufllng of
the dispersion system. Several types of
rough surfaces were tested In ouc lat re-

tory and ordinary sandpaper surfaces were
found to worh best.

The acrosol particles vere deagplo-
merated In thre venturd throst. This 1
achieved by the shear [orces genevated
bretveen the Wigh velocity gas thtough the
venturi and the lov veloclty gss parcticle
stveanm coning lfrom the exic of the
caplllary tube In the ventur!l throst. The
gas passing through the ventur! throat not
only tends to break up the agglomecrntes
due to shear [orces bul mlso scty ap a
theath sround the serosol satreas Ln the
throst section of the venturl se as to
reduce particle lossens {particles depo-
sited upon the walls of the venturi}.
Seversl tests vere pecformed with dif-
ferent slte ventuti! nezzles snd different
flow vates., Tr hLan been found ther good
operation is obtelned with [lovw vates of
12 t/a through the venturi and 2.0 L/a
through the caplliary tube.

fFlgure L shows a photomicrograph of
coal dust pertlcles that hasve been
dispersed in lhe system. MNote that essen-
tlally all of the particics are completely
deagglomerared and that the APS would be
escasuvrlng the aerodynamic diameter of the
indlvidual particles.

The particle induced signale from the
APS are processed by the microcomputer to
provide nuaber, surfuce ates and wacs slze
distributlons of the aecosol pareicles and
histogrenmse nce displayed. The calcule-
tions for the surface nres and moans size
¢istrfbution sssume that the particles ave
sphericsl. Severs] sasmples of coal dust
particles have been anslyzed in our
laborstotry and a typlcal size distribution
{s shovn in Flgure 5. Any particulasr site
diatribution of sn aerozel can be stored
internelly In the mlcrocomputer and used
a8 5 standard te compare to other size
dictributions seasured by the APS, This
routine divides the number of particles In
esch slte range by the nuvaber of psrticles
in rovresponding size tanges of the stan-
dard distribvution. This ig & convenjent
wode of operatlon for checking the repro-
ducibllitty of the APS in that s cowmparison
should give Ldentical values for this
ratlo in a1l of the size vanges. Such s
cosparison is shown in Figure 6. MNote
that the velue of the nuaber concentration
ratio 1s nearly equal in sl]l channels
todicating that the size distribution was
the sane (or both runs.

In the gystem o8 shovn in Flgure 3 the
serodynemic porticle size distribution of
a poudet srample can be measured. A povder
temple aust be collected In the mine and a
g1te distribution measured by the APS gt
o vremote Jocation. However, the APS wvould
be much more usefut 1 1t could oseassure
the setodynanic divmeter of the alrborne
particies in a aine. To achleve gthis, &
varintion of the dust sevrodynesic pacticle
slier was developed. The principle of
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this varistion 19 to collect the alrborne

particles in the sine an & filcer and then

redlapecse the dust perticles from the
filcer and measure the aerodynanic
diameter size dlstrlbutlon with the AFPS.
This has the added sdvantage la that the
mass concentration of particles collected
on the filter can be detercsined gravi-
mecrically before the particles are snos-
lyzed by the APS. Thus the aass
concentration snd the slze distributian of
the particles can be measured from one
filter ssaple.

Ta investigate the redlspersion of the
particles from the [ilier the systen was
configurated a3 shown in Flgure 7 with the
APS (n the uprighe position and # precl-
slon aerosol dividec {(23) placed on the
tnlet of the APS, The precision sercsol
divider Is essentlially a filter holder
with a saspling probe penetrating the
center of the (11cter. The aercsol being
ssapled by the filcer 13 then split dwo-
kinecically into two streami., One ol Lhe
streaws pésses through the centval probe
to the APS5. The other stream passes
through the filter where the partlcles are
collected. 5ince the distance betveen
where the aeroscl stream is ssmpled lsaki-
netically to the poafction where the par-
ticles are collected on & filter or
senpled by the APS Lls very shorg, there
ate lov losses In the systen and 2 good
splic of the parcicles L9 obralned,

In this program, coss dust psarcicles
were ficat dlspersed from the sandpaper
sasxple plate and the particles passed
thtough the precision serosol divider sand
APS . The slze distribution was messuvred
by the APS snd saved In 1its menocry. The
fllter wag then removed from the precision
aerosal divider sand placed upon the ssmple
plate with two sided sticky tape. This
ftieer was then placed below the capillacy
dust pickup tube and the particles were
vatuumed [roe the filter. The site
distributlion of the particles redispersed
fram che filter were again measured by the
APS. A coopasrlson of this size digtrfbu-
tion vas asde to the original wlze disgtri~
bution and the cosparative graphs from two
tests shown fn Fligure 8. Note that the
relative concentration of the particles in
the redispersed duat was spproxivately 21
of the concentreotion of the povder in Lhe
original dust. The comparison betweewn the
size distrvibuction indicsctes that the alze
distribution of the redisperned dust fs
nearly the same an the slze distribution
af the orlginal dust. The varlactlons
shown in the comparison graphs are prob-
ably duc to statistlcal fluctuarions since
the aumber nf the tedispersed particles
vas qulte small.

Duce t3 the resulis of this test, it Is
foell that Lt 18 possihle o take fllrer
samples, obtain the maes concentratlon and
then redisperse the dust into the APS o
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Flgure B. Cowparison of the gilze diptri-
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from p filter to the eriginal size
distrlbutien.

obtain particle glze distribution,

Further testing wEl]l be tregquired te vert?
this hypothesls and the limitatlons af
this techninque ascertained. Iev is
ohvlans, ot example, that 1he rartlcles
#ill neot disperse vell from 8 Fllter which
has been collected under high molsture
conditbons which will cake the parzicles.

One Final feature of the dust disper-
sien system ig that the ventori ceplllary
tube section of the dust dicperser can be
repoved from the frame and used st a wand.
The sovrce of the vacuuam in Ehe caplilary

tube f8 in the venturi. Thus, 1f alr is
passing through the venturl, there will be
an sir flov up the capilinry tube. Figure

9 shovs this mode of operation. Here the
disperser {5 being operated by hand ta
recsove the particles from a Filter on the
sample plate, This particivar feature of
the dust disperser adds ro ite versatiliey
in that nov the wand ctan be used to rrobe
the parcticles from surfaces nmot suitable
for insertion in the dust dispersion
chamber.
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Inhalatlon of certain forms of
sllica, msbestos and some other
respirable dusts can result in
pulmonary fibrosls, characterized by
destruction of the surfaces of alveoll
and respiratory bronchioles. Fibrous
thickening of the alvecolar septa
decreases the lung's capacity for gas
exchange,

Pulmonary macrophage daemage by
respired dust may initiate the
fibrotic response. In one proposed
mechanlsm, dust particles interact
with the plasma membrane of 2
. macrophage. This damages the cell or
fnduces some hyperactivity of the
cell, resulting in excessive release
of lysosomal enzymes and reactive
forms of oxygen (1). These reactive
enzymes or radicals then damage the
glveolar surfsce epithelial cells. A
second mechanism has zlso been pro-
posed (2,3) in which dust damage to
the macrophage causes the release of
mediator substances which induce
pulmonary fibroblast cell proliferation
and Iincreased collagen synthesis.
This produces fibrous tissue in the
terminal air spaces (4,5).

Mineral surface interactions with
plasma membrane lipoproteins have been
proposed as a mechanism of lytic
danage of pulmonary cells by silica
dust in numerous models (6,7). The
significance of dust surface proper-
ties has been further revealed in
studies showing significant changes in
dust induced cytotoxicity as & function
of dust surface crystallinity and
organic or inorganic contaminatjon or
coating of mineral surfaces (3,9},
Such modification of the mineral
surface might interfere with surface
sites responsible for the toxicity of
dusts for pulmonary macrophages, thus
interrupting the early stages of the
process of Eibrosis,

In vitro cellular assay systems
using erythrocyte hemolysis or the
release of macrophage cytosolic or
lysosomal enzymes following dust
challenge, have been used to analyte
the initial mechanism of diust damage
to cells. However the ability of
these assays to predict the pulmonary
disease producing potential of various

dusts is imperfect owing to some
“false positive” results, These
assays as performed are therefore
questionable models for the initial
lesion in pneumoconiesis or silicosis.
In particular, kaolin frequently is
found to have comparable biclogical
activity to silica quartz in these
essays (1¢,11).

Silica and ksolin have distinctly
different flbrogenic potentials.
Sillca is highly fibrogenic, resuviting
in both acute and chronic silicosis
{(12). Some epidemiclogical data and
animal experimentation data have
fndicated that long term exposure to
kaolin can result in pneumoconiosis;
however, kaolin Is relatively benign
as compared to silica (13-18). Kaclin
is also of interest because it is one
of the msjor mineral inclusions In
Eastern U.5. bituminous coals. We
have observed that exposing respirable -
sized native silica or kaolin for two
hours to pulmonary macrophages results
in a greater enzyme release for kaolin
exposures, on a dust mass basis,
Exposure of erythrocytes to the dusts
also results in greater levels of
hemolysis by kgolin for equsl mass
respirable dust doses, Therefore,
these results do not correlate
positively with known disease inducing
potentials of the two dusts.

Characterization of physical and
chemical surface properties of dusts
involved In occupational exposures,
and characterization of the alteration
of those surface properties which are
likely to occur upon deposition of the
dust in the lung, should improve the
fdentification of respiratory disease
hazards.

Inhaled dust particles deposited in
the lower respiratory tract will come
in contact with pulmonary surfactant.
This surfactant forms a surface film
on and emulsion in the liquid hypophase
coating of the alveoli and respiratery
bronchioles. The primary constituent
of this pulmonary surfsctant is the
lipid diacyl glycerophosphorylcholine,
lecithin (19), Because this lipid is
also & major component of cell
pembranes, it ls possible that
surfactant can interact with mineral

Presented at the Proc. Coal Mine Dust Conference,
Morgantown, W. Va., October B-10;1984. MWNational
Technical Information Service Report PB86 169380/AS

Springfield, Va.: NTIS



THE RESPIRABLE DUST CENTER

dust to sltar its intersctlon with
macrophages and other pulmonary cells
and, thus, Jts pathogenicity.

Adsorption of dipalmliteyl lecithin
from emulsion in physiological saline
by ksolin, s layered alumino-sillicace,
does occufl, (20{ In addition, sillca
slso exhibits the capacity to absorb
surfactant-like uaterlal.f!l}

Our esrhier research gquantified the
aasorption of dipalmitoyl lecithin
emulsion in physiological saline at
370C by 8 tasltn respirable sized
dust of 26 mé/g specific surface
srea. In the concentrated enulsion
ran!e. up to 18 weight lecithin to
kaolin was adsarbed.

1t has been suggested that such
adsorption of lipids may alter the
cytotoxicity of dusts (22,23,24). We
have been studying this question,
using dipalmitoyl} lecithin in physio-
logical saline to pretrest dusts to
model the initial contact of respired
dust with pulmonary surfactant.
First, we sonitored cytotoxicity using
two a535ay SYSLtems. The release of
three eniymes from pulmonary
macrophages were used as indicators of
cell death or damage following dust
exposure in vitro. lactate
dehydrogenase (LDH) and two lysosomal
enzymes, bets-glucuronidase (s-GLUC)
and beta-N-scetyl glucosaminidase
{s-NAG) , were measured in the
external cell sedium following dust
exposure and compared with total
intracellular levels for unexposed
controls, Second, hemolysis of
erythrocytes was usad as & specific
jndicator for externsl cell membrane
lysis by dusts. These assays were
used with native silica and kaolin

dusts in contrast to experiments using

lecithin treated silica and kaolin.

we present here some tepresentative
deta obtained in studies of silica and
kaollp respirable sized dusts.
Complete data will be reported
clsewhere.

Crystalline silics {Min-U-511) was
fractionated using 8 pPonaldson
classifier and the 80V < 5 wm
particle diameter fraction collected.
The silica was at least 9§.5\ pure as
determined by x-ray energy spectre-
metric {XES) analysis. It had »
pedian area equivalent dismecter of
1.24 ym. The specific surface area
of the stze Eractionated silica was
2.97 ml/g as determined by BET
Mitrogen adsorption.

Kaolin Erom Georgia Kaolin Hills was
similarly size fractionated to obtain
s fraction 90% <« § pm particle
dismeter. This kzolin was at least
9&% pure snd contained no crystalline
silica #s determined by XES analysis.
The specific surface ares os this
kaolin fraction was 13.25 mé/g, 2%
determined by BET nitrogen adsorptlon.

Stock dipalmitoyl lecithin (DPL)
emulsions of 10 mg of DPL (Calbiochem)
per ml of Ehysiologi:al (0.165M) saline
were made by sonication. Silics and
kaolin dusts were exposed to DFL by
vortexing the sized, untreated dusts
into DPL emulsion st 7.5 mp dust per
pl emulsion and incubating the mixtures
for one hour at 37°C. Thts provided
awple DPL for kaolin surface coverage
as estimated from the adsorption
isotherm dats extrapolated to the
surface area of the kaolln used.
Silica and kaolin controls were
similarly iIncubsted in physiclo jcal
saline withoot DPL. Following 1ncu-
bation tile mixtures were cencrifu ed
for ten minutes at 590 xg and eac
dust resusgended in Dulbecco's
phosphate buffered saliae (PBS]); this
procedure was performed twice. The
stock suspension of Z mg dust per =l
PES was diluted to make sample dust
suspensions used. Dust suspension and
DPL emulsification did not change the
osmolarity of 296 + | =Osm or the pH
of 7.3 of the saline system.

As one index of cytotoxicity,
hemolysis by the mative and treated
dusts was messured. Sheep blood
erythrocytes were prepared as a 4% by
volume suspension in PBS after three
washes in PBS with centrifugation
at 990 xg. Aliguots of this suspension
and the dust suspensions were mixed in
equal volumes to nake samples of 2% by
volume erythrocytes with treated or
pative dust concentrations Erom 0.1 to
1.0 mg/ml. Hemolysis assays were
performed using the method of
Harrington et al. {25), with minor
changes. MNative silica or kaolin and
DPL emulsion-treated silica or kaolin
suspensions with erythrocytes were
incubated at 179C for oae hour, and
then centrifuged at 990 xg for ten
minutes, Neggtive controls contained
only erythrocytes in PBS. Standard
lysate controls were made by lysigg
erythrocytes in PBS with 0.5% Triton
X-100. All samples were read at 540
nm on & spectrophotometer against
distilled Hp0.

Alveolar macrophage eniyme release
studjes were carried put using
alveslar macrophages harvested from
male Sprague Dawley rats weighing
250-275 grams. Following sacrifice,
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lungs were laveged repetitively (10-12
times) with calcium and magnesium Eree
Hank's balanced salt solution.
Macrophages were sedimented by
centrifuation at 990 xg from the
tooled lavages and suspended in HEPES
uffer art pH 7.4. Cell counts were
made by trypan blue dye exclusion
test(26). From 85 to 90 percent of
the cells counted were viable, based
on this test. Approximately 95V of
the cells obtained by lavage were
slveolar macrophages.

Suspensfons of native or DPL-treated
silica or kaolin were mixed with the
nasrophage suspension to produce 2 X
10% cells per wl of suspensicn and
dust concentrations of 1 mg per ml of
suspension. All samples were
incubated for 2 hours at 379C in a
shaking water bath, Following
incubation sll samples were centri-
fuged at 500 xg for 10 minutes and
total and released asctivities of 3
enzymes were determined In duplicate
tests. For estimation of total enzywe
released, one set of controls of cells
without dust were lysed with 0.2%
Triton X-100 at the end of incubation.
LDH activity was determined according
to the method of Reeves and Fimignari
(27}. 6-GLUC activity was measured
using p-nitrophenyl--D-glucuronide as
the substrate, according to the method
of Lockart and Kenedy (28). B-NAG was
assayed according to the method of
Sellinger et al. (29). Percentages of
enzymes released were calculated
relative to the Triton lysed samples.

Representative hemolysis data shown
fn Figure 1 indicate that the silica
and kaolin have comparable cytotoxici-
ties for erythrocyte hemolysis on @
dust mass or specific surface area
basis. However, the cytotoxicity of
both silica and kaolin |s almost
complately suppressed by incubation of
the dust with lecithin emulsion in
physiological saline.

Representative data on the release
of three enzymes f[rom pulmenary
macrophages are shown in Figure 2.
Both dusts show compzrable cytotoxi-
city for pulmonary macrophages as
indicated by comparabie macrophage
release of the three enzymes. Once
again, lecithin pretreatment reduces
the macrophage cytotoxicity, for these
two hour incubations of treated dust
with the macrophages, to background
levels.

Suppression of the toxicities of
both dusts by lecithin pretreatment in
these assays may represent a prompt in
vivg physiological response. No -
Fibrosis occurs in the early stages of

sillca exposure. To the extent that
such lecithin treatment is & represen-
tative model of one interaction of
respired dusts In vivo, the assay
results imply that the pulmonary
surfactant system may constitute 2
defense system against prompt lytic
damage to pulmonary cells by respired
dusts. This is not inconsistent with
the in vivo phenomena of lipidosis, an
early response of the lung to silica
exposure, in which alveolar type 1I
cells release greater than normal
amounts of pulmenary surfactant (30).

The comparable short-term
suppression of the cytotoxicity of
both dusts by lecithin does not
correlate with known relative dust
Eathogenicity since siljcs quartz is

ighly fibrogenic. |If relative
pathogenicities of silica and other
silicates originate in dust damage of
the macrophage, then, that damage must
manjfest itself over a longer time
period, that is, sfter phagocytosis of
the dust by pulmonary macrophages. If
g dust particle does not promptly lyse
and kill the macrophage it will be .
phagocytized and taken into a phagoly-
sosome. There it will be exposed to
lysosomal enzymes, among which are
lipases capable of digesting lipids.
Pulmonary macrophage phagolysosomal
digestion of serum protein from the
surface of phagocytized silica has
been reported YJI].

We are investigating a8 research
premise that after phagocytosis and
formatjon of the secondary lysosome,
the protective surfactant surface
coating on silica may be entymatically
digested, re-toxifying the dust within
the macrophage. As a corrollary, such
processes may be quantitatively or
qualitatively different for dusts
which are not so pathogenic as silica
in vive, i.e., kaolin, As a first
Step we are studying the in vitre
ability of a specific 1ipid active
enzyme, phospholipase Az, known to
be present in macrophage lysosomes, to
affect & lecithin coating on silica
quartz, and on kaelin.

Representative data for the
restoration of cytotoxicity of
lecithin treated silica and kaelin
dusts by phospholipase Az treatment
are shown in Figure 3; the sssay used
wis erythrocyte hemolysis. Commercial
phospholipase Az, cbtained Erom
Crotalus adamanteus venom, was
dissolved 1n PBS supplemented with 1
m4 CaCl, and made up to 2 mg/ml,
equivalent to 400 units/ml. This
solution was diluted 1:4 and 1:400.
Enzyme solutions were kept on lce
until used.
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As additional] controls, dusts which
had not besen lecithin treated, were
subjected to phospholipase A3
treatment.

Silica and Kaolin dusts were flrst
incubated with dipatmitoyl lecithin
for IS hours, following the same
procedure as discussed above. Then
they were washed and incubated in
vitro with phospholipase Az for one
hour at 379 with lipase concentra-
tions adequate to provide enzyme
activities ranging from I unit-minutes
to 44000 unit-minutes. The high
activity point in Figure 3 is an
exception to this; incubation time was
22 hours vsing the same enzyme
concentration used for the 2000
unit-minute point. Dusts were then
incubated with erythrocytes [or one
hour. Representative data are shown
for silica in Figure 3.

The Figure 3 ordinate shows the
phosphoiipase A; restored
cytotoxicity of lecithin treated
silica or kaolin as a precentage of
native (nen-lecithin treated) silica
or kaolin cytotoxicity. The abscissa
shows the amctivity of phospholipase
Az used in the one hour incubations.
The final point is the “theorerical
equivalent® activity of the 22 hour
incubarion.

The data Indicate that treatment

with phospholipase Af can restore

the cytotoxicity of lecithin
pre-treated silica to levels
approximately equal to native or
bare-surface silics levels, shown by
_the "100% retoxification" level. This
implies that the lecithin component of
_ a pulmonary surfactant defense system
against the lytic effects of respired
particles, By be undone by the
pulmonary macrophage phagocytic
defense system against bacterial
challenge, Sisilar studies using full
pulmonary surfactant and pulmonary
macrophage lysosomal enzymes are
required to further Investigate a
research premise, that the delecerious
effects of respired silics begin afrer
phagocytosis when the protective
surfactant coachng is digested and
desorbed by lysosomal eniyms activivy.

The results for kaolin retoxification
are qualitatively differeat from the
sillica results, as shown In Figure 3.

Using the lecithin-kaolin adsorption
Isotherm data extrapolated by specific
sucface area to the kaolin used here,
‘and using the homogenous phase
entyeatic activity of the phospholipase
A2 used in these studies, the

phospholipase actlvity between 20
unict-minutes and 200 unlt-minutes is
the approximate activity in homogensous
pliase reaction needed to digest the
amount of lecithin coating the kaolin.
Figure 3 shows that in this activity
tegion the restored hemolytic
cytotoxiclty goes from nesr the
totally suppressed levels for lecithin
coated kaolin to levels greater than
the cytotoxicities of native (non-
lecithin treated) kaolin. The
restored cytotoxicity, therefore, may
not be due to digestion and removal of
the lecithin from the kaclin. That
is, unlike the case with sillca, the
phospholipase treatment may not bare
the kaclin surface. Treating kaolin
with lyscolecithin and using this dust
in erythrocyte hemolysis assays
results in cytotoxicity levels
comparable to the lecithin-
phospholipase treated kaolin levels.
Treating silica with lysolecithin
results in hemolysis assay results
comparable to those using lecithin-
phospholipase treated silica.

Further research is underway to
determine if lysolecichin, with
palmitic acid the product of
phospholipase Ay digestion of
dipalmitoyl lecithin, remains bound to
the kaolin surface following
phospholipase treatment of lecithin
coated kaolin, and if phospholipase
stays associated with the kaolin
surface. Preliminary thin lajer
chromatographic analyses of chlorofors
elution of the lecithin and
phospholipase treated kaolin show that
lysolecithin is associated with the
kaolin surface after phospholipase
digestion.

These preliminary studies indicate &
quantitative and qualitative difference
in the restoration of hemolytic
totency of lecithin treated silica and

aclin following phospholipase
digestion in vitro, The results
indicate that the lecithin coating on
silica may be digested and desorbed by
lipase, restoring silica toxicity.
Further research usini mixed component
pulmonary surfactant In longer term
macrophage expasures and studies using
full macropha,e lysosomal enzyme
treatment of tull surfactant treated
dusts 1s regquired to determine it
similar digestion and desorption
within macrophage phagolysosomes night
occur to reto:i%y silica within the
macrophage.The lecithin protective
coating on kaolin may be partially
hydrelyred but may be vemoved
incompletely; and therefore kaolin may
not be restored to its original
toxicity during phagocytosis. This
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msy correlate with the different
pathogenicities of sillce and kaolin,
IE ksolin.coated with lecithin and
lysolecithin or other digestion
products Is not lytic to the interior
phagolysosomal membrane.

These results provide the following
research premise which is now under
fnvestigation: a) pulmonary surfactant
coats silica and sluminosillcate snd
protects the lung sgainst irmedizte
lg:ic damage by the dusts; b} after
_ phagecytosis of the dusts by

mscrophages the. lysosomal enzymes
- digest the surfactant coating: c) this
bares the surface of silica which then

lyses the Jysosomal membrane and thus
damiges or kills the macrophage; d)
some surfectant snd products of
surfactant digestion by lysosomal
entymes, which are not toxie¢ within
the interior of the lyscsome, stay
bound toithe surface of kaolin and
continuve to suppress its toxicity.

 While surfactant may provide a
natural defense system to minimize the
prompt toxicity of inhaled particles,
the emulsifying properties of
surfactant may also enhance the
toxicity of particles which are ccated
with or consist of organic compounds,
by assisting the in vivo solubill-
tation of these toxic organics.
(32-34) The solubilizing effect of
pulmonary surfactant may mffect the
release of toxic msterials Erom .
respired particles Into the alveclar
hynghase, the clearance of those
solubtlized toxicants, and the -
partitioning of toxicants into
alveclatr cells. 1In this area current
NIOSH research is directed to studies
of the pulmonary surfactant extraction
(s simulated in vivo process) of
sutagenic mat®rials from respirzble
diesel exhaust particulate. As
measured by Ames assay Eor reverse
mutation in Salmonella typhimurium
(35), extraction ol mutagenic
materials does occur and resuvits in
some cases, in slightly greater
mutagenic activity than that of
standard organic [dichloromethane)
extraction products.

Figure 4 shows representatjive
results of 5. typhimurium TASB
histidine reversion mutagenicity
sssays for a diesel exhaust soot
extract. Dichloromethane,
physiological saline, and lecithin in
physiological saline were used in
equal liquid volume to extract the
soot. Samples of each of the three
extracts were applied to the tester
strain, pre-incubsted for 20 minutes
st 370 C and then plated. Plates
were incubsted For 48 hours at

379 C. Revertant colonies were
coumted on an electronic colony
counter {ARTEX). As shown, the
lecithin extract resulted In somewhat
higher activity than the qrgenic
solvent.

Resvits indicate that the surface
properties of respirable particles and
their interaction with pulwonsry
surfactant sre ‘important considera-
tions for predicting the eventusl
toxicities of particles to the lung.
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Hemolysis by Lecithan Treated Dusts
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Lipase Restored Toxicity of Lecithin Coated Dusts
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ABSTRACT

A mitroscope-based spectrophotometer has been
developed to weasure superoxide release from
single pulmonary alveolar macrophages (PAM} or
other phagocytes in culture. Results indicate
that PAN respond to stimulstion by phorbol myri-
atate mcetate {PMA). It appears that some PAM
do not release 0, upon stimulation by PMA; how-
ever, those that“do release 0,  show differences
in: (1) the total amount_of 6,' released, (2)
the race of release of O, , and {3) the time
delay for velease of 0,7 The significance of
acasuring 0, release Erom single cells is two-
fold. It aflows the simultanecus study of 0~
release and electrical potential changes zcross
the wmembrane of PAM and it allows the study of
differences in 0,7 release among cells. Thus,
the function ef ﬁormal PAM and the dysfunctien
of PAM exposed to coal dusts can be more closely
studied on single cells,

INTRODUCT ION

Pulmonary alveclar macrophages (PAM), free
cells found in the lumgs, protect the lungs by
removing inhaled foreign debris and bacteria.
The macrophages do this by engulfing and then
internalizing the foreign matter (phagocytosis).
Stimulation of PAM causes the release of super-
oxide radical (0, } which has been shown to be
the primary metagolite involved in the killing
of bacteria by phagocytes {3,8,12). The super-
oxide radical is highly reactive and is spon-
taneously or enzymaticaliy converted to other
antibacterial oxidants, includinﬁ hydrogen per-
oxide (M,0,), singlette oxygen ([ 0,), hydroxyl
radical EOH'). and hypochlorous acid (HOC1} {2,
3,8,11,12).

Exposure of PAM to dusts may lead to dysfunc-
tion of this cell-type and to & greater risk of
lung damage or infectrion upon subsequent exposure
to toxic dusts, To date, much of the research
with this cell-type has used cytotoxicity {cell
death) as a measure of dysfunction. Although
thiz is #n important end point, PAM dysfunction
may occur at doses below those which lead to
cell death., In addition, dysfunction has been
measured using large numbers of cells, In order
to obtain & clear understanding of the mechanjsms
involved in dysfuncrion, measurements should be
made on asingle cells, As mentioned earlier, one
of the s2jor roles of this cell type is its anti-
bacterial actions. Therefore, asessment of
retease of superoxide radical in single cells is
important in determining the functiona! behavior
of PAM before and after exposure to dusts. Since
messurements of 02"production have not been made

on single cells the purpose of this study is to
develop the methodology needed to study release
of 0z from single cells,

Recent studies have suggested that a relation-
ship exists between the telease of 0.7 and
changes in the electrical propertiesof phagocytes.
The change in membrane potential is thought to
te the initial step in superoxide production (5,
9), Stimulants which cause 0. release also
cause changes in the transuengrane potential of
phegocytes (9} and in the permesability of the
cell menbrane to ions (6). For example, stimu-
lants which cause the release of 0, from
neutrophils have also been shown t& ingrease the
wembrane transport of Na , K, and Ca ° and
stimulation of macroPQQges leads to Increases
in Na and perhaps Ca * permeability with &
subsequent change in membrane potential. In
some cases, phagocytic activity has been shown
to depend upon the extracellular concentrations
of these lons (6)., Holian and Daniele (7] p
have shown ¢yidence that the redistribution of
cellular Ca © in alveolar macrophages is an
initial step leading to 0, release. In order
to provide direct evidenc that 0,  production
is related to electrical changes icross the
plasms wembrane of phagocytes, these twe pheno-
sena sust be analyted simultancousty on single
cells. Ultimately, mezsurements of 0,  release
using the methodology developed 'in this study
will be combined with electrophysiclogical tech- .
niques to study both superoxide release and
membrane potential changes simultaneicusly on
single PAM, and to examine the effects of cosal
and mineral dusts on their physiclogical function.

METHODS

Cell [solation. The PAM used in this study were
obtained from male Long-Evans hocded rats
weighing between 250-300 g using the trachezl
lavage method developed by Myrvik, et al, (10).
Alterations in membrane potential and superoxide
release have been shown to occur upon appropri-
ate stimulation of groups of these cells in
culture (9),

The animals were anesthetized with sodium
pentobarbital (0.2 g/ kg body weight) and
exsanguinated by cutting the abdominal aorta.
The lungs were lavaged (0 times with a total of
80 al of an ice cold calcjum-free solution con-
taining 145 m4 NaCl, § wM XCI, 1.9 wM N:HZPO '
9.35 »M Na HPO,, and 5.5 #M glucose (pH = 7.‘}-
Cells were"separated from the lavage fluid by
centrifugation at 500 g for five minutes and then
washed twice with ice cold HEPES buffercd-medium

Presented at the Proc. Coal Mine Dust Conference,
Morgantown, W. Va., October B8-~10, 1984.
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(L4C¢ #M HaCl, S oM ¥CI, 1.5 sH CaCl,, 10 mM
Na-HEPES), (N-2-hydroxyethyl piperafine-y’-2-
athana sulfonic acid), and 5.5 =M glucose (pH =
7.4). After washing, the calls wers resuspended
in ice cold HEPES buffered-medium and kept in

an lce bath. An sliguot {2 sl} of the ice cald
call suspension (100,000 cells/ml)} was then
withdrawn and placed in & tissue culture dish
(35 sm Falcon type 3001); the remaining cell
suspansion being kept on ice until needed,

Data Recording. The culture dish was placed on
a heating element for approximately 30 minutes
to preheax the cetls to 37 C and 2o allow the
sacrophages time to adhere to the bottom of the
dish. Honadherent celis were then removed along
with the HEPES resuspension fluld by washing the
dish three times with prehesated (37°C) HEPES
buffered-medjum. Finally, preheated {37°C)
HEPES buffered-medium containing ! mg/al! nitro-
blue tetrazolium (NBT) was added to the dish.

In the presence of & strong reducing sgent,

such as 0, , soluble NBT is reduced to a formazan
precipitate which can be measured spectrophoto-
metrically ac 550 na. The culture dish was
placed on the stage of an inverted light micro-
scope where the cell culture was maintained

at 37 C for the remainder of the experiment.

PAM were transilluminated at 550 nm and
visualized using an Olympus inverted microscope
and 2 low light-level Cohu silicon-vidicon tele-
vision camera,

?‘zep“’—' . ™

& .. 10000
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Figure 1. Representstive microscople field
showing pulmonary alveclar macrophages befare
stimulation. Picture was taken of 3 single
videoframe from image on monitor,

The televised image of the cells in & microscopic
Eield was videotaped for appraimacely 40 minutes
using a 3/4" Sony videocasserte recorder (VCR).

PAM were stimulated to release 0, , following
four minutes of baseline recording, "by adding
10 yg/ml of phorbol myistrace acetate (PHA] to
the culture medium, ¥PHMA has besn shown to cause
superoxide release and meabrane potential changes
in rat alyeolar macrophages (3). Although other
stimulants also result in stimulation of FAM,
PMA was used in this study te compare results
obtalned here with results of Miles and coworkers
(3). In addition, PMA is & soluble stimulant and

therefore did not intsrfere with measurements of
reducad HaT.

Data Analysis., Images recorded on videotaps were
played back through an IPM video photomecric
analyter (model 204A) which generates two windows
{boxes) in the teievised scene,

Figure 2. Same image shown in Figure 1 but with
windows from photcanalyzier positianed over two
cells. The size and position of the windows
within the video images is user-selectable.

These windows, acting as phototransistors, are
sensitive to changes in cthe average light inten.
sity in the box area, The output of the photo-
metric analyrer is a2 0-1 voltage output propor-
tional to this average light intensity. The bax
size and positiaon are selected by the user,

This systen was used to measure the optical
denisty (OD] change that otcurs due to the reduc-
tion of NBT by superoxide. To do this, a window
wis positioned over a single PAM for a total of
40 minutes and the output voltage from the photo-
analyzer digitized (12 bit) every ten seconds
uisng a2 Keighley Data Acquisition System {model
520) and sctored on an [BM PC-XT microcomputer
for data analysis. These data provided a light
intensity versus time curve for the 40 minute
experiaent,

The change in optical density was calculated
using the Beer-Lambert Law which relates the OO
change to the leog ratic of the infcial 1light
intensity, [(Q), and the light lnrensicy at any
Cime ¢, 1(t}. 1(0) was decermined by averaging
the baseline voltage measurements, taken every
ten seconds, for four minutes prior to stimulation
of the PAM. I{t) was then measured svery 10
seconds followlng stimulation for 36 minuiss.

Camera background was also recorded by closing
the beam splitter of the micrescope so that no
light was transmitted to the camera, Background
voltage {VC) produced by the camera was sub.
tracted €rom both [{0} and I(t) so thac the cal-
tulation of 00 Included only voltages related to
light intensity actually itluminating the cell.
This is analogous to spectrophotometry where the
transmittance is initially set to zero (infinite
absorbance) when no light s transmitted through
the sample. In addition, the maximum transillu-
mination was set such that the camera output
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voltage did not saturate; thar is, the viden cut-
put did not exceed one volt, The Beer-Lambert
taw was then wodified as follows:

00 » log({1(0)-VC)/ (1(c)-¥C))

Messurement of background light intensity
changes was sade in microscopic Eields of the
cell culture which did not contain cells, Pre-
liminary studies have shown that the videotape
background changed vary slightly and linearly
over the 40 minutes. Thus, [(t) may actually be
changing very siightly during the experiment
because of beckground variation, To correct for
this, the tape packground measurements were used
to correct for the temporal change in l{t) that
cccurs due to the Background. The Linexr change
caleulated in background at & time ¢ was deter-
mined by fitting a straight line to tns back-
ground measuyementcs. The stops [(m) of this line
mulciplied by the time t wa3 then used to correct
for background varistion by subtracting the
change (r°r} from 1(t}, The Einal madified form
of the Bezr-lLambert Lav used for these expari-
aents then becomes:

oD = 1o¢(u<o)-vcuul:;-vc---:)l

Calibration. The light microscops spectrophoto-
peter was calibrated with neutral density
filters which recuce, by a given smount, the
transmitted light intensity without changing

the spectral characteristics of the light.
Several filters of known optical density values
were placed on the microscope stage, one at a
time, in increasing steps of optical density.
Thus, the transaitted light {550 na) illuminating
the CameTd Was progressively decreased. [mages
were videotaptd and analyzed with the photo-
petric analyzer analogous to an NBT reduction
experiment. This provided a calibration curve
of known OD which was used co determine the
actual OD change that occured due to NBT reduc-
tion by superoxide. The calibration curve
obrained using neutral density filters showed
that the system responded Linearly over the Q0
range of 0.1 to 1.0 OD.

RESULTS AND DISCUSSION

System Reliability. The first test of the system
involved comparisons between on-line and off-line
measurements, Data was obtained from live (on-
line) measurements of light intensity from PAM
and background. Simultaneously, these experi-
pents were videotaped and peasurements identical
to those obtained on-line were made Erom the
recording {off-line), The Light intensity data
was then used to determine the temporal changes
in optical density. The results showed no $ig-
nificant differences begween an-line and ofi-line
determination of OD, thus, further analyses were
zade off-line.

Microscopic fotus changed very slightly at
various times during the experiments, and it was
ponitored and adjusted to keep the PAM in facus.
However, adjusiments were pade by eye' and were
not always made immediately. Thus, the effect
of focus changes was examined by woving the plane

of focus above and below the cells with the fine
and coarse adjustment. Results abtained far
background measurements showed that OD remains
constant through both fine and coars adjustments.

One of the most significant erros in micro-
spectrophotometry §s the distributional error,
which is a result of the light-absorbing material
(precipitate) not peing uniformly discribuced
over the measurement field. The most widely
sccapted procedure for avolding this error
consists of dividing the seasurement area into
a large number of smaller regions and determining
the 0D of each smaller region separately. The
0D results from each smaller region are then
summed to obtain the 0D of the original measure-
ment ares, ln this study, the area peasured is
much latger than ideal, and distributional errors
wmay exist, In general, {f such errors exist, the
QD weasurements are conservative. [In this study,
distributional errors limit our ability co deter-
pine the actuzl 0D of the precipitate, butr do net
interfere singificantly with relative comparizons
of 02' releasc smong PAM (1,4,

To test the effect of different-sized windows,
several cells were analyzed with either small
boxes (approximately 5% of cetl area), sediue
boxes (approximately 20% of cell area), or large
boxes {approximately 50% of cell area). In
addition, cells werw snalyzed with single-boxes
of varjous sizes ranging from approximately a0%
to 120% of the cell area. For each box size, the
Ob calculated was miltiplied by the box ared to
account for the differencé in area. IR all cases,
the results shoved no significant differences
among the window sites used and therefore further
analyses were made with 2 bax area spproximately
equal to the area of the cell being atasured.

A final test of system reliability and accuracy
involved repeatability of measuremsnts. Several
repeated measurementh were made from the same PAM
and/or background, These results also showed no
signhificant difference in the OD versus time
CUrves.

Superoxide Release. Results obtained to date
were acquired during the development of the
pethodolopy. Thus, all data obtrained during
different stages of the development can not be
cospared directly, but can be used to make some
general conclusions about 02' release from single
rat PAM.

The most interesting findings were that O )
release measured with this system varies 51351:1-
cantly among FAM and that moré than half of the
PAM respond to stimulation (Figure 3). Figure 3
shows four frames of video which demonstrate the
types of responses which are seen and the vari-
ability between cells. Cells were stimulared
with PMA at the 4 minute mark and then followed
for an addlrional 36 minutes. As can be seen,
after stimulation, a gradual darkening sSppears
over and around some, but not all ceils. This
is the superoxide—reduced NBT prccipitatin;
around cells, Also, even among the PAM that
respond, there were differences in the apparent
rates as observed visually. From computer analysis
of individual cells, the differences in rates,



Figure 3. Four videoframes showing progresysive
reduction of NBT by supearoxide following stimuia-
tion of macrophages with PMA, Cells were stimula.
ted 2z 4 minutes,

dmounts, and lag times can be determined (Figure
¥}, Of the cells that do release O ", variatien
dppears to occur in: (1) the total amount of

0, released, (2) the rate of release of 0,7,
aid (3} the lag time before release of 0,”% In
terms of 0D units, the tota! amount of o]
released ranged from 0.2 OD units tg 1.3°0D unics,
and the rate of 0,7 release ranged from approxi-
mately 0.001 0D uits/minute to 0.1 0D unigey
minute. This suggests an order of magnitude
difference in both the total smount of 0,
released and the rate of release. The dElay
time after stimulation ranges from nearly
instantanecusly (few seconds) to 12 minutes,

OPTICAL DENSITY

TIME iy
Figure 4, Teaporal changes in OD for three
different macrophages stimlated with FMA,
Differences are noted In the total reponse, the
rate of response, and the lag time between stinmu-
lation and initiation of & response. Stisulation
w23 started at J minutes,

Differences in the response of fndividual
microphages measured in this study may be due to
heterogeneity among macrophages. Heterogeneity
of PAM has been demonstrated in previous work
where large numbers of PAM have been subdivided
either on the basais of thetr density or as a

function of their lavage fraction {3,3,14),
Differences within the subpopulations were

tound in their ability to respond to test
stimulants with a respiratacy burst nd in their
release of superaxide. Further study of indi-
vidual PAM with the methodology described here
will permit determinat jon of the Factors fespon-
sible for the degree of heterogeneity observed
Among control and dust.exposed snimaly,

Another explanation 13 that discridbutionat
frTors account for the differences in measured
TeSponse among mecrophages, |[f distributional
CTrors exist and 4f the cellular distribution
of superoxide reiease varies among cells than
differences in the measured rates of relegse
and tag time for release could be 4 consequence
of the present method for measurement of optlical
density. This Provlem can only be alleviated :
{f distributionat errors can be mezsured, How-
ever, elimination of distributionas errors |a
i,eyond present equipment capabilities and cap
not be assessed until mare sophositicated video
instrumencation 13 acquired,

In summary, although the m2thodology described
here shows promise in being abie to answer
questions about function and dysfunction of
single PAM which can not pe answered using other
techniques. Questions about heterugeneity,
mechanism(s) of dysfunction, and correlation of
function with biothemical and morphological data
can only be addressed using data obtatned from
Individual cells, Continued development of this
technique will give much useful ipformation on
the ability of this important cell-type to tespond
to dust exposures and to funceion following
exposure.
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ABSTRACT

Thia paper results from the research
at The Pennsylvania State University into
establishment of standard procedures for
characterization of respirable coal dust
performed by the Generic Mineral Tech-
nology Center for Respirable Dust and
supported by the U.5. Pureau of Mines and
the Mining and Mineral Resources Research
Inastitute at The Pannsylvania State Uni-
veraity. The research performed within
this particular project is orilented
primarily toward standard methods of
sampling and characterizing respirable
coal mine dust underground soc that the
chemical, phyalcal, and morphological
characteristics are known and can be
related to the Incidence of coal workers'
pneumcconionia {CWP) in Pennsylvania.

The research was initiated by con-
ducting a search of the literature to
determine what coal and geologic vari-
ables may be related to CWP. The effects
of coal rank, free gilica content, the
mass of respirable dust, and the level of
trace slements were the major varlables
studied. It seems to be evident that the
free silica content, the rank of coal,
and the mass of reaspirable dust are the
major concerns in defining the causes of
CWP. However, based on the literature
survey, the authors have concluded that
verification of the causes of ChP is a
miltivariate problem and sust be anzlyzed
in an appropriate statistical manner,

The resulta of a multivariate analysis
of ten trace elements recorded on
Pennsylvania coals are presented. Five
of these trace elements were found to be
of uge In differentiating one coalfield
from the others, Of these five elements,
chromjum and zirconium showed a strong
positive correlation with the rank of
coal while strontium showed a negative
correlation,

The design of the fileld sampling work
and 1ts application in future research is
the final topic discussed. The sampling
plan is oriented toward continuous miner
sections with eight-stage impactore as
the collection equipment. All of the
field work will be conducted in the coal
measures of the Allegheny Formation and
above with both dust and channel samples
being collected in the same mines.

INTRODUCTION

Coal workers' pneumoconiosis hag been
an important toplc ¢f concern to miners,
mining engineers, and epidemiologists for
decades., The genaral cause of the dis-
ease, the inhalation of coal mine dust,
is well known, but the specific coal and
geologic variables that affect the
incidence and severity of the disease are
still subject to debate and study. The
primary objective of this study im to
identify those varlables of Pennsylvania
coals that contribute to the CWP problem.
To accomplisgh this task, a field sampling
program i= to be conducted to relate the
characteristics of the coal dust, the
coal seam properties, and the geologic
variables to the occurrence of CWP.

The first year of this study has been
involved with both a literature review
and experimental work oriented toward
identification of causal variables
related to CWP, The results of this work

are presented here along with plans for

implementation of the findings in future
research.

REVIEW OF TiE LITERATURE

The previous studies of CWP causal
variables have been conducted by scien-
tists, engineers, and medical personnel.
Many different types of studies have been
performed with emphasis on interpreting
the effecte of dust mass concentration,
mineralogy of the coal, the rank of the
coal, and trace element concentrations
upon the incidence of CWP in various
coalfields. Most of the research has
heen conducted during the last two
decades, with the Britich Isles, West
Germany, and the United States being the
primary countries involved.

The review of the literature was
conducted to determine which variables
are likely to warrant further study in
Pennsylvania. Previous research studies
have related CWP to free pilica and other
mineral content, the rank of coal, the
mass of dust in the working place, and
the trace elements in the coal and lung
dust. 1In the following sections, each of
these topics will be discussed and
analyzed.

Presented at the Proc. Coal Mine Dust Conference,
Morgantown, W. Va,, October 8-10, 1984.
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It should be noted that no attempt is
being made here to include all the refar-
ances ralated to the individual topics or
to discuss all the references listed in
any detail. Instead, the topics will be
coverad by tabular summaries that will
attempt to provide the major conclusions
of each investigating team. 2 complete
reference list will be provided for those

interested in a more detailed analysie of

the individual research projects,
Free Silica and Othar Mineral Content

It has been known for many decades
that miners subjacted to metal mine dusts
high in free silica content are likely to
incur a higher incidence of silicosis
than similar miners gubjected to respi-
rable dust containing lesser percentages

Table 1.

of free silica, Many studies corroborate
this fact in metal mines. In coal minas
the relationship batween CWP and the frea
Silica content is not quite as certaln.
In part, this is probably due to the fact
that coal seams contain jeas quartz than
metal ores. A second complicating factor
is that sitica often comes fFrom sources
outside the coal seam {e.g., roof and
floor) making the free silica content of
the respirable dust in a coal mine a
function of variables external to the
seam,

During the 19608 and 19708, a number
of studies were performed that attempted
to relate the effects of free silica
content of coals and the incidence or
severity of CWP. Many of these studies
are listed in Table 1. A'majority of the

Studies Relating Free Silica Content and CWP.

fieference
Leitericz et al.
1)

Bites of study

Ruhr and Eaar
districts in
Weat Germany

a.

b.

c.

Jacohsen et al. Britain a,
{2)

McLintock et al. Britain a,

{3)
Naeye ot al. (4)

312 Appalachian
miners

b,
Morgan (5] Not available a,
b,
Sweet et al. (6} Raleigh County, a.
Carlberg et al. West Virginia
(N
Keepan et al, (B) b,
Crable et al. (9)
Crable at al. ({10)
Walton et al., (11) Britain a.
b,
Reigner (12) Wast Germany a,
Hurley et al. (13} 2,600 miners a
over a period
of 20 yeare in b,
Britain
c.
d.
e.
£,

Conclugions

Stronger changes of the lung tissue ware cbserved
in cases of high gquartz and dirt contents.

The lowest quartz contents were found in the lungs
of face workersy the highest quartz contents from
the lungs of miners who worked mostly im rock
drifts or in coal seams with high dirt contents.
An important factor in the size distribution of the
respirable dust is the amount of mineral matter,
Quartz in mixed coal mine dust does not have a
clear effect on the chances of developing CWP.

Mo clear relationship between quartz content and
prevalence of CWP.

The association of CWP with the rank of doal in
Appalachia is probably fortultous,

The level of exposure to free silica plays a more
important role.

The silica content of coal mined seems to have
little or no effect on the pravalence of CWP,
There exists a relationship between the prevalence
of CWP and the rank of coal,

A monotonically increasing trend in means of Mg,
Be, Vv, free-silica, coal dust and total dust with
increasing degrees of lung damage,

No reiationship between the severity of CWP and cr,
Cu, Fe, Mn, Ni, Ti, Zn and noncoal dust.

The quartz content of alrborne dust is low when
high~rank cocal is mined and higher in low-rank
coalfields,

The probability of progressive massive fibrosia
appears to fall with mineral content,.

There is no clear relationship between the gquartz
content and the chances of developing CWP,

. Cumulative exposure to quartz is highly correlated

{r=0.77} witl exposure to mixed dust overall.

A clear relationship between cumulative dust
exposure and the prevalence of pneumoconiosia.
Among men with similar cumulative dust exposuresg,
those who have worked longer hours in coal mining
have higher prevalence of CWP.

Little evidence that exposure to quartz influenced
the chance of developing CWP,

No evidence of association of the prevalence of CHP
with contents of ash and kaolin-plus-mica in
respirable dust,

Weak correlation between the prevalence of CWP and
the rank of coal.
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research projects zssem to indicate a
statistical consensus that the incidence
or severity of the discase is related to
the free silice content of the coal.
However, other researchers reported dif-
ferent conclusions, normally suggesting
that there is no clear relationship
between CWP and free sllica content of
the coal. 8Some of these contradictions
may be due to sampling problems and the
difficulty of extracting conclusions from
different types of analytical studies.
For example, it is difficult to eguate
studies that deal with the free silica
content in coal seams, in coal mine
respirable dust, and in coal miners'
lungs, As a result, it is not easy to
come to firm conclusions on the role of
free silica in the development of CWP.

The relationship that exists between
silicomis and free silica that has been
recognized in metal mining certainly
leads one to believe that a similar
relationship may exist in coal mining
operations between free silica and
pneumoconiosis if the other varisbles are
similar. The pattern of conclusions in
Table 1 does not strongly support such a
relationship. However, Hamilton, et al.
(14} and Hamilton {15) have provided a
very plausible explanation for the manner
in which free silica affects the occur-
rence of CWP. Hamilton's hypothesis,
supported by many years of research on
CWP in Great Britain, is that the free
silica content does not affect the
probability of developing pneumoconiosis
until some threshold value igenerally
thought to he about 10%) is exceeded,
This offers a great deal of hope in
explaining the differences in the conclu-
sions achieved by different researchers.

As far as other minerals are con-
cerned, the only type of minerals that
have been studied are the clay minerals,
which normally account for much of the
noncoal material within a coal seam.
Leiteritz et al. (1) has studied the clay
mineral content of coals in Britain and
found that the clay wmineral concentration
is much higher in respirable dust and in
the dust found in miners' lungs than in
the total dust, This may be of conse-
gquence in the occurrence of CWP. liow-
ever, the subject has not been studied
widely enough to date to develop a valid
concluaion.,

Rank of Coai

The incidence and severity of CWP and
its relaticnship with the rank of coal
has been the subject of many research
papers. These papers were produced
mainly by investigators from Britain, the
United States, and West Germany. A som-
mary of the research results pertinent to
the rank of coal is presented in Table 2.
Moat of the research indicates a higher
prevalence and greater severity of CWP in

miners subjected to the higher rank
coals. The near unanjimity of the results
would lead one to conclude initjially that
the rank of coal is a causal factor in
the occurrence of CWP, However, the more
important knowledge to be gained is why
this is so, and this is not readily
apparent from the literature,

The rank of a coal is determined by
the percentage of fixed carbon, the per-
centage of volatile matter, and the heat
content of the coal. The fixed carbon is
the most important of these varjables and
is defined as the portion of the carbon
that remains when coal is heated in a
closed vessel until the volatile matter
is driven off. It is not clear from the
literature sources whether the fixed
carbon is the causative agent in CWp
occurrences. There exista a number of
other possgible causal variables that are
correlated with rank. Thakur {21},
Dodgson et al. (22} and Jacobsen et al.
(2) have pointed out the fact that the
mass-number index (MNI) ig related to the
rank of coal with a high MNI being
associated with high-rank coals. A
second possibility that is evident from
the conclusions stated by Nagelschmidt
{19} is that the composition of airborne
dusts generated iz related to the rank of
the coal. While Nagelschmidt performed
his research in Great Rritain, a similar
possibility exists in U.S. coals,
particularly when one realizes that our
anthracite geams are dominated by
quartzitic rocke. As a result, the
respirable dust generated from roof and
floor materials can conceivably be a
major factor in the high incidence of CWp
in high-rank coal seams,

One further complicating factor
related to rank is the possibility that
trace elements in the coal contribute in
causing the pneumoconiosis (or, alter-
nately, in protecting against it), This
will be discussed in a subseguent sec-
tion. As a result of these complicating
factors, the authors conclude that the
consideration of coal rank is important
but those variables associated with rank
should also be studied.

Mass of Respirable Dust

Most of the studies investigating the
correlation between the mass of rospi-
rable dust in the mine environment and
the prevalence of CWP have been performed
zince 1970. Some of the important
findings of these studies are summarized
in Table 3. The general consensus of all
these research efforts has been to con-
clude that the greater the mass of dust
in the working place, the greater the
occuirrence of CWP. The overwhelming
nature of the avidence certainly points
to the importance of the mass of dust in
the overall picture, However, while the
overall result is not easy to deny, the



Refarence

fiaxrt and Aslett
{16)

Hicks et al. {17)

HcBride et al,
(18}
Nagelschmidt (19)

Leiteritz et al.
{1)

Morgan {20)
Thakur (21}

Dodgson et al,
(22}

Jacobsen et al.
{2)

Reisner (12}

Morgan {5}

Naeye ot al. {4}

Relgner and
Roboek (21)
Bennett et al.

{24)

Rurley et al.
{13)

Dessaver al al.
{25)

Table 2,

Sites of study
16 South Walea

Collieries in
Britain

20 callieries
in Britain

1,858 miners in
Pennsylvania
Britain

Ruhr and Saar
digtricts in
Waest Germany
Pennsylvania

and West Virginia

United States
{20 coals from
lignite to
anthracite)
Britain

Britain

West Garmany

Hot available

312 appalachian
miners

West Germany

Britain

2,600 miners
over a period
of 20 years
in Britain

Over 1,300
miners in
Pennsylvania

THE RESPIRABLE DUST CENTER

b,

Studiea Relating Rank of Coal and CWP.

Conclusions

The order of prevalence of radiological abnor-
malities;

1. anthracite coal mines

2, steam coal mines

3. bituminous coal mines.
The average period of work at the coal face
reguired to produce a 201 prevalence of CWP:

B years in the high rank coal

16 years in the medium rank coal

36 years in the low rank coal.
The physical and chemical changes in evolving coal
may underlie the differences in prevalence of CWP.
The amount of fixed carbon in the coal may
influence the production of CHP,
The composition of airborne dusts {coal duat, free
gilica) depends on the rank of coal.
A positive association of the incidence of CWP with
the rank of coal.
Rank is one of the determining factors for the aigze
of airborne dusts developed during coal winning.

The prevalence of CWP is related to the rank of
coal. .

ligh rank coals produce larger masses of dust in
the finer size range.

Yield of respirable dust varies with coal
properties and coal seams.

A clear correlation between the mass-number index
(MNI: the mass in mg/m? per 1000 particles/cm?* of
dust in the respirable range) and coal rank., A
high MNI occurs with high rank coal.

M correlation of the index of progression of
pneuncconiosis with mass of respirable dust which
depends on the rank of coal.

An association between high MNI and high rank of
coal.

Lower rank coal has finer particle size.

The silica content of coal mined seems to hava
little or no effect on the prevalence of CHE,
There exists a relationship between the prevalenca
of CWP and the rank of cecal,

The association of CWP with the rank of coal in

.Appalachia is probably fortuitous.

The level of exposure to free silica plays a more
important role.

The risk of simple pneumoconiosia increases with
geological age and with higher rank of the seams.
A close relationship between the prevalence of
pneumoconiosis and the rank of coal,

No correlation of mass concentration with rank.
Mineralogical differences of coal may Influence the
dust-pneumoconiosis relationship.

Cumulative exposure to quartz is highly correlated
(r=0.77} with expusure to mixed dust overall,

A clear relationship between the cumulative dust
exposure and the prevalence of pneumoconiosis.
Among men with similar cumulative dust axposures,
those who have worked longer hours in coal mining
have a higher prevalence of CWP.

Little evidence that exposure to guartz influenced
the chance of developing CKP.

No evidence of asscciation of the prevalence of CWP
with contents of ash and kaolin-plus-mica in
respirable dust.

Weak correlation between CWP prevalence and rank.
the rank of coal.

The prevalence of category 1 of CWP and PMF
{Progressive Hagsive Fibrosis) increases with the
rank of coal.

74
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Reference

Jacobsen et al,

(26)

Jacobsen et al,

(2}
Reisner {23)

Dodgson et al.
122)

Table 3. Studies Relating Mass of Dust and CWP,

Eites of study

4,122 miners
over a perlod
of 1 years in
Britain

Britain

West Germany

Britain

k.

Morgan et al. 10 states, 31 a.
27 mines in the
United States
b.
Walton et al. 3,154 face- A,
{11} workers in
. Britain
Ogden and Britain a.
Rickmann (28}
b.
c.

Conclusions

A high correlation exists (r«0,80) between the
pravalence of pneumoconiosis and the mean mass of
respirable dust.

A low correlation exists (r=0.44} betwesen the
prevalence of pneumoconiosis and the number of
particles.

A correlation of the index of progression of
pneumoconiosis with mass of respirable dust which
depends on the rank of coal.

A correlation exists between MNI and the rank of
coal.

Lower-rank coal has finer particle size.

A clear correlation between MNI and rank of coalj
high MNI with high-rank coal.

A possible correlation with the physical and chemi-
cal composition of the coal mined {(vs. the preva-
lence of CWP}.

It is doubtful that the quantity of respirable dust
alone is responsible for the prevalence of CWP.

The overall mass of respirable dust ip the factor
most closely related to the 10-year attack rate of
pneumoconiosis.

Pneumcoconicsis increases with increasing mass
concentration of dust. :

Other properties of respirable dust (e.q., size
distribution}! may affect CWP.

The size distribution of the respirable dust varies
systematically with the type of coal and the mining
method.

actual cause of the disease may still be
questioned because of correlations
between the mass of dust and the other
hypothesized causative variables.

In particular, several correlations
existing in the literature should be
noted, Both Reisner {12) and Dodgson et
al. (22) report a correlation between the
MNI and the rank of a coal. This could
be construed as an argument that the
secondary variable, the rank of coal, is
the causal factor in CWP incidence and
not the mass of dust. This is not very
likely but does pose some problems
because other varilables {such as some
trace elamente) are alsp positively
correlated with rank. As a result, the
single-mindedness of the previocus con-
clusion on mass of dust should be noted
with a certain amount of reservation.

Trace Elements

The possibility that certain trace
elements in 2 coal seam contribute to
CWP hae been investigated by a limited
number of researchers as shown in Table
4. A series of articles (6,7,8,9,10}
published from 1967 to 1974 described the
results of an extensive study in Raleigh
County, West Virginia, relating trace
elements found in lungs of coal miners
and the severity of CWP. GSeveral trace
elements plus free silica, coal dust, and
total dust were found to be correlated
with lung damage. Thus it is posaible to

conclude that the trace elements may have
some effect based on this study.

Further support for the hypothesis
that trace elements may be responsible
for CWP occurrence or severity is found
in the reference by Sorenson et al. (29}
that deals with two geographically
dispersed bituminous coalfields. This
reference outlines the trace element
levels in a ¢coal mine in Utah having a
very low incidence of CWP with coal from
a mine in Pennsylvania having a similar
rank but associated with a very high CWP
incidence. The results indicated higher
levels of Cu, Fe, Ni, Pb, and Zn in the
Pennsylvania coals. Elevated levels of
these metals in lung tissue from coal
miners may indicate some relationship
with CWP, However, the study ocutlined
here applies to only two coal mines, a
gituation that cannot lcad to any broad
conclusions. However, a general impli-
cation of the results is that the higher
levels of Cu, Fe, Ni, Pb, and Zn may be
contributing to the incidence of CWP,.

A second linc of thought is also pos-
sible when analyzing the effect of trace
elciments on CWP, Any study that is
involved in measuring the contribution of
trace elements to the development of CWP
can possibly also measure the preventive
or immunological effects of the trace
clements. This possibility should be
kept in mind during any investigation of
the effecte of trace elements on CWP
incidence.
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Table 4.
Sites of study

Raleigh County, a.
Wuast Virginia

Refersance

Bweat at al. (&)
Carlberg at al.
N}

Fssnan et al. (8) b.

Crable et al. (%) -

Crable et al. (10)

Eorenson at al. Pennsylvania a.
(29) and Utah

bituminous b.
coalfields

C.

dl

Pannaylvania-Dased CWP Studias

The scrutiny of research results from

Pennsylvania is important here for
saveral reasons. First, the miners in
the state were extensively X-rayed for
evidence of pneumoconiosis during the
19608 by the Pennsylvania Departwent of
llealth, Second, our research effort at
Penn State will be confined to Peannsyl-
vania coal seams and any existing

knowledge related to Pennaylvania should

ba of special importance to us.

The studies conducted by the Pennsyl-

vania Department of Health have been
summarized in Table 5, Several very
interesting conclusions have been drawn
based on this work. PFilrst, the studies
were consistent in support of the idea
that CWP incldence is greater as worker
cumulative exposure is increased,
Sacond, the studiezs by Baler and Dlakun
{31,33) showed the exposure to free

Studies Relating Trace Flements and CWP.

Conclusions

A monotonically incrsasing trand in mesns of Mg,
Be, V, free silica, coal dust and total dust with
increasing degroes of lung damage.

No relationship between the saverity of CWP and
Cr, Cu, Fe, Mn, Ml, Ti, Zn and noncoal dust.

Wigher incidence of CWP in Pennsylvania bituminous
coal miners.

Cd content of coaly no difference batween
Pennsylvania and Utah.

Cu, Pb, 2n content of coal; 2-3 times higher in
Pennsylvania, .

Fe, Ni content of coal; 5-10 times higher in
Pennsylvania.

silica content in. the respirable:. mine
dust was clearly a function of the job
type with workers on haulage vehiclees
where sand was used for traction and rock
drillers being cubjected to significantly
greater free silica content, Finally, it
wag firmly established in these studies
that the incidence of CWP i3 positively
correlated with the rank of coal in
Pennsylvania, a conclusion that rein-
Eorces the results in studies performed
elsewhere,

Implications of Past Research

The research performed to date on CWP
has provided many insights into the )
disease, particularly its causes and the
mechanisms by which the disease occurs.
The studies seem to indicate a strong
statistical case for greater incidenca of
CWf where the rank of coal is higher,
where the mass of respirable dust 1s
greater and where the free silica content

Table 5, Studies of CWP Variables in Pennsylvania Mines.

Reference Sites of study
Lieben et al. (30) 5,072 miners a.
in Ceantral b.
Fengdylvania ’
c.
Baler and 24 anthracite a.
Diakun {31) mines in
' Pennsylvania b.
McBride st al. 10,869 miners a.
(32) in Wegtern b,
Pannsylvania
Baier and 24 anthracite a.
Diakun (33) mines in b.
Pennsylvania c

McBride et al. 1,858 anthra- a.
{34} cite minars in b.
Pennsylvania
Tokuhata et al. 954 anthracite a.
(35} miners in
pannsylvania b.

Conclusions

254 of miners showed evidence of CWP,

Weak correlation between years worked and CWP
incidence.

Low frce silica content or high dust mass produce
CWP.

-Free silica content high in haulage and drilling

locations.

Dusk concentration similar on mechanized and
nonmechanized sections.

11t of miners showed evidence of CHWP,

Pogitive correlation between years worked and CWP
incidence.

tligher dust levels in southern field.

Free silica higher than in bituminous fields,

. Free gilica content higher in- haulage and drilling

locations.

30y of miners showed evidence of CWP.

Positive correlation between ycars worked and Cwp
incidence.

Incidence higher in large mines than in amall
mines,

Smoking a factor.
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of the respirable dust is higher, An
interesting but less convincing case is
made for the trace element levels in the
coal seam, It is not absolutely clear,
however, that these four major varlables
of coal are the actual causal variables.
It may indeed be other variables that are
more important. This is unlikely but
possible and should be kept in mind in
any resmarch program.

A second observation based upon a
study of past research is that most of
the analyses have been performed in =&
univariate statistical fashion, 1.e., the
investigators have attempted to identify
the relationship between CWP and the
causal variables one-by-cne. The evi-
dence clearly points to more than one
causa)l variable and to the possibility
that multivariate statistical procedures
will have distinct advantages.

Finally, the data collected on CWP has
been of a variety of types with both
medical and environmental data being
collected. The possibility exists for
better analysis of CWP problems if the
dust camples taken in mines today were
available in the past. This would have
aided the medical personnel in evaluating
worker exposure and the rplated develop-
ment of CWP. Perhaps this is one of the
things that will occur in the near
future.

EXPERIMENTAL WORK

The review of the CWP literature led
the authors to betieve that some analysis
of the trace elements in Pennsylvanla
coals miyht be of interest in the current
study of CWP variables. To pursue this
line of thought, the authors accessed the
data of the Penn State Coal Sample Bank
{36} managed by the Coal Research Section
at Penn State. This data bank containe
the chemical, physical, mineralogical,
and petrographic data on over 1300 coal
samples from 25 states. From thisz data
bank, 250 coal samples from Pennsylvania
were scanned for samples that contained
valuee for ten trace elements (Ba, Be,
Cr, Cu, Ni, Rb, Sr, V, Zn, Zr). A total
of 97 samples that contained all the
specified data were found, Only a few of
these samples contained information on
the mineralogical makeup of the coals.

The principal thrust of the statisti-
cal analysis of the 97 roal samples was
to test the possible relationship between
the trace element contents and the
incidence of CWP in Pennsylvania coal-
fielde. Accordingly, the samples were
divided into three groups, each group
being associated with & particular
coalfield as follows:

{1} the eastern anthracite coalfield

represented by 12 samples,

(2} the western middle bituminous
coalfield (medium- and low-
volatile bituminous coaln)
represented by 47 pamples, and

{3) the western bituminous coalfield
(high-volatile bituminous coals)
represented by 3B samples.

The data set was then subjected to a
group of statistical analyses using the
SAS moftware package {37).

The first step in the statistical
analysis was to tesat whether the mean
values of the ten trace elements were
significantly different in the three
coalfields. To accomplish this, a step-
wige discriminant analysie procedure was
used. With the significance level set at
0.15, only five trace elements {cr, Sr,
N{, Zn, and Zr) were found to be slgnifi-
cant for discrimination among the three
coalfields. Thus, these five alemants
were the only ones used in the discrimi-
nation process., Their mean values in ppm
are given in Table 6,

cTable 6. Mean Values {in ppm} for the
Five Trace Elements Used in
the Discriminant Function.

Eastern Central Western
Field Field Field
(#1) (#2) (#3}
Cr 52.6 27.6 22.4
Ni 46.8 16.B 29.9
5r 19.6 116.6 164.1
Zn 21.2 24.5 23.4
Zr 62.9 9.7 29.2

Using Hotelling's T2 values, the F
statistics for the three poseible null
hypotheses are as follows:

F = 430.17 with degrees of freedom =
{5,53) for null hypothesis PR Y

F = §47.20 with degrees of freedom =
{5,44) for null hypothesis My ™ b3

F = 777.43 with degrees of freedom =
(5,79} for null hypothesis u, = s,

In all casecs, the subscript on the u
values denotes the sample group number
jor coalfield number). 1In all cases, the
F statistics are significant at the 0.0l
level of significance, resulting in
rejection of all three null hypotheses,.
From this we can conclude that signifi-
cant differences in the amount of the
trace elements exist among the three
coalfields.

To test the discriminant function, the
ability of the function to classify the
coal samples into thelr correct field of
origin was used. The results of this
process are shown in Table 7.
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Table 7, Classifications Resulting from
Use of the Five-Varjable
Discriminant Punction,

Fiela 1 rield 2 Fiela 3

Pield 1 9 3 0
Field 2 2 kY] ?
Fialad 3 o 11 27

The discriminant function {which ia
quadratic) correctly classifies 74 of the
97 samplea {based on a knowledge of only
the Cr, 8r, Ni, 2n, and 2r values), This
is a favorable result since it indicates
the ability to discriminate. It is also
noteworthy that none of the samples from
the lowast rank field {field 3) were mis-
classified into the highest rank fjeld
(Eield 1) and vice versa. This indicates
a strong systematic trend in the amount
of trace elements in the three
coalfields,

. To further investigate the valye of
the five individual variables used in the
discriminant analysis, an analysis of the
canonical correlations was performed,

The analysis showed that 54% of the varji-
ance in the criterion variables ithe
classification variablea for coalfields
1, 2, and 3) was explained by the predic-
tion variables, i.e., by the tive trace
elements used in the digeriminant func-
tion. In addition, the standardized
canonical coefficients were calculated
with the results shown in Table B. The
absolute value of the canonical coeffi-
cients allows one to judge the relative
importance of the variables in providing
discriminatory power,

Table E.  Relative Importance of the
Predictor Variables,

Trace Element Canonical Coeffilcient

cr -1.7024
Ni 0,7%46
Sr 0.6262
Zr 0.6127
Zn 0.05%5

The data was then subjected tc an
exploratory factor analysis to investi-
gate how many "factors® or variable
clusters would be needed to explain the
variation in the amount of trace ele-
ments. The SAS factor analysis program
was used and the VARIMAX rotation method
wag specified to provide a more inter-
pretabie set of factors. Based on the
eigenvalues gencrated, two factors wern
used te interpret the factor structure,
The results from this two-factor analysia
are provided in Tabla 9.

Table 9. Results of Factor Apalysis and
VARIMAX Rotation on tha
Ten-Varlable Data Set,

Factor 1 Pactor 2

Loadling Loading  Communality
Ba 0.05701 0.37823* 0.15
be 0.1343% 0.55484% 0,34
Cr 0.98014¢ 0.08832 0.97
Cu 0.70769+ 0.43172 0.69%
Ni 0,.58674¢% =-0.18352 0.38
Rb 0.60930% 0.36057 0.50
Sr 0.00834 0.48011« 0.23
v 0.77196* 0.55649 0.91
In 0.1%015 ~D.41768% 0.21
ar 0.77147¢ 0.31&00 0.70

In Table 9, those factor loadings
marked by asterisks indicate that the
variables {(trace e¢lements} are ¢losely
associated with that factor. ¥or
example, the =lements Cr, Cu, Ni, Rb, v,
and 2r are associated with Factor 1 while
Ba, Pe, Sr, Vv, and Zn are associated with
Factor 2. Tha communalities indicate the
percentage of the variation in each trace
element explained by the two factors. It
should also be noted here that Factor 1
is twice as important in explaining vari-
ation in the amount of trace elements
than Factor 2. Based on the assumption
that only two factors are statistically
relevant, Factor 1| explains 67.7% of the
variance while Factor 2 axplains 32.23%,

The interpretation of these two
faclors is rather subjectivay however,
the data in Tables & and 9 and the sample
factor scores are all of significance in
this interpretation task. Doth Cr and zr
have a positive correlation and a con-
sistent trend based on rank while Sr has
a consistent trend and a negaltive corre-
lation with rank. Table 9 indicates that
bath Cr and Zr have a close agsociation
with Factor 1 while Sr hag a close asspn-
ciation with Factor 2, This result is
interesting but takes on added signifi-
cance when the individual sample factor
scores arce studied., The anthracite
samples possess high scores for Factor ]
while the two groups of bituminous
samples possess high scores for Factor 2,
It we note further that the incidence of
CHP has been correlated with rank, ona
can hypothegize the following:

(1) Cr and 2r {and Factor 1) are
closely associated with the causes
of CWP;

(2) Sr (and Pactar 2] are closely
asEociated with the prevention of
CHP.

Readers should note that the .data set
used cannot provide proof of these
hypotheses because incidence data was not
also measured. They do provide some
suggestion that these hypotheses may be
true. Comparison of these results with
conclusions provided by the authars
listed in Table 4 are not very helpful,
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Therefore, the hypotheses above are
interesting but lacking for proof at
present. As a result of these statisti-
cal correlations, however, the authors
plan to give trace element analysis a
prominent place in their subsequent work,

FUTURE RESEARCH

The authors have planned to perform
all of their data collection in mines of
the Allegheny Formation and above. The
mines will probably all be lecated in
Pennaylvania and, as much as possible,
will be continuous miner operations. The
anthracite mines are somewhat unique and
thus may not have mining methods
consistent with the other mines. The
data to be collected and analyzed, the
instrumentation, and the sampling plan
have been planned to extract as much
information as possible from each mine
vigit. Some of the details of the
regearch are outlined in the following
sections.

bust Characteristics

The study of the literature and
previous sampling strategies provides a
good set of sampling goals. The charact-
eristics of dust that are most desirable
for measurement are those whose statisti-
cal association with CWP is known or
those that have a good logical relation-
ghip with CWP, The previous research has
established a strong correlation between
cwp incidence and coal rank, the mass of
respirable dust, and the free silica
content of the respirable dust. A more
tentative relationship between trace
elements and CWP has been established.
All of these variables will be measured
for our coal samples and will be analyzed
in the results. However, these variables
are only a small part of the desired dust
characteristics that are outlined in
Table 10,

The relatively extensive list of
characteristica are due primarily to two
goals that we hoped to achieve in the
data collection. First, it was hoped
that the properties of the respirable
dust can be related to the properties of
the coal seam, the roof, and the floor.
As a result, much of our work will bhe
orlented toward channel sampling in order
to provide this relationship. Second,
the investigation of the variation of
respirable coal dust properties with
particle size has never been intensively
undertaken. Thus, the respirable dust
samples will all be segregated by ihe
¢ollection procedure. The properties can
then be determined as a function of the
aize of the respirable dust particles.

The measurement of all the dust
characteristics designated in Table 10 is
a major effort. Thus it may not be

Table 10. Desired Dust Characteristics.

Physical Characteristics:

Respirable dust concentration
variation with location
variation with time
Fraction of resplirable dust in the

total dust

Respirable dust =ize distribution
Humber vs. aize distribution
Size vs. surface area
Size vs. mass or volume
Eize distribution on each substrate
Shape factor
variation of slze distribution at

various sampling lccations

Hardness of coal
varjation in coel bands

Specific gravity of coal
varlation in coal bands

Broken coal size distribution
variation in coal bands

Chemical Characteristics:

Chemical element concentrations

Chemical elementas as a function of
size distribution

Free gilica content

Respirable dust characteristics vs.
coal seam characteristics i

Coal seam characteristics vs, roof and
floor characteristice

Variation of chemical characteristics
by location

Rank of the coal

Mineralogical Characteristics:
Mineral content
Clay minerals (kaclinite, illite,
mixed layer illite/
montmorillonite)
Sulfide and sulfaté minerals
ipyrite, marcasite, gypsum)
Carbonates (calcite, dolomite,
glderite)
Quartz
Composition as & function of gize
Comparison between respirable and
total dust
Comparison between coal and total
dust
Comparison between respirable dust
and host rock
variation of mineralogy at different
locations

feasible to determine all the properties
specified, However, the sampling of the
dust will proceed in the same manner
regardless of how many of the sample
properties can be obtained. The
evaluation of the procedures for the
analysis of the chemical elements in the
coal duast has come to a tentative
golution. After consideration of X-ray
fluorescense techniquea, the problems of
utilizing the procedure seemed to be
extreme. As a result, the proton-induced
X-ray emission {PIXE) procedure (38) was
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congidared as a solution to providing the
chemical element concentration for the
dust samples. The advantages of this
procedure aro:

{1) the analysis can be performed on a
mylar substrate from a multi-stage
_impactor,

{2) the analysis iz non-destructive,

{3} the chemical element analysis can
be performed on all elements
aimultansously,

{4} the coat of the analysis is
relatively inexpensive, and

{5} the analysis can be performed on
rather minute sample s5izes,

Because no disadvantages are presently
known, the snalysis of the chemical
elemants will most likely be performed by
PIXE,

The analysis of the.physical and
mineralogical characteristics of the
respirable dust samples collected will be
directed by other personnal associated
with the Generic Mineral Technclogy
Center for Respirable Dust. Some of the
procedures, particularly those assoclated
with the physical characteristics of the
dust, will uvtilize well-establishad
techniques. Others will reguire more
research before they can adequately
handle the specified job. The biggest
remaining problem appears to be the
mineralogical analysis of the dust
aamples. A general procedure is avail-
able in the literature {39}. However,
the procedure han several disadvantages,
and project personnel are not equally
convinced of the merilt of the method.

Sampling Plan

The sampling plan has been designed
for use ln a continuous miner section.
The basic plan will utilize about eight
sampling stations with the stations
located in the section as shown in
Figure 1. The prime cbjectives of this
sampling plan are to:

(1} determine the characteristics of
the respirable coal dust at
numerons points in the mine
layout,

{2) relate the characteristics of the
coal seam, the roof, and the floor
to the characteristics observed in
the respirable coal dust,

{3} identify the source of the dust by
mase and characteristics in the
section, s

(4) provide a maes balance for the
dust in the working section, and

(5) establish a data set to be used in
the ldentification of dust
behavior underground that can be
used in further laboratory work.

Within the layout all stations will be
equipped with Sierra Model 298 eight-
stage impactors powered by Dupont Madel
P2500A pumps. All of the stations except
stations 2, 3, and 6 will be stationary,
Stations 1, 2, 31, and 6 will be used

primarily to detect the sources of the
dust in the section while stotions 4, S,
7, and 8 will be used to determine the
settling characteristics of the dust and

tc complete the masa balance on the
section dust,

bDecause of the aobjective of relating
the coal dust proparties with the
geclogic materials, the data acquisition
plan calls for channel sampling of the
entire coal seam pilus the taking of
samples from the floor and roof. The
present plan calls for three channel
eamples to be taken from the face previ-
ous to dust sampling. The samples will
be divided intc benches whare visual
inspection can identify different layers
within the seam, This will allow analy-
sis of the geologic materials as they
occur in the sedimentary saguence so that
the geologic materials can be related
statistically to the respirable dust
characteristics. The channel samples
will also enable other inveatigators to
relate physical! characteristics of the
coal to the dustiness of the mine
atmosphere,

It should be noted that a variation of
the sampling plan will be required for
work performed in the anthracite coal-
field. The mines in that region are
located in steeply dipping coal seams, a
condition that changes the mining layout
and methods considerably. The sampling
Plan for anthracite operations must
therefore be somewhat different than for
bituminous coal mines, The same prime
objectives of the sampling plan will be
utilized. llowever, the arrangement of
the sampling stations in the intake and
return airways will be altered to suit
the mining system.

Instrumentation

The Generic Mineral Technology Center
for Respirable Dust was allocated space
in September of this vear for use ag a
respirable dust lab. Thus, the project
personnel have been busy eguipping the
lab and testing their field equipment.
The lab has recently been equipped with
an aerosol tast chamber by Elpram
Systems, Inc. and auxiliary equipment
consisting of a TSI Modal 3400 fluidized
bed aerosocl generator, a TSI Model 3012
aerosol neutralizer, and a TSI Model 3074
air supply system. The equipment has
been put through two atages of testing
and is now ready for lab use. A Mattler
Model M~3 microbalance has been chosen
for dust mass determination and will be
added to the lab cquipment soon.

The field equipment for underground
use consists of elght sets of Sierra
Model 298 eight~stage impactors with
accompanying Dupont Model P250603
constant~flow pumps. These gets of
instruments have been tested jin our mine
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Figure 1. Generalized layout of sampling locations.

ventilation lab using mylar substrates
coated with grease, Several types of
grease were tested. However, a coating
of petreleum jelly sprayed on the
substrate with an air brush was used on
the recommendation of the PIXE experts.
To provide for proper consistency of
grease, the grease is dissolved in
toluene to achleve a 20% mixture by
weight. Subsequent tests have been very
successful with uniform grease and dust
coatings and absence of apparent prob-
lems. Advice rendered by personncl at
NIOSH in Morgantown, West Virgimia, and
at the University of Minnesota has been
very helpful in avoiding the pitfalls of
using impactors for the first time.

The final piece of instrumentation of
note here is a GCA Corporation Mini-Ram

81

real-time aercsol monitor (Model PDM-1).
This egquipment will be supplemented with
a compatible printer and a cyclone
filter. The Mini-Ram will be used for a
variety of purposes including monitoring
of laboratory runs and determination of
proper sampling times for the field
tests.

Projected Analysis of Dust Data

The major thrust of the analysis
portion of this project will be an
attempt te apply multivariate statistical
analysis to the CWP problem. The nature
of the data we are Besking may make that
pessible. However, ssveral problema
still must be solved before a comprehen-
sive multivariate analysis is poussible.
First, the ability of obtaining good
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mineralogical analyses on ocur dust sam-
ples, which was alluded to in a previoua
section, must be achlieved. Second, the
connaction between the dust charactar-
istice in various seams and the incidence
of CWF must he completed, Because the
authors are not medical personnel, other
data sources may be necessary. The
authors are prasently working on this
problem.

The authors are confident that mulei-
variate statlstical analysis is the
proper method to attack this problem and
will yield more meaningful results than
comparable univariate statistical pro-
cedures, The problem has all the attri-
butes of a multivariate problem but only
a major effort to collect the necessary
data wil) determine the validity of this
hypotheais.

CONCLUSIONS

The paper presented here represents an
initial exploration of certain aspects of
the respirable dust problem and its rela-
tionship to CWP. It is therefore diffi-
cult to make any broad or revolutionary
conclugions at this point, #However, the
authors can state the following as pre-
liminary conclusions:

{1) The literature on CWP has
established a strong relationship
between the incidence of CWP and
the following: (a) free silica
content of the respirable dust,
{b) rank of the ccal, and (c) mass
of the respirable dust,

{2) The hypothesis that trace elements
affect the incldence of CWP is an
interesting possibility. However,
there is no compelling reason to
believe that a relationship exists
at present.

{3) The relationship between the
properties of the geoclogic
materials and the characteristics
of respirable dust has nuot been
investigated to any extent and
should be studied further,

{4) The properties of respirable dust
as a function of the particle size
have not been extensively
regaarched. Additional research
in this area would also be
helpful,

{5} The previous research has
established that the incidence of
CWP is a multivariate problem and
points the way to multivariate
analysis of the problem.

All of the conclusions stated above will
be considered in the future research to
be conducted in the outhors' project.
Attempting to implement all of these con-
clusions will present some practical
problems. lowever, the research philoso-
phy appeara to be sound and the attempt
at a more comprehensive multivariate
analysis may be very productive.
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INTRODUCTION

Over the past twenty years, there
have been numerous studies which have
attempted to correlate the prevalence of
Coal Workers' Prneumoconiosis (CWP) with
different characteristics of the voal
seam. Bome investigators have tried to
find a2 relationship, or the lack of a
relaticonship, between the rank of coal
seams and the incidence of CWP. Others
have attempted to show that there is a
positive correlation between the mean
mass of respirable dust in the mine
atmosphere and the prevalence of CWP.
Etill others have tried to determine the
influence of the gquartz content of
respirable dust on the incidence of CWP,
Unfortunately, many of these different
investigations have conflicting
conclueions.

PREV1IOUS AREAS OF RESEARCH

One area of research with conflicting
conclusions deals with the relationship
between the rank of the coal and the
incidence of CWP. For example, an inves-
tigation conducted in Pennsylvania and
West Virginia coal mines concluded that
the prevalence of CWP increases with an
increase in coal rank {1). A study in
Great Britain also observed a close
relationship between the rank of coal and
the prevalence of CWP (2). Illowever,
another study invelving 312 Appalachian
coal miners concluded that the associa-
tion between coal rank and CWP might be
fortuitous and that other factors may be
more important (3}). 1In addition, an
investigation involving 2,600 miners
during a period of twenty years in Great
Britain established that there is only a
weak correlation between the prevalence
of CWP and the rank of the coal (4).
Consequently, 1t appears that there is
still uncertainty as to whether or not
the rank of the coal seam has an
influence con the development of CWp.

Another area of investication concerns
the relationship between the mean mass of
respirable dust present in the mine
atmosphere and the prevalence of CWP. A
study involving 4,122 miners over a
period of ten years in Great Dritain
noted a high correlation betwecn the mean
mass Of respirable dust and the incidence

of CWP (5), Another investigation
involving 3,154 British face workers con-
cluded that the overall mass of respi-
rable dust is the factor most closely
related to the ten-year attack rate of
CWP (6], However, a study conducted in
thiirty-one mines in the United States
concluded that it is doubtful that the
quantity of respirable dust alone is
responsible for the difference in the
prevalence of CWP (7). Even though there
are conflicting conclusionsa, there are
many more investigators who confirm,
rather than deny, the relationship
between the mean mase of respirable dust
and the development of CWP.

The third subject of investigation is
the role of quartz in the incidence of
CWP. For example, two studies in Great.
Britain concluded that the guartz content
in coal mine dust has no relationship to
the prevalence of CWP (6,9). But a study
involving 312 Appalachian coal miners
revealed that the level of exposure to
free silica plays an important role in
the develcpment of CWP (10}, Once again,
the conclusions reached by different
researchers are conflicting.

Probably the most important factor in
the discrepancy among the studies is the
variability among different ¢oal mines,

A mine operating in an inherently “dusty®
seam may have a low concentration of
respirable dust while a mine operating in
a less dusty seam may have a2 high concen-
tration of respirable dust. This dis-
crepancy ig a result of variables such as
the effectiveness of ventilation or the
efficiency of the water sprays. Conse-
quently, it is very difficult to compare
the dustiness of different coal seams by
in-mine measurements of the respirable
dust concentration. A laboratory test
would more accurately characterize a coal
seam according to its respirable dust
production.

BASIS OF LABORATORY PROCEDURE

One way to guantify the respirable
dust generation potential of a coal seam
is te pulverize a sample of the coal and
then to determine the amount of respi-
rable dust that is produced. 1In this
manner, each coal seam can be ranked
according to its respirable dust
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generation. Furthermore, this test would
determine if the coais in one geographic
region are dustier than the coals in
another region.

The aforemantioned procedure for
datermining rempirable dust potential is
very similar to the procedure for deter-

mining a ¢ocal's Hardgrove Grindability
Index (HGI).

DESCRIPTION OF HGI

The Hardgrove Grindability Method is
used to determine the relative grinda-
bility or ease of pulverization of a coal
in comparison with a coal chosen as the
standard; the standard coal is 100 on the
HGI scale (11). Briefly, the procedure
consists of grinding a prepared sample in
a miniature pulverizer for three minutes
and then determining the change in size
conslst by sieving.

The HGI was chosen as the basis of the
testing procedure to determine respirable
dust potential for several reasons. The
grindability of coal is a function of
such properties as fracture, tenacity,
strength and hardness, These properties
may also influence the amount of respi-
rable dust that a coal will produce when
cut. Consequeptly, it was felt that the
HGI may be a good starting point for this
investigation. Furthermore, the NGI is
used to estimate the capacity of mills
used to grind coals to the finenese
required for pulverizad-coal furnaces; it
is a technique that is already known and
accepted in industry (12). Finally,
since it is not known whether or not rank
Influences CHP, it was felt that the HGI
test could establish some trends in the
relationship between coal rank and
respirable dust potential.

In the HGI procedure, a quantity of
Number 4 sieve-size (4.75 mm) coal is
riffled to about 1000-gram portions and
alr-dried from twelve to forty-eight
hours. The coal is then stage crushed in
a plate mill and sieved in 200-gram lots
for two minutes oh a mechanical sieving
machine, The sieves consist of a
Number-16 sieve on top of a Number-30
sieve. The +16-mesh material is returned
to the plate mill, while the -30-mesh
material is digcarded. After all the
coal has been crushed, the 16x30-mesh
fraction is divided into 120-gram lots by
riffling, As the final step in prepara-
tion, the 120 grams of l&6x30-mesh coal is
sieved on a Number-30 gieve for five
minutes to remove any -30-mesh material
that may be adhering to the larger
particles. Following this step, 50
0.01 grams of the l6x30-mesh coal are
placed in the ball-and-race mill.; The
machine is operated for 60 t 0.25
revolutions (13}. After the mill has
stopped, the crushed sample is removed

and placed on a set of nested sieves on
top of a catch pan; the top sieve is 200
mesh and the bottom sieve is 400 mesh.
The addition of a 400-mesh screen is the
only way that this laboratory procedurs
deviates from the flardgrove Grindability
Test, A cover is placed on top of the
200-mesh screen and the gample is shaken
for ten minutes on the mechanical shaker.
After ten minutes, the undersides of the
screcng are swept with a soft-bristled
brush; this prevents the particles from
lodging in the screens. This process is
repeated three more times but with five
rather than ten-minute shaking periocds,

Upon the completion of sieving, the
coal retained on the 200-mesh scresn, the
400-mesh screen, and the catch pan is
weighed to the nearest 0.0] gram. The
weight of material retained on the
200-mesh sieve determines the HGI. The
weight of the -400 mesh material ig
needed to calculate the guantity of
respirable dust. The welght of the
200x400 material, along with the weight
of the +200 and the -400 mesh material,
is used to determine the amount of coal
that was lost from the original 50 t ©¢.01
grams. The HGI is determined by sub-
tracting the weight of the coal remaining
on Lhe 200-mesh screen from the test
sample weight (50 ¢ 0,01 grams) then
multiplying this number by 6.93 and
adding 13.6 ({14).

SO0URCE OF COAL SAMPLES

To date, a total of twenty-five
samples have been subjected to the UGI
Test. The source of the coal seam
samples is The Penn State Coal Data Base,
which contains over 1300 coal samples
representing every known seam in the
United States. The ¢oal is handled
according to prescribed procedures from
the time it is first collected to the
time it is sealed in airtight containers.
Consequently, a coal sample can be stored
almost indefinitely with no oxidation
effects,

In addition to the raw coal samples,
the data base possesses a computerized
compilation of a broad spectrum of
various analytical data. Included in
this data is information about the coal'se
gueologic and gecgraphic location, seam
strata, petrographic analysis, physical
properties, and elemental analysis, as
well as other information. The data are
stored in a computer at the University
Computation Center (15).

PARTICLE SIZE ANALYSIS

A Microtrac Particle Size Analyzer is
used to determine the size distribution
of the pulverized samples. The Microtrac
utilizes low-angle, forward-scattering
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light 'from a laser beam. The laser beam
is projected threugh a transparent cell
containing a stream of moving particles
suspended in water, The light, upen
striking the moving particles, is scat-
tered in a definite direction depending
upon the particle's size, Small parti-
cles cause the light to scatter at large
angles while large particles cause the
light to scatter at small angles. A
rotating optical filter contains thirteen
windows which are located at different
radial distances from the center of the
filter. The amount of light pasaing
through each window is measured by a
photodetector. Since each window re-
celves light from a narrow size range of
particles, the amount of light measured
through & window indicates thec volume of
particles of that size range in the
sample.

The size of particles passing through
one window compared to the size of parti-
cles passing through the next smaller
window is Iln a sgquare-root-of-two ratio.
The measurement range is from 1.9 to 176
microns.

The printed outpvt displays a "percent
less than" graph, a relative volume
graph, and a histogram of "percent
between the listed and the next smaller
gize."

A subsample, weighing approximately
1.5 grams, is taken from each -400 mesh
gample and thoroughly mixed in a dis-
persant before being analyzed in the
Microtrac. The sample weight of 1.5
grams is used in accordance with the
Microtrac operator's manval which recom-
mends a sample weight in grams egual to
the specific gravity of the material
{16} . The purpose of the dispersant is
to prevent the crushed material from
agglomerating in the analyzer. Each
subsample is run through the Microtrac at
least two times. The results of the two
runs are then comparcd to determine the
consistency of the size distributions.

QUANTITY OF RESPIRABLE DUST PRODUCED

The Microtrac data printout, as
mentioned earlier, contains a graph of
cumulative percent finer versug size.
Since the weight of the -400 mesh sample
is already known, the actual guantity of
respirable dust can be calculated by
multiplying the percentage less than 5.5
microns by the weight of the -400 mesh
sample.

In addition to the amount of material
less than 5.5 microns, the amount of
material less than 7.8 and 11 microns is
also calculated, The reason for doing
this is to minimize the inherent error in
the indicated size distribution caused by
the -1.9 micron material. Since the

Microtrac cannot detect particles amaller
than 1.9 microns, it will indicate that
two samples with different size distribu-~
tions contain the same quantity of -2.8
micron material. By including the -7.8
and the =11 micron material, a better
estimate of the true amount of respirable
dust is given.

After determining the amount of
material less than 5.5, 7.8, and 11
microns for each sample, the coal seams
can be ranked according to the amount of
respirable dust found in each of the
three sizes. The accompanylng charts
indicate the relative order of the
various coal seams that were tested.

RESULTS TO DATE

Figure 1 is a plot of respirable dust
(< 5.5 microns) versus HGI for seaven
Pennsylvania coal seams. Although
twenty-five seams were tested, only seven
are shown for the sake of clarity. These
seams were chosen since they represenc a
wide range of Hardgrove values. Tre ‘
Wharton seam is at the low end of the
scale. It is an anthracite which has an
HGI of 31.5 and produces 0,14 grams of
respirable dust from the origiiral 50.0
grams. At the high end of the scale is
the Upper Freeport coal seam. It is a
medium volatile bituminous coal which has
an HGI of 115.0 and produces 1.10 grams
of respirable dust., The other seams, the
Lower Kittanning, the Clarion, the Bloss,
the Pittsburgh, and the Lower Freeport
fall between these values,

The next two charts, coal dust {< 7.8
microns} versus HGI and coal dust (< 11
microns) versus HGl, show the same trend
{see Figures 2 and 3). The only dif-
ference is that as the cutoff point
increases the quantity produced also
increases.

A linear regression was applied to
cuantify the relatlonship between HGI and
the amount of respirable dust produced by
the plate mill. The following eguation
was developed by the method of least
squares:

b = 0.012(HGI) ~ 0,287

5.5

wvhere: D = the amount of ~5.5 micron
dust in grams.

The correlation coefficient, r, for
this linear equation is 0.86. This
indicates that there is a close relation-
ship between a coal's HGI and the amount
of -5.5 micron material it will generate
when pulverized in a plate mill.
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Graph of Cool Seam Respirgble Dust {(<5.5 yim)
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Groph of Coal Seam Respirable Dust (< t1 ym)
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Similarly, a linear regression was
applied to determine the relationship
between HGI and the guantity of -7.8 and
~11 micron dust produced, respectively.

D = 0.020{HGL}) - 0.594

7.8

where: D = the amount of -7.8 micron
material in grams.
The correlation coefficient, r, is
0.90.

D = 0.02B(HGCI}) - 0.808

11

where: D = the amount of -11 micron
material in grams,
The correlation coefficient, r, is
0.92.

SUMMARY

Based on the coal samples that have
been tested thus far, HGI is a good
predictor of the quantity of respirable
dust that will be generated in a plate
mill. The Wharton seam, an anthracite,
produced the least amount ©f respirable
dust while the Upper Freeport, a medium
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volatile bituminous, produced the most.
I1t, however, cannot be generalized that a
mine in an anthracite seam will be lese
dusty than a mine in a bituminous seam
since there are many other variables to
consider. Thus, the fact that anthracite
mines appear to be more conducive to
black lung development than bituminous
mines may be attributed more to the
methods of mining than to the dustiness
of the seams,
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CORRELATION OF RESPIRABLE BUST MASS CONCENTRATION
WITH WORKER POSITIONS

R. L. Grayson and §. §, Peng
Department of Mining Engineering
College of Mineral and Energy Resgurces "
West Virginfa University -

Morgantown, WY

INTROOUCTION

Research has been conducted during the
past year on & study to correlats
respirable cosl mine dust charecteristics
with worker positions and coal seams,

The first characteristic of respirable
coal mine dust which has been addressed
in the correlation study §s respirable
dust mass concentration, In fulfiliment
of this obJective, two mines operating
in different coal seams have been
selected for respirable dust mase
sampling on both longwall panels and
continuous mining sections, At present,
samp11n? has been completed on the
lTongwall panel cperating in the first
mine, and one half of the planned
sampling has been accomplished on the
continuous mining section.

The first mine sampled (s eperating
In the Pittsburgh coal seam. The average
mining hefght is approximately 78" with
an average of B" of bottom shale being
mined, The mine {s primarily a longwall
mine, and continuous mining machines are
used to support the longwaitl,

OESCRIPTION OF THE LONGWALL PANEL

Figure 1 shows the layout of the
longwall panel which was sampled, Jntake
air 1s coursed via the track heading up
to the headgate area. The air splits
at the headgate. Approximately 20,000-
30,000 cubic feet of air per minute {CFM)
15 used to ventilate the longwall face
and about 5,000-10,000 €FM 1% routed
down the belt entry., Substantial leakage
across the gob was noted during the
sampling period. An average of 1800 CFM
per 100 feet of face leaked through the
shields into the gob from #1 shield to
#112 shield, A substantial amount of
leakage also occurred between the 1l
shield and the solid rib of the headgate
development panel. The path of the air
used to ventilate the panel 1s shown
with arrows in Figure 1. Direction of
afr flow was opposite to the coal moving
direction on the armored face conveyar,

A double-drum ranging shearer {s ysed
on the face to cut a 30-inch web of coal.
Hormal practice is to cut from the tail-
gate to headgate with the feading drym
raised and the tail drum lowered for
cutting bottom. After reaching the
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headgate, the shearer fs reversed and both
drums are lowered for a clean-up pass,

The Tast 40 feet of face on the tailgate
15 cut on the clean-up pass.

The shearer is equipped with 2 banks of
4 water sprays each and 2 large sprays
on the headgate end and 1 bank of 4 sprays
on the tajlgate end. Additionally, sprays
are located above bits on the cutting
drums. Actual cutting speed was approxt-
mately 14-18 feet per minute, depending on
conditions.

The cross sectional area for afr flow
on the face was approximately 60 square
feet before a pass was mined and A0 square
feet after a pass was mined byt bafore the
shields were advanced. The cross
sectional area at the shearer was about 35
tquare feet.

The condition of bath the tailgate and
headgate of the panel was good with no
sfgns of significant roof problems. The
roof conditions along the face during the
sampling period were variable. At times,
as much a4s 3 feet of drawslate fell from
the roof for a span of as much as 40
shields. Generally, however, relatively
lTocal areas of falltng roof were encoun-
tered, usually limited to a 10-20 shield
span when appearing,

SAMPLING PROCEDURES ON THE LONGWALL PANEL

Ten days were spent gathering respir-
able dust samples on the longwall panel.
Mine Safety Applfance (MSA)- sampling unite
equipped with 10-mm nylon cyclones, pre-
weighed MSA PVC filters, and constant-flow
DuPont pumps were used to abtsin the
samples. The pumps were calibrated at 3
2 liters-per-minute flow rate, The 10-mm
cyclone was selected for classifying total
dust into the desfred respirable fraction
in order to obtain "legally defined®
respirable dust samples for detatled
physical characterization.

Each day, nearly a full shift was used
to gather samples, thereby emulating the
average shift mass concentrations required
for compliance sampling by operaters. The
mass concentrations determined by record-
ing the sampling time and net weight of
the dust collected were then meltiplied by
1.38 to obtain their equivalent MRE mass

Coal Mine Dust Conference,
October 8-10, 1984,
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concentrations which are used by HSHA for
enforcemant of dust standards.

Sampling lecations an the Yongwall

gnnol are numbered 1 through 9 on
foure 1, Sampling locatfons 1 through 8

were ot fixed points on the panel,
Sampling location 1 was in the fntake
air, number 2 was at 71 shield in the
headgate entry, aumber 3 was at #55
shield, number 4 was at #75 shield, and
nuaber § was located at F112 shield at
tha taslgate.

Sampling locations 6 through B were on
the shearer with number 6 fixed on the
headgate end of the shearer by the lead
eperator, number 7 fixed at mid-shearer,
and number B fixed on the tailgate end of
the shearer by the tail operator,
Sampling location number 9 was on one of
the shield movers, located in his
breathing zone.

Sampling pumps which were located in
fixed positions were orfented such that
the cyclone inlet flow direction was
perpendicular to the panel air flow
direction. This orfentation was main-
tained throughout the sampting period,
Sampling units were located at 2 height
of approximately 5.5 feet from the
ground at shields and at a height of
approximately 5 feet from the ground at
the shearer,

During the sampling period, observa-
tions and/or measurements regarding water
sprays, cutting speed, air-dust flow
patterns, roof conditions, mean air
velocity and shift cutting time were
recorded. MWater sprays were maintained
consistently throughout the sampling
period. [t should be noted, however, that
the two large sprays snd one bank of 4
sprays on the headgate end of the shearer
were oriented such that water flow from
the sprays was directed opposite to air
flow on the panel. This caused a zone
where dust was pushed over toward the
shearer aperator. Bits on the shearer
were changed regularly.

RESPIRABLE DUSYT MASS CONCENTRATION RESULTS
ON THE LONGWALL PAREL

Average, MRE-equivalent, respirable-
dust, mass concentrations in milligrams/
cublic meter obtained for sampling loca-
tions are also shown in Figure 1, At
fixed sampling locations on shields, it
is seen that compliance with the 2 mg/
cubfic meter general dust standard is
maintained until some point between #75
shield and the tailgate. It is ap?arent
that a person who would spend a full
shift at the tatlgate would receive a
dose of respirable dust fn excess of
2 mg/cudbic meter,

A person who would spand a full shift
working at any location at the shearer
would be sampled a3 “out of compl {ance"
regularly. However, the work practice at
this mine was to altarnate workers at the
shearar. A particular Vasad shearer
operator was personally samplad on one
occasion and a 0.68 mg/cubfc meter mass
concentration was obtained for a full
shift. He was reliaved throughout the
shift. Similarly, shieid movers wera
found to average only 0.87 mg/cubic meter
per shift sampled, but they were not on
the panel during the cutting cycle,
generally, Whenever the shearer
approached the headgate during the cutting
cycle, the shield movers ware summoned
from the dinner area to begin moving
shields on the clean-up pass.

The very high mass concentrations
obtained at the shearer sampling locations
were due primarily to the reduced cross
sectional area for air flow and to the
effect of the “boiling" over of dust
caused by misdirected water Sprays,

PREDICTION OF RESPIRABLE DUST CONCEKTRA-
TIONS FOR SPECIFIC LOCATIONS ON THE LONG-
WALL PANEL

A linear regression analysis was per-
formed on the sampling data for the long-
wall panel to explore the possibility of
predicting the respirable dust mass con-
centration at specific locations. Using
“locatfon on face" as a siagle independent
variable (V1}, respirable dust mass
concentration (C ) in mg/m’ can be
predicted as

C. = -D.2835 + 0.B106 V1

where

Coefficlent of determination, rz = 0.6486
Loefficient of correlation, r = 0.8054
Standard error of estimate, SE = 1,2650.

Only data for locations ranging from the
headgate to the tatlgate were used for
buftding the model, The lowest average
value for C, would then be 0.53 mg/m3 for
¥l = 1 Iheaﬂgate locatfon). This matches
exactly with actual results as seen in
Figure 1.

The ranking of variable ¥1 {location on
face} is:

headgate

#55 shield

#75 shield

tallgate

tall shearer operator
mid-shearer

lead shearer operator.

— O B Lk PN
¥ 4 @ 8§ HN

" Good correlation was achieved using the
simple, single variable model. A large
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amount (€5%) of the total varfation of
wass concentrations could be explained by
tha fitted model. However, an attempt

to Include some other cause system
varfables was made, hopefully to improve
the model's predictive capability,

Since water spray performance, drum
rotation speed, and cutting speed
appeared consistent throughout the
sampling perfod, the independent
varisbles selected to be used in the
model were:

¥1 - sampling location on face
{ranked 1-7)

¥2 - condition of roof on panel
(ranked 1-10)

¥3 - method of cutting (ranked 1-5)

¥4 - cutting time during shift
(minutes)

V5 - cross-sectional arsa at
sampling location (square feet)

¥6 - air velocity at sampling
Yocation (fpm),

A multiple, linear regression analysis
of the data resulted in the model:

Co = 1.0047 + 1,0263V1 + 0.1757y2
~ 0.2234¥3 - 0.0037v4 + 0,0059VS
- 0.0074vs

with
vl = 0.7801
r = 0.8832
SE = 1.0515
f16,48) = 28.38 >» Fy o (6,48) = 3.22

Thie {s an adequate model for pra.
dicting the respirable mass concentratian
for a worker location, assuming he spends
the entire shift at that location,
Scaling of values for variables {s out of
line somewhat and the relatjve signi-
ficance of different coefficients of
variables to each other {s somewhat
obscured. Table 1 shows the results of
using the model to predict mass caoncen-~
trations for various locations under
dverage conditions. An average percent-
age difference of 9.1% fs observed.
However, the standard error of the
estimate is closer to 35: of the average
panel value (2.97 mg/m¥). 1t {s seen
that the mode) does a better job pre-
dicting the higher mass concentrations
than the lower ones. '

Further regression analysis, stepwise,
does not yield a better model. The
standard error of estimate remains high
{above 1.0) and the coefficient of
wmultiple corralation remains high
{> 0.85). Thus, some variables of
significance may be missing or, more
Tikely, the variabiiity of the data
ftself 1s high, (Personal sampling under

similar conditfons has been reported to
introduce sbout 20% error),

DESCRIPTION OF THET%S:TIHUOUS MINING SEC-

Figure 2 shows the layout of the
continuous mining section which has been
partially sampied. Intake zir 1s supplied
to the right side of the ssction. The air
Is then split with about 5000 CFM sent
down the belt hsading and the remaining
25,000 to 30,000 CFM directed acraoss the
faces to the return heading on the teft
side. A check in the sscond heading from
the right is normally removed during a
production shift to provide & second tram
route for & shuttie car.

A continuous miner with a 13,5-foot
wide drum is used to extract coal from the
face in a single pass. The cut {s five
feet deep and 6.5 faet high. The contin-
uous miner dumps the coal on the floor and
3 loading machine loads it into alternat-
Ing shuttle cars., The shuttie cars tram
an average distancea of 400 feet tp a
feeder where thelr payload 1s discharged
to the conveyor belt system. After a
5-foot pass is mined, 2 bolts are
instalied at the face with the bolting
mechanism previded on the continuoys miner,
An auxiliary fan with tubfng 15 used to
ventilate the face. One hundred feet are
driven in a heading before a move {s made
to the next face. The continuous miner
and the fan are moved to the next heading
to the right. After all four headings are
driven up 100 feat, then the crosscut {s
connected from right te left across the
section,

Mining conditions throughout the sec-
tton were good. The places were dry and
well rock dusted at all times. HNo prob-
tems with methane gas emission were
realized.

SAMPLING PROCEDURES ON THE CONTINUOUS MIN-
ING SECTION

It is intended to spend ten days
gathering respirable dust samples on this
section. At present, only five days have
been completed. Sampling procedures were
the same 2s on the longwall pinel except
for locations at which samples were taken.

Figure 2 shows the locations where
samples were taken over a nearly full
shift, numbered 1 through 7. Sampling
locatiens 1 through 3, 6 and 7 were at
fixed points, Each MSA sampling unit was
oriented perpendicular to the direction
of air flow and hung at a point approxi-
mately 6 {nches from the roof. Thus, the
helght of esch apparatus was about 6 feet
from the floor. The sampling units at
Tocations 4 and 5 were hung on the

*
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continuous uinin? machine and loading
machine, respectively, The unit on the
continuous miner was at & hefght of 4.5
feet from the floar, and 1t was main-
tained on the outby side of the ventila-
tion tubing at all times. The unit on
the loading machine was at a height of
5.5 feet from the Fflaor.

RESPIRABLE MASS CONCENTRATION RESULTS ON
THE CONTINUOUS SECTION

Averasge, MRE-equivalent, respirable-
dust, mass concentrations in mg/cubic
meter obtained for sampling locations
are #iso shown in Fiqure 2. It is
apparent that compliance with the
2.0 mg/cubic meter dust standard is
maintained throughout the areas of the
section where men would normally work.
The samples obtained at the auxiliary
fan and {n the return 150 feat outby the
fan were obtained to see the potential
hazard for a person exposed at that

location {say, plastering a stopping on
the back sida), 9 pping

The results obtained on the continuous '
aining section are pot surprizing. In
fact, the industry 1s aware of the good
success for controlling respirable dust
mass concentrations on continucus aining
sections. The problems of noncompl {ance
which now result ars primarily due to
reduced standards {mposed whenever high
levels of quartz are found in samples.

The results §n Figure 2 indicate that if
the level of quartz reaches 6.25% on this
section, then the continuous miner
eperator/roof bolter locations would be
out of compliance. Going one step farther,
the next lecation out of compl lance would
be the loading machine operator if the
Yevel of nuartz were to reach 10.10%

(very unlikely).
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Table 1. Predicted vs. Average Mass Concentration for Various Locations

Location Nead 175

Gate Shield

¥1 {Rank) 1 k|
V2 {Rank) 5 5
¥3 {Rank) k| k|
V4 {Hia.} 160 160
V5 {fLe) 100 70
V6 {fpm) 220 260
Predicted Cm 0.61 2.1%
Average Cm 0.53 1.75

L Oifference
from Avg. Cm 153 25X

Tail Tafl Mid- Lead
Gate Shearer Shearer Shearer

Oper. - Gper.

4 5 6 7

5 5 5 5

k] k| k| 3

160 160 160 160

70 35 35 35

240 75 175 375

3.36 j.1a 4.21 5.24

3.73 3.54 4.55 5.42

9.9% 10,25 7.5% Kk} 4
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