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FOREWORD

This volume contains publications resulting from respirable dust research performed in
the Generic Mineral Technology Center for Respirable Dust by faculty, staff and graduate
students at The Pennsylvania State University, West Virginia University, University of
Minnesota, and Massachusetts Institute of Technology. These publications have
appeared in scientific journals, proceedings of the national and international
symposiums and meetings. Complete cltations of the publications can be found in the
text. The Generic Mineral Technology Center for Respirable Dust is funded by the U.S.
Bureau of Mines through the Mining and Minera! Resources Research Institute Program.
The opinfons and conclusions expressed in the 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 Minera! Resources Research Institute Program or the U.S. Bureau of

Mines. Citatlon of manufacturers’ names tn the papers were made for general

information purposes, and do not imply endorsement of the products by the authors,

All of the publications in this volume are on research that has been supported by the
Department of the Interior's Mineral Institute program administered by the Bureau of
Mines through the Generic Mineral Technology Center for Respirable Dust under
allotrent grant number G1135142 or G1175142.

In addition to these papers, a dust conference was organized by the Center and held at The
Pennsylvania State University in October 1986, The conference was co-sponsored by
ACGIH, MSHA, NIOSH and USBM. Proceedings from this conference are available from
ACGIH. The generic center maintains a reference center that serves as a clearinghouse
for technical information for the generic area and supplies reports on generic center
accomplishments,

The support from the United States Congress for the Generic Mineral Technology Center
for Respirable Dust is gratefully acknowledged. We also acknowledge and appreciate the
support and inputs from USBM, NIOSH, MSHA, the Research Advisory Council, and the
Committee on Mining and Mineral Resources Research which have significantly
contributed to the activities of the Generic Mineral Technology Center for Respirable
Dust.

Respectfully submitted,

Robert L. Frantz

Co-Director, Generic Mineral
Technology Center for Respirable Dust
Co-Editor

R. V. Ramani

Co-Director, Generic Mineral
Technology Center for Respirable Dust
Co-Editor
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Excerpted From The

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

Repart to: December 15, 1987

The Secretary of the Interior

The President of the United States

The President of the Senate

The Speaker of the House of Representatives

Section 9(e} of Public Law 98-409 of August 29, 1984, {98 Stat. 1536 et seq.)
mandates that the Committee on Mining and Mineral Resources Research submit an
annual update to the National Plan for Research in Mining and Mineral Resources:
“Improving Research and Education in Mineral Science and Technology through
Government-{Federal, State and Locall, Industry, and University Cooperation.”

....................

Respirable Dust (centered at Pennsylvania State U. and West Virginia U., with affiliates
at U. of Minnesota and Massachusetts Institute of Technology): brings together experts
concerned with particles causing potentially disabling or fatal diseases, including
pneumoconiosis ("black lung”), silicosis, and asbestosis, the latter of deep concern not
just to workers in the mineral sector of the economy but also to the general populace.
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e s,

The Generic Mineral Technology Center for Respirable Dust

SUITE OF SAMPLING AND DUST SUTTE OF

CHARACTERIZED GENERATION METHODS MEDICAL TESTS
DUST SAMPLES :
1. Anthracite Dust/Lung Interaction 1. Rata
[Low Volatile)
2. Bituminous Particle Characterization 2. Guinea Pigs
(Medium Volatile)
3. Bituminous Mine Workers Mining Svstemn 3. Dogs
{High Volatile) Seam Geologv Dust Relationshin
4. Fireclay Respirable Dust Dilutton. 4. Non-Human
Transport and Devosition Primates
5. Silica Control of Dust Generation 5. Black Lung
Patients
6. Rockdust €. Healthy
People
BIZE, 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.

The holistic approach to standardized protocols and
procedures.
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Mixed Mode Testing for Fracture Toughness of Coal

Based on Critical-Energy-Density

R. Karl Zipf, Jr. and Z. T. Bieniawski
Department of Mineral Engineering, The
Pennsylvania State University

Abstract., Bassd on the premise that under-
standing the fundamental wechanica of fine
frageent forwation in coal will lesd to raducing
coal dust problems in mines, a thorough study of
the machanics of crack propagation in coal was
undertaken. Two approaches wvere considered in an
attampt to understand and quantify the fracturs
pProcess as it relates to fine fragment formation.

In one approach, theoretical models are usad
which describe the size of the fracture process
zone vhich may relate to the amount of structural
dangge and fine fragment formation on the new
crack surface. The other spproach is based on
the relationship between crack tip strass
intensity and new surface appearancea for mixed
mode crack propagation. Prelivinary observations
with a scanning elactron microscope support the
prenise that fine frapgment formation is related
to fracture surface sppesrance. and fracture
initiation condiciomns.

An experimental prograx designaed to supply the
input parameters for thase approaches is pres-
ently undervay. The experimentation faaturas
uixed mode fracture toughness testing, uaing a
spacizl mixed mode testing rig, and fracture
velocity maapuremsnts with s crack propagation
goge. The incarpretation of this data wis the
approaches discussed will provids further under-
atanding of the mechanics of fine fragmeat
formation in coal.

INTRODUCTION

As part of a larger affort to reduce the in-
cldence of coal werkers pnevsoconiosis (black
lung) in coal miners, researchers at Ths
Pennsylvania State University are sngaged in &
project te understand the fundamental mechanicy
of fine fragment formation in coal. This project
is part of a comprehensive research effort within
the Gensric Mineral Technology Center for Raspi-
table Dust vhich is jointiy adainistersd by The
Pennsylvania State University and Weat ¥irginia
Univeraity, The human and direct dollar cost of
dust induced illnesses in coal miners is very
large. By one sccount (Roepke et al., 1983) the
Fedarsl Governmant paid out almcat $12 billion to
sowe 500,000 coal miners and thair beneficiarias

from 1970 to 1980, Since then, tha present
lisbility of the Federal disability trust funds
approsches $20 billion per yaar, There are other
hidden costs of coal dust as well, ‘wmostly in the
form of incressed squipment wear and dacreassd
operator productivity both of which are due to
the poor envircnment, Quantifying these costs is
difficult; however, they are cartainly in the
same Tange as the present pneusoconiosis costs.
Thus, the nesd for long-ters research efforts to
resedy or prevent this costly situwstion arises.

The principal source of the coal dust in .
underground wining is the cutting oparation. The
USEM has conducted investigaticns into the
mechanics of coal cutting for many yaars. Roepke
(1984) susmarized the principals of proper coal
cutting to minimize dust formation by recommen-
ding to "eut at maximum depth (maximum advance
Tats) at all times, at minipum RPM, with the
feweat possible bits, having the lowest possible
tocluded tip angls.™ Moat coal In the U.S. 4is
nined with the continuous mining machine which
inharently cannot meet these design recomsenda-
tions (Roapke and Hangon, 1979),

It is known that respirable size dust particles
ata formed and/or liberated by the fracture
process. One of the first {nvestigations cop-
ducted by the USEM determined the smount of
Tespirable dust of 0.9 to 10 micromater gize
adharing to tha surfaces of various bituminous

coals (Chen and Zukovich, 1$73). Thcyliound tE!t '

the nuaber of particles ranged from 10°" to 10
particles par pound. Fortunately, much less than
1% of the respirable particles aver become air-
borma (Streibig and Zeller, 1%75). In & recent
atudy sponsored by the Hational Academy of
Sciences (Cook, 1982) these chservations raised
certain key questions regarding the mechanical
events occurring immediataly after particles are
produced and the quantity of particles that
actually become girborne. Moreover, ons should
knov the nature of the particles that bacome
airborne varsus those that rewain bshind on the
oew fracture surface,

Our present knouledg-'of the fundamental
sechaniows of coal dust generatior snd entrain—
ment is not sufficient to clarify let alone
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control the processes involved. When a cutting
tool interacces with coal, ir causes nuoerous
cracks to propagate through the intact material.
Numerous larger fragments are broken free, but
another quantity of undesirable fine fragments
are alec crested, The formaticn of these fine
fragwents 15 & direct resulr of the crack
propagation process; hence, a thorough under-
standing of the mechanics nof crack propagation is
required to minimize the production of unwanted
fine fragments.

The atw of the research reported iuv this paper
was to provide atcurate measurements of fracture
toughness in toal a5 a parameter controlling the
unstable crack growth and to study the fracture
velocity in coal. This last aspect is a novel
concept based on the observation that crack
vifurcation occurs asbove some critical velocity.
This leads to the hypothesis that when crack
bifurcation does occur, fine fragments of cosl
material are generated which leads to increased
dust formation. Figure 1 shows a propagating
crack in glass as the crack bifurcates and leads
to fine Iragment formation (Bieniawski, 1966).

Figure 1. Crack Bifurcaticn in Glass
(Bieniawskl, 1968).

The pregent investigation was concerned with:

{1) the fracture process zone and its influence
on fine fragment formation; (2) fracture surface
characterization with the scanning electrom
microscope; (3) development of mixed mode testing
procedures for coal,

1o conjunction with the fracture toughness
testing, determination of related coal material
properties 1s eggential. These properties
include the unconfined compressive strength, the
tensile strength from Brazilian tests, the point
load index, the Young's modulus and the Poisson's
ratio. Sonic veleocity measurements will provide
compressional and shear wave velocities from
vhich caleulation of dynamic moduli is possible.
Determination of these ccal material properties
should enable more complete characterization of
the various coals and also provide useful cross
checks and correlationa for the fracture mechan=-
ics properties. Recent work by Kelscn et al.

(1985) has demonstrated a strong torrelation
berween the ecritical energy release rate G (which
relates to fracture toughness K) and the per-
tormance characteristics of a tunnel bering
machine. By direct analogy, there is a reason te
believe that a similar relationship exists be-
tvean G and K and the performance of & continuous
wining wachine or a longwall shearer. Deter-
pinatien of these correlations betwesn fracture
toughness, other mechanical proparties and
cutting wachine performance will provide
additional insight into the dust generation
potential of wvaricus coals.

ERERGY DISSIPATIOR, CRACK PROPAGATION AND FINE
FRAGMENT FORMATION

Studies in many waterials, including coal,
show that when a crack propagates through &
material, it rarely produces a smeoth, clear,
well-defined surface. Microcracks are opened up
all along the newly created surfaces and success=-
ful or unsuccessful attempts at crack bifurcatien
may occur. The material on elther side of the
new crack surface is affected by the "fracture
process zone" (FPZ} which surrounds the propaga-
ting evack tip. Energy supplied to the crack tip
by various external loads is largely dissipated
in the FPZ and relatively little is consumed as
free surface energy. When loading conditions are
such that the crack tip is provided with excess
energy for crack propagation, it responds by
dissipating that energy through additiomal
wicrocracking and crack bifurcatien within the
FPZ. &As a result, new fracture surfaces way
exhibit rougher appearances and increased struc-
tural damage whith in turn may corralate with an
increased tendency to produce unwanted fine
fragments. Two approaches are considered in
these attemprs to understand and guantify the
fracture process as it relates to fine fragment
formatien: one 1s based on theoretical models of
the size of the fracture process zome; and the
other is based on reiationships between crack tip
stress intensity and new fracture surface
appearance a8 seen under a scanning electron
Dicroscope.

THE FRACTURE PROCESS ZOKE AND FINE FRACMENT
FORMATION

In this appreach, thecretical models are con=-
gldered which describe the sire of the microcrack
zone or FPZ, It is postulaced that the size. of
the process zone relates to Che amount of material
damage expacted on the new crack surface which
may characterize the propensity of the ceoal to
generate unwanted fine fragments. Two alternattve
medels exist which describe the size of the FPZ.
One ig based on a maximun stress criterion and
the other ig based on the strain energy density
theory.

With the paximuep stress criterjon, different
analysis approaches exist and all lead to gimilar
results. The spproaches are based on analyses of
the plastic zone surrcunding the crack tip
originally developed for metals by Irwin and
Dugdale {Broek, 1974). In recent work, Labux
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(1985) uses a Dugdale approach to develop the
concept of an effective crack length which 1a
essentially the sup of the actual crack lsngth
plus the length of the FPZ. Schmidt (1980) begins
with the Irwvin approsch in the development of a
microcrack zone model. For purposes of this
work, the latter approach is prefecred because of
itz raady ability to incorporate sffects of
hydrostatic compression and anisotropic stress on
the airxe and shape of the microcrack zone or the
FPZ. The radius r of the FPZ as a function of
angle ¢ from the crack plane is:

: 2, 2
r{¢) = 2+ [cM% {1+ sin %)] (-:—"')
t

where K. is the Mode 1 fracture toughness and o
is the ufitaxial tensile strength of the intact
material. Plane strain conditions are sssumsd.

The alternative description of the gize of the
fracture process fome is the radius of the "core
Tegion” in the atrain energy density theory
(Gdoutos, 1984). The radius r is given by

r -
&

The strain energy density factor § is given by

2 2
= om Ry ¢ 2a,KKy ¢ a0k
vhere K. and ¥ 1 are the Mode I and Mode I
stress Intensi%y factors and a,, STE Becweiry
functions given in full by Gdouéos (1984), Also
(dW/aV) 1a the strain energy density at a point
found as

dw 1 2 2 2 v

av " Tg (1% 9 * 9y - (070, + 9,0, + 00,)
Both alternative fracture process zone

descriptions require similar laboratory date:

however, in the latter approach based on the

Btrain energy density theory, mixed wode test
conditions can be accommodated.

FRACTURE SURFACE CHARACTERIZATION WITH THE
SCANNIKG ELECTRON MICROSCOFE

The other approach to characterizing the
potential of a cosl to produce unwvanted fine frag-
ments is based on the relationship between crack
tip stress intensity and fracture velocicy and
thelir effect on nev fracturs surface appaarance
for wixed wode crack propagation. Wham a crack
Propagates through s material, post=-mortes exami-
nation of the nev fracture surfacas typically
reveals a wirror, mist or hackle type of surface
appearance. These gurface appearances are ssen
in s wide variety of materials ranging from
metals, cerawics, glass and polymers as illus-
trated by Ravi-Chander and Knause (1984), Broek
{1974), and Abdel-Latif, Bradt and Tressler
(1981)., However, such matarials are homogensous
and this kind of surface character is mor as well
developed or as readily viaible with inhomo-

genecus materials like rock (Forseka, Murrell and
Barnes, 1985) or in coal. However, different
degrees of structural damage on naw fracture
surfaces are readily seen.

It is postulated that the appsarance of thase
new surfaces may corralacte with the propensity of
a coal to produce unwanted fine fragments on the
new fractures. The appearance of these new sur-
faces depends largely on the amount of snargy
diseipation occurring in the pzesiog fracturs
process zone. Experimentation with idesl materi-
als by Ravi-Chander and Knause demonstratad a
useful relationship between crack tip stress
intensity, fracture velocity and fracture surface
appearance or degree of surface damasge. The
nature of the relationship is sketchad in Figure
2. In the experimence mentioned, specimens of
Homalite 100 were loaded slmost instantanecusly
by various crack pressurss. Ths higher losding
pressures (hence higher loading rates) resulted
in higher crack propagation velocities.

high fracture velocily
medium fracturs velocily

low fracture velocity

stress -
intensity - Tl Ce el

mirror zong

tiine since Traclure Initiation or
daistance from fracilure inttistion

Figure 2, Schematic of Crack Tip Stress Inten-
sity, Fracture Velocity, Surface
Appearance Relationship (after Ravi-
Chandar snd Koauss, 1984).

Genarally, crack velocity remsined alwost constant
during the fracture event. Crack bifurcation

occurs only 1o the sc-called hackle zons or those
areas with high dagres of fracture surfaca damage.

A similar relationship is balieved to exist
for various coals and it may serve as s basis for:
(1) ranking coals according to their tendency to
form unvanted fine fragments; (2) directly rela-
ting surface appearance to the fracture initistion
conditions such crack tip stress intensity and
loading conditions.

The latter relation may in turn Suggest means
to control the fracture process so that the pro=-
duction of unwanted fine fragnents 1s winimizad.
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Experimental Studies

In order to make a preliminary assessment of
thiz concept, & number of gmall notched cubes of
Pittsburgh coal were failed by dominately Mode 1
or dominateivy Mode I1 loading conditions atr both
slow and fast loading rates. Fracture was also
propagated in various directions either paralliel
te the bedding planes, the face cleat or the butt
cleat. Next, the newly created fracture surfaces
were exazined under the SEM,

Four paire of comparative SEM gicrographs are
ghown in Figure 3 for the face cleat. The pairs
are for (1)} Mode 1 cracks under slow leading com-
ditions; (2) Mode 1 cracks under fast loading
conditioas; (3) Mode II1 cracks under siow loading
conditions; and (4} Mode II cracks under fast
loading conditioms. 1In each pair, the right
image 1s ar 100X and the left image is at 1000X,
Cn the botton of the right image is a scale bar
which represents 100 mictons in the right image
and 10 microns on the left image.

In comparing these sets of images, we make the
follewing observations:

(1) The least amount of structural damage and
fine fragment generation occurs undar
slow loading conditions in Mode I,

(2) 1lncreasing the loading rate in Mode I
appears to increase the structural dasage
and fine fragment generation on the new
fracture surface,

"MODE I -SLOW RAT

Figure 3.

{3) Changing the loading condition from Mode
I to Mode II ot glow loading rates
increases the structural damage and fine
fragment generation on the new fracture
surface,

{4} Increasing the loading rate from siow to
fast in Mode II or changing the mode from
1 to II under fagt loading conditions
does not appear to change the fracture
surface character in any readily apparent
way; hovever, their is increased struc-
tural damage and fine fragwent generation
in fast loading conditiens in Mode 11
versus slow loading conditions in Mode I.

These preliminary observations provide further
impetus for developing weans to generate and
contrel mixed mode leading conditions in coal
specimens.

MODE I FRACTURE TOUGHKESS TEST DATA FOR COAL

Relative to other materials, few studies exist
en the fracture toughnees of rock (Bleniawski,
1881} and even less on coal. Considerable con-
troversy remains regarding test procedures and
the fracture strength for various coals. Tsble ]
presents a compllation of existing weasurements
of the Mode I fracture toughness of coal. These
measursments were completed by researchers in the
U.5. Cazada, and Australia. This table shows
that the fracture toughness can range over an
order of magnitude for different coals and that
the standard deviation of the wean for these

FEmys

SEM M I I Albn§ the Face
SEM Micrographs of Coal Fracture Surfaces : .
Cleat Sca?e Bar in 100 X Photo - 100 microns in right

image and 10 microns in left image.

6
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TABLE 1. Summary of Coal Fracture Toughness Test Results
Standard
Specimen Specinen Deviation No. of
Source Coal Type Size chm’/: of Maan Tests
Advani et al. Pitteburgh SEND-3FB Iicmxd.8cn 0.028] B&X 2
1978 Waynesburg SEXD-3PB x 1.9 em 0.156 362 3
Redatone SERD-3PR 0.0348 60X 6
Powell et al, Pittsburgh SEND-3PB 15 em x 3.8 cm 0.0629 37z 15
1981 Pittaburgh SERD-3PB x 1.9 cm 0.0472 34X 25
Bhagat, 1981 Lower Freeport SEND-3PB 20 co x 3.8 em 0.0283 5% 10
Redatone SEND-3PE x 1.9 em 0.0474 72X 20
Waynesburg SEND=-3PE 0.121 48X 5
Sewickley SENDr3PB 0.267 192 9
Szendi~Horvath, Black Coking Coal DMC 1.6 to 3.8 em 0.219 13% 1z
1982 Black Steaming " DpMC 0.435 121 [
Semi~Anthracite DMC 0.132 112 6
Black Coking " SEND-3PB 4 to 7 e 0.321 11X 12
Bassix and Hasu, Coal A SEND-3PB up to 8 cm 0.020 to - 11
1982 0,225
Klepaczko, Coal A WLCT 3.8 x3.8cm 0.154 252 4
et al. 1984 Coal B WLCT x 3.2 em 0.18] 3x 3
Coal A WLCT-dynanic 2.014 1% 4
Bieniawski and Bone Coal DMC 1.6 cn 0.220 25% 11
Mark, 1984 Kirt Mine SEND-4PB up to 3 cw long 0.346 w7, 3
Coal DMC 1.6 co 0.150 19% &
Kitr Mine
Anthrecite DMC 1.6 em 0.296 32z 11
Rushton Mine SEND-4PB up to 3 co long 0.172 42% 4
DMC 1.6 c» 0.032 2

TABLE 2. Fracture Toughuess for Rock and Other TABLE 3. Stresa Intensity Factors for Mixed Mode
Materials (Bieniawski, 1981) Teat Specimensg
Material Ko (MPa ‘a Richard's Equation Numerical Analysis
_— Original Geacwetry of New Spacimen
Quartzite 0.721
Chelmaford Granite 0,592-0.636 RyMParm
Indiana Liwestons 0.990
Coarse Sandscone 0.57=1,46 0‘.(Hode I 0.190 3(1,8:
Texas Limestone 0.37-0.58 30° 0,163 +09
Bersa Sandstons 0.23 60. 0.095 g'g;;
Tennessee Sandetons 0.454 90% (Mode II)  0.000 *
Carrarra Marble 0.644 . -
Westerley Granite 2.6 I il
T K, MPar®
Concrete 0.6-0.8 0* (Mode I 0.000 0.000
Fused Silica 0,753 0* 0.047 0.014
Aluninus Alloy al.l &0°* 0,082 0,043
Steel 92+146 90° (Mode II) 0.094 0.099
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tests is quite high, typically 30 to 50X, To puc
the mggnitude of these fracture toughnees values
into perspective, typical fracture toughness
valuen for other materials are piven in Table 2.

The primary Taason for this variability is the
highly snisetropic, nonhomogeneous and discon-
tinuous character of gll coals, Many of these
studies encountered problems wich sample collec—
tion, preservation and preparation because of the
weak, frisble and moisture sensitive nature of
coal. Because of its nature, only the strongest,
most durable toal samples are ever tested which
tends to produce very suspect fracture toughness
tegt data.

Recognizing the difficultles in preparing and
testing coal samples for mechanical properties,
Bieniswsk{ and Mark (1984) performed additiomal
fracture toughness tests on several Appaiachian
coale. Those test results, also included in
Table 1, show fracture toughness values in the
xame range as the other results; however, the
standard deviation sbout the mean for those tests
is somewhat better than many published results.
This testing utilized the Diametral Cowpression
(DMC) specimen, originally developed by Szendi-
Horvath, and the SENB-4PB specimen. The work
relied on the use of small specimens in order to
minimize the effect of the Innumerable macro-
scopic fiaws in the coal.

One of the major problems in working with coal
is obtaining properly sized and representarive
specimens for testing in a suitable test rig.
Bagic fracture mechanics theory sets minimum size
Tequirements on test specimens sc that the stress
fleld in the immediate vicinity of the notch tip
is unaffected by the specimen boundaries thus
assuring that the loads are in effect at
"infinity." 1f indeed the stzndards apply to
rock, then the miniwuw crack length must meet the
condition

2

KIc
a > 2.5 (E-d
t

vhere K. 1is the Mode I fracture toughness and ¢
is the Egnsile strength. This condition implies
that the "yielded" material in the fracture
process tone surrounding the crack tip is con-
tained by at least 40 diameters of test material.
Recently, Bhagat (1985) found the following
enpirical relacion for a variety of Appalachian
Region coals.

K. = 0,00187 o_ + D.00479
Ic t

vhere K__ is in MPa “w and o, 1s in MPa. Using
this reistion implies that the pinimum crack
length should exceed about 0.2 m. Such a crack
length requires a minieum specimen sire of at
least 0.4 o for cube Jike test spacioens and 1.6
v for beam like test gpecimens. Such specimen
sizes are not generally feagible in the labora-
tory due to limitatione of available preparation
and testing squippent. For practicality then, a

0.05 m erack length in & 0.10 ® cubical specimen
is used vwhenever poasible and subsequent equip-
ment designs and spscificatioms are bassd on this
decision. With such & specimen size, the thac-
retical containpent on the crack tip process zome
decreases frow 40 down to 10, Such & specimen
size doas match the scale of fracture occurring
in the vicinity of e coal cutting teol sc it is
reasonable to sccept this specinen size even
though it is theoretically subsize,

Successful preparation of these apacimens
requires use of delicate, ‘low energy’ preparation

_equipment. The laberatory at Penn State has

acquired a horizontal bandsaw, diamond bandsaw
and a belt/disc sander for this purpose. In
addition, fresh coal 1s stored in a chasber at
100X relative hupidity at all tipes to prevent
drying and shrinkage cracking.

DESIGN OF MIXED MODE FRACTURE TOUGHNESS TESTS
FOR COAL

To study reslistically the mechanics of fins
fragment formation in coal requires s mixed mode
teat procedure since the actual crack propsgation
in the vicinity of the coal cutting tool is
almost certainly under mixed mode loading con-
ditions. From a general reviev of the rock
mechanics literature, relatively lirtle test work
has been completed under mixed mode conditions
{Ouchterlony, 1982) and only relstively Tecantly
hes such testing become jmportant in other
materials such as metals snd cersamics. Ingraffes
(1577, 1981) completed the most recent atudies
with rock under mixed wode loading conditions
using limestone and granite. The gpecimen usad
in thoge experiments is a variant of a single
edge notch beaw in four point bending.

Cenctral to the fracture toughness weagurement
efforts is a special mixed mode teating rig that
can accept a 0,1 » cubical test specimen., Draw-
ings of cthia rig which is under fabrication at
the time of this paper writing sre shown in
Figure 4. The rig dewign i{s wodified from
concepts originally developed by Richard (1984)
for testing metals snd plastice under mixed mods
conditions.

Richard {1984) presented equations relating
the stress intensity factors X_ and KI for
losding conditions on a sin11:¥ npecinln as a
function of apecimen width, specimen thickness,
crack length and applied force. Bacause the
loading method is considerably differant from
Richard's original concept, re~analysis of the
spacimen geometry and loading conditions is
required. Program ANSYS*, which has a crack tip
element, was utilized in the numerical work. The
mesh ia shown io Figure 5. Convergence studies
demonstrated that a mesh with SBE elsments pro-
vided pufficiently accurate numerical resulcs for
an estimate of the K factors as a function of
loading conditions. These factors are presentad
in Table 3. Actually, they compare reasonably

*ANSYS 1s developed by Swanson Analysis Sytems,
Ine. Houeton, Pa.
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Figure 4. Mixed Mode Fracture Toughness T;lt
Fixture. .

well with the factors originally developed by
Richard for & somevhar different loading
geometry; thus, they are used hereafter with
confidence.

CONCLUSION

A scientific rationale and an approach to
investigating the fundamental mechanics of fime
frageent formation in coal has been developed.
When a crack tip is supplied with exceas energy,
it responds by dissipating the snergy through
increased structural damage to the new fracture
surface and crack bifurcation which leads to
larger amounts of fine fragment formation.
Preliminary scanning slectron microscops studies

ANBYS 4.2
JAN & joes

11:26:08
PLOT NO.

T
DISTsz. 3
IFs.$

g BLB ELTMENTL 11U CRALA T.P

Figure 5. Finite Element Mesh for Analyais of
Mixed Mode Test Specimen,

demonetrated that differant loading rates and
fracture modes induce qualitative differences in
the smount of structural danage and fine fragment
formation on the new fracture surfaces. To study
these differences, a mixed mode fracture tough-
neas testing rig ie under developwent.

Two theoretical approaches were proposed for
quantifying these differences. One approach 1is
based on machematical descriptions of the gize of
the fracture process zome. Two models exist:
one based on & waximum stress criterion and the
other based on the strain energy density theory.
The other approach 1a based on relationships
between crack tip strass intensity and new
fracture surface appearance as geen under an SEM,
It iz believed that these approaches may lead to
an index or procedure for ranking coals according
to their tendency to produce unwanted fine frag-
ments and relating nmev fracture surface appearance
to the fracture tinitiation conditiona such as
crack tip stress intensity or loading conditions.
In the long term, the objective ig to underateand
bettar the wechanics of fine Eragment formation
which may lead to decreased coal dust formation
with the resulting human health benefits,
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Fracfure Mode and Loading Rate Influence on the
Formation of Respirable Size Fragments on New

Fracture Surfaces

R. Karl Zipf, Jr. and Z. T. Bieniawski
Department of Mineral Engineering, The
Pennsylvania State University

Rescarchers at The Pennsylvania State University are
engaged in a project to understand the mechanics of
respirable size fragment formation in coal. The project is
based on the premise that a thorough understanding of the
fundamental mechanics of fine fragment formation may
lead to technigues for reduction and better control of coal
dust problems in mines, Presently, it is believed that the
mode of fracture propagation which can range from pure
tensile to pure shear or any mixed mode in between and the
louding or displacenzent rate can influence the amount of
respirable size fragments that are generated oo new
[racture surfaces during the fracture propagation process
The essence of any coal cutting process is one of mixed mode
fracture propagation. To study the crack propagation
process, a unique mixed mode testing rig was designed and
fubricated. This rig is capable of applying loads to a
prenotched test specimen that range from pure Mode 1
(tensile mode) to nearly pure Mode Il (shear mode) or many
mixed mode loading combinations, It is also possible to
apply different loading or displacement rates to the test
specimen. With this rig, it is pessible to create new fracture
surfaces via the different [racture modes and under various
louding conditions.

These new fracture surfaces are examined with a scanning
¢lectron microscope (SEM) to characterize the amount of
structural damage and respirable size fragment formation
that occurs during the fracture process. Initial
observations suggest that the amount of fine fragment
formation and the new fracture surface appearance is
related to the fracture initiation conditions, particularly the
fracture mode and the loading rate, Mode 11 loading and
higher loading rates seem to generate more structural
damage and respirable size fragment formation that Mode
1loading at slower rates.

With the mixed mode test rig, the mechanics of fracture
initiation for a single crack can be controlled to better
understand its Influence on respirable size fragment
formation. Such understanding may lead to methods which
characterize the tendency of specific coal seams to produce
undesirable fine fragments during the fracture process, or
It may lead to rational recommendations and design
guidelines or coal mining machines which inherently
produce less dust.
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Introduction

As part of a larger effort to reduce the incidence of coal
workers pneumoconiosis (black lung) in coal miners, re-
scarchers at The Pennsylvania State University are engaged
inaproject to understand the fundamental mechanics of fine
fragment formation in coal, This project is part of a com.
prehensive research effort within the Generic Mineral Tech-
nology Center for Respirable Dust which is jointly
administered by The Pennsylvania State University and West
Virginia University.

The principal source of the coal dust in underground min-
ing is the cutting operation. The U.S. Bureau of Mines
(USBM) and various European research organizations have
conducted investigations into the mechanics of coal cutting
for many ycars, These studies of airborne respirable dust
(ARD) formation have concentrated on empirical studies of
the various cutting parameters and their effect on ARD for-
mation. The paramote{s §mdy include depth of cut, cutting
speed and bit spacing.\!> Other studies investigated the ef-
fect of symmetric and as%etric bit wgar and various bit
geometries and designs.) Roepke!® summarized the
principals of proper coal cutting to minimize dust formation
by recommending to "cut at maximum depth (maximum ad-
vance rate) at ali times, at minimum RPM, with the fewest
possible bits, having the lowest possible included tip angle."
Most coal in the U.S. is mined with the continuous mining
machine which inherently cannot meet these design recom-
mendations.®

It is recognized that respirable size dust particles are
formed and/or liberated by a fracture process. One extreme.
ly interesting and useful study performed very carly in the
USBM dust rescarch effort determined the amount of
respirable dust of 0.9 to 10 micrometer size adhering to the
surfaces of various coals."”) They found that the number of
particles ranged from 10! ¢o 1 particles per pound or
from 20 to 60 x 10° particles per squarc centimeter of frac-
ture surface. These numbers are evidently independent of
the average fragment size. Fortunately, much less than one
percent of the respirable particles formed ever become air-
borne. (1)

In a receat study sponsored by the National Academy of
these observations and empirical correla-



tions raised certain key questions regarding the mechanical
cvents that occur immediately after particles are produced
and the quantity of particles that actually become airborne,
Moreover, one should know the nature of the particles that
become airborne versus those that remain behind on the new
fracture surface. A further question raised by the NAS study
is whether the majority of the dust is liberated from the crush
zone near the bit tip, from the newly created surfaces during

Dowrward Force

Y

{utting
Mrsctism

—_—

Rack Powder
(erush zome)

FIGURE 1, Basic coal cutting model.(11)

[racture, or from the new surface because of falling. Little
work has been done on these fundamental problems,

Coal Cutting Models and Dust Formation
Mechanics

Several rock cutting and rock failure theories have been
proposed in the past, but it is only very recently that fracture
mechanics concepts have been successfully applied to the
study of rock cutting mechanics. All of these cutting models
scek to predict the cutting forces and the cutter geometry
necessary to cause rock breakage and chip formation given
some fundamental mechanical properties of the rock. The
models have wide applications in drilling, tunnel boring and
mining problems.

The indentation type of models™ consider a rock loaded
by a wedge. A crushed zone is postulated around the wedge
tip and interfacial friction between the bit and the rock is in-
cluded. Failure or chip formation occurs when the uncon-
fined compressive strength of the rock is exceeded. The
analysis is based on plasticity theory and the size of the chip
formed is determined by the size of the plastic zon¢ around
the wedge tip. In another indentation type model, a Mohr-
Coulomb failure criteria is applicd along an assumed failure
path. 19 The cutting force is determined when the failure
criteria is exceeded.

Only one model succcssfully analyzes rock cutting usépﬁ
fracture mechanics conccpts. Sapuma and Kleinosky,
model the action of a drag bit cutter with a special purpose

finite element program that simulates mixed mode crack
propagation bascd on lincar elastic fracture mechanics, The
problem analyzed is shown in Figure 1. This model is iden-
lical to one used by the USBM for coal culting.“) The cut-
ler moves across the rock where a chip was previously
rcmoved until it engages the rock ahead of it. A new crack is
propagated under mixed mode loading conditions until a
ncw chip is removed. '

The cutting model ysed by the USBM and analyzed by
Saouma and Klicinosky'' ' serves as a basis for postutates of
fundamental mechanisms for ARD production. The basis
for these postulates is recent work by researchers at the
Southwest Research Institute("? and additional modifica-
tions at The Pennsylvania State University, The fundamen-
tal mechanisms for dust production may include:

L. Crusking, grinding and scraping by the tool tip.
2. Energy dissipation in the fracture process zone.

3. Explosive disintegration during chip formation
caused by violent release of stored elastic strain
energy.

4. Preferential detachment of impurity particles during
fracture due to their dxffenngl:ul:;tync moduli,
In addition to the production mechanisms, further

mechanisms have been proposed for subsequent entrain-
ment of the dust particles, but they will not be discussed here.

TESTING
MACHINE

LOADING PLATES
GLUED-ON GRiPS *

LOADING PINS

TEST SPECIMEN
WNITH NOTCH

[ TESTING
NACHINE

FIGURE 2. Mixed mode fracture toughness test fixture.
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FRACTURE MODE AND LOADING RATE INFLUENCES

The relative importance of the above mechanisms and the
factors which influence their relative importance are not well
understood. Many regard the crushing mechanism as most
jmportant although experimental evidence for this conten-
tion is conflicting and sparse. For instance, the decrease in
specific ARD with deep cutting is supportive of the conten-
tion since presumably, the size of the crush zone and the
amount of grinding and scraping are not greatly affected by
increased depth. On the contrary, it is known that using dull
and worn bits does not effect the specific ARD. Assuming
that dull and worn bits increase the amount of crushing,
grinding and scraping, one should expect higher specific
ARD,

Our present research thus focuses on the cnergy dissipa-
tion mechanisms that occur in the fracture process zone
during a crack propagation event and the various mechani-
cal properties that influence the amount of energy dissipa-
tion and the resulting fine fragment formation. It is known
that when a crack propagates through a material including
coal, it rarely produces a smooth, clear, well-defined surface.
Microcracks are opened up all along the newly created sur-
faces and successful or unsuccessful attempts at crack bifur-
cution may occur, The material on either side of the new
crack surface is affected by the "fracture process zone"

{(FPZ) which surrounds the propagating crack tip. Energy
supplied to the crack tip by various external loads is largely
dissipated in the FPZ and relatively little is consumed as free
surface energy. When loading conditions are such that the
crack tip is provided with excess energy for crack propaga-
tion, it responds by dissipating that energy through addition-
al microcracking and crack bifurcation within the FPZ. As a
result, new fracture surfaces may exhibit rougher appearan-
ces and increased structural damage which in turn may cor-
relate with an increased tendency to produce unwanted fine
fragments. Two approaches have been advanced to under-
stand and quantify the fracture process as it relates to fine
fragment formation: one is based on theoretical models of
the size of the FPZ; and the other is based on relationships
between crack tip stress intensity and new fracture surface
appea{ﬁ?cc as seen under 2 scanning electron micro-
scape.

Experiitiental Methods

The present experimental work aims to provide the ncces-
sary mechanical properties data to quantify the energy dis-
sipation processes that occur during coal cutting and which
may iead to unwanted ARD production. Of central impor-

TABLE |
Summary of Coal Fracture Toughness Test Resuits

Standard
Specimen Specimen Deviation No. of
Source Coal Type Size KICMPa m of Mean Tests
Advani et al{15) Pittsburgh SEND-3PB 15 cm x 3.8 cm 0.0281 86% 2
Waynesburg SEND-3PB x19em 0.156 36% 3
Bedstone SEND-3PB 0.0348 60% 6
Poweil et 21C16) Pittsburgh SEND-3PB 15 em x 3.8 cm 0.0629 37% 15
Pittsburgh SEND-3PB x19¢m 0.0472 M% 25
Bhagat(17) Lower Freeport SEND-3PB 20cmx 38 cm 0.0283 % 10
Redstone SEND-3PB x19cm 110474 7% 20
Waynesburg SEND.3PB N1z 48% 5
8 Sewickiey SEND-3PB 0.267 19% 9
Szendi-Horvatn(18) Black Coking Coal ~ DMC 16038 cm 0219 13% 12
Black Steaming Coal DMC 0.435 12% é
Semi-Anthracite DMC 0.132 11% 6
Black Coking Coal ~ SEND.3PB 4107em 0.321 11% 12
Bassim and Hsu(1%) Coal A SEND-3PB upto8em 0020100225  — 1
Kiepaczko et a1 (%) Coal A WLCT 38x38cm 0.154 25% 4
Coal B WLCT x32em 0.181 3% 3
Coal A WLCT-dynamic 2.014 11% 4
Bienitm:i and Bone Coal DMC 1.6 em 0.220 25% 1
Mark' Kitt Mine SEND-PB upto 3 .cm long 0.346 17% 3
Coal DMC 16¢em 0.150 19% 4
Kitt Mine
Anthracite DMC 16em 0.296 2% 1t
Rushton Mine SEND-4PB up to3cm long 0172 2% 4
DMC 1.6cm 0.032 2
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Jtance are fracture toughness measuremeats in coslas @:43) riayeeT

ter controlling unstable crack growth and fracture /..,
tvelocity measurements. The, last #spect iis a aovel conespt it
' based o the observation that.crack bifurcation oocurs above, 1y,
some critical velocity, This leads to the hypothesis that when , y,
( crack bifurcation does occur, fine fragments of coalmaterial 1,
| are gencrated which leads to increased dust formation. 7 1y
| ‘Relatjve tg other m"iﬂ?"' few studies exist, on the frac- ..,
‘ture toughnéss. of rock'™*’.and even less on coal. Con- ...

siderable_controversy remains regarding test procedures ;...
.and the fracture strength for .various coals. Tabll.::_'-,_l_(f’mﬂ.;: A
presents acompilation of the existing Mode X fracture tough- -, : T e Lot
ness. measurements of coal by various researchers in.the .1 _ ; ST e
US., Canada, Australia, and.at Penn State, The fracture pee oo W 50 ey
toughness for coal can range over an order.of magnuudeqformw?f& e e T T Tt . s adit
different -coals and the_standard deviation for, individual - fect on fine fragment formation, A schematic.of the test fix- * !
coals can'reach 30 to 50 percent. The primary reason for the . dure i shown in Figure 2. It can subject a 0.1 meter,-
variability is the highly asisotropic, non-homogeneous, and * pre-notched test specimen to pure mode 1 oading, a nearly . -
discontinuous nature of coal. Because of its nature, pnly the _ Jpure .mode Il loading or-various mixed mode loadings. i,
strongest, most durable coal sampies are ever tested Which + “Figure 3 shows three plaster of paris test specimens that were *.,,,-
tends to produce very suspect fracture toughness test data.- fractured jin the test rig-for calibration purposes. The .-

Existing data for the fracture toughness of coal is for ., specimen inthe front was fractured by a mode I loading, the -, ;

Mode T enly. From 2 gencral review of the rock mechanics, . hardness, the. NCB jndenter hardness and -the. Young's ...
literature, relatively little . tcs(t Yofk has been completed .. Modulus and Poisson’s Ratio, Determination of these coal .-
under mixed mode conditions** and only relatively recent- ~ material propertics enables more complete characterization J
ly has such testing become important in other materials such Of_ll}ﬁgafious coals and also provides useful cross checks and :
as metals and ceramics. Since the coal cutting mechanism is  cofrelations for the fracture mechanics properties. '
indeed one of mixed mode crack growth, it was'necessary to ;..:o Table I shows the design of the mechanical propertics t
design, analyze, and calibrate a special mixed mode-testing - -test program presently underway: The program is basically —— t
rig in order to study the crack growth mechanism and its ef-  designed to supply input data to the models of fracture
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FIGURE 4. SCM micrographs of coal fracture surtaces along the face cleat a1 1000x — Scale 0.820 Cm = 10 micros.
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process zone size and the relationship between crack tip
stress intensity and new fracture surface appearance as seen
with the scanning clection microscope. Tests are conducted
under various mixed mode loading conditions at different
onc in the rear by a mode 11 loading, and the one in the mid-
dle by a mixed mode loading. The increasing angle of crack
growth observed as the amount of mode II loading is in-
creased is as expected from theoretical considerations.

In conjunction with the fracture toughness testing, deter-
mination of related coal material properties is ¢ssential. The
properties include the unconfined compressive strength, the
direct tensile strength, the point load index, the Schmidt
loading rates and at dilferent orientations relative to the
natural structure of coal.

Successful preparation of these specimens required use
of delicate, low energy preparation equipment, The
laboratory at Penn State has acquired a horizontal bandsaw,
diamond bandsaw, and a belt/disc sander for this purpose.
In addition, fresh coal is stored in a chamber at 100 percent
relative humidity at all times to prevent drying and shrinkage
cracking. Preparation of specimens has been extremely suc-
vesstul. Jo order to obtain better, more meaningful cross cor-
relations between tests, specimens for 2 mixed mode test,
compressive strength test, tensile strength test, and the other
tcsts are cut from the same lump of raw coal. With the exist-
ing preparation equipment, sample preparation has been ex-
tremely reliable. It is estimated that it has been possible to
successinlly prepare fracture toughness test specimens from
vver 73 percent of the coal lumps collected in the Geld. This
lcads to laboratory fracture toughness data that is indeed
more representative of the in situ coal.

To demonstrate ihe effect of fracture mode and icading
rate on the formation of respirable size fragments on new
{racture surfaces, a small aumber of pre-notched cubes of
Pitssburgh coal were fractured by dominaatly Mode I or
dominantly Mode 11 loading conditions at both slow and fast
loading rates Fracture was also ed i various direc-
tions cither parallel to the bedding planes, the face cleat or
the bunt cleat The newly created fractore surfaces are then
cxamined under the scanning electron microscope at 1000X
magnification,

Under the SEM, respirable size fragments on the fracture
surfaccs appear quitc readily as lighter areas or white spots.
This contrast is due to charging by the electron beam be-
cause the particles are detached. Four SEM micrographs are
shown in Figure 4 for

1. Mode I cracks under slow loading conditions.
2. Mode [ eracks onder {ast loading conditions.

3. Mode II cracks under siow loading conditions.
4. Mode H cracks under fast loading conditions.

In comparing these images, we make the following obser-
vations:

1. The least amount of structural damage and fine
fragment fc--mations occurs under siow loading
conditions in Mode L

2. Increasing the Joading rate or changing the loading
condition from m?&sl to Mode II can increase the

structural damage and fine fragment formation.

Conclusion

Ascientific rationale and an approach to investigating the
fundamental mechanics of fine fragment formation in coal
has been developed. When a crack tip is supplied with ex-
cess energy, it responds by dissipating the energy through in-
crcased structural damage to the new fracture surface and
crack bifurcation which leads to larger amounts of fine frag-
ment formation. Since the coal cutting process is best con-
sidered as a mixed mode crack propagation problem, a spe-
cial mixed mode test rig was constructed to study crack
growth in coal under mixed mode loading conditions and to
determine its influence on fine fragment formation. A
thorough mechanical testing program is well underway to
determine fracture toughness and other related mechanical
properties-for several coals under different fracture mode
and loading conditions and at different orientations relative
to the natural structure of coal. Preliminary SEM studics
show that higher loading rates and different fracture modes
induce differences in the amount of structural damage and
fine fragment formation on the new fracture surfaces.
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INTRODUCTICN

The continuous aining machines which
were introduced in the 1950's now
account for mote than half the produc-
tion of coal from undarground mines.
{nfortunately, these continuous miners
which were designed for increased
produccivity have also increasad the
concentration of respirable dust in
aines. Inhalation of this respirable
dust by miners causes the Coal Worker's
Pnsumoconiosis (CWP). Concarn for CWP
increased in the United Scates follow-
ing a 1963-65. survey that showed
definice x-ray evidence of CWP in 9.8
petcent of working miners and in 18.2
percent of nomvorking miners in the
Appalachian bituminous coal region
{Breslin and Riewiadomski, 1982).

One of the major objectives of the
Tederzl Coal Mine Health and Safetry Act
of 1969 was the prevention of CWP.

This law initially limited the daily
average exposures of coal miners to
3 mg/m® of respirable dust. Howevar,
following the resulcs of & probabilis-
tic sodel devaloped by Jacobmen, st. al.
in 1971, the limiz was reduced to a
sass concentration of 2 mg/m? unless
quartz content exceeds 3 percent, s
rare occurrence in minss. Based on
x=tay categoritation priot to death it
* is believed that the wass concentration
in the respirable fraction is s para-
sater of primary interes:t for hygenic

evaluation of dust exposure, Morgan,
Burgess and Jacobeon (1971) suggested
thar cthe quantity of inhaled dust,
although influential is not the only
aspect of exposure which is eignificant
in preducing CWE. Miners working in
higher rank coal (anthracite) mines

are more susceptible to WP (Morgan,
Burgess and Jacobson, 1973). This also
confirms the findings of the Brirish
{Bennett, Dick and Kaplan, 1979 and
Hurley, ec. al., 197%) and Germany
(Reisner and Rubock, 1977). Based on
the cytotoxicolopical evidence Reisner
and Rubock {1979) suggested that wvhen
coal properties are similar, increasing
quartz and minetral content incresses
toxicity. David, Ottery and lLe Poux
(1975) examined that as the severity of
the CWP increased the retention of

the coal dust content in the pulmonary
ragion remained the sams, while that of
quartz conzent increased significantly.
Lajceritz, Baur and Bruckman (1971}
studied the various components of coal
dust and showed that coal particlas
comprised a smaller fraction of the
mass of fine dust chan did particlas

of gquart: and minerals. It is jronic
that guartz and mineral matter both
comprise smaller fractions of the
higher rank coal dust {Dodgson, et. al.,
1971 and Dwiggins, 1981). Results of a
recent reasesrch revealed that quartz
or any other mineral sxamined had neo
strong or consistent effect on the
incidence or progress of CWP (Atcfield,
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1984) while Dodgson, et. al., (1971)
concluded that high exposures to
ninerala such as illice, kaolinite and
mica will retard the progress of CWP,
Size and shape characreristics are
believed to be important in the rela-
tionship between mineral parricles and
health effects (Shedd, Virza and Wylie,
1982).

The above inconsistencies in the
coal mine respirable dust research
certainly suggests that, mare research
is needed to study the physical and
chemical properties of coal mine dust
and che dependence of those properties
on fragmentation and pParticle gize and
shape. This paper, in particular deals
with the analysis of dugt generation
due to the acrion of a continuous miner
under different operating parameters
using two types of coal. Underground
¢oal cutting by a drum type continuous
miner was simulated ip the laboracaory
using a specially designed unique
automated rotary coal cutting simulator
(ARCCS). All the fragments of the cut
product were collecred after sach
experinent and sized to as small as
=10 microns. The analysis in this
study consists of three s1ze ranges
which are 1,885 cp (0.742 1n) ro
~0.0038 cm (-0.0015 in) or -400 mesh
(=37 microns), 37 wicrons to -10 microns
and 10 microns to 0.6 microns.

STUDY PROGRAM
Laboratory Equipment and Instrumentation

Review of the Iitsrature en coal
cutting technology and the basic para-
meters that effect rhis technology
revealed that most of the existing coal
cutting machinery ig of the rotary type
and that the parameters that effect the
fragoentacion of coal in such cuccings
depend on the following (Tarry, 1959;
Pomeroy and Foote, 1960; Pooeroy, 1963,
1964; Evans and Pomeroy, 1966; Pomeroy,
1968; Bower, 1970; Warger, 1970; Hure,
1980; Ford and Friedman, 1983; Friedman
and Ford, 1983; Fuh, 1983, Evans, 1984;
Khair and Quing, 1985; Khair and
Reddy, 1985):

Coal f tati =f{C, 1,1 1
oal fragmentation { pr Iev I

where C. is the mechanical properties
of coal, I. is the in-sigy condizions
(vertical and horizortal strésses), and
QOp 18 the operating paramecars. Bgaed
on this premise a unique automated
Totary coal cuteting simulator (ARCCS)
(Fig. 1) was designed and fabricared

in the Mining Engineering Derarcment ac
West Virginia Universicy (Xhair, 19843,
This design incorporates the capapiliszy
to study the different machine ang
in-situ parameters that fnfluence the
fragmentation of coal. It cperates
under the simulated mining conditions
with equivalent in-sity stressas
(horizontal and vertical atresses)
being applied tp a coal block of 45,7
ee x 38.1 cm x 15.2 cm (18 in. x 15 in.
x & in.) located in 4 suitably designed
confining chamber. The cutting drum
with a maximum tip to tip diameter
(varies with the bit angle) of 48.3 em
(19 in.) has the capability of rotating
from 1 to 50 rpm. The drum can be
stopped any time after g predetermined
number of revolutions, Tests can be
performed with four differene bit
angles 15, 30, 45 and 60 degrees. 3
maximum of seven bits cap be mounted on
the drum in an echelon pattern. The
ARCCS can be operated and controlled
manually or dutomacically, and the
operating parzmeters can he preset
with a series of hydraulic valves ang
could be recorded in analog/digital or
in boerh forms.

Tast and monitoring facilities cap
be seen in Fig, 1, ARCCS (Fig. la),
programmable control and monitoring
unit {Fig. Ib), gonic testing unit
(Fig. le¢), acoustic emission (A.E.)
monitoring unit (Fig. 14), microscope
and attached camera unit (Fig. le),
cascade impactors (Fig. 1f), hood and
air generating unit (Fig. 1g) and data
acquisition and recording unit
(Fig. Ih). 1n addition to this,
linear variable differential crapg-
formers (LVDTs), Pressure transducers,
flow meters, flow controls and drum rpo
indicator were some of the other
monitoring devices. LYDTs were used
to monitor the displacement of the
coal block as well as the depth of cur.
Pressure transducers were used to



Fig. 1. Test and monitering equipment facilities (a} automated ToTary coal cutting
simulator, (b) programmable control and monitoring unit, {(c) somic testing
unit, (d) acoustic emission meonitoriri unit, (e) microscope and the
arrtached camera unit, () cascade impactors, {(g) hood and air current
generating unic snd (h) datas acquis

monizor the changes in pressure both
due to the thrust and due to the inter-
mittent cutting nature of the rotary
cutting. Flow cencrols were used to
run the drum at a particular rpm bet-
weenn ! and 50 and to provide a spacifie
rate of advance.

L.S. Sieve Series/ASTM Specification

E=11=6] was used in conjunction with
the Ro~Tap Testing Sieve Shaker to
size the fragments from 1.885 com
{(0.742 in.) to ~0.0038 cm (-0.0015 in.)}
or =400 mesh (-37 microns). Allen
Bradley Sonic Sifrer. model L3P,
Series A was used to size the product
from 37 microns zo -10 microns. The
sizing of the total respirable dust
was accomplished by using the model

ition and recording uni:c.

29%, b-stage cascade impactors, manu-
faccured by Anderson Samplers, Incor-
porated in conjunction with the DuPont
2500 personal sampling pump. The cut
points of this impactor were 10, &, 3.5,
2, 1 and 0.6 microns at 2 lpm

constant flow rate of the sampling

pusa,

Specimen Preparation

Most of the coal samples wers ob-
tained from 2 surface mine. Coal biocks
so obtained were then cut in the labora-
tory to an approximate dimension of
43.2 emx 33 em x 15.2 em (17 in. x
13 in. x 6 In.). A typical specimen
with cutting face as face/butt cleat
was then placed in a wooden box of
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45.7 em x 35.6 em x 15.2 cm (1B in. x
15 in. x 6 in.} in dimension. Plaster
of paris was then poured in the box to
fill all che remaining space other than
that occupied by the coal block. This
process gives a perfect dimension of
45,7 cm x 35.6 em x 15.2 cm (18 in. x
15 in. x 6 in.) which is very essential
to aveid stress concentration im the
specimen when confining pressure is
applied. After a week the molded coal
samples were removed from the box to

[ -T-1-8

Experimencal Procedure

During a typical experiment the
molded specimen was placed in the
confining chamber, the test conditicns
were set, and the in-situ equivalent
pressure and operating parameters were
marked on the top mold layer of the
sample., A series of experiments for
thig study were done without any
significant confining pressure.
insigrnificant amount of confining
pressure was applied in order to keep
the specimen in the confining chamber
during the cutting process. A 2.54 cm
(1.0 in.) thick steel plate was posi-
tioned between the sample and hydraulic
Jacks in ordar to distribute the pres-
sure uniformly over the vhole
surface of the specimen. Each set
of hydraulie jacks were comnected
in parallel to a hand pump. Before
the test, the operating parameters
such as velocity of the cutting drum
and rate of advancement were adjusted
to predeterpined values. Then seven
bit blocks of 30 degree attack anglas
were mounted on the cutting drum fo an
echelon pattern ar 3.81 cm (1.5 in.)
gspacing. Since from the earlier rests

An

it was observed that the resultant force
necessary to cut ccal is the least for a

30 degree attack angle, while it
increasas for less than or grearer than
30 degree attack angle {Xhair and
Quinn, 1985}, all the tests for this

study were conducted at 30 degree actack

anglés.  Bifs of specific make and type
were Inserted lnto the bit biock siots
and vere kapt {1 position by a screw in
such a way 5o as to allow bit rotation
ingide the block which prevents non-

syometric bit wear. Six-stage cascade
impactors were prepared for respirable

21

dust sampling. Model C-290-MY mylar
media filters, 34 mm in diameter

were greased by Model 290IGS Impaction
Grease Sprayer using a Model C-290-IGT
impaction grease plate. Preparation
was done in accordance with the
instruction manual provided by Anderson
Samplers, Ingc. Filters were left for
24 hours to dry before weighing.
Weighing was done both before and after
sampling to the nearestc 0.0l mg by a
Sartorius, type 2462, semi automactic,
electronic analytical balance with
digital readout. A set of four impac-
tors were then mounted on the specially
degigned arms at fixed positions with
respect to the rotating drum. The
canvas was then hooked te the main
frame of the machine and s plastic
sheet was spread cn it to collect the
coal fragments after each experiment,
The number of totations by the cutting
head was ser in the counter unit in the
control module and thep the machine

wag starcted to execute the program in

a continuous or counter mode. The
counting of the aumber of rotations
starts when the hydraulic pressure is
increaged, due to the cutting process,
or when the cutting head has traveled
to a preset distance weasured mechani-
cally and by the LVDT. After the
execution of the predetermined number
of rotations, the cutting head recreacs
and stops. Test conditions were marked
on each specimen as well as on the
recorded data. The nomenclature in
Fig. 2b reads a3 follows: f42-test
number, IV-bit type, 30°-bit attack
angle, 1.5"-bit spacing, 25-cutting
head rpm, and Sy-vertical and
horigontal confining pressures, F-face
cleat, Il-coal type. After each
experiment the canvas is unhooked and
the coal fragments are collected in
the zipioc bags and the vacuum bag with
the help of a vacuum cleaner. This
product is then sieved into different
sizes using sieves manufactured by che
Fisher Scientific Company according to
ASTM Specificacion E-il-6]l. However,

a slight modification was made in this
procedure. In genaral two dips appear
in the size distribution curves., These
are due to the type of screens used in
the analysis. A standard /2 series was
uged from 1.B85 cm {(0.742 in.) te
0.475 em (0.187 in.), then the screens
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were used alternatively, meaning thar
the previcus screen size was divided
by +2 to get the net size. From 0.-75
¢ (0,187 1n.) to 0.0074 em (0.0029 in.)
the screens were used alcernatelv, or a
2 series wnere the previous scraen size
was divided bv 1. The =0.0l5 e¢m
{(=0.0059 in.) sizes are screened with
the 2 series again. This metnod was
adopted to reduce the number ol screens,
thus recducing dust loss, and also dis-
tributiae Irregularities at both ands
o the size range. The dips occur
cecause the screens thar star: The
cnange in a series receives Cwice the
amoynt of material it would have in a
straight series, The bump occurring
at the 0.0038 em (0.0013 in.) or 400
mesh size was nafural and 1s charac-
teristic ¢i the tested marerial but
noL relatad to the screening.  This
ides w2s subsrantiared by using a
-J.0023 em (-0.02I! in.} screan testecd
agalnst another screen with similar
results. The lengih of the seiving
time was I minutes fer sizing 1-685 em
(0,742 din. ), 1.33% em (0.325 in.) and
0.942 em (0.371 in.) while it was 20
minutes foT sizing fvom 0.64 cm
(C.23 in.} to ~0.0038 cm (-0.0015 in.}
cr -30% mesh (-37 microms). Re Tap
iesting Sieve Shaker, ouil:r for
handling 20.3 em (8 in.) diameter
testing sieves which reproduces the
ircuiar and tapping motion given to
testing sieves in hand-sieving, but
with a uniform, mechanical action,
2ssuring accuvrate and denendable
results, was used in sizing the frae-~
ments. The sizing from 400 mesh
(27 microns) to =10 microns was done
bv the Sonic Sifrer. A [0 minute
sieving rime was adequate during this
sizing. All the sized products were
then weigned up to (.1 gm bv Sartorius,
Tvpe 235., mechanical balance with
analeg reanout and the percent weighrs
ratained were then calculaced.

RESULTS AND DISCUSSIOXN

Most of cthe coal used in the experi-
mental study is part of the Wavnesburg
coal seam. Presently, only one test
has been complered on the Pittsburgh
coal seam. The physical and mechanical

g TAR O]
. b ;-

Fiz. 2. Typical specimens cut sgainst
ace cleat, (a) Wavnesburg
oal, and (b) Pittsburgh ccal.

[ L P Y

proverties of the Wavnesburg coal were
determined in the laboratory and are
given in Tables 1 and 2. The properties
for the Pittsburgh seam are now being
determined and hence are not available
at the present time.

A study of forty-three experiments
has been completed analvzing both the
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Table 1. Physical Propercies of Waynesburg Coal
HMoisture Ash Sulfur Rank HGI* S5p.Gr.
k4 4 FH
0.0-1.5 13.5-13.7 2.03=-2.06 hvBh** 50.43 1,42
*Hardgrove Grinabiliry
**High Velatile B Bituminous
Table 2. Mechanical Properties of Waynesburg Coal
Cleat/Bedding Compressive Young's Poisson's Indirect Direct
Plane Strength Modulus Ratio Tensile Shear
Orientation psi (KPa) psi {KPa) Strength Strength
psi (KPa) psi (KPa)
Face Cleat 3289 5.1 % 100 0.25 154 204
(473.6) (7.3 x 10%) (22.2) (29.4)
Butt Cleat 3459 4.7 x 105 0.31 205 180
(498.1) (6.8 x 10%) (29.5) {25.9)
Bedding Plane 4912 4.6 % 100 0.32 146 80
(707.4) (6.6 x 10%) (21.0) (11.5)
mechanisms of respirable dust genera- fragments are defined as fragments
tion and the effects of operating, in- between 1.885 cm (0.742 cm) and 0.238
situ and geologic parameters on the cm (0.0937 in.); fine fragments
fragmentation of coal. The parameters between -0.238 cm (-0.0937 in.) and
involved during these tests were bit 0.0038 cm (0.0015 in.) or 400 mesh
spacing, drum velocity, depth of cut, while dust is defined as ~37 microns
confining pressure, coal cleat direc— (=400 mesh)., Airborne respirable dust
tion, angle of attack and types of bit. is defined as -10 micron size. The
Despite the limited number of tests, size distribution up to 10 microns in
& large volume of data was collected of .812¢ is a product of the settled frag-
which only a part involving the para- ments and, particiea while the zirborne
metric study of cutting druam velocity, respirable dust from 10 microns to
bit type, coal cleac grientation and 0.6 micron size was sampled by cthe
tvpe of coal, under unconfined and cascade impactors. It should be men-
30 degree artack angle will be tioned that efforts to sample the dust
presenced for discussion. arcuand the cucting head for mapping
purposes were futile as the respirable
Mechanism of respirable dust genera- mass collected was insufficient or
tion in continuous mining 1s complex. inconsistent. Hence only the mass
It 1s a funccion of the fragmentation fractions collected on the bottom
process and machine bit coal iater- impactors were presented here for
action. An analysis of the fracture discussion.
surface, fragmeantation process, and
machine bit coal interacrion was To evaluate the effects of bit
presented elsewhere (Xhair and Quinm, configurarion and carbide tip shape
1%985). ' and size, a series of experimants were
conducted after the necessary testc
Before presenting the results of modifications were made to eliminate
this study it ia necessary to define the influence of the other parameters
size limits used in this paper. Large affecting fragmentation. Four spacimens
23




of Waynesburg coal were tested againse
face clear. Parameters used were
attack angle, 10 degrees; cutting bead
speed, 23 rpm; depth of cut per revolu-
tion, 0.07% em (0.0313 in.}; total
depth af cur, B.8% em (3.5 in.); and
confining pressure, insignificant. The
four cutting bits used were pencil bic,
type I1I; pumbob bir with a large carbide
tip, type 1II; sliender/shary bit with
fins, tvpe IV; and plumbob bit with
regular carbide tip, type V (Tig. 3}.
Size distriburion for the four experi-
ments is shown in Figs. 4a and 4b,

Results indicated that the blunt bit
type, type II1I, produced less large and
more fine material than the slender/
sharp, type IV, bir. Pencil, type II,
bir produced the highest amount of
large fragments and lowes:t amount of
fine fragmencs wnen compared to any of
the other three bits. This could be
imputed to the fact that tne gap bet-
ween the bit body and the carbide tip
in a pencil bit is relatively less gdue
to a betrer alipnment between the two.
Results of the =400 mesh {-37 microms)
sizing show that the plumbob bit, type
V, produces more respirable size

(-10 microns) mass than anv other bit
while the slender/sharp biz, type IV,
produces the lowest respirable size
(=10 microus) mass (Fig. 4b).

Effects of the cutting head speed
was evaluated by a series of five
experiments, three against face cleat
cutting and twe against butt cleat
cutting. Parameters used ware slender/
sharp bir, type IV; actack angle, 10
degrees; depth of cut per revolution
0.07% e¢m (0.0313 in.); total depth of
cut, 8.8% cm (3.5 in.} and confining
pressure, insignificant.

Increasing tpm of the cutting head
increased the tequired resultant force
Lo cur tha eoal. Under high speed
cutring mest of the energv imposed on
the coal was utilized during dvnamie
loading {fracturing) and iess energy
was utilized during gquasi static
loading (grading)}. Hence, morz large
and deep Iractures were 1nduced into
coal and consequently more large
fragments than fine were produced.
Size distribution characteristics in
Figs. 5 and & indicate that large size
fragments are directly proportional teo

Fig. 3.

Four bits used in the study, (a) pencil bit, type I1I; (b) plumbeb bir with

a large carbide tip, type Ill; {c) slender/sharp bit with fins, type 1IV;
and (d) plumbob bit with a regular carbide tip, type V.
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cucting head speed while the fine size
are inversely proportionsl to cutting
head speed. Generally., the percent of
dust size particles retained was pro-
portional to cutting head speed. How-
ever, the inconsistancy with the cutting
head speed of 35 rpm (Fig. 5a) has to
be clarified with additional rests at a
later time. Also, generally, the pro-
duction of finer fragments and the dust
size particles 1s more for the burt
cleat than for the face cleat (Fig. fa
and 6b). Figure 5b 1llustrates that

an Increase in the respirable size

(=10 microms) mass is inversely propor-
tional to the increase in the drum
speed. This mav be due to the fact
that higher velocity of the cutting
head increases the kinetic energy of
the particles which then increases
entrainment. Observations of the
experiments verified this. Higher
entralnment does not necessarily mean
higher airborne particles bur in this
cage it did increase the magnitude of
airborne particles at the expense of
the settled material. Similar trend
was observed "with tests againsc burt
cleat {Fig. 6b).

Finally, the size distriburion for
the two coals (Fig. 7a) tested under
the same parameters, except at a con-
stant cutting head speed of 35 rpm with
cutting against face cleat shows that
the Fictsburgh ceal produces less frag-
ments and wore fines when compared to
the Waynesburg coal. But the percent
of dust size particles was observed to
be higher with Waynesburg coal than
Pittsburgh coal. However, the trend
was again reversed for the respirable
size (-10 microns) mass (Fig. 7b).

" Particle aize distribution of the
entrained dust sampled by 6 stage
cagscade impactors was plotted on the
log-probability graphs (Figs. & to 11}.
Most distribution functions like this
require two parameters, one that
identifies the location or center of
the distribution and the other that
characterizes the width or spread of
the distribucion. Llocation or center
of the diatribution here is identified
by mass wedian diamecer (MMD). MMD is
defined as the diamecer for which half
the mass is contributed by particles

larger than the MMD and half by parti-
cles smaller than the MMD. The geo-
mecric scandard deviation (GSD) is a
measute of the spread of the particle
size distribution. It iz defined as
the racio of MMD and the particle size
at 16 percentile, If GSD = 1, all the
particlas are of the sames size, i.e.,
the entrained dust 15 "monodisperse"
{(Hinds, 1982).

The MMD and the GSD for each test
plotted can be seen in Figs. 8 to 11.
MMD and GSD for a plumbob bit, type ¥,
are 5.4 and 2.55, respectively. They
are considerably differant when com-
pared to the bit types III and IV for
which the MMDs and the GSDs are con-
sistent between 9.2 and 9.4 and 2.16
and 2.38, respectively. Table 3 shows
the weight and percent of respirable
size mags divided inco 10.0 x 6.0
microns and 6.0 x 0.6 microns. This
table confirms with the MMDs and GSDs
where in the bit type V producas 76.3
percent of the mass in the 6.0 x 0.6
micron size ranges while the other bics
produce only 58.0 and 56.7 percent in
the same gize range. The MMDs were
observed to be consistent in the
evaluation of the effects of cutting
head speed (Fig. 9), cleaat orientation
(Fig. 10}, and two coal types (Fig. 11}
while the spread of the particle size
varies from 2.16 to 2.79. However, the
actual weights of the respirable siza
mass divided irito 10.0 x 6.0 microns
and 6.0 x 0.6 microns in Tables 4, 5
and § show some differences even though
not very significant, Additional
axperiments are in progress which may
aid us in a wore authentic evaluation
by placing statistical confidence
limicsg., -

CONCLUSIONS

The results presented in this paper
must be considered of & preliminary
oature gince they are based on a
limited number of tests on two specific
coals. Nevertheleas, some parameters
do appear to have.tonsiderable effect
on dust generacion.  Bit type V
produces significantfy large awount of

* respirable dust in the size range of

6.0 x 0.6 microns when compared to
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FOUR DIFFERENT BITS, 30
DEGREE ATTACK ANGLE, 25 RPM,
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Fig. 4. Mesh size versus percent of weight reatained as a funcrion of bir type,
(a) fragment size distribution from 1.885 cm (0.742 in.) to 0.0038 cm

(0.00L5 {n.) or 400 mesh and (b) dust size distribution from 37 microns
(400 mesh) to -10 mierons. .
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THREE DIFFERENT RPM'S, BIT iv,
30 DEGREE ATTACK ANGLE,
UNCONFINED, FACE CLEAT
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Fig. 5. Mesh sfze versus percent of weight retained as a function of cutting
head speed (rpm) for face cleat orientation, (a) fragment aize distribution
from 1.885 cm (0.742 in.) o 0.0038 cm (0.001S in.) or 400 mesh and (b)
dust size discribucion from 37 microns (400 mesh) to =10 microns.
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TWO DIFFERENT RPM'S, BIT IV
30 DEGREE ATTACK ANGLE,
UNCONFINED, BUTT CLEAT
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Fig. 6. Mesgh size versus percent of weight retained as a function of cutting head
speed (rpm) for butt cleat orientation, (a) fragmwent size distribution
from 1.885 cm (0.742 in.) to 0.0038 cnm (0.0015 in.) or 400 mesh and
(b} dusc size distributfon from 37 microns {400 mesh) to -i0 microns.
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TWO DIFFERENT COALS,
WAYNESBURG & PITTSBURG
SEAMS, BIT IV, 30 DEGREE

100- ATTACK ANGLE, 25 RPM,
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Fig. 7. Mesh size versus percent of weight retained as a function of coal type
(a) fragment size distribution from 1.885 cm (0.742 in.) to 0.0038 em

{0.0015 in.) or 400 mesh and (b) dusc size distribucion from 37 microns
(400 mesh) co =10 microns.
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THREE DIFFERENT BITS, 30
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Fig. 8. Parricle size distribution of the respirable coal dust sampled by
cascade impactors, while cutting coal with different types of birs.
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TWO DIFFERENT RPM*S, BIT IV,
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Fig, 9. Particle size distribution of respirable coal dust sampled by cascade
impactors while cutting coal with diffarent cutting head speaeds (rpm).
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TWO DIFFERENT CUTTING
DIRECTIONS, FACE & BUTT CLEATS,
BIT IV, 30 DEGREE ATTACK ANGLE,

25 RPM, UNCONFINED

—8—— FACE CLEAT

0.+ -—i—— BUTT CLEAT
C;1.1.0-
z
< -
I &-
.—
o 10-
@ WD 68D
- - ; Face Cleat 9.5 2.38
- - f : Butt Cleat 9.4 2.16
I i
e - bt
W 502 i
2 o '
R

90 L. .-

10 1.0

AERODYNAMIC PARTICLE
DIAMETER, Dp, MICRONS

10. Particle size distriburion of respirable coal dust sampled by
cascade impactors while cutting coal with different cleat orientations.
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TWO DIFFERENT COALS,
WAYNESBURG & PITTSBURG SEAMS,
BIT IV, 30 DEGREE ATTACK ANGLE,
25 RPM,UNCONFINED, FACE CLEAT

—o— WAYNESBURG SEAM
a.%- —&—— PITTSBURG SEAM

Waynesburg Seam 9.4
Pittsburgh Seam 9.0 2,77
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AERODYNAMIC PARTICLE
DIAMETER, Dp, MICRONS

Fig. 1l. Particle size distriburion of respirable coal dust sanpled by cascade
impacrors whil_e cutting two different coals.



Table 3.

Bic Tvpe

111

v

Table &.

Drum RPM

25

35

-+

THE RESPIRABLE DUST CENTER

Respirable Mass Fraction Samplad bv Impactors While
Cutting with Different 8ir Tvpes (Face Cleat)

Concentration

. Weight* {mg)
. Weight {mg)

Percent

. Weight* (mg)

Weight (mg)
Percent

Weight*
Weight
Percent

Particle Size (um)

" 10.0 x 6.0

7.69
8.35
42.00

8.6l
8.61
43,30

2.95
4.72
23.70

6.0 x 0.6

10.61
11.53
58.00

11.28
11.28
56,70

9.45
15.17
76.30

Respirable Mass Fraction Sampled by Impactors While Cutting

at Different Drum Speeds {Face Cleat)

Concentration

A.
N.

Weight* (mg)
Weight (mg)
Percent

Heighti (mg)

. Weight (mg)

Percent

*Actual weight sampled

Particle Size (um)

10.0 x 6.0

B.&61
B.76
43,30

B.99
8.99
44.40

Kormalized with the highest weight in series

6.0 x 0.6

11.28
11,47
"56.70

11.24
11.24
55,60
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Takle 5. Respirable Mass Fraction Sampled by Impactors when Cutting
Against Face/Butt Cleat Orientations at 25 rpm.

Claat
Crientation Concentration
A. Welght* (mg)
Butt Cleat N. Weight ({(mg} -
Percent
A. Weight* (mg)
Face Cleat N. Weight (mg)

Percent

Particle Size (pm)

1.0 x 6.0 6.0x 0.6
13.02 15.64
13.02 15.64
45,40 54 .60

8.61 11,28
12.40 16.25
43.30 56.70

Table 6. Respirable Mass Fraction Sampled by Impactors While Cutting
Different Types of Coals (Face Cleat)

Coal Type Concentration
A. Weight* (mg)
Waynesburg N. Weight (mg)
Percent
A, Ueighti (mg)
Pittsburgh N. Weight (mg}

Percent

iActual weight sampled

Particle Size {um}

10.¢ x 6.0 6.0 x 0.6
8.61 11.28
11.12 14.57
43.30 56.70
9.83 15.86
9.83 15.86
38.30 61.70

Normalized with the highest weight in series

type 1IL and IV (Table 3). Comparison
of the dust levels in the size range of
6.0 x 0.6 microns show that bit V pro-
duces about 35 percent more than bit
IV and about 31 percent more than bit
III. Bits III and IV produce 77 per—
cent and 82 percent more, respectively,
in the size range of 10.0 x 0.6 microns
when compared to bit V. From Table &
we can observe that a drum speed of

25 rpm produces 2 percent more respir-
able dust in the size range of 6.0 x
0.6 microns and about 3 percent less

in the size range of 10.0 x 6.0 micron
Size when compared to a drum speed of
35 rpm. According to Table 5, cucting
againstc the face ¢leat produces abour

4 percent more in the size range of

6.0 x 0.6 microns and about 5 percent
less in the size range of 10.0 x 6.0

microns when compared to cutting
against butt cleat. Simarly, the
Pittsburgh coal produces about 9 per-
cent more respirable dust in the size
range of 6.0 x 0.6 microns and about
13 percent less in the size range of
10.0 x 6.0 microns when compared to
the Waynesburg coal.

Based on these preliminary results
we can say that bit type, coal type,
cleat orientation and drum speed
listed in the ovder of their imporcance
affect the dust generation.
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Characterization of Coal Breakage as a Function of

Operating Parameters

A. Wahab Khair and N.P. Reddy
Department of Mining Engineering, West
Virginia University

abstract. This paper actempts to characterize
coal breakage due to the action of a continuous
ciner. Coal blecks with an approximate dimensica
of 45.7 cm x 38.1 em x 15.2 cm (18 $n. x 15 iu.

x 6 in.) were first subjected to confining
pressures equivalent teo in-situ conditiona. Then
the blocks were cut along the face/butt cleat
direction by the cutting head of a specially
designed unique automatad rotary coal cutting
simulator (ARCCS), simulating the action of the
continuous miner in underground coal mining.
During the tests under a particular set of in-situ
and operating parameters a number of other para-
meters such as 1} penetration of bit into coal,
2) penetration resistance (thrust and cutting
pressures), 3) rotating velocity of cutting head,
and 4) acoustic emission activity in the coal
block were monitored. After each cutting cycle
the fractured surfaces were photographed and a
velocity survey was conducted by using a sonic
technique. At the end of each expsriment, the
coal fragments were collected in bags using a
vacuum cleaner. These fragments were then sieved
for size distribution analysis.

INTRODUCTION

The Federal Coal Mine Health and Safety Act of
1969 was enacted to emphasize to coal oparators
that the airborne respirable dust should not

exceed 2 mglms, thus reducing the incidence of
coal workers pneumoconiosia.

Dust contral techniques such as conventional
water sprays and dust collectors are only
partially effective and require additicnal
equipment expenditures. A more authentic approach
would be to reduce respirable duat st tha sourcas,
the continuous mining machine cutting head, whars
the fragmentation process occurs. Imsproving the
fragmentation process by characterizing the coal
breaksge will not only reduce respirabla dust at
the face, but it will also decrease the amounc of
tespirable dust that is liberated during the
secondary handling.

Fragmentation of coal can be axprasased as a
function of threes major groups of parameters;

-after a pradeterzined number of revolutions.

namaly, 1) cosl properties, 2) in-situ conditions
and 3) operating parametars, This paper deals with
the characterizaction of coel breakage alcrg both
face/buct cleat direction as & function of machine
aterating parameters such 4s rate of advante, angle
of arrack, bit configuration, bit lacing (spacing
and pattern) and bit speed at variocus equivalenr
lo-situ pressures.

STUDY PROGRAM

Laboratory Equipment and Instrumentation

Reviev of the literaturs on coal cutting
technology and the basic parameters that effact
this technology revealad that most of the axisting
ccal cutting machinery is of the rocary type and
that the parameters that effect the fragmantation
of coal in such cuttings dapend on the following
(Terry. 1959; Pomeroy and Foote, 1960; Pomaroy,
1963, 1964; Evans and Pomeroy, 1966; Pomaroy, 1968:
Bower, 1970; Warner, 1970; Hurt, 1980; ¥Ford and
Friedman, 1983; Friedmsn and Ford, 1983; Fuh, 1983; .
Evans, 1984):

Coal fragmentation = E(Cp. Ic, Up)

vhare cP i» ths wmechanical properties of coal, Ic

is the in-situ conditions {vertical and horizomtal
stressas), and 0p is the oparating parameters.

Based on this premise & unique automated rotsry
coal cutting simulator (ARCCS)(Figure 1) was
designed and fabricated in the Mining Engineering
Departant at Wast Virginia University (Khair,
1984). This design incorporates the capability
to study the diffsreat machine and in-situ
paranaters that influence the fragmencation of
coal. It operates undar ths simulated mining
conditions with in-situ stresses (horizontal and
vertical stresseas) being spplied to a coal block of
£5.7 cm x 38.1 cm x 15.2 ¢m (18 in. x 15 1in.

x & in.) located in a suitably designed confining
chambsr. The cutting drum with a meximum tip to

. tip diameter (varies with the bit angle) of

19 inches has the capability of rotating from

1 to 50 rpm. The drum can be stopped any time
Tescs
can be performad with four different bit angles,
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Figure l. Test and monitoring equipment facilities (a) auromated rotary coal cutting
s$ipulacor, (b) programmable contrel and monitering uwnit, (¢) sonic testing
unir, {(d) acoustic emission (A.E. monitering unit), (e) hood and airsecurrent
generating unit and {f) data acgquisition and recording unir.

1%, 30, 45 and 60 degrees., A maximum of seven sonic transducers, sigral gemeratsr, &nd an

bits can be wounted or the drum in an echelon oscilloscope.

pattern. The ARCCS can be operated and controlled

zanually or automatically, and the operating Specimen Preparation

raramecers can be preset with a series of hydraulic

valves and could be recorded in analog/digital Large blocks of cozl were obtained from a

or in both forms. surface mine., These blocks were then cut in the

laboratery to an approximate dimension of 43.2 em

Test and monitoring facilities can be seen in x 33.0 em x 15.2 em (17 in. x 13 in. x 6 in.).

Tigure 1, ARCCS (Figure la), programmable control 4 rypical specimen with cutting face as face

wd menitoring wait (Figure lb), sonic testing cleat was then placed in a wooden box of 45.7 cm

tnit (Figure le}, A.E. momirorinz unit (Figure 1d), x 35.6 cm x 15,7 er (18 in. x 15 fn. x 6 in.) in

hood and air current generating wnit (Figure le) dimension. Two blocks of wood 3.2 em x 2.8 ecm x

and data acquisition and recording unit 12.7 em (1.25 in. x 1.5 4n, x 5 in.) were wedged

(Figure 1), 1In additioen to this, linear between the ccal sample and the wooden box.

variable transformers, pressure transducers, flow FPlaster of paris was then pourad in the box to

meters, flow controls and drum rpm were some of £ill ail the remaining space other than that

the other monitoring devices. LVDT's are used to occupied by cthe ecoal block. This process gives

wonitor the displacement of the coal block as a perfect dimension of 45.7 cmw x 35.6 cm x 15.2 cm

well as the depth of cut. Pressure transducers (18 in. x 15 in. x 6 in.) which is very sssential

are used to monitor the changes in pressure, both  to avoid stress concentration in the specimen when

due to the thrust and due to the intermittent confining pressure is applied. After a week the

cutting nature of the rotary cutting. TFlow molded coal samples were removed from the box and

controls are used to rum the drum at a the wooden blocks that were wedged before pouring

Particular rpm between 1 and 50 and to provide the mold were dislodged from the sample carefully,

2 different rate of advance. &ll of the above thus creating Toom to house the sopic tranaducers,

Dentioned davices are operated and wonitored by A typical specimen ready to be cut is shown in

2 fully automated control system. The fracture Figure 2.

size, shape and intensity is characterized,

2) by monitoring the acoustic emission and b) by
Bonitoring the sonic gignal in the coal block
located in the confining chamber with the help of
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Figure 2. Typical specimen ready fer exXperiment,

Experimental Procedures

During a typical experiment the molded specimen

was placed in che confining chamber, the test

conditions were set, and the in-situ and operating

parameters were marked on the tap mold laver of
the sample. A sonic test was done by which the
Stress wave travel time through the coal sample
and the amplitude of the signal was measured and
recorded. Equivalent in-situ stresses uvere then
applied to the specimen using two sets of
hydraulie jacks (two for horizontal and two for
vertical}. A 2.54 em ¢1 in.) thick steael plate
was positioned between the sample and hydraulic
Jacks in order to distribute the pressure
uniformly over the whole surface of the specimen.
Each set of hydrauiic jacks were connected in
parallel to a hand pump. After the coenfining
pressure was applied another sonic rest was made
and the corresponding stress wave travel time and
awplitude was measured and recordad. Before the
test, the operating parameters such &8s velocity
of the cutting drum and rate of advancement were
adjusted to predetermined values. Then bit blocks
of specific attack angle (15, 30, 4% and 50
degrees) were mounted on the cutting drum at a
Particular gpacing (Figure 3a-b), i.¢., 3.8 cm to
7.6 cm (1.5 in. to 3.0 in.) and pattern. Bits

of specific make and type weare inserted 1inte

the bit block slots and were kept in positien by
a4 screvw in such a way so as to allow bit rocatien
inside the lock which prevents non-symmetric bit
wear. The number of rotations by the cutting
head was set in the counter uwnit in the control
moduie and then che machine was started to execute
the program in a continuous or counter mode.

The counting of the nusber of rorations starts
when the hydraulic pressure is lnereased, due to
the cutting process, or when rhe cutting head has
traveled to a preser distance weasured mechani-
cally and by LVDT. After the execucion of the
predetermined number of Totaticns the cutting
head retreats and stops. After each cutting
cycle, the samples were phetographed and a sonic
test was done, During the test a nuaber of para-
meters ware recorded (Figure 4)., Tese conditions
were mavrked on sach specimen s3 well as on the
recorded data (i.e,, I-bir type; 1.5"-bit spacing;
S-number of LS ; 15"-bir acrack angles; 1/8"-
depth of cut; 15-drum Tpm; F-face cleat; § , Sh-
vertical and horizontal confining pressured.

Figure 3. Coal blocks cut with different bip
spacing (a) 7.62 em (3 in.) spacing
and {b) 3.81 cm (1.5 in.} =pacing
(face cleat direction}.

RESULTS AKD DISCUSSION

The c¢oal used in the experimental study is part
of the Waynesburg coal seam. Prior to the
experiments the physical and mechanfcal propercies
of this coal were determined in the laboratory.
The physical and mechanical properties can be szeen
in Table I.

A study of thirty experiments have been
completed so far and more are being done to study
the effects of operating and geologic Parameters
on the fragmentation of coal in detail, The
parameters obsarved were spacing, effect of
velocity, depth of cut, confining pressure and
angle of attack. Despite a limited nuwber of
tests, enormous data was collected of which only
a part will be presented here for discussion.

Using a 7.62 em (3 in.) and 3 bitrs mounted in
an echelon pattern, a cut of up to §.35 cm to
7.62 cm (2.5 to 3 in.} depth was made without
breaking the boundary walls between the bic paths
(Figure 3a). These setries of tests wvith 7.62 cm
(3 in.) spacing vere done for 15, 30, 45 and 60
degree attack angles,
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COAL BREAKAGE AS A FUNCTION OF OPERATING PARAMETERS
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Figure 4. Typical chart on which the different paramaters such as the A.E., cutting pressure,
thrust pressure, drum rpm and depth of cut are recorded for a patrticular sst of
operating parameters under rerc confining pressure.

Table 1. Phyaical and Mechanica) Proparties of Waynasburg Coal

Cleat/Bedding Compragsive Young's Poisaon's Indiracte Direct
Plane Orientation Strength Modulus Ratio Teneile Shear Sp. Gr.
. KPa (psi) KPas (psi) Scrength Strangth
XPa {(psi) KPa (pai)
Face Claat 473.6 7.3 x 10‘ 0.25 22.2 29.4 1.42
(3289) (5.1 x 105) (154) (204)
Butt Cleat | 498.1 6.8 x 104 0.31 29.5 25.9
(3459) (4.7 x 109) (205) {180)
Bedding Plane 707.4 6.6 x 10° 0.32 21.0 11.5
(4912) (4.5 x 105) (146) (80)
With 3.81 cm (1.5 in.) spacing and 5 bits Howaver, the forca required with a 15 degree
mounted in an echelon pattern, the side walls of attack angle is much higher. This could be

the bit paths were broken. These saries of testa
wara done for actack angles of 15, 30, 45 snd 60
dagreas and at 0, 43.2 and 64.8 XPa' (0, 300 and 450
Psl) vercical and corrasponding horitontal pressures.

attributed to the fact that with a 15+degres
attack angle the bit rubs along the cutting path
mote than the other sangles snd hence requires
high thrust and cutting pressure. A similar trend

. was cbserved with confining pressures of 43.2 KPa
The preliminary findings resulting from thess (300 pei) and 14.4 XPa (100 pai), vertical and

teste are: horizontal, respactively, except that the rate of
increase of the rasultant force is higher a» the
Force. Dua to the encrmous amount of data, a depth of cut increasas {Fig. 6). Using =& 45 degree
statistical anaiysis was done to calculate the artack angle, it wvas observad that as tha equi-
resultant forca. Figures § through 8 show the valent fn-situ confining pressure increases the
Tasultanc force neceasary to cut codl sa a Tequired resultant ferce increases (Fig. 7). Also -
fenction of the various Paramaters along the the rate of incrasse gats higher as the vartical
face cleat dirscticn. Figure 5 shows that tha and horizontal confining pressures increass from
. Tesultant force necessary to cut incresses as the 0 to 57.6 KPa (400 psi) and 0 to 19.15 KPa {133
bit attack angle increases from 30 to 60 degrees. Psi), respactively. Figure 8 shows that for a

PP P
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FOUR DIFFERENT ATTAGCK ANGLES (157307 487 o)
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Figure 5. Resultant force vs. depth of cut as a
function of bit attack angle (face
cleat directfon){l 1b = 0.45 kg;

1 10 = 2.54 cm)

FOUR CFFERENT CONFINING PRESSURES (48°0ITS)

.'I o, tummml“- 0, 50, 100, 180 FOL,
RESPRCTIVELY

10—

AESULTANT PORCE, {LBB«100)
-
2

a.t 0.2 X | o4
DEPTH OF CUT.(INCHES)

Figure 7. Resultant force ve. depth of cut anm a
function of aquivalent in-situ prea-
sures {fsce cleat direction).

{1 psi = 0.144 ¥Pa)

45 degree attack angle as the rpm increases the
resultant force increases, Also tha race of
increass is higher. Figure 9 shows the high
rate of incresss of tha force necessary vhem the
spacing is increased. This could ba dus to the
fact that there is no free space svailable when
thare 13 & cut with a 7.62 cm (3 in.) epecing,
whare the walls betvean tha tvo bits ware

cut vhen uaing a 3.81 cm (1.5 in.) bit spacing.

Teating coal blocks slong tha burt cleat
produced similar results to blocks tested along
the face cleat direction (Figures 10-12). The

:'..‘ 1s , OUR DFFERENT ATTACK ANOLES {18 2! 48 od)
z 8= 200P918 = 100 PRI
: . 0
g 11,
4
i ..

.,

[ A} 0.2 9.3 9.4
PEAPTH OF CuT,LINCHES)

Figure &, Reaultant force vs. depth of cut as a

function of bit artack angle and
equivalent in-situ praasures (face
cleat direction}.

TWO DIFFERENT Rl
tas"mire)

-
-~

19

AERULTANT FORGCA, (LBA @R}
F -
L]
i
[}
L]
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[
' ¥
)
L]

1 1
8. L ] 0.3 0.4
DEPTH OF CUT.UINCHES)

Figure 8. Rasultant force va. depth of cut as
a functica of rpm (face clemt
direction).

magnitude of forces (both thrust and eutting) wers
bigher when c¢oal blocks wers tested along the buct
cleat ap shown by the resultant forces. The main
diffarence hera is that the lowest resulrant

force to cut coal is achieved by using a 15°
attsck angle and this increases as the attack
angle increasas (Figure 10). The wulls butween
the cutting path of the bics remained partisliy
unbroken {(Figure 13). Thess two different failure
characteristics were due to tha highar cowpres-
sive strength of coal along the butt cleat than
the face cleat. Table 1 indicaten that the
compressive strength of tested coal ia 5.2I higher
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Fieure 9. Resultanr force va. depth of cut ag a
function of bit spacing (face cleat
direction).

“rwo DIFFERENT CONFINING PRESSURES (48° piTs)
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[ X] 0.2 0.3 0.4
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Figure 11. Resultant force ve, depth of cut ag a
function of equivalent in-situ
Prassures (butt cleac direction),

io the butt cleat direction than in the face cleat
direction.

Size Discribution. A statistical analysis was
done to fir the curves for the size distribution.
The curves are plotted on the semi log graph.
Figures 14 through 18 show the mesh size versus
the parcent of weight retained as a function of
various parameters for coal tested slong the face
claxt direccion. Figure 14 indicates that the
Percent weight decreases aa the opening size
decreasas for all anglas. However, the percent
Vaight is the highest for ail angles at 0.25 em
(0.1 in.) opening size. The percent veight for
the 30 degres atiaek angle is lerger belew 0.25 cm
(0.1 4n.) than for the other angles. With
Sonfining pressures of 43.2 xrg (300 psi) and
lé.4 xpa (00 pai), vertical and horizonecal,
Tespactively, a similar trend was observed except
that the perecent waight for the 60 degree attack

47

FOUR DIFFERENT ATTACK ANGLES {10%.30% 48% 0y~
WITHOUT CONFINING FARSSUNE
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a.1 o.2 .3 0.4
OEPTH oF CUT,liNGuHES)

Figure 10. Resultant force vs. depth of cut as
a function of bit attack angle (bute
cleat diraction).
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Figure 12. Resulcant force vs, depth of cut as g
function of rpm (butt cleat direction).

angle {5 wore under 0.25 en (0.1 in.) than at the
higher size (Figure 15), Using a 45 degree attack
angle, it was obsarved thar ag the confining
pressure incresses the weight percent increases
in the finer rangs and decresses in the larger
range (Figure 16), Figure 17 shows that the
percent waight of the fragments larger than

0.25 cm (0.1 in.) are higher with 35 rpm while
the percent weight of the fragments smaller than
0.25 em (0.1 in.) ars more with 25 rpm. The
veight parcent of fragments larger than 0.76 cm
(0.3 1in.) are more for 3.8 em (1.5 in,) epacing
vhile the weight percent of fragments less than
0.76 cm (0.3 1n.) are higher for 7.6 ca (3 in.)
spacing (Figure 18). This could be imputed to
the fact that the wally of the bit cut paths do
not break for the 7.6 ca (3 in.) spacing while
they bresk with 3.8 cn (1.5 1n.} spacing

(Figura 3a-b).



Figure 13. Typical cut surface for coal block
tested along the butt cleat direction.
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Figure 15. Mesh size va. percent of weight
retained as a function of bit attack
angle and equivalent in-sf-u
preasures (face cleat direction).

Regults of tasts along the butt cleat
direction were similar to the results obtained
vhen the tests were carried out along the face
¢leat direction, except that the magnitude of
fine particles were higher wvhen the coal blocks
wers cut along the butt cleat direction. The
results are presencted in Figures 19-21. More
airborne dunt was liberated during the cutting
of coal along the butt clear as it was observed
during the experiments.

Fracture Extension. Before and after applying
the confining pressure, but before the firat cut
vas made, the time that & stress wvave takes to
pass acrosa the width of the coal sample and the
amplitude and attenuation of this wave was
weasured, and the photograph waa taken with a

j [
FOUR DFFEMINT ATTACK ANGLES {18 30" 42" oc)]

w o a0y
OPENING 3IZE, (INCHES)

Figure 14, Mesh size vs. percent of welight
retained as a function of bit attack
angle {face cleat directiom).

Hi o
FOUR ONFERENT CONFINNG PRESSURES (48 BiTS}
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150 Py AEIPECTIVELY
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Figura 16. Mesh ajize vs. percent of wveight
retained as s function of .equivalent
in-situ pressures (face claat
dir‘ctim) .

camera attached to an oscilloscope. Using this
data, the velocity of this wave and the dynamic
Young's modulus of the coal saaple wers calculated.
A similar procedute was followed to calculate the
velocity and the dynsmic Young's wodulus afrer
every cut (Figure 22). Results indicated thae

the application ef confining pressure increases
the dynamic Young's wodulus of cosl as evidenced
in Figure 22. During cutting the fracture(s)
extended from the cut sutrface through the block.
The magnitude and the length of extension of these
cracks depend on the original condition of the
block (pre—existence of cracks). the operating
paracaters such as velocity of the cutting drum,
depth of cut, angle of attack, sagnitude of tha
dynamic shock produced snd magnitude of the
confining preasure. At lower or rerc confining
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Figure 17. Mesh size vs. percent of weight
. retained as a funccion of rpm (face
cleat direction).
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Figure 19. Meah size vs. percent of weight

vetzined as a function of bit atrack
angle (butt cleat direction).
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Figure 21, HMesb size vs. percent of waight

retained 2a a function of rpm (butt
claat direction).
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Figure 20. Mesh size vs, percent of weight
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in-situ pressures (butt cleat
direction).
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pressures, tha shock due te the impact of the bits
fractures the coal block after one or two cycles
of cuctting and the fractures thus formed remain
open as depicted by the diminishing rate of
Acoustic emission (A.E, hersafter)(Figure 23).
However, under higher confining pressures, the
magruitude and extension of the fractures is lesa,
and furthermore, the fracturea developed during
the cutting tend to close due to the confining
Pressure. Figure 24 illustrates the continued
A.E. activicy even after cutting is over. This
is an. indication of the fracture closure. The
high rate of A.E. during the application of
confining pressure can also be seen in this
figure at location a. Apart from this, the other
recorded data such a3 cutcing prassure, thrust
preasure, rpm of the drum and depth of cut can
also be seen In Figures 23 and 24. The
fluctuation in the depth of cut and rpm curves

in Figure 24 in concrasc to Figures & and 23

is dud to the higher depth of cut than the
anticipated 0.64 cm (1/4 in.). This was due

to the higher temperature of the hydraulic oil.

The resules of sonic tests when the coal block
was cut along the butt cleat were inconclusjve.
Perhaps because in such cases the sonic test had
to be perforwed along the face cleat ditrection
which had distinct discontinuous feztures along
the cleat plane, consequently the stress wave
produced by the signal generating unit sattepuated
significantly while passing through the cleat
digcontinuities.

CORCLUSIONS

Although the results presented in this paper
must be considered of a preliminary nature since
they ara based on a limited number of tests on a
specific cosl, nevertheless a number of aigni-
ficant points sppear evident. These include the
following:

(1} The resultant force necessary to cut the
coal is the least for 30 degree atcack angle vhile
it increages for laszser than or grester chan
30 degrue sttack angles.

(2} In general the resultant force necessary
to cut the coal increases with the increaging
compressive strangth of coal and equivalent in-
situ prassure.

{3} The higher the drum rpe the greater is tha
force required co cut thus producing more air-
borne dust.

(&) The 30 degres attsck angle produces more
larger fragments than any cther attack angls.

(5) The higher the equivalent in-sity pressure
the finer are the coal fragments.

(6) The finer fragments increass with the
iocreasing compressive strength of coal.

(7} The optimm spacing needed tec break ths
boundaty walls between tha bit paths in the face

CUTTING PRESSURE,C :8273 LBS(28561 KG) F§
THRUST PRESSURE,T.-12808 LBS(5863 KQ) Fg
DEFTH OF CUT,D = 2IN.(5.08CM) S

DRUM RPM: SORPM F3 :
AEZ10 VOLTS FS 999 COUNTS,70 Db AT 0.28 seg
*10 |-1.s"-_-s-sg'-u4' 30-8,:0

1

i!l:—"i na ::‘__‘:""'E_L
Deminished AE ™'
Figure 23. Typical chart on which che differsnt

parameters such as A.E., cutting

‘pressure, thrust pressure, drunm pPm

and depth of cut are recorded for

& parciculsr ser of parametera. Angle,

depth of cut and rpm are different

from that of Figures 24 and 4.

. vas found to be 3.61 em (1.5 in.). However lsss

i
i
cleat direction (medium compressive strangth) l
spacing ia rvequired for butt cleat direction I
(high compressive strangth).

{8) Irreguler breakage of the cutting face
(wall between the bit path} causes sxcessive
abrasion of the bit snd bit-blocks, consequently
producing wore airborne duse,

ACKNOWLEDGMENTS

The authors acknowladge tha assistance of
M. Quinn, R. Begley, G, Begley and 5. Jung, -
graduate students in the Mining fngineering Departs+
ment, in preparing thie paper. This project was
funded by the Generic Center for Respirable Dust
Research sponsored by the United Stares Buresu of
Hines under Grant Numbar C1135142,

REFERENCES

Bower, Jr., A. B., 1970, "Bit Design: Key to
Coal Cutting," Coal Age, July, pp. 70-75.

Evans, 1., 1984, “A Theory of the Cutting Force
for Point-Attack Picks," Technical Note,
Internationsl Journal of Mining Enginsering,
PP. 63-71.



awd
+pinssa1d Sujuyjuod yIIm (q) @anssaad Bujujjuod Auer Incylin (E) sFra7awe )
30 128 ap[nojiaed ® Japun Juswlladxa ayl jo sadels JLIIPIIIP I° Eulalaed aaEn BEIIIE DFu0S  ZT aanity

MU Q
EREAE LA Mo g
) AMO7AWDE

ONODIS m

AN HL D
AlQsANOL

1l !
" 903 RO« P3 1*d 903 Cup P2

A2z ewup 4 800 Tvwp
1) 2E28 I3A LUN I] TR T Y
er L oang 0 1D
40 H1a3q 40 HLO
QINANOIMN-HLENG S S HIHNOJ 16wy
PR AWV w AL O Aty O
AKFAWOR AlQ/AWDS AlQ/AWG | 2807 AWDR
Y] .
wis03 or s P3 nasoI i 3 Gy gpzens pa ot 903 000 #3
210G Tewa + 920 vewa ALOOD FEwa 4900 SReA
Ui 0MER 13A
W1 E2RAE 34 01 9482 134 SHeLN A
) 90 1n3
OE AND . .
20 HLdM0 40 Hid3d HSOE AN R T
0 Hi1d430 40 Hid)
v
WL
A g Gumi 0
PYTIIE ) A/ AUOE
AN ALOS AND/NWL D ANTITWY D
| md $03 @2y P3 ANIZ AW §
_ M®go3azon P3 AlQ/Aw0E

AGZD "ewA

treo mewa 1ed §03 Oh.n._. k3 199 $03 21 8 #3

w7 9SIE N3A

82 007 13A 5 A ROOD IWwa & PLD EEWA
: K f
.“an_”:u” ..Oe_.u.:“uo S 0187 13A o 1082 VIA
AT LN OO0 LN
40 Hiddd #0 HLaH])
w Au1/ewL O -..— A -
ﬂﬂ...;.“oon AIQ7AWOS hwlou wllou wnlm —. |l\\m\ —. |Om —- - |\\m P IH h* .Fww.—l

P
w0 GO0FEF A O] 1wd g03 90+ PI

COAL BREAKAGE AS A FUNCTION OF OPERATING PARAMETERS

AOZ0 VWA i
LR TR LT
b 951E 13A
LR LY T
L0 und
AEE 2 0 H1e30
FLETTE . ]

4-05=5-061 =5-62- /1 -, S¥-G-, 5L I L1+ 1831




‘THE RESPIRABLE DUST CENTER

CUTTING PRESSURE,C,=6033 LBS(2742KQ) FS
fTHFIUST PRESSURE,T,=12402 LBS(5837KQ) Fa
TDEPTH OF CUT.D, 2lN (6.08CM) F3

“DRUM RPMz=80 RPM FS

TAEZI0 VOLTS FS o0¢ GOUHTS, 70 Db AT 0.28 sec
:'18 1~1.8"~5=46%1/4"=28-F-8§ v-450-8,=180 PSI

TR
e

H  p——— iar

s

FS-FULL SGALE

R a--‘t'u'z:ga,.-:v“:

BN &

MM& L T PTI  S:

g

v -

Location a ' ' ' Continued'Rate of AE * -
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vertical and horizontal confining pressures of 64.8 and 21.6 KPa (450 and 150 psi), respectivaly.
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Experimental Studies on Dust Dispersion in Mine

Airways

R. Bhaskar and R. V. Ramani

Department of Mining Engineering, The
Pennsylvania State University

Abstract — The spatial distribution of airborne
dusts, deposition of dust in the airway, as well as the
effect of airflow velocity and particle density on dust
behavior in mine airways were studied in a set of
experiments performed in a mine airway under
controlled conditions, Considerable deposition of dust
near the source was indicated. Pronowusiced effects due
to velocity were observed in ambient duast concentra-
tion and deposition along the mine afrway, both in the
respirable and the total size ranges. Cross-sectional
concentiration measurements indicate an increase in
concentration from the roof to the floor. The average
cross-sectional concentration is about 5% of the
concentration in the center of the airway,

Introduction

A number of studies have been performed since the
early 1950s on the behavior of dust in mine afr
(Bradshaw and Godbert, 1954: Dawes and Slack, 1954;
Bradshaw et al., 1954; Hall, 1985-56; Reinhardt, 1971:
Ford, 1871; Courtney et al., 1982). While the experi-
mental data available from these studies are indeed
useful in understanding dust cloud behavior in a
Specific situation, no generalized conclusions can be
drawn because of the lack of data on parameters such
as flow velocity, size distribution of the source dust,
and particle density. Thesge change from mine to mine
or even within the same mine. The present study is
almed at providing a better understanding of the
temporal and spatial behavior of dust particles in
underground mine airways (National Academy of
Sctences, 1980). The characteristics studied encom-
Passed airborne concentrations and floor depositions
over the entire size range as well as the respirable size
fange. The experimental results in this paper are
intended to complement a mathematical model devel-
Oped to predict ambient concentration and deposition
of alrborne dust in mine alrways (Bhaskar and
Ramani, 1888).

Experimental design

The experiments were designed to simulate dust
transportation and deposition in mines, They were
performed in the D.drift at the Lake Lynn Laboratory
of the US Bureau of Mines. Comprehensive description
of this experimental mine can be found in Mattes et al.
(1983). The drift has a cross section of 2.1 x 6.1m(Tx
20 ft) and a length of 507 m (1663 ft). About 400 m (1312
ft) of the drift was used in the experiment. In all, six
experiments were conducted, with each experiment
differing from the others efther in the type of dust
dispersed or in the velocity of the air in the drift, The
experiments are coded aa follows:

Dust Type Velocity, m/s
Experiment 1 Semnianthracite 0.888
Experiment 2 Bituminous 0.838
Experiment 3 Semianthracite 1.855
Experiment 4 Bituminous 1,856
Experiment b Semianthracite 1.528
Expertment Bituminous 1,826

For each experiment, 10 to 18 measuring stations
were set up, each 30.5 m (100 ft) apart {Fig. 1). The
spacing between measuring stations was selected to
utilize the maximum possible length of the drift for the

f. Bhaskar and R.V. Raman), members SME, are research
associate and professor of mining enginearing, respectively,
Department of Mineral Engineering, The Pennsylvania State
Univarsity, University Park, PA. R.A. Jankowskf, member SME,
is a physical sclentist with the US Bureau of Mines, Pittsburgh,
PA. SME preprint 86-14D, SME-AIME Annual Mesting, New
Orleans, LA, March 1986, Manuscript March 1986. Discussion
of this paper must ba submitted, in duplicate, prior to May 31,
1988,
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experiment. The experiments were designed to pro.
vide data for studying: '

® variations in ambient concentration (both total
and respirable size range) along the lengthof typical
alrway,

* variations in deposition of the dust (both total and
respirable size range) along the airway,

¢ changes in the size distribution of the airborne
dust as the cloud travels along the length of the airway,

* variations in dust concentratton at various cross
sections of an airway, and

* relationship between the average cross-sectional
concentration and that in the center of the airway.
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Fig. 1 — Schematic of the airway showing locations of the
sampling points (experimeant B)

Sampling procedures

Sampling procedures were developed for collecting
airborne concentration and floor deposition dats,

Ambient concentration sampling

Two types of ambient concentration sampling were
pertformed: sampling of air at the center of the airway
and cross-sectional sampling. In each experiment,

three measuring stations were seiected for detailed
cross-sectional sampling. At each cross section, 13
points following the equal area representation method
were delineated, and personal gravimetric samplers
were set up at these points (Fig. 2). These 12 sam
points were in addition to the sampling point in the
center of the croas section,

H L
T m . . ll!ll“l:.lgun
] 575 m .
62.4 61.6 : 54.4 59,7
. . ! . [}
54.8 63.2 a%o 68.2 775 208 m
|
66.7 64.6 : 88.7 90.8
(all tigures In mg/m?3)

Fig. 2 — Crosa-sectlonal ambient concentration sampling plan

1sokinetic sampling: To ensure isokinetic sampling
under experimental conditions, specially shaped
sharp-edged nozzies were designed and fabricated for
use with conventional two-plece personal sampling
units to reduce disturbance to the airflow at the point
of sgampling. By adjusting the pumping rate of the
sampling unit, the velocity of the air through the nozzle
was matched with the velocity in the airway. This
procedure ensures that a representative sample of the
mine air concentration is obtained in the caasette.
Analysis of the data obtained from the experiments
with the Belyeav and Levin (1874) corrections for
Isokinetic sampling indicated very little correction of
gravimetric data for the size distribution of the dusts
used in these experiments. If the experiments were
performed in calm air, considerabile correction would
have been required.

To reduce the amount of dust deposited on the inner
surface of the tube connecting the nozzle to the
cassetie, the tube was kept as short as possible.
However, the tube waa long enough to keep the
sampling assembly from interfering with the airflow
at the nozzle. The amount of dust deposited on the
inner surtace of the connector tube was determined
and added to the filter weights,

Filters: For this study, Nuclepore® fllters were
considered most suitable for aampling purposes, axz the
deposited dust would be subjected to gravimetric and
size analyses, Compared to conventional filters,
Nuclepore fiiters have a smooth surtace, good control
of pore sizes, and are nonhygroscopic. These filters
2150 have a lower and more uniform weight but similar
flow rate/pressure drp characteristics,

Pumps: Constant-volume flow pumnps (MSA Fixt
Flo and DuPont 2500 series) were used to engure that
pumping rate did not vary with filter loading.

*The uss of specific brand names of products is for illustrative

purposes only. This does not imply endorsement by the US Bureau
of Mines or The Pennsylvania State University.
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Deposition

Deposnition plates were placed at the m

stations along the airway. To ensure that the amount
deposited was comparable to that on the fioor, flat

tes without any lips were used. The absence of lips
reduces the formation of eddies near the deposition
sampling area. The flat plates were covered with
ngharkskin’ fllter papers, which do not tear easily
during sample handling. The rough texture and ex-
tremely light weight of the paper (about 2 g, or 0.07 oz,
for & 29-cm, or 1l-in., diam paper) make it ideally
suited for gravimetric analysis.

..Dl.llt source

Dust generation

The dust was dispersed by & fluldized bed-type trickle
duster through a specially designed system of 26-mm
(1-in.) diam plastic tubes to four release points in g
cross section. The location of the source in the airway
(Flg. 1) was dictated by the need to ensure that at the
point of release, the airflow is uniform, and that there
i»s good mixing ot dust with the air in the drift before
the firat sampling point.

Source dust

Two types of dusts (semianthracite and bituminous)
were used in the experiments. The size distributions
of the two source dusts (Table 1) show a significant
proportion of respirable dust. The densities of the
semianthracite and bituminous dusts were 1.567 and
1.4 g/mn?, respectively.

Table 1 — Cumulative Size Distribution of Source Dust

Sixe* Samianthwache Bituminous
(mierons) (% finer) {% Noer)
2085 100.0 100.0
Nt 100.0 8.0
1492 48 8.0
1055 86.2 040
740 T30 450
827 E=E] e
arn ®A 205
28 na 127
1.08 121 74
1M 58T as
0.05 20 13
0.43 o3 0.2
0.34 0.2 0.0

* Size analysen performed on Microtrac SPA.

Sample analysis

The cassettes from the personal gravimetric sam.
Plers and the deposition plates were processed at the
dust laboratory at The Pennsylvanta State University.
The mass of dust was measured using a Mettler
electronic microbalance. All size distributions were
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determined using an X-ray diftraction device (Micro-

trac small particle analyrer) capable of measuring
dust in the 42.21- to 0.17-micron range.

Results

Several analyses were performed on the experi-
mental data. The results of the following analysea are
presented:

¢ ambient concentration characteristics of the dust
cloud in the drift,

* deposition decay curves of the dust cloud,

* etfect of velocity on ambient concentration and
deposition patterns,

* crogs-sectional sampling results, and

* variation in size distribution as the dust cloud
traverses the drift and the relation between the velocity
of airflow and size diatribution of the dust at any point,

Ambient concentration

The ambient total concentration and ambient
respirable concentration of dust along the length of the
alrway for experiments 1 and 8 are shown in Fig. 3.
The respirable concentration is obtained from a gize
analysis of the total concentration dust. Particles less
than 5.27 um in projected area diameter are taken an
respirable. This translates to alightly leas than § um
aerodynamic diameter. In all the six experiments,
ambient total concentrations decrease with distance
fuster than respirable concentrations, indicating longer
residence times in the airflow for smaller particles.
The rates of decrease In the concentrations, both total
and respirable, are higher in the first 80 m (187 ft) than
at greater distances from the source. Also, with
distance, the total concentration curves tend toward
the respirable concentration curves, showing that
most of the larger particles are deposited in the initial
portions of the airway.

- totnl size (sin 1)
2 - totel size (s 8)

x- respirable sive (stn 1)
us renpirsbie size (stn )

Alkbome Concentration mg/m?
- N
o o
2 0.5
-y -
’J":
"

100-
I\l‘k‘
— = . i
50 : { T .\-L"';L-s-..._: ;l--.....:___g -
] ) L) ] 1 LIRS B [ [} . r
0 [ 1] 120 180 24 0 b1 1] 4320

Distance {meters}

Fig. 3 — Concentration of airborne dust atong alrway



-Depogition

Depoaitions as a function of distance from the source
for experiments 1 and € are shown in Fig. 4. As one
moves away from the source, the total deposition
curve approaches the respirable deposition curve,
indicating a high proportion of respirable dust in the
ambient air. At stations further from the source, both
the curves assume an asymptotic form, indicating
little change in deposition.

21 -

« total size (stn 1}

« tolml size (#n &)

~ respirable size {stn 1)
#- respirabie sie (stn &)

i —a——
L -

18-

15-

=
O

) 60 120 180 240 300 380 420
Distance (meters)

Fig. 4 — Deposition of airborne dust along airway

Effect of velocity on concentration
and deposition patierns

The concentration and deposition results from
experiments 2, 4, and 8 (bituminous dust at three
different velocities) are presented in Figs. 5 and 6. The
concentration data were normalized with respective
concentrations at the first point and expressed as a
fraction of those at the first point, With the increase in
velocity, the amblent concentration of total dust

{Fig. 5) is more even along the airway, a trend that is -

also seen in the respirable size range (Fig. 8). At
velocities of 1,625 and 1.855 m/s (5 and 6.1 fps), con-
centration curves approach a limit value atter some
diatance from the source, indicating little deposition
after that distance. In Figs. 5 and 8, this distance is
about 280 m (950 fi). The effect of velocity on total and
respirable dust deposition is shown in Figs. 7 and 8,
respectively. Again, the curves tend to be flatter at
higher velocities though the effects of velocity on
depositions is not as dramatic as on ambient concen-
trations.

Cross-sectional sampling

Data from 18 cross-sectional concentration sampling
setups (three cross-sectional sampling stations per
experiment and six experiments) show that the average
concentration across the croas section is 75% of the
concentration at the center of the airway, with all the
points in the cross section given equal weight. How-
ever, the concentration increases as one moves down
trom the roof to the floor. Specifically, for the consol-
idated data, the top third of the airway has a concen-

2 - 0830 mis
w - 1855 mm
c + + 1.525 mh
2
-4
]
-
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O 0.4 ——— R
3
g
0.2 °
: o
0.0 ++ vvgres .

Py ] Tt 1 L | A
0 60 120 180 240 300 380 420
Distance (metsrs)

Fig. § — Etlect of velocity on total airborne concentration
{concentration normalized with respect to source concen-
tration)
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0.0 .« «v vevsnn feeenn ;
0 60 12 18

Distance (meters)
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Fig. 6 — Effect of velotity on respirable airborne concantration
{concentration normatized with respect to source concsn-
tration)

* tration 729 of that In the lower third. The concentra-
tion in the middle third of the airway iz B99% of that in
the lower third. An exampie of the croas-section data
is shown in Fig. 2.

Variation in size distribution

The change in size distribution of the dust cloud as it
traverses the airway is shown in Fig. 9. The data is
from experiment 1. Similar analyses were performed
for all the experiments. A distinct decrease in the
larger-sized particlea is indicated by a corre
shift in the peaks for the 61-, 244-, and 388.m (200,
800-, and 1200-1t) station ambient concentrations. The
change in the shape of the curves in the amalier nmize
range is less compared to that for the larger size. Thia
complements the ambient concentration and deposi-
tion data, which show that smaller particles (respira-
ble range) have a reduced rate of deposition,
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Fig. 7 — Effect of velocity on deposition (total size) {deposi-
tlon normalized with respect to firast sampling station)
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Fig. 8 — Effect of velocity on deposition (respirable size)}
(deposition normalized with respect to firat sampling station)
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Fig. 9 - Change in size distribution of airborne dust with
distance from source (experiment 1)
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The size distributions of the dust clouds for 0.838,
1.885, and 1.525 m/s (2.75, 6, and 5 fps) measured at the
368-m (1200-1t) station are gshown in Fig. 10. The data
here 18 alao from experiment 1. At the lower velocities,
& comparatively less amount of large-sized particles is
found. As the velocity increases, larger particles are
carried longer distances and, therefore, contribute to a
higher concentration of large-sized particies down.
strearn. Therefore, the peaks of the distributions tend
to be flatter at high velocities. Again, the effect of
velocity on the distribution for the smaller sizes is less
noticeable,

Discussion

The data from the ambient concentration-deposition
experiments have enabled quantification of the spatial
behavior of airborne dust clouds in mine alrways — the
decay patterns for ambient total concentration, am-
bient respirable concentration, and deposition, Experi-
mental studies such as the one presented here are not
without problems. For example, some deponition of
extremely fine particles was noted on the sides of the
airway. In some deposition plates, small pleces of
falling roof rock caused distortion in vailues. Consid-
ering the fact that a large number of deposition date
were collected, no systematic error contribution from
the falling particles was noticed.

Errors in the ambient concentration data can result
from variations in pump rate during the experiment
as well as calibration, deviation from isokinetic sam.
piing principles, and static charge etfect during weigh.
ing. Pumps calibration errors of +10% may occur.
During the correction of concentration data for non-
isckineticity, a correction of + 8% to —11%, was neces-
sary for a few samples. However, no major errors
were found in the concentration data, lending credence
to the validity of the experimental design, sampling
procedures, and sample analysas technigues, W

o D.B3B m/is

+ 1855 m/s

N 1525 mb
[
g
2
'

"

0 " - - o . .
0 2 4 ] ] 10 12 14 18 18 20
Size {(microns)

Fig. 10 — Size distribution at 385.8-m station at different
velocities {experimant 1)
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Theoretical and Experimental Studies on.Dust .
Transport in Mine Airways: A Comparative Analysis

R. V. Ramani and R. Bhaskar

Department of Mining Engineering, The
Pennsylvania State University

Introduction

The bebavior of dust clouds in mine atmospheres has
been a subject of longstanding interest due to both health
and safety reasons. Pioneering studies in Germany and
SMRE focussed on ambient dust concentration, principally
aimed at determining optimum velocities for effective dilu-
tion. A ?}unmary of studics related to this area is provided
by Hall.'") Efforts to understand dust deposition from the
cxplosi?y hazard point of view led to experiments iB return
airways(éY followed by experiments in longwalls.®) Con-
certed efforts, either experimental or theoretical, were not
made until recently to relate ambient conccnsration with
dust deposition in mines, In 1974 Hwang ez a/(® developed
a computer model to predict dust concentration which con-
sidered deposition-concentration relationships, Also, ex-
perimental studies involving concurrent dust deposition and
ambient concgntration were conducted in the U.S. by
Courtney et af” in operating mines. Efforts to relate (thcory
with experimental results have been made by Owen® and
Hwang et al’

work, however, to determine the application of the theories
and assumptions from aero?gl sciences for modeling dust
flows in mine atmospheres.‘” This is the obiective of the
work currently underway in the Generic Technology Center
on Respirable Dust since 1983 under a project titled,
"Prediction of Ambient Dust Concentration in Mine Atmo-
spheres.” The scope of the project activities include:

1. Development of a mathematical model to predict
dust deﬁositiou and concentration in mine
atmospheres.

2. Experimental studies on dust transport and
deposition in mine airways.

3. Comparison of the model results with the
experimental data.

The specific objective of this paper is to present the
results of the comparative analysis and to examine the ap-
plicability of the various mechanisms used in the model to
describe particle behavior with respect to flow in mine air-
ways.

61

for dust deposition. There has been limited

Mathematical Modeling

In the first phase of the project, a mathematical model
was developed for studying the behavior of dust ciouds in
mine airways (Figure 1). The mode! was designed to predict

1. Dust deposition along the length of an airway.

2. Ambient concentration at various points in a mine
irway.

3. Size distribution of dusl at various points in the
airway,

The model takes into account a number of [actors affect-
ing dust transport, including source dust characteristics
(amount, size distribution, density), airway characteristics
(size, shape, length, friction factor), airflow characteristics
(velocity, viscosity, lempera(turc, dispersion) and coagula-
tion of dust in minc airways.{19)

Since the size-dependent behavior of dust in minc airways
is the major diffcrence between dust flows and gas flows,
considerable attention was focussed on those mechanisms
which are size-dependent. In fact, the principal part of
modeling was devoted to modeling the dust deposition
phenomenon. The three major mechanisms of particle
deposition in turbulent flow that were modeled are
Brownian and eddy diffusion, and sedimentation, While all
three mechanisms were used to predict deposition on the
flocr, Brownian and eddy diffusion were considered for the
roof and sides of the airway. Coagulation was considered as
a mechanism that affects the size distribution and hence
deposition rate. The transfer of dust in turbulent air flow was
described using a dispersion coefficient developed by
Skubunov. 1) A step type function describes the dust emis-
sion from the source as a function of its operating duty cycle.
The concentration is determined from the numerical solu-
tion of a convection-diffusion population balance equation,

A computer program was developed to solve the equa-
tion for various size classes with applicable size-dependent
relationships for cach class. The overall behavior of the dust
cloud is obtained as the sum effect of the individual size clas-
s¢s. The ambient concentration was calculated from a mass-
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FIGURE 1. Schematic of dust flow in a mine airway.

balance of the convection-diffusion equation describing the
concentration change, Sensitivity analysis of the model

parameters was performed to identify the refative impor-
:ance of various factors in the model,

Sxperimental Work

To complement the theoretical work and to compare the
node! prediction with actual behavior, a set of experiments
vere conducted at the Lake Lynn Laboratory Mine of the
J.S. Bureau of Mines (Figures 2 and 3). Six tests using two
ypes of dust at three diffcr%snt velocities for each coal type
vere performed (Table 1.

Ambient concentration and floor deposition of dust were
1easured for the period dust was dispersed. The experimen-
i data were analyzed to yield the following mformation: 1)
ariations in ambient concentration (both total and
2spirable size range) along the length of the airway, 2) varia-
ons in deposition of the dust (both total and respirable size
ange) along the length of the airway, 3) changes in the size
istribution of the airborne dust as the cloud travels in the
irway, 4) variations in dust concentration acrass the a
! three different stations, 5) variations in dust deposition
zross the airway at different stations, 6) rclationship be-
veen the average cross-sectional concentration and the

>ncentration in the center of the airway, and 7) relationship
stween the average deposition in an airway cross section
1d the deposition in the center.

omparative Analysis

The experimental data and resulis provided not only a
tter understanding of spatial and temporal behavior of
tstin mine airways but also a comprebensive set for evalua-
m of the mathematical modet of dust flons.

For the purpo. :s of the comparative analyses, the model
18 used to predict the ambient concentration and dus;

1

deposition along the airway, The inputs to the model were
derived from the experimental conditions and included

source dust characteristics, mine airway characteristics, and
mine airflow characteristics.

Source Dust Characteristics

The description of the source dust involved determining
the maximum, minimum,median size, and standard devia-
tion of the source dust, as well as s density, release rate,
and time duration of dust release. Due to the relatively high
concentration of dust released at the source, some of the dust
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FIGURE 2. Plan view of Lake Lynn Laboratory underground
workings.
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DUST TRANSPORT IN MINE AIRWAYS

TABLEI
Salient Details of Controlled Experiments

Experiment Dust Type Velocity, my/s
" Experiment 1 Semi-anthracite 0.538

Experiment 2 Bituminous D838

Experiment 3 Semi-anthracite 1.855

Experiment 4 Bituminous 1855

Experiment 5 Scmi-anthracite 1525

Experiment 6 Bituminous 1525

failed to get mixed i the air and settled just beneath the
source. Approximately cighteen percent of the dust released
by the dispenser did not get airborne. This is taken into ac-
count when determining model source input.

Mine Airway Characteristics

The mine parameters input to the model are the dimen-
sions and Lhe friction coefficient. The friction coefficient was
determined using an aitimeter survey, The dispersion coef-
ficient used in the model ;s obtained from the work of
Skubunov‘") The dispersion coefficient assumes that par-
ticulate transfer in airflow is independent of particle size.

Mine Airflow Characteristics

The flow conditions were represented by the average flow
velocity, air temperature and viscosity of air.

Observations on Experimental Results

~_The experiments revealed several findings which are sig-

nificant for comparing model results with experimeatal -

results.

1. The cross-sectional data indicated that the average
concentration in the mine airway was approximately
75 percent of the concentration in the center of the
airway. The model assumes thorough mixing and
equal concentration across the airway. This
d?ffcrcnce is taken into account t:r multiplying
centerline concentration obtaine from expeniments
by a factor of 0.75.

2. Similarly, floor deposition data showed an increased
deposition in the center of the airway than at the
sidgs-. Experiment and station specific factors were
used to relate centerline to average readings, At
stations where such factors couldg not be determined
because only one deposition plate was used, the
factor used was the average of those of the station

preceding and the station followin,

3. While every effort was made to ensure isokinetic
sampling of dust, deviation from isokinetic sampling
0ccurre§ for some experiments and stations, Aﬁ' the
ambieat concentration data were adjusted to
account for deviations from isokinetic sam ling
Using ?fgcedures described by Belyacy anti)

Levin,

4. In the experiments, dust was dispersed at four points,
each in?i:: center of a quadrant in the airway cross
section. This resulted in less than complete mixing
for some distance from the source. Therefore, for
comparative purposes, emphasis is placed on data
collected at stations farther from the source,

Results

The ambient concentration and dust deposition along the
length of the airway as observed in experiments were com-
pared with the model predictions. The comparisons were
made for both the total and respirable size ranges.

Ambient Total Concentration

The experimental data and corresponding model output
[or ambient concentration (mg/m"’) are shown respectively
for the six experiments in Figures 4 through 9. Experiments
1 and 2 were performed at 0.838 m/s, 3 and 4 at 1.855 m/s,
and 5 and 6 at 1.525 m/s. The model output in Figures 4,5,
7, and 9 are, in general, in agreement with the experimental
data for total dust except for the first two stations. Therc-
after one notices an exponential decline in model output,
tracking the experimental data points to approximately 300
meters, Thercafter, the experimental points tend (o be flat
while the model output continues its decline. Comparison of
model output and experimental data for experiments 3 and

Ambient Respirable Con centration

In the model, respirable dust is assumed to be made up
of particles less than or ¢qual to S u. Therefore, for compara-
live purposes, the amount of dust in the 5 u and below ran.
ges in the total dust from he experiment is considersd
respirable dust, The respirable concentrations are also
shown in Figures 4 through 9, The experimental results and
model outputs are in betger agreement closer to the source
than away from the source. Infact, in all the experiments, the
respirable concentration becomes asymptotic whereas the
model continues to show a ine in concentration. Also,
the obscrved respirable concentrations are higher than the
predicted concentration,

Deposition (Total and Respirable)

The experimental results and model outputs for total and
respirable deposition and shown in Figures 10 through 15,
In general, 80od agreement is obtained between model out-
put and experimental data testifying to the appropriateness

Discussion

Several points with respect to the model and experimen-
tal results are to be stressed. The model uses a single disper-
sion coefficient for af] particles sizes. This may not
Decessarily be the case since smaller particles tend to follow
the airstream more closely than farger particles and hence
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FIGURE 3. Schematic of the irway showing the location of the sampling points (Bxperiment 6).

are carried longer distances. This may result in higher con-
centration of fine dust downstream than predicted by the
model. But, large particles have greater inertia and will tend
to be l%sss affected by flow fluctuations. Hodkinson and
Leach(! present data that show considerable difference be-
tween theoretically predicted dispersion cocfficients and
values determined from experimental data. Research is
needed on determining the influence of density and size of
particulate matter on dispersion.

The deposition data collection and analysis procedures
ensure more accurate results than those used for ambicnt
concentration data. The latter is influenced by several fac-
tors such as pumping rate, cross-section concentration varia-
tion and flow velocity fluctuation, In practice, high
cocfficients of variation have been reported. In addition, the

model uses the deposition data and predicts the concentra-
tion at the following station using mass-balance whereas the
experimental data will include any reentrainment which may
occur between two stations, Since the forces required to
entrain a deposited particle back into the airstream is de-
pendent on particle size, smaller particles will have a higher
propensity to enter the airstream thereby resulting in higher
levels of ambient respirable concentration, especially at
higher velocities. Also, re-entrainment from the sides and
roof may be higher primarily because of the noninfluence
and positive influence of gravity respectively in dislodging
the adhering particles.

A preliminary examination of the ambient concentration
and deposition data reveals that for each size class as
measured by the Microtrac Small Particle Analvzer. the
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. = ar 2 -
ition rate, i.c., deposition (mg/m®/sec) to ambient con-
‘l"p::f:ion (mg/mg), for all sizes is highest at the first station
cen decreases nonlincarly with decreasing concentration. In
lllll‘ﬂ model, deposition rate for a particular size is assumed a

constant for a set of experimental parameters.

summary and Conclusions

This paper has preseated the results of a study into the
spatial and temporal bchav.lor of dust in mine airways using
both theoretical and experimental studies. A malhcmau'cal
model was developed to predict the ambi._:nl concentration
and deposition in a mine uirway as a function of the charac-
eristics of the dust source mine airway and airflow. Six ex-

riments were designed and conducted in a mine airway to
sudy dust transport and deposition phenomena as well asto

nerate data to examine the conceptual and computation-
al aspects of the model.

The results of the comparative analysis are as follows:

1. The model predicted deposition is in good
agreement with experimental data in both the
respirable and total size range.

2. The model appears to predict total concentrations
better at lower velocities of fiow.

3. At distances farther (rom the source the prediction is
better for the tolal size range than for the respirable
size range,

4. The model appears to predict respirable
concentration closer Lo the source better than at
distances farther from it.

- The experimental data reveals that the deposition rate
may be a function of concentration and that reentrainment
may be contributing to the ambient dust concentration. The
effect of these mechanisms, as well as others, on particie be-
bavior in mine airways, particularly in the respirablc size
range, needs to be further examined.
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Air Velocity Distribution Measurements on Four
Mechanized Longwall Coal Faces

S. 8. Peng and H.S. Chiang
Department of Mining Engineering, West
Virginia University

Summary

Air velocity distribution surveys on four mechanized longwall faces are presented and discussed. Although
there are discernible patterns in the velocity distribution, there are wide differences in distribution in the
cases examined. This can be attributed to differences in mining and face geometry. An important factor is
air leakage into the goaf,

Keywords: Longwall mining; airborne dust; air velocity distribution; mine ventilation.

Introduction

Over the past two years several intensive air velocity surveys have been carried out in West
Virginia coat mines as part of 8 programme aimed at understanding dust transport mechanisms
on mechanized longwall faces. These are presented here and some of the patterns of velocity
distribution are discussed.

Ventilation survey methodology

The air velocity vector consists of three mutually perpendicular subvectors; the vertical
subvector is directed toward the roof, one of the horizontal subvectors is paraliel to the coal face
and the other pointing to the gob. The air velocity which was measured in this paper is the
horizontal subvector parallel to the coal face.

To record the velocity distributions at the longwall faces, the surveying stations and the
surveying points were established as follows.

(1) The first station usually was set at the third support from the headentry T-junction. Within
the first few supports, the air coming from the intake airway encounters a sharp right-angle turn
at the T-junction, and forms a turbulent region close to the coal lace. The intake air in this
region is also influenced by the motors that drive the face conveyer. But when the air reaches the
different. But for the same face the number was the same. The main air-travelling area was
divided into six to 12 equally sized sub-areas, and each surveying point was situated
approximately at the centre of the sub-area.

The velocity survey was catried out by two persons, one reading the meter and the other
taking down the readings. A complete survey at one station took about 5-8 min. Usually, the
dimension of the cross-sectionat area was measured during that time.

A third person used the smoke tubes to observe the following: (1) the air movement patterns at
different locations; (2) the extent and the direction of the air leakage; and (3) the machines’
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influence on the main airflow. At the same time he observed and recorded the roof conditions
and the compactness of the roof-caving in the gob.

Veatilation survey - resulis and analysis

Two steps of data reduction were carried out. The first step was to convert the velocity readings
into air quantity:

Q=V.4 4]

where: @ =air quantity
A =cquivalent ventilation area,
Va=average air velocity which is defined as

1 N
Yos§ LW | @

N =number of survey points at one station,
V.= velocity reading at the ith point.

The equivalent ventilation area was obtained by plotting the face cross-sectional profilcon a
grid paper, counting the number of the squares covered by the travelling space and multiplying
the number by the area of the unit square. The area behind the front legs and before the caving
shiclds was discounted since this region was partially occupied by pipes, tubes and gauges, and
since the velocity of the air flowing in this region was much slower than that in the main
ventilation area,

The air quantities along each face are plotted in Fig. 2. The plots show that although thereare
variations between rounds and between faces, some general trends exist. For convenience, the
faceline is the X-axis with the headentry T-junction as the origin, and the unit is expressed bythe
number of supports. The analyses of air quantity distribution in the longwall face area are based
on the initial air quantity measured at the firs survey station, i.e. the third support. Usually, the
air quantity at the third support was approximately 75-90% of the total initial air quantity
measured outby the headentry T-junction.

Detailed observations for each Jace

Panel No. 1. The Eagle seam was 1.5-1.8 m thick, The immediate roof consisted of sandy shale
and gray shale about 0.6-0.9 m thick. It appeared to be sufficiently stable with the roof beam
third support, its direction has aimost turned parallel to the coal face. Thus from this point on, .
the air flow becomes normal,

(2) The second station was set at the eleventh support and the subsequent stations at every
other tenth snpportﬁetaqnirementsfortlwsmeymucyandthetimeneededto
accomplish a complete survey were taken into consideration i the selection of station location,

(3) The last station was usually set at the third support from the tailentry T-junction.

(4)Six ‘to 12 surveying points at each station were armanged on the cross-section
perpendicular to the coal face (Fig. {). For different faces, the pumbers of surveying points were
overhanging about 0.9 m—1.5 min the gob. However, the immediate roof feli periodically witha
short delay after the support advance. Before the immediate roof caved, there was a free-
opening about 1-15 m wide between the support caving shiclds and the caved rock piles.

After a short delay, the immediate roof caved just behind the supports and formed & new free-
opening above the caved rock piles. All the frec-openings in the goaf appeared to be inter-
connected froft the headentry to the tailentry. Consequently, a small branch of the intake air
flowed throujth the free-opening in the goaf parallel to the main branch of the intake airflow
in the longwall face. The main flow in the face area (Fig 2a) totalied about 75% of the in-
coming fiow (about 10000 1 s~ ')surveyed in the headentry T-junction. The quantity of the main

air flow in the face arca was relatively stable with a change of less than 2500 5™,
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Fig. 1. Arrangement of survey points. (a) Panel No. ! and Panel No. 3, (b) Panel No. 2. {g)
Pane| No. 4.

Panel No. 2. The longwall face in this pane] mined the same coal seam as in Panet No. { but the
immediate roof was relatively broken throughout the whole face during the survey period.
There were numerous fractures that were parallel to the faceline. A Iracture located at the
intersection of the front and extension canopics near the panel centre was about 200 mm wide
by 600 mm deep and spanned across four supports (i.e. 6 m). In addition, there were many
fractures up 10 0.5 m deep. In this case, the roof caving line moved toward the face at one third of
the canopy length from the rear edge of the canopy. At both ends of the face, roof fractures were
abundant. During the survey period of more than five days, the tailentry T-junction was
blocked by fallen roof rocks and only a small space, about 0.3 m in diameter, was left to allowa
small amount of the return air into the tailentry. On the other hand, the smoke tube testings and
visual observations showed that the fallen immediate roof rocks in the goaf were not tightly
compacted and there was a visible space above the rock pile. This allowed the leaking air to flow
through the goaf to the tailend of the face, Because of the broken roof and the smalt opening at
. the tailen: - T-junction, the ventilation conditions in this panel were very bad. The air quantity
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- distribution patteen for this panel was determined by these factors (Fig. 2b). The general trend of
the air quantity against X curve was continuously decreasing. The air quantities at the tailentry
were oniy about 20-40% of those surveyed at the third support.
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Fig. 2. Air quantity distribution along a longwall face. (a} Panel No. 1. (b) Panel No. 2. {c)
Pane} No. 3. {d) Panel No. 4. Note 1 cfm=0.47 15!, The supports are at 1.5 m centres.

Panel No. 3. The Pittsburgh scam was mined by this panel with the mining height ranging from
1.9-2.1 m. The immediate roof, approximately 3.9 m thick, was shale intermixed with coal and
clay. It was relatively stable so that the exposed roof area and the maximum exposure time
without collapses allowed unidirectional cutting to be implemented. The immediate roof caved
immediately.after support advance generally resulting in the caving line being near the rear edge
ol support canopy. The caved fragments were small in size. Due to the high frictional resistance
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in the goaf caused by the compacted and small-sized caved rocks, the air leakage from the face
area was not significant. The air quantity distribution pattern for this face is illustrated in
Fig. 2c. Before the third or fourth support, the intake air from headentry dashed into the gob,
But soon after, it returned to the face area, forming a peak region. Since the pancl was near
completion during the survey period, the return airflow at the tailentry was led through a cross-
cut into the next paraile! return airway instead of the normat taitentry immediately adjacent to
the panel. Consequently, some of the air took a shortcut through the gob area to the return
cross-cut, resulting in a gradual air leakage in the remaining portion of the face.

Panel No.4. This panel mined the Lower Kittanning seam about 1.5-1.6 m thick. The
immediate roof, consisting of sandy shale about 7.5 m thick, was relatively stable so that at both
ends of the face a large area of the roof did not cave completely. The uncaved roof area ranged
from 13 to 30 m (i.e. 10-20 supports) long and 6-10 m deep in the goaf, forming a large space at
both ends of the face. In the middle portion of the panel, however, the immediate roof caved well
right after support advancing. The caved fragments were compacted tightly in the goal and the
testing smoke flowed in this portion mainly parallel to the main airflow or, in some places, -
toward the face, instead of toward the goaf. The air quantity distribution pattern {Fig. 2d)shows
the following characteristics, ) :

{1) At the beginning portion of the face from the 10th to the 20th support (i.c. 15-30 1m), a vast
amount of air, about 30-50% of the totai air measured at the first station (No. 3support), leaked
inlo the goal resulting in 2 sharp reduction of air quantity in the face area, .

(2) After the 10th-25th support, some of the leaked air returned to the longwall face forming a
peak region at the middle portion of the face (usually from the 30th to the 50th support).

(3)1n the remaining portion of the face, due to the poor caving conditions in the goal at the tail
portion of the face and the existence of some air shortcuts through some poorly filled cross-cuts
on the goaf side, the air quantity in the longwall face decreased gradually,

Velocity distribution at the survey station

The air velocity distribution in a survey station refers to the two dimensional (Y and Z
directions) distribution of air velocity in the cross-section perpendicular to the face, '

To understand the nature of the velocity distribution on the cross-sections, 6-12 velocity
readings were taken at each surveying station in each round of the survey. Then the readings at
the same location for all the rounds were averaged. '

Several typical air velocity distributions in Panel No. 1 are illustrated in Fig. 3. The high
velocity core usually occurs near the centre but close to the face line of the main ventilation area
(i.c. between the coal face and the front leg of the support). But in normal mining conditions the
core at the beginning of the face is near the line of the support front leg and at the tailend close to
the coal face. The case where two high velocity cores appeared at the surveying station at -
Support No. 81 of Pane] No. 1, is uncommon and might be attributed to the shearer infiuence,
When the second round of the survey was conducted at the 81st support, the shearer was indeed
located near the 71st support. But the magnitude and the manner of influence are still unclear.
Since the space between the front legs and the caving shiclds is partiaily occupied by pipes, tubes
and gauges, the quantity and the velocity of the air flowing through this area were considered
insignificant. _ S E

Visual observations on the influence of shearer movement

According to the principles of fluid mechanics, objects moving in a viscous fluid such as air will
cause the movement and the velocity distribution of the fluid to be different from that without
the moving objects. Since the air is a viscous fluid, when an object moves at certain’ speed
whether in the same or opposing direction of the airflow, a thin layer of air adjacent to the
surface of the object will flow in the same direction at almost the same speed as the object. As the
distance to the surface of the moving object increases, the influence of the object on the airflow
will decrease. When the distance increases the influence will no longer be strong enough to be
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observed. This point is called the critical point. Here, the distance from the surface of the moving
object 1o the criticat point is called the influence range. Obviously, the influence range varies
with the surface roughness, the direction relative to the airflow, and the speed of the moving
object.

The smoke tube tests revealed that the air flow around the shearer has the foliowing
characteristics.

(1) The air flow is controlled by the drum rotation, especially when the drums are cutting coal.
The influence range can be up to 30-45 mm off the drum depending on the rotational speed.

(2) The air flow is controlled by falling coal from the drum. The closer the coal falls near the
face conveyer and the bulkier the coal is, the stronger the influence will be,

(3} The air flow is controlled by spraying water. The influence range varies with the water
pressurc and quantity, system installation, and the main airflow direction. However, the range
is usually smaller than those of the above two factors.

Two velocity surveys around the shearer were carried out at Panel No. 1 and Panel No. 3.
The resuits are plotied in Fig. 4.

The air velocity distribution around the shearer at Panel No. 1 is shown as Figs 4a—. The air
velocity distributions are illustrated in three horizontal planes paraliel to the roof and the floor:
an upper layer (about 0.6 m above the shearer); a middie layer (0.15 m above the shearer);and a
bottom layer (0.6 m above the floor). Under the influence of high pressure water sprays
mounted on the shearer body and the ranging arms, and the rotational effects of the cutting
drums, there is a high velocity core beside and/or behind the intake side drum. This is more
conspicuous in the upper and middle layers. Around the return side drum, the effects are much
smaller. In the bottom layer, however, the existence of the shearer does not seem to cause any
significant disturbance, although thercis a relatively lower velocity core behind the intake side
drum, Fig. 4d shows the airflow distribution in the upper layer (about 0.3 m above the shearer
and 0.3 m below the roof) around the shearer at Panel No. 3. Because a splitter arm with high
pressure water sprays was mounted beside the return side (leading) drum, a high air velocity
core occurred not only in front of the leading drum but also behind the trailing drum.,

There arc two factors which make the data for velocity distribution around the shearer
unreliable. The first one is the time lapse. Each of the iwo surveys took about 25 min. During
that time period, the shearers moved about 30 m. The other factor is the busy mining activities
that frequently interrupted the surveys,

The face conveyer also disturbs the main airflow in local area. The magnitude of the influence
is affected by the speed of the conveyer and the bulkiness of the moving coal. When the conveyer
was empty, the range was about 75-100 mm above the conveyer. When it was fully loaded, the
range could be up to 100-150 mm over the running coal.

The airflow at the ends of the face was, to some extent, disturbed by the motors that run the
face conveyer. But the impact is not significant on the airborne dust distribution in the Jongwalt
face area, because there was not too much dust generated at the headentry and the dust
generated at the tailentry does not affect the working space in the longwall face.
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Simulations of Dust Dispersion for a Coal Mine Face
Using a Scale Model

T. H. Ueng, S. D. Thompson and Y. J. Wang
Department of Mining Enginecring, West
Virginia University

INTRODUCTION

There is considerable interest among mining companies and government agencies in
finding new ways to better control the generation and dispersion of respirable coal
dust. Mine face ventilation generally has been considered the most effective ool for
lowering the concentrations of reapirable dust. Unfortunately, only a limited amount
of research has been undertaken to determine the relationships between the various
face ventilation parameters and the dust dispersion patterns. If these relationships
are better understood, more efficient ways of controlling dust generation and
dispersion may be evident. A practical and economical way to gain more indepth
understanding of these relationships ia through scale model studies, Pasl research
{1, 2, 3) has substantiated that scale models can be successfully used in studying
ventilation parameters provided that geometric, kinematic, and dynamic similitues are
maintained.

To better understand face ventilation and dust diapersion, a 1/5 scale model of a
room and pillar mine face was conatructed. This model was then used to conduct
experimental investigation on two ventilation parameters. The parameters which were
examined included the line brattice distance from the face and the air quantity, The
values of these parameters were varied in numerous experiments so that their
effects on dust dispersion could be measured,

The experiments of this study wers unique in two waya., First, two different
substances were used to simulate the respirable coal dust. Experiments wers
conducted with a tracer gas (methane) serving as the dust simulation substance.
They were then repeated with an actual dust (Arizona Road Dust) replacing methane
as the dust simulating substance. In previous scale model studies, the dust
simulation substance has been limited Lo a tracer gas such as methane. The validity
of using a tracer gas to simulate dust is not clearly known yet. The other unique
thing about these experimenta was the number of points measured for methane {or
dust) concentration. Twenty five points in a grid arrangement wars measured
during each experiment of this study., The number of points measured for
concentration in other studies has generally been very amall (often 2 to 4). It is
difficult to obtein an accurate asgessment of how the ventilation parameters are
effecting dust dispersion when only 2 to 4 points are measured.
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EXPERIMENTAL APPARATUS

Model

The 1/5 scale model used in the experiments was constructed out of prefabricated
heating ducts made of sheet metal (see Fig. 1), The model is geometrically simiar to
a full scale mine entry of 7.5 feet by 20 feet. A 24.5 inch centrifugal fan built by
Dayton Electric Manufacturing Company of Chicago, Illinois, was connecied to the
ducts to induce the air flow. The line brattice used to direct the airflow inside the
duct work waa installed 16 inches from the tight rib (see Fig. 2). This would be
equivalent to a full scale distance of 6.6 feet.

The heating duct used for the dead-end face area was modified so that the dust
simulation subatance could be injected and measured. The end plate which covered
the front of this duct had four small holes through which the dust simulation
substance was injected (see Fig. 3). Twenty five holes, in a grid arrangement, wers

Fig.1 Prefabricated Heatlng Duct

made in the top of this duct so the concentrations of the injected substance could
be measured across the face area (see Fig., 4). Each of these latter holes were kept
sealed unless a measurement was being taken.

The effects of the mine face machinery were not considered during these
experimenta. Therefores models of face machinery were not placed inside the ducts.

Dust Generation

Both methane gas and Arizona Road Dust were used to gimulate respirable coal
dust in the experiments. Each substance required its own generating mechanism.
Methane was injected from a pressurized cylinder. The Arizona Road Dust was
injected with a Mark IX SYLCO Fine Power Feeding Apparatus. The apparatus was
manufactured by Sylvester and Company of Beachwood, Ohio,

Measuring Equipment

The methane concentrations in parts per million (ppm} were measured with a
Bendix Total Kydrocarbon Analyzer (Model 8401), This instrument was built by

e
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Combustion Engineering of Lewisburg, West Virginia. The analyzer was equipped
with a sampling pump whick operated at 6.5 psig and 35 cc/min.

Road dust concentrations in milligrams per cubic meter were measured with a
Real-Time Aerosol Monitor (Ram-1)., The instrument ig manufactured by GCA
Corporation’s Technology Division of Bedford, Massachusetts.

The reudings obtained from these two instruments were recorded with a strip
chart recorder.

PROCEDURE

The 1/5 scale mode] wag used to evaluate dust dispersion at 4 different line
brattice distances (from the face). The distances examined were 4, 3, 2, and 1 feet,
These correspond to full scale distances of 20, 15, 10, and 5 feet, reapectively.

Four air quantities were studied at each brattice distance. These air quantities |
weare selectad so that dynamic similitude would be maintained. To maintain dynamic
similitude, the Reynolds number for these flows must be in the range of 20,000 to

80,000 (Stein et al.,, 1974). This was achieved by using air quantities of 3,400, 2,400,

1,800, and 1,000 cubic feet per minute (cfm). They ars roughly equivalent to full
scale quantities of 17,000, 12,000, 9,000, and 5,000 cfm, respectively,

Two different substances were used to simulate the respirable dust in the
experiments. The 16 combinations of air quantity and brattice distance were tirst
studied with methane gas simulating the respirable coal duat. Theae same
combinationa were Iater re-examined with Arizona Road Duat serving as the

reapirable coal dust. The injection rates for both these aubstances wers arbitrarily

set and held constant throughout the study.

The duat dispersion for a given air quantity and brattice distance was evaluated
by measuring methane (or dust) concentrations al each grid point in the dead-end

face duct. The concentrations were determined from average readings obtained over

a8 1 minute interval with a Bydrocarbon Analyzer (or Real-Time Aerosol Monitor).
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These readinga were taken at a height of 12 inches above the bottom of the duct.
This would be equivalent to a fall scale height of § feet. A one minute methane
reading taken with the Hydrocarbon Analyzer was reproducible to about = 307; Dust
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Fig. 3 Injection Points

reading obtained with the Real-Time Aerosol Monitor were generally reproducible to %
40%.

Once all the concentration data was collected, it was carefully summarized. For
example, methane and road dust isopacha wers drawn from the data obtained for
each air quantity and brattice distance combination. Changes in methane (or road
dust) concentrations for different air quantities and brattice distances were also
calculated. This summarized information was then studied for poassible trends or
relationships.

RESULTS AND DISCUSSION

Similar to'previous studies {2, 3), the overall concentration of the dust simulation
substance was found to decrease asg the air quantity increased. The overall
conceniration was also found to decrease as the line brattice was extended toward
the face. However, the concentration did not necessarily decrease at every grid
point along the face when the air quantity wag increased or the brattice was
extended. This phenomenon is illustrated with Table I and Fig. 4. Notice that the
concentrationa at points 2, 5, 7, 14, and 18 actually increased with an increase in air
quantity. Also note that the change in concentration varied from point to point.
Such experimental results suggest that location and possgibly other factors could be
important in the relationships between air quantity, brattice distance, and dust
concentration. Therefore in order to better understand thess rejationahips, it
appears that the dust dispersion behavior needs to be examined throughout the face.

To examine the dusi dispersion behavior throughout the face, isopachs for
Substance concentrations were drawn from the data collected during the study. It
wag apparent from these isopachs that the changes in dust dispersion could be more
thoroughly described if a low concentration zone was defined. Since methaneand
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Table I

Comparison of Methane Concentrations for Two Air Quantilies
(Line Brattice Distance = 3 ft)

Grid Point 1000 cfm - 1800 cfm
Nmber. Concentrations (ppm) Concentrations (ppm)

1 73 < 60

2 158 424

3 3814 3134

4 4730 3016

5 3146 3734

6 1768 1708

7 2134 2238

8 451 271

9 61 < 60
10 { 60 : { 60
11 < 60 < 60
12 < 60 < 60
13 85 &0
14 1122 1437
15 2938 2556
16 4316 2358
17 646 1001
18 110 471
19 585 353
20 610 365
21 268 82
22 402 200

- 23 638 292
24 1573 695
25 3438 1447

road dust are measured differently, it was necessary to define a low concentration
zone for each. The low concentration zone for the methane experiments was defined
as the area of the dead-end face duct which had methane concentrations leas than
250 parts per million (ppm). The low concentration zone for the road dust was the
area having concenirations less than 5 milligrams per cubic. meter.

The low concentration zone was found to be more prominent on the tight side of
the duct. The foremost point of its houndary was generally near the end of the line
brattice. While the particular dimensions of a low concentration zone was depsndent
on the air quantity and brattice distance, Fig. 5 roughly illustrates the general
shape, '

Air Quantity

As siated earlier, the study substaniiated that an increase in air quantity
reduces the overall face concentration of the dust simulation substance. Table II
shows the effect that the indicated changes in air quantity had on the overall
concentrations in the face area. Each specified air quantity change was tested at
the four brattice distances. The percentages in Table II were obtained by averaging
the concentration changes of the four distances.
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The overall reductions trends were the same for both the methane and road dust
sxperiments. The smallest change in air quantilty resulted in the largest decrease in
concentration. The effectiveness of reducing concentrations through increased air

| quantity appears to depend on the range of the air quantities.

[}
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Perhape more important than overall concentration reductions, is how an increase
in air quantity effects the low concentration zone. While the zone may be slightly
deepen toward the face, the main effect of the incressed air quantity iz to widen the
Zone across the face. This widening is apparent if the isopachs of Figs. 6 and 7 are
compared. While the widening effect is present in both the methane and road dust

experiments, the margin between widening and deepening was less pronounced in the
latter.
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Table 1I

Effects of the Specific Air Quantity Change on Overall Substance Concentration

Air Quantity Change Effect on Concentration in

From (cfm) To (cfm) Methane Tests Road Dust Tests
1000 1800 - 23% -27%
1800 2400 - 36% -40%
2400 3400 - 21% -23%

Note: minus sign (-) indicates a decrease in concentration

Brattice Distance

When the end of the brattice was extended toward the face, the overall face
concentrations of the dust simulation substance decreased. Table III shows the
effect that the specified brattice changes had on methane and road dust
concentrations. Since each specified brattice change was tested on all four air
quantities, the percentages in Table III were obtained by averaging the
concentration changes of the four air quantities.

The line brattice extensions mainly deepened the low concentration zone toward
the face. The deepening can be seen when the isopacha of Figs. 7 and 8 are
compared. The extensions also produced some widening of the zone. The margin
between deepening and widening was less pronounced in the dust experiments.

Combined Effects

The combined effect of increasing the air quantity by 600-1000 c¢fm and extending
the brattice by 1 foot was an overall reduction in substance concentration of about
50%. More apecifically, the reduction averaged about 51% in the methane and 49% in
the road dust experiments.

Table III

Effects of the Specific Brattice Change on Overall Substance Concentration

Brattice Change Effect on Concentration in
From (ft) To {ft) Methane Tests Hoad Dust Tests

4 3 -22% -21%

3 2 -24% -27%

2 1 ~19% -31%

Note: minus sign (-) indicates g decrease in concentration
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Fig. 5 Rough llustration of Low Concentration

The combined effect on the low concentration zone was a widening and deepening
of its dimensions. By comparing the isopachs of Figs. 9 and 10 an examples of thia
widening and deepening can be viewed. -

Air Quantity va. Brattice Distance

At least one study (3) has indicated that line brattice extensions are more
effective in reducing dust concsnirationa. Because the air quantity changes were at
least as effective, this study did not substantiate this claim. One possaible reason .
for the discrepancy is that face machines were present in the earlier study, but
were not considered during this study. Another possible reason is that the former
researchers only measured a few points along the face. Those points were usually
located near the operator compariments of the machines. This study would

A



substantiate that line brattice is a more effective way of deepening the low
conceniration zone. Therefore line brattice extensions may be A more effective way
of lowering dust concentrations at some outby points such as the continuoue miner
operator pesition.

Methane va. Road Dust

The methans and road dust experiments compared well. Basically, the same
trends were evident in both sets of experiments. Therefore, this study would tend
to support the premise that the respirable coal dust for scale model studies can be
adequately simulated with a tracer gas. Nevertheless, one noticeabls difference was
observed mnd it should be pointed out. The meihane tended to diffuse more evenly
and perhapa a little farther from the injection pointa. This difference may be
jmportant if dust concentrations are being study at points more than 20 feet (full
gscaie) from the faca.

Line
Brattice

Low
Concentration
Zone

\

e

s
o
N\

\kFace

Fig.6 Methane Concentration Isopach for
Air Quantity= 2400 cfm and

Brattice Distance= 4 {t
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3

RECOMMENDATIONS

Either air quantily increases or line brattice extensions can be used to lower
dust concentrations. Since air quantity tended to be more effective across the face
and brattice extensions were more effective into it, the preferred method for
reducing dust concentration could depend on the face location{a} of interest.
Consequently, the current air quantity and brattice distance and also the location{s)
should be carefully considered before deciding on an option.

When possible, it would be recommended that the low concentration zone be
considered and used advantageously. For example, the low concentration zone was
found to be most prevalent on the tight side (brattice side) of the entry. The
ventilation system could be arranged so that the line brattice and the operator
compartment of the continuous miner are on the same side of the eniry. Another
option would be to relocate the operator compartment or position to that gide.

Line
Brattice

Low Concentration Zone

\Face

Fig.7 Methane Concentration Isopach for
Air Quantity=3400 cfm and
Brattice Distance= 4 ft
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The final recommendation for reducing dust concentrations would be to determine
the areas of the face where the air quantity and brattice extensions are least
effective. Dust suppression and/or auxiliary ventilation should be emphasized {0 a
greater extent in these locations.

A Line
Brattice

Low Concentration Zone

Fig.10 Road Dust Concentration IsOpach for
Air Quantity - 3400 cfm and
- Brattice Distance«3 ft

Face

SUMMARY AND CONCLUSIONS

To determine the effects of brattice distance and air quentity on dust dispersion,
four brattice distances and air quantities were examined during the study. The
experimenta utilized both a tracer gas (methane} and a dust (Arizona Road Dust) for
simulating the respirable coal dust. Methane or dust concenirations were obtained
at 25 grid pointa for each brattic distance and air quantity combinatiori, The data
were then summarized to determine the effact the various air quarntities and brattice
exiantions had on dust dispersion. Comparisons were also made to determine if the
Same trends were evident in the methane and the road dust experiments.
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The study showed that both air quantity increases and brattice extensions are
effective in reducing dust concentrations. However, these reductions were not found
to be uniform throughout the face. Some points experienced greater reductions than
others. In some cases, a few points actually increased in concentration.

Air quantity increases and brattice extensions tended to have somewhat different
effects on dusat dispersion patterns. Basically, increases in air quantity tended to
be more effective in decreasing concentrations across the face. Brattice extensions
were generally more effective in reducing concentrations toward the face,

Finally, the study tended to support the premise that a tracer gas can be used to
simulate the respirable dust in these scale model studies. However, it iz important
to note that the tracer gas appeared to diffuse more evenly and further from the
injection points.
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Size Distribution of the Airborne Dust in Longwall Coal

Faces

H. S. Chiang, S. S. Peng and Y. Luo
Department of Mining Engineering, West
Virginia University

introduction

The way in which the particle sizes distribute in the air. thr

borne coal dust plays an important role in the transportation
of the dust in the mine air and human respiratory systems,
Though the particles of a size less than 10 microns could be
inhaled, the real distractive portion of the dust is that the
sizes range from 1 to 5 microns since only they can reach the
lungs and be retained there, Those with an equivalent
diameter larger than 5 microns will settle on the membranes
of the branchial tubes'") while those with diameter less than
1 micron can either be exhaled out of the lungs or the settled
quantity is so insignificant that does very little harm to the
lungs. In the transportation process, the finer dust will fly far-
ther away from the sources than the coarser ones, Thus once
the fine dust is generated and becomes airborne, it will
spread out to a larger area.
In this paper, the coal samples collected from two
faces were analyzed statistically for size distribu-
tion. A mathematical mode] is proposed and the effects of
different conditions on the dust size distribution were
analyzed using the mathematical mode).

Sampling and Statistical Analyses
Sampling Instrument and Procedure

The instrument used in the sampling were Minc Safety
Appliance (MSA) personal sampling units equipped with
10-mm nylon cyclones, pre-weighed MSA PVC filters and
constant-flow pumps,

Two longwall operating faces were selected for the dust
samplhi The two faces were located in two coal mines ex-
tracting Pittsburgh seam. The double-ended ranging-drum
shearer applying the unidirectional cutting sequence was
employed. The two-leg shield supports were used for face
support, The width of the two faces was about 215 meters,

In cach of the two faces, four sampling stations were set
up. The stations were l>cated at the cross-cut immediately
outby the headentry side, the 15th support (25 m}, 65th sup-
port (107 m) and 111th support (182 m) from headentry T-

junction, and numbered as #1, #2, #3, and #4 station,
Iespectively (Figure 1), At each sampling station, a group of
ee sampling units was hung at proper position. At cross-
cut (#1) station, the units were hung about one foot under
the roofline in the center of the cut (Figure 2a), and at the
stations in the face, the units were position near the hydraulic
legs and one foot below the support canopy (Figure 2b).
One complete sct of 12 samples was collected for each
day. The sampling were performed for five consecutive days,
All the samplings were conducted in the morning shifts. The
time duration of the sampling for each day was about five
hours. During that time, the shearer might complete 5 to 7

Method of Laboratory Analyses

The samples were analyzed by Coulter Counter, In this
method, the size range of the dust particles is divided into
severalsub-rangcswithvmyingmgewidths,formmplc,
0.73-1.00, 1.00-1.26, 1.26-1.59, .. ., 16.01-20.17,20.17-25.41
microns, The number of dust particles in each sub-range is
counted and the total weight of those particles is determined.

Results of Laboratory Analyses

Since the dust concentration at any point in the longwall
facesvarieswithtimeanditsrelat;l:cposiﬁonwithshearer’s
cutting and support advancing, the time-weighted average
dust concentration ('I'WADC)ismorcreprcsentativeqfthe
dustexposureexperieneadbythcfaceaew.TWADCu_the
sum of the products of the instantaneous dust concentrations
and its time durations divided by the total sampling time or
in integral form :

T
o =1 f Mooty de (1)



TABLE|
Dust Sample Weight (mg) for Panel #1, Station #4

Date

Size range {um) 10/22/85 10/23/85 10/24/35 Average
07 - 100 0.021 0.038 0.020 0.0263
100 - 126 0.030 0.047 0.027 0.0347
126 - 159 0045 0065  0.042 0.0507
159 - 200 0078 0095  0.068 0.0803
200 - 252 0104 0115 0093 0.1040
252 - 318 0137 013 0121 0.1310
318 - 401 127 0112 0112 0.1170
401 - 505 0087 0057 0070 00713
505 - 636 0.042 0.030 0034 0.0353
636 - 801 0029 0033 0035 0.0323
80t - 1009 0017 0017 0010 0.0147
1009 - 12.7t 0007 0000  0.014 0.0070
12.71 - 1601 0014 0000  0.000 0.0047
16.01 - 20.17 0028 0000  0.00D 0.0093
20.17 - 2541 0.000 0.006 0.000 0.0020
TOTAL 0766 0.750 0.646 0.721

N{x) = TWADC at the sampling station x m [rom

headenry T-junction in the face;
Instantaneous dust concentration at station X and
at hime t;

time duration of the sampling,

N{xt=
T =

The results of the size analysis for the dust samples from
Station #4, Panel #1 are shown in Tables I and I1. Table 1
shows the dust weight by size range, and Table 11 shows the
number of dust particles in cach range. It is quite obvious
that there are very few dust particles larger than 20 microns
(cquivalent diameter).

Statistical Analyses

In order to make the analyses of the dust size distribution
more accurate and meaningful, the statistical analyses go
through the following three steps:

Step I: Data Transformation

The raw data are transferred into cumulative percentile
data by the following equations:

A. For cumulative dust weight in percent, Pw

Fudi) =200 (FupN M (@

where:

upper size boundary of the ith size sub-range;
total weight of the dust particles with their size
falling into jth size sub-range;

total weight of the prepared samples.

0
0

The transferred cumulative dust weight percentiles for
Station #4, Panel #1 are plotted against the upper bound-
ary of each range in Figure 3. This figure shows that at the
sampling station, though the size composition of each in-
dividual sample deviates from each other to some extent, the
degree of the deviation is very small and the general trend is
sunilar,

B. For cumulative number of dust particles in percent,

?

Pn(Di) = 100 (j;lnj)/N (x) (3)

where:

number of dust particles with their size falling into
the jth size sub-range;

total number of the dust particles in the prepared
sample.

B =

N =

The computed cumulative percentiles and the average
values for Station #4, Panel #1 are plotted as Figure 4.

Step II: Regression
A. For cumulative dust weight, a function is proposed

P, = 100 - bpe~cbd (4)

to fit the cumulative weight percentiles. In the
expression, Pw is the average cumulative dust weight
percentile, b, ¢, d are coefhicients and D the
equivalent diameter of the dust particles in microns.

The predicted cumulative dust weight percentile s dust
size curves for the two investigated panels are plotted in
Figures 5 and 6. The good agreement between the data
points and the prediction curves is evident,

B. For cumulative number of dust particles

Py = 100 (1 - e-aD?) (5)

The following regression function was proposed for the
cumulative aumber percentiles
where:
a = a coefficient

The prediction curves are plotted in Figures 7 and 8 for
Panels #1 and #2, respectively.
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FIGURE %b. Size distribution for Pancl #1; Average number of particles.

Step li: Differentiation

By differentiating equations 4 and 5, the functions of size
distribution in terms of dust weight and number of dust par-
ticles can be obtained, respectively as

El&

be~cP (capd - 1) (6)

200 ap-ab?

&%

(7)

The predicted size distribution curves for the two panels
are plotted in Figures 9 and 10, It should be noted that the
effective size range for equations 6 and 7 is only from 1 to 20
microns.

Figure Ja shows that at Panel #1 the dust becomes finer
as the distance from headentry T-junction toward the
tailentry increases; in other words, the percentage content
of the fine dust (i.e., 1 to 5 microns) increases as the airborne
dust travels in the face. For example, if we apply equation 4

100
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FIGURE 10. Dust size distribution for Panel #2. A. Average dust weight; B. Average number of particles.

at Stations #2, #3 and #4, the percentage contents in weight

of the fine dust are 70, 72 and 80 percent respectively. :

However, Figure 10a indicates that in Panel #2, more fine
dust exists in both the headentry side and the tailentry side
of the face than that at the middie face. The weight percent-
agc of fine dust at corresponding Stations #2, #3 and #4 are
88.5, 74 and 77 perceént respectively. Another distinctive
phcnomenon is that the dust size distribution curve for Sta-
tion #1 (cross-cut) in Pancl #1 is more widely spread out
while that for Panel #2 is heavily skewed toward the fine dust
range. This was mainly due to the difference in air velocity
in the main and panel intake eatries. The air velocity
measured at Station #1 and in the intake entry of Panc] #1
was around 400 fpm (2.2 m/sec) while that for Panel #2 was
under 300 fpm (1.64 m/sec). Thus when the ventilation air
passed the airways in Panel #2, only those dust particles
much finer than those at Panel #1 could reenter the airflow
and stay in the air for a longer time, -

In the past, some works on the size distributions gf the
dust samples collected in continuous muns:)g sections® and
the dust samples generated in laboratory™“” had been done.
The size distribution curves presented in those works are
somewhat differcnt from those shown in Figures 9 and 10,
The main reason might be the difference in the coal proper-
lics and experimental conditions. The size distribution cur-
ves of the coal dust in the coatinuous mining sections appear
to have two or more modes as shown in Figure 11 instead of
the single mode in Figures 9 and 10. Also, Figure 11 shows
that oniy about 30 percent of the dust was under the size of
3 microns and the rest is between 5 and 45 microns. The dis-
crepancy may be attributable to the following reasons:

1. In the continuous mining sections, the dust
expericnced at the sampling location usually comes
from several major dust sources which are either -
fixed at certain ions or moving within a small
region. They are located at various distances from
the sampling location in the air, As it
travels to the samplinf station, a larger portion of
the coarse particles of the dust originated from
farther source will have settled down than those
from the nearer souces, Consequently, the final size
distribution Eattcms of the dust generaged and
transported from various sources will be different
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from the others, even if the size compositions of the
source dust are the same, the superposition of the
individual size distribution curves will likely define
the composite size distribution curve of the mixture
of the dusts from different sources and result in two
or more modes,

2. During the preparation of the dust samples for
Coulter Counter analysis, some rcbreafagc of the
dust particles might have occurred, This might have
made the peak region of the dust size distributi
curve move toward the fine dust side to some extent,
However, during the collection and analyses of the
dust samples use impactor as in the continuous
mining section, there was no further rebreakage of
the dust particles.

Thesizcdistributionpatternsofthcwaldustgenemt
and collected in the laboratory are shown in Figure 12.)
Curve A is for anthracite and Curve B is for bituminous coal,
The cumulative weight percentile curves in Figure 12 could
be converted into the percentile distribution curve as shown
in Figure 13. The pattern of the curve for bituminous coal is

L2
1.0 =
o -

/T, ngidge

0.4 -

a1 -

FIGURE 11. Size distribution of dust continuous mining sectios. ')
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FIGURE 12. Cumuiative size distribution of the coal dust generated
in the laboratory A — anthracite, B - bituminous.

somewhat similar to the curves obtained in Figures 9 and 10
cxcept that the curve is much widely spread out,

Insome countries, such as Great Britain, the standards of
permissible dustiness are set in term of the number of dust
particles with sizes bctwcsn 1.0 and 5.0 microns per unit
volume of ventilation air.**) For such countries, the studies
on the size distribution in terms of number of dust particles
are more important than that in terms of dust weight,

Mathematical Modeling
Mathematical Development

Since the sampling time conducted for the research usual-
ly lasted as long as five hours, the dust geaerating sources in
the longwall faces could be simplified as continuous sources.
For the source emanating dust continuously, the concentra-
tion fall along a length dx on the traveling way of the dust.

laden air may be _regarded as proportional to the initial
concentration, N, ie.,

N N

~ (8)

The proportionality coefficient may be regarded as a
function of the equivalent diameter of the dust particles D,
the specific weight of dust p, the mean air velocity Vi, the
ratio of perimeter t0 area of the cross-section of the ventila-
lion space A, the acceleration due to gravity g, and the vis-
cosity coetficient of the dust-laden airy, i.e.,

- m ﬂz‘ or — " D2 (s)
Vau
where:

M = m(Apg/Vmu);
m = aconsiant,

Thus the following differential equation can be set up

g_x N(n'x) = - MDZN(D.R) (10)

The particular solution to this differential equation is

N(D,x) = No(D) e—MDZx

(11)
where:

N(Dx) = the mean concentration of the dust with
equivalent diamter being D microns in the
ventilation airflow on the ¢ross-section x
meters downstream from the source,

No(D) = the mean concentratio f the dust of size D
at the cross-section wk e the dust source
originates,

Before discussing the application of equation 11, the fol-
lowing assumptions should be made;

L In cither the trip from headentry to tailentry or vice
versa, the rate of dust generation and the size

Anthensita

Particle Size, pm

FIGURE 13. Size distribution of the coal dust generated in the
laboratory. '
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FIGURE 14. Symbols used in mathematical modeling of dust size distribution: (a) Head-to-tail; (b) tail-to-head trip.

composition of the dust generated by the shearer’s
operation are constant regardless of the shearer’s
position in the face. The size composition functions
of the sources at the cross-section right behind the
shearer on the return side are Noy(D) and Noz2(D)
for the head-to-tail trip and tail-to-head trip,
respectively.

2. The haulage speed of the shearer and the rate of
support advancing are synchronized, that is, when
umidirectional cutting is applied, the trailing distance
of the support advancing in shearer’s cleanng trip is
always the same. Thus in the cleaning trip, the two
dust sources, i.e., support advancing and the
shearer’s cleaning, could be combined into a single
constant continuous source,

3. As compared to the dust concentration on the return
side of the shearer (mostly greater than 1.5 mg/m”),
the dust jevel on the intake side of the §hcarcr is
much lower (mostly jess than 0.3 mg/m®) and
stable.*™ The dust concentration and size
composition of the airborne dust on the intake side
of the shearer are assumed to be constant and the
same as those at headentry T-junction. The size
composition function is N; (D).

4. The haulage speed of the shearer is constant
throughout the full width of the face, or V1 for the
head-to-tail and V2 for the tail-to-head trip.

Based on the above assumptions and equation 11, the
Tean concentration of the dust with equivalent diameter of
the particles being D microns on the cross-section at the
sampling location x meters from headeatry T-junction could
be defined as:

A. For the head-to-tail trip (Figure 143}

N01(D)E"m2(x-¢1) 6 6 x
N1(D,x) = {

Nc(n) l]_ Ay ‘12)

B. For the tail-to-head trip (Figure 14b)

No2(D)e M2 (1pex-1) 23L-x
(13)

N2(D,x) = {
32 4§ L -x

Ne(D)

The integrations of the product N(Dx)dt are performed
as follows:

For the time duration when the shearer is operating
/I""l N1(D,x)dt =
0

Lorx MD2(x-t,)
Vi /0 No1(D)e x=8))dey

(14)
1 L
e Ne(D)ds
+ vl /x < 1 i
N, (D
- % [....gz__). (1-,'!102:() + Nc(D)(L'X)]
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/L‘NZ No(D,x)dt -16;/;"" Ne(D)deg + ‘1,—2 / i Noz(D)e-MDe(2,4%-L) dsy
—X

0 (15)
N..(D)
e L 02 q_.MD2x _
* V2 [ D2 (1-e ) + Ne(D){L-x)}]

If the mean idle time for a complete mining cycle is Td, R +
then the integration during this time is * NetD) (170) (3 vz) * Ne(®) Tal an
1 where;
4 Ne(D)at = Ne(D) Td (16) N y
0 Te = meantime duration of a complete mining cycle and
equal to '
Thas the time-weighted average dust concentration
{TWADC) with particle size being D microns at the sam- Te = L/V] + L/Vg + Tq (18)
pling location x in a mining cycle, which also approximates
the TWADC for the whole working shift at this location, The TWADC at the sampling location is simply an in.
couid be calculated by tegration of equation 17 with the particle’s equivaient
diameter varying from 0 to the maximuom possible size (i.c.,
1 - e—Mllzx Ng1 (D) . Ng2(D) 20 microns in this case). or

i{niX) = ;]"r'; [ mz vl vz _ 20 _
N(x) = / N(D,x)dD (19)
0

A

%

Dusi Waight,

e — % 3
« AN == "3
i ——— aa
— . ¥ . a [ PR [ p—
w0 "w 20

Equivaient Diameist, pm
FIGURE 15. Dust size distribution as predicted by the mathematical model; A. Pane] #1; B. Panel #2.

104




e —— e re— .

e

The percent content of the dust with size being D microns
in the dust at the sampling location x can be computed as

pw (D) = 100 N(D,x)/N(x) (20)

Applications

Using equations 17, 19 and 20, the TWADC distribution
and size distribution along the longwall faces can be simu-
latcd under different geological, operational and environ-
mental conditions.

Since the integration of equation 19 cannot be performed
analytically, the numcrical method, Simpson’s 1/3 rule, is ap-
phied. However, the process of computation is very tedious
and time-consuming if done by hand. Thus a short menu.
driven computer program was written to perform the task,
The input information to this program is the dust size com-
position functions of the dust sources in the face, the size

1.3 A

TWADC, mgim3

[ 0 0o 10

Distance from Headentry, m

Dust Welght, %

composition function of the dust at headentry T-junction.
The transporting coefficient m, shearer haulage speeds V)
and V2, mean idle time T4, width of the longwall face L,
perimeter to area ratio A, mean air velocity Vi, dust den-
sity . The output can be either one of the following two or
both:

1. TWADC distribution along the face.
2. Size distribution at a specified location in the face.
Simulation of Dust Size Distributions for the Two Panels

When running the program, the source dust size COTpOSi-
tions No1(D) and Ng2(D) for Panel #1 are assumed to be the
same functions as those at Panel #2, The Ne(D)’s for the two
panels assumed the shape as obtained at the cross-cat sta-
tion (Station #1). The in-mine nperational conditions were
used as input parameters. The mean air velocity at Panel #1
was 2.211 m/sec (404 fpm) and at Panel #2 was 1.567 my/sec
(287 fpm).

The outputs were the percent contents (percentiles) in
dust weight with various equivalent diameter D's. Fgnre 15

Equivaient Dismeter,

FIGURE 16. Effects of size distribution at the dust sources. A. TWADC; B. Dust weight.
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wows the outputs for the two panels at locations #2, #3, and
4, Figure 15a shows the stimulated size distribution patters
w Panel #1, As compared to Figure 9a, it can be seen that
though there exist some differences in magnitude (< 5%),
ic size distribution patterns are very similar. The general
cnd remains, i.¢., more fine dust is contained in the air as
ie dust-laden air travels towards the tailentry. Figure 15b
1w0ws the stimulated size distribution patterns at Pancl #2.
he magnitude does not deviate much between the simula-
on and the actual survey for the sampling Stations #2, #3
1d #4. The maximum difference in magnitude is only about
wee percent. However, the shape of the size distribution
arve at Station #2 is not similar.

The preceding simulations also revealed that the size
amposition of the sources affects greatly the overall size dis-
ibution in the face. In order to assess the effects of some
:ological and operational conditions on the TWADC and
ze distribution in the longwall faces, the following simula-
ons are performed using the same basic parameters as
10se in the simulation of Panel #1.

fects of Size Distribution at the Sources

1.5 = A

mg/m?3

TWADC,

Dust Welght |

The simuiation results of two cases with different size
compositions in the sources are shown in Figure 16. In both
cases the dust generation rate of the du - sources in the faces
are the same. In Case [, the size composition functions of the
dust sources arc similar to thosc in Panel #1, and in Case It
the shapes of the size composition curves are much widely
spread out, or in other words, the amount of fine dust at the
sources of Case II is less than those in Case 1. The simula.
tions indicate that the TWADC at tailentry T-junction in
Case 11 is about 0.6 mg/m’ lower than that of Case I (Figure
16a). Figure 16B shows that at all the locations in the face in
Case 11, the percent content of fine dust is much less than
that in Case I. The significant reduction of the fine dust (1 to
5 microns in size) will surely improve the working environ.
ment of the longwall faces).

Effects of Mean Air Velocity

The mean air velocities 1 m/sec (183 fpm) and 4 m/sec
(732 fpm) were tried on the simulation program. The results
are shown in Figure 17. Since the relationship between the
air velocity and the rate of dust generation at source and the
dust reentrainment along the air passage is a very comp-
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FIGURE 17. Effects of mean air velocity. A. TWADC; B. Dust weight,
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FIGURE 18. Eifects of the specific weight of the dust,

cated matter, the results presented here are based on three
cases of assumption:

Case I: The mean air velocity is 1 m/sec and the dust
gencration rates of the sources arc Qo1 and Quz. The dust
concentrations at the cross-sections where the sources
originate are NO1 and NO2 for the head-to-tail trip and tail-
to-head trips, respectively,

Case I: The mean air velocity is inereased to 4 mysec,
However, the blowing-up effects of the fast-traveling air are
so strong that the dust generation rates at the sources are in-
creased to 4Qo; and 4Qq3. Thus the mean dust concentra-
tions on the cross-sections where the sources originate
remain the same as Ng; and Npz for the head-to-tail and tail-
to-head trips, respectively, becausc of the dilution of the in-
creased ventilation air quantity. Generally speaking, this
case is unlikely to happen. Here it is treated as an cxtteme
case.

Case III: The mean air velocity is increased to 4 times, -

However, the dust generation rates of the sources are only
increased to two times as those in Case I, or 2Qo1 and 2Qq;,
The mean dust concentrations become 0.5Noy and 0.5Ng; at
the cross-sections where the dust sources originate for the
bead-to-tail and tail-to-head trips.

Comparing the simulated results when the air velocity is
4 m/sec with thosc when the air velocity is 1 m/sec, the fol-
lowing ions are obvious:

1. 1o Case II, when the air velocity and the dust
gencration rates are increased to four times of those
m Case I, the TWADC along the face increases
:ll:gll::lly and the portion of the finc dust decreases

y.

2. When the air velocity is increased to four times as
that in Case I, but the dust generation rates are only
incrcasedtotwotimesaslhoscinCascl,boththe
TWADC and the percent content of the fine dust
are reduced. The reduction of TWADC along the
face is more signjficant. The maximum reduction is
about 0.65 mg/m* at the tailentry T-junction.

Effects of Specific Weight of the Dust

In mining practice, there is really not much artificial con.
trol on the specific weight of the dust except the wetting of
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the dust by water spraying and premining injection of water

' Thespcciﬁcmightofthccoa.ldustisusna!lylakmasthr:

specific weight of the coal, However, the specific weight of
the coal differs from seam to scam, from location to ll:lcntinmj
Two cases with different specific weights of dust, 1100 kg/m
and 1500 kg/m>, are simulated on the program. The TWADC

istribution curves along the face are shown in Figure 18.
The change in specific weight of the dust from 1100 to 1500
kg/m”, which are almost the two extremes, only results i a
small reduction in TWADC., The maximum reduction in
TWADC is only about 0.1 mg/m> which occurs at the
tailentry T-junction. The size distribution curves in both
cases almost overlap at nearly all the locations of the face
just as shown in Figure 9a.

Assessments

Based on the computer simulations on the effects of
various factors, it is found that the most cifective teckmiques
for the dust control in the longwall faces is to reduce the
gencration rate of fine dust at the dust sources, By this
method, both the TWADC gnd the finc dust comtent
decrease drastically in the faces, Past practices and experi-
ments have demonstrated that the water-through-bit inger-
nalspray, fine particle water external spray, and water-steam
spray*’’ techniques can reduce the generation of the fine
dust and capture the already airborne fine dust particies sig-
nificantly at the sources.

The second effective method of con: TWADCisto
properly increase the air velocity in thelongwallf%l'-'or
most of the longwall faces investigated in recent years, ' the
problem is how to reduce the air leakage to the gob area and
improve the ventilation efficiency. For some of the faces, as
much as 75 percent of the airflow pear the
headentry T-junction goes into the gob area® instead of
going to the face working area and for the dilution of dust
concentration,

Summary

Dust samples were collected in two operating longwall
faces and analyzed in the laboratory by Coulter Counter,

- Statistical analyses reveal that the size distribution curves at
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ny location of the faces skew heavily toward the fine dust
ide. The amount of fine dust (1 to 5 microns) appears to be
rore than 70 perceat in the airborne dust.

A mathematical model was developed and proven
easonably accurate. The computer simulations using the
10del demonstrate that the TWADC and the size composi-
on of the dust particles are mainly governed by the size dis-
ibution at the dust sources and the air velocity in the face.
hese results suggest that the water-through-bit internal
>ray, fine particle water external spray may be the effective
ust control methods. Also improvement of the ventilation
firciency in the longwall faces will lower the dust level in the
1ces
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Application of a Particle Dispersion System for
Obtaining the Size Distribution of Particles Collected
on Filter Samples

K. L. Rubow and V. A. Marple

Particle Technology Laboratory

Mechanical Engineering Department, University
of Minnesota
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Introduction

A particle dispersion System hes been developed to aerosolize bulk
powders or material deposited on surfaces such as filters. The size
distribution of the aerosolized particles can then be obtained by sampling
the particles with an aerosol sizing instrument such as a TSI aerodynamic
particle sizer (APS) or a cascade impactor. :

Of particular interest is the applicability of using this technique to
obtain the size distribution of particles collected on filters. This system
has been used to determine the size distribution of coal dust particle
collected on membrane filters, The use of this device in this application is
quite intriguing in that, if this technique can be shown to accurately
determine the size distribution of airborne particles, one can easily collect
particle samples using efther personal or area particle samplers, determine
the  mass  concentration of the collected material through .gravimetric
techniques and thea use the particle dispersion system coupled with the APS
to determine the particle size distribution. With this technique one can
determine the particle size of dust in environments, such as underground
mines, where it would be fnconvenient or impossible to use a particle sizing
instrument.

Particle Dispersion System

A prototype particle dispersion system has been developed for
aerosolizing particles. A schematic diagram of the system is shown in Figure

The system consists of mechanism for advancing the particle sample
beneath a dust pickup tube, a venturi for deagglomerating the particles, and
a instrument for analyzing the aerosolized particulate matter.

The procedure to analyze 2 particle sample is as follows. The particles
to be aerosolized are placed on a sample plate from where the particles are
picked up by an air stream flowing upward in a small capillary tube (dust
pickup tube). This tube -operates as a smali vacuum cleaner passing over the
sample plate. The afr is drawn up the capillary tube at a rate of 2L/mby a
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venturi aspirator. This is accomplished by placing the outlet of the
capillary tube near the throat of the venturi. The accelerated velocity of
the air creates a low pressure in this region which draws flow up the
capillary tube. from the outlet of the caplliary tube particles are
transported to the fnlet of the APS where a small fraction are sampled and
the aerodynamic diameter of the particles determined. The particles which are
not measured by the APS are passed into a HEPA filter.
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Figure 1. Schematic diagram of Figure 2. Photomicrogrphs of
particle dispersion system. dispersed coal dust particles.

_The aerosol particles are deagglomerated in the venturi throat. This is
achieved by the shear forces generated between the high velocity gas passing
through the venturi and the low velocity, particle laden stream exiting from

the capillary tube.

_ Figure 2 shows 2 photomicrograph of coal particles that have been
dispersed in this system. The particles were dispersed from a bulk powder
that. had been placed on the samplie plate. HNote that essentially all of the
particles are completely deagglomerated. Thus, the APS would be measuring

the aerodynamic diameter of the individual particles.

Particle Dispersion from Filter Samples

The system, as shown in Figure 1, can be used to obtain the particle size

distribution of bulk powder samples and, of course, the APS can be wused

measure the size distribution of already airborne particles. However, the
APS would be even more useful if it could measure the size distribution of
sirborne particles at locations where the APS cannot be taken, such as coal
mines or other inexcessable industrial settings. One method to achieve this
that we have found to be useful is to collect the airborne particles on
filters and redisperse the particles from the filter and measure the size

distribution with the APS, This has the added advantage in that the mass
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concentration of particles collected on the filter can be determined before
the particles are aerosolized for size distribution analysis. Thus, the mass
concentration and the size distribution of the particles can be measyred from
one filter sample.

To investigate the redispersion of the particles from filters, the test
system was configurated as shown fn Figure 3. A precision aerosol divider

Figure 3. Schematic diagram of the particle dispersion
system as setup with the precision aerosol divider.

(Marple et al, 1976) was placed on the inlet of the APS. The precision

aerosol divider is essentially a filter holder with a sampling probe

penetrating the center of the filter. The aerosol being sampled by the

filter is then split isokinetically into two streams. One passes through the

central probe to the APS. The other stream passes through the filter where
= the particles are collected. Since the distances between where the aerosol
streams are split {sokinetically to the position where the particles are
collected on either the filter or sampled by the APS are very short, there
are low losses in the system and an excellent split of the particles is
obtained.

In this study, coal dust particles were first dispersed from the sample
' plate and passed through the precision aerosol divider and APS. The size
| distribution was measured by the APS and - saved in its memory. The size
: distribution of this aerosol is shown in Figure 4 on both a number and mass
: basis. The filter was then removed from the precision aerosol divider and
placed upon the sample plate, The size distribution of the particles
redispersed from the filter were again measured by the APS. A comparison of
this distribution to the original size distribution is shown in Figure § for
two test runs. Note that the relative concentration of the particles in the
redispersed dust was approximated 2 and 5% of the concentration of the
Particle in the original test. The comparison between the size distributions
indicates that the size distribution of the redispersed particles 1is nearly
the same as the that of the original particles. The variations shown in the
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Figure 4, Size distribution of coal Figure 5. Comparison of the size
dust as measured with the APS, distribution of coal dust particles
redispersed from a filter to the
to the original size distribution.

comparison graphs are, in part, due to statistical fluctuations since the
number of particles in the redispersed sample were quite small.

Several different membrane filters are currently being evaluated to
determine the appropriate filter to use for particle collection. Small pore
size membranes are being used to maximize the particle collection of the
filter surface. furthermore, membrane filters, made of Teflon, are being
used to maximize the degree of particle aerosolization. Tests are currently
being performed with the Gelman TEFLO Type R2PJ and Gelman ZEFLUOR Type PSPL
filters. The photomicrograph of coal particles collected on the ZEFLUOR
filter, Figure 2, shows the surface collection characteristics of this
filter. The small diameter of the web structure in this filter relative to
the size of the coal particles also aids fin the aerosolization of the
particles.
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Introduction

It is commonly understood that aerosol particles may be
injurious to human health if they are of a size that enables
them to enter the respiratory tract. Coal Workers’
- Pneumoconiosis (CWP) is one disease known to be caused
by coal mining retated particles.

FlGUR.Bl.Demminlﬁonolmemynmicdhmemohn
irregularly shaped particle.,

The Jocation in the respiratory tract where the particles
are deposited is primarily a function of the equivalent
acrodynamic diameter (EAD) of the particle. The
equivalent acrodynamic diameter is the giametcr of a spheri-
cal particle with a density of 1.0 gm/cm® with the same fall-
ingspeedasthcparﬁdcinquuﬁon.Forasphericalparﬁdc
the calculation is rather simple in that the equivalent
acrodynamic diameter is simply the diameter of the particle
inquestionmulﬁpliedbylhesqnarerootofthedcnsityofthc
_ i .Forh'rcguhrlyshapedparticlcs,suchasooalpar-

ticles, there is no simple way to make the EAD calculation.
For example, Figure 1is only one of an infinite variety of par-
ticle shapes that can be found in practice and the
acrodynamiesizeofthispmideand.thcmforc,itsdcposi-
tion location i the respiratory tract would be nearly impos-
sible to estimate accurately. .
» The normal method for determining the acrodynamic
diameter of particles has beea to experimentally measure the
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sizc of the particles in a settling chamber or with an inertial
classifier such as ar impactor, cyclone or a centrifuge, since
inertial classifiers have the property of classifying the P
ticles according to their acrodynamic diameters.())
However, these devices can only give limited information on
the EAD of a single particle with a specific shape. Impactors
and cyclones, for example, collect particles in size ranges and
not at a specific size, 5o the determination of the EAD of a
specific particle is not possible. A centrifuge, on the other
hand, can measure the EAD of a specific particle but the
equipment is costly and procedure laborious, and it may not
be possible to disperse a particle of a specific shape into the
centrifuge. The centrifuge can be used to determine the
EAD of clusters of spheres in various arrays, but introduc-
ing particles of a specificirregular shape may not be feasible.
Furthermore, the EAD is a function of the orientation of an
irregularly shaped particle and the orientation of a particle
in an inertial classifier is unknown. The orientation may also
vary as the particle passes through the classifier.

Because of the difficulty in determining the EAD of an ir-
mgularlyshapedparlicle,wehaveundemkenaprogmm to
apply theoretical numerical methods to calculate the EAD
ofanyshapcparticlc.lnomlaboratorywehave,forsome
ﬁme,beenusingnumeﬁealmclhodstodcmiaitheﬂ?;r
ficld of air within ; such as impactors, i )
and virtual impactors.*) Recently, this technique has been
expanded into the three-dimensional regime, and the
fields and particle motion c:l:m'ac:tm'isticswitl:nin¢:j!l‘.lﬂ)u£l:z;g
mdgloveboxeshavebcenstudied.Wchavenowbegunto
usc these ;mw three-dimensional s’:laow programs to
study the d around irregularly shaped particles to
w their drag coefficients, falling speed, and thus,

Although it is quite easy to obtain answers from pumeri-
cal programs, the routines may or may not be converging to
a correct answer. The technique must be extensively
evaluated before one has confidence init, Therefore, the first
step in our study is to use the computer techniques
developed for two-dimensional flows and calculate the drag
coefficients around particles of a simple shape for which the
drag coefficicat has been determined analytically or ex-
perimentally. If the agreement is good between the sumeri-



cal solutions and the analytical or experimental solutions, the
technique can be expanded into the three-dimensional
regime with confidence.

This paper describes the results of the initial phase of the
program, i.e., the verification that the numerical selutions in
two dimensions can provide the correct drag cocfficients for
regular shape particles. The particles studied are those that
can be generated by rotation of the coordinate system such
as spheres, rods of infinite length in cross flow, disks, and
chain spherical particles with axial flow along the chain.

Numerical Analysis Technique

Numerical analysis of the Navier-Stokes equation has
becn used extensively in receat years to obtain information
on flow fields. Although several techniques have been used
10 solve the Navier-Stokes equations, they are all basically
the same in that the finile difference form of the equation is
cxpressed in terms of the stream function and vorticity, or in
terms of the velocity vector components and the pressure. A
grid is placed over the area of interest and the finite dif-
{crence equations are solved at the node points (intersection
of the grid lines) of the grid. The solution is achieved by an
ilerative relaxation procedure that determines the value of
the stream function and vorticity or the velocity vector com-

TABLE)

Comparison of Drag Forces on Spheres Calculated by
Numerical Analysis, Fon, and Stokes Law, Fos

Dp (um) Fpo/FpDs Error %
20 1035 35%
50 1.041 41%
10,0 1.015 1.5%

ponents and the pressure at each node point. Since numeri-
cal solution techniques have been used extensively and many
cases reported in the literature, the techniques will not be
described in detail here.

The particular solution technique that has been used in
theworké!cscribed here is the one described by Suhas
Patankar,(") and the reader is referred to his textbook for
details of the technique. This technique is one that solves for
the velocity vector components and the pressure at the node
points rather than the stream function and vorticity.
However, once the velocity vectors and pressure are known,
the stream function and vorticity can be calculated if desired.
The stream function is often calculated so that the stream
lines (lines of constant stream function) can be shown to give
a clearer understanding of the nature of the flow field.

Most of the work utilizing finite difference solutions to the
Navier-Stokes equations has been in two dimengions, but
three-dimensional solutions can be obtained.”’ Three-
dimensional solutions, however, are much more costly in

computer time than two-dimensional solutions. Although' :

three-dimensional solutions must be used to study irregular-
ly shaped particles, we have chosen to use two-dimensional
solutions of regular shape particles to - ove the feasibility
and to provide confidence in the results.

TABLE N

son of Drag Force on a Cylinder in Cross Flow |
iculated by Numerical Analysis Fon, and by
Solution, Fou,

Tomokita and Aol
Dp(um)  FpoFDL Error%
100 1.0245 245%

In the past we have used ?nmcrical :fnalysis tlechniques to
successfully analyze she performance of acrgsol instrumen
 such as in{pactors,m vEue-tual impactors,'(?foand inlcts‘{}3
However, in these cases the flow field within the instrument
was calculated and then the particles were put into the flow
field and their trajectories calculated. For these cases, the
particle was much smaller than the grid spacing, and the
trajectory of the particle was calculated as it passed through

the grid matrix.
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FIGURE 3. Typical grid pattern for numerical solution.
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To study the flow around a-particle and thus determine
its drag and acrodynamic diameter, it is now nccessary that
the grid spacing be much smaller than the particle. The num-
ber of grid lines required to define the particle contour will
depend upon the degree 1o which the features of the particie
arc 10 be described.

Solution Technique as Applied to Particles

Since the object of the program is to dctermine the
aerodynamic diametcr of a particle and since the
acrodynamic diameler is defined as the diameter of a unit
density sphere which falls at the same speed as the particle
in question, the problem reduces to one of determining the
falling speed of a particle. As shown in Figure 2, this problem
further reduces to one of determining at what speed the drag
force is eaual to the gravilational force on a particle, for these
are the conditions which must exist when'the particle is fall-
ing in equilibrium at its terminal settling speed.

The drag force on a particle will be the sum of both the
pressure forces on the particle and the shear forces resuli-
ing from the fluid flowing past the surface of the particle. The
numerical technique used herc provides information on
these two components of the drag force. For example, as
shown in Figure 2, for a 10 micrometer diameter particle fall-
ing with a velocity of 10 cm/sec, the drag force due to the
pressure difference is half the drag forec due to the shear,
This, incidentally, is the same ratio that will be found from
analysis of the Stokes Drag Law. '

Information on the drag force, presented in Figure 2, was
found by application of the Navier-Stokes numerical analysis
technique on a grid pattern such as that shown in Figure 3.
Since the particle is a symmetrical sphere, the shape need
only be defined as a semicircle as shown in the figure. The
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FIGURE 4. Drag coefficient of disks, CD, Vs Reynolds number, comparison of Oseen’s analytical solution with numerical results.

coordinates are two-dimensional (radial and axial) cylindri-
cal coordinates with no flow in the angular direction. Note
that to define the particle with sufficient detail, the number
ol grid lines near the particle must be increased and the spac-
ing between the grid lines decreased. The detail to which the
contour of the particle can be defined is a function of the
number of grid lines that are used.

In the technique described by Patankar,(® the specifica-
tion of the domain occupicd by the particle is rather casy in
that the viscosity is simply set 1o a very large number in this
domain. The Navier-Stokes equations are then solved over
the entire grid pattern (even through the particle), Since the
viscosity is defined as being very large in the area of the par-
ticle, the flow does not move in this area and one has essen-
tially defined an obstacle to the flow.

This same general technique will be used when three-
Jdimensional analysis of the particies is performed. Due to
the fact that the pariicles will no longer be symmetrical, no
symmetry axis can be used, and the flow around the entire
particle will be involved in the solution. However, the par-
ticle will still be defined by placing very high values of vis-
cosity at all node points lying within the particle boundaries,

The grid shown in Figure 3 is in cylindrical coordinates so
as to take advantage of the symmetry of a spherical particle.
The same coordinate system is used when determining the
drag force on a disk. However, in some cases it may be
preferable to use rectangular coordinatcs, as in the case for
an infinite cylinder in cross flow. Figure 3 could also repre-
sent the grid system for the cylinder in cross flow, but now
the semicircle would represent one-half of a cylinder, and
the coordinate system would be in x-y coordinates with no
flow in the z direction. When the program is expanded into
three dimensions, it may be advantageous to use rectangular
rather than cylindrical coordinates for case in defining the
shape of the particle.



THE RESPIRABLE DUST CENTER

TABLE I
Comparison of Drag Forces, Shape Factors and Drag Coefficients jar Disks Calculated by Numerica! Analysis and
by Oseen’s Solution' |

Re Fon'Fbe Ky' Ko' CDn Cpo
326x10° 1038 0.898 0.849 6.11x 10; 6.25 x 10°
6s2xi0? 105 0.891 0.849 328x10 3.125x10°
1.30x107 1045 0.887 0.849 1.63x10° 1,563 x 103
326x102 102 0.865 0.849 637x 10§ 6.25 x 102
130x10" 1015 0.861 0.849 1.58 x 16° 1.56 x 10°

Kp' = Shape Factor ablained from numencal study.

Kg' = Shape facior oltained by taking the limit case of 1he shape {actor from Oseen’s formula,

CDn » Drag coefficient of disks obtained from numenical results.
Clyo = I>vag coefliciem of disks obtained Irom Oscen's solution.
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Resuits

The two-dimensional analysis has been applied to single
spherical particles, cylinders in cross flow, disk shape par-
ticles, and spherical particles connected in chains. In all
cases the shapes were selected because there was a prior
determination of the drag force on the particle, either by
analytical or experimental methods, and reported by other
investigators, since it was the object of this portion of the
project to gain confidence in a numerical technique.

For the single spherical particle, the drag force from the
numerical solution was compared to the drag force
predicted by Stokes law.ﬂ_') The results of this analysis are
shown in Table I for particle diameters of 2, 5, and 10 um. in
general, it was found that the calculation of the drag foree
on a particle agreed within four percent of that determined
by Stokes law. This was believed to be quite good since the
number of node points defining the particle was only ap-
proximately 40 in all cases. Thus, the sphere is actually ap-
proximated by 11 stacked cylinders, creating steps along the
surface of the particle. As the number of grid points

TABLE V
Comparison of Dynamic Shape Factor for Straight
Chain Aggregates of Uniform Spheres Calcuiated by
Numerical Analysis and Detelaglned Experimentally by
Stober
Numerical Analysis Results
Experimental
No.of Dp= Dp= Dp= Dp= Results
Sphere 04um lum 4um 10um (Stober)
2 1.148 1179 11225 1.1238 112
3 1213 1267 1320 1340 1.27
4 1221 129% 1353 1378 132
5 1336 1411 1482 1513 145
116
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of primary sphere.

(cylinders) increases, the size of the steps will decrease and
more closcly approximale the sphiere.

For the case of cylinder in cross flow, which utilized rec-
1angular coordinates, only one case was analyzed (10 um
diameter) and compared So the analytical solution as defined
by. Tomokita and Aoi*™ and reported by White."”) The
result of this comparison is shown in Table II. There is good
agreement between the two techniques. The difference is
only approximately 2.5 percent. Again, the cylinder was
delined by about 40 nodc points,

The next configuration studied was the disk in cross flow
which again utilized cylindrical coordinates. The results of
this test were com{mrcd to that of Oseen’s solution!!? as
reported by Fuchs.\tY) Osecn studied the flow around ellip-
soids, and in one limiting case, the ellipsoid can be made to
resemble a disk. In the case of the disk the analysis was run
for several values of the Reynolds Number. As shown in
Table HI, the error in the drag forees increased with decreas-
ing Reynolds Number from approximately 1.5 percent at a
Reynolds Number of 0.13 to about 6 percent al a Reynolds
Number of 0.00326. The drag coefficients and the shape fac.
tor defined as the ratio of the drag force on an irregularly
shaped particle to that on a sphere of the same frontal
projected area are also presented in this table. The com-
parison of the drag coefficients for the two techniques for
the disk are shown in Figure 4 and shows that the agreement
is within the error bars on the numerical solution. These er-
Ir_mis are estimates duc to Lhe inaccuracyin the numerical flow

telds,

The final test of the numerical analysis technique was to
Sludy spherical straight chain agglomerates. Figure 5 shows
the flow field around the chains containing from one (o five
spheres. In this case the dynamic shape factor of the straight
chains was calculated and compared to those values
Teported from experiments performed by Stober(1% using a
centrifuge to determine the shape factor. The numerical
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lechnique was performed on primary spheres of sizes 0.4, 1,
4, and 10 um diameter and compared with the expcrimental
results which used latex spheres of several particie sizes on
the order of 1 um diameter. The results of the comparison
are shown in Table IV and Figure 6. The agreement is seen
to be quite good considering the uncertainties in the orien-
tation of the particles in the centrifuge. It is interesting to
note in-Figure 6 that both experimental and numerical
generated dynamic shape factor versus number of particle
curves have "S” shiipes. The reason for the "S" shape of the
curves is not clear, but it is felt to be significant that both the
experimental and numerical results give the same curve
shape. .

The numerical technigue gives more detail on the forces
of the particles than can be obtained experimentally. For ex-
ample, in Figure 7, the percent of the total drag contributed
by each sphere is presented as a function of the number of
spheres in the chain. It is of interest to note that the drag
force contributions by the leading and trailing spheres are
ncarly the same and approximately equal to twice the drag
force on the intermediate spheres.

Optimum Grid Pattern

As has been indicated carlier in this paper, a particle can
be better defined by increasing the number of grid lines used
to define the panicle contour. However, as the number of
grid lin¢s increasc, the number of node points over which the
Navier-Stokes equations must be solved rapidly increascs
and soon becomcs large enough to adversely affect the time
and cost required to obtain a solution. Figure 8 shows the
results of a study made in determining the drag on a sphere
as a function of the node points used in the probiem. This
shows that as the number of node points increases, the per-
cent error between the numerical solution and that obtained
from Stokes Law rapidly decreases up to a value of ap-
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FIGURE 7. Drag distribution on a straight chain of spheres.

proximately 80C node points. As the number of node points
ts increased beyond 800, the increase in accuracy is only
slight. Also shown on the chart is the compuler central
processing time, and 1his curve, although not as dramatic as
the error curve, does increase at a more rapid rate for the
larger number of node points. For this reason, we have used
approximately 800 node poiats per problem definition.

PERCENT ERROR (%)

[ a
.; e Ll

i

In some cases it will be necessary to use more than 800
node poiats to define the outline of an irregularly shaped
particle. To avoid the large cost associated with the large
number of node points, it was decided to solve the problem
in steps, with each step increasing the fraction of the area of

interest covered by the particie. An example of this step

process is shown in Figure 9. At the top of Figure 9 is the in-
CPU TIME

{sec)
- e
- oy
é S

o [ T

NUMBER OF NODE POINTS
FIGURE 8. The effect of grid resolution on the accuracy of numericat solutions of spheres and on the compuler time.
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siat step where the particle is defined by only a few grid lines,
with most of the space reserved for the flow around the par-
ticie. The reason for having such a large space around the

icle is so that the boundary conditions can be assumed
10 be unaffected by the presence of the particie. The result-
ing solution of this problem will define a velocity profile at
all grid points within the solution domain, as shown by the
dashed lines in the upper figure. If the area within the dashed
jines is now enlarged, there can be more grid lines used to
Jcfine the owtling of the particle and the boundary condi-
lions are now those resulling from the first step.

This process can be continued in a stepwise [ashion uniil
«ificient definition of the particle contour has been ob-
(ained. In this manner, the flow around a very complex par-
ticlc can be obtained and the number of node points kept on
(he order of 800, which is found to be optimum in obtaining
an accurate answer at reasonable cost.

Conclusion

The two-dimensional numerical solution to the Navier-
S1okes equations provides drag forces for particles Lhat are
in good agreement with Lthose determined by other methods.
For example, these drag forces on spheres agreed well with
that given by the Stokes law, Similarly, cylinder drag agreed
well with the analytical solution by Lamb, and the disk drag
agreed with those detcrmined by the Oseens solution. All
sulutions agreed within about five percent, and only about
4} node points were used to deline the particle contour.,

The technique, as applied to straight chains of spherical
particles, also showcd good agreement with cxperimental
values of the dynamic shape factor determined by ex-
perimental centrifluge analysis. Although the numerical
technique predicted dynamic shape factors somewhat jarger
than those delermined experimentally, the dynamic shape
Lactor as a function of the number of particles in the chain
correlated well.

The two-dimensional analysis of particles, as reported in
this paper, indicates that the contour of the particle can be
satisfactorily defined with approximately 40 mode points. it
should, therefore, be possible to determine the drag force of
irregularly shaped particles nsing threc-dimensiosal
numerical methods. For three-dimensional stndies the com-
puter time will be much more than for two dimensions, but
information on the particle drag for these particles can be
obtaincd in detail that is not obtainable by any other means.
Itis believed that any particle shape can be digitized, defined
by a three-dimensional grid and analyzed to determine its
acrodynamicdiameter.
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Wetting Characteristics of Particles and Their

Significance in Dust Abatement

S. Chander, B. R. Mohal and F. F. Aplan
Mineral Processing Section, The
Pennsylvania State University

Dust abatement by water sprays involves the subprocesses
of 1) collision between dust particles and water droplets, 2)
adhesion of particles to droplets, and 3) engulfment of
particles by the droplets. A review of the fundamental
aspects of these subprocesses shows that collisions between
particles and droplets are determined by aerodynamics and
the size and surface charge of the particles and of the
droplets. However, the adhesion and engulfment
subprocesses depend upon the wetting characteristics of the
particles. Although wetting agents (also known as
surfactants) have been used as dust suppressants in several
investigations, conflicting results are available regarding
their effectiveness. In this paper, we show that these results
can be explained if the effects of coal rank on surfactant
adsorption and wetting characteristics are taken into
account.

The influence of several nonionic surfactants containing
polyethoxy adducts on the wetting behavior of coal is
presented. The wetting was determined by a modified
Walker Test method, and contact angle measurements. The
results show that the wettability of coal depends upon coal
rank, structure of the hydrocarbon chain of the surfactant,
and the number of ethoxy groups in the molecule.

Introduction

Due to the inherent nature of the mining process, a large
number of particles are generated, a portion of which be-
comes airborne to create dust. Dust can be aesthetically and
environmentally unacceptable and it can also be explosive,
Fine particles in the respirable size range { < 5 um}) are con-
sidered to cause lung discases, namely, silicosis,
poeumoconiosis, etc.(!) Several approaches to reduce dust
in mine eavironments arc practiced throughout the mining
industry. These include decrease in generation of dust
through improvements in mine machinery, ventilation (in
which Jower dust levels are achieved by dilution of con-
laminated air with clean air), and dust removal methods,
Water sprays are most commonly used to remove dust par-
ticles, Recently, scrubbers are reported to ?!:gvc been in-
stalled on mining machincs to remove dust, ) which also
make use of water sprays to reduce dust.

123

Wetting ageats, also known as surfactants, are often used
toincrease the effectivencss of water sprays in capturing dust
particles, particularly in the respirable dust range. This use
of surfactants is not new, As early as 1924, a sulfonated
hydrocarbon was found to be a very cffective dust suppres-
sant in both laboratory tests and underground trials™®
Foams have been suggested as alternate to water sprays,m
but their use also depends upon use of surfactants to create
foams and improve adhesion.

The use of wetting agents to suppress dust in various coal
mining and preparation stages has been increasing even
though no consensus exists regarding their overall effective-
ness. The following conclusions by various investigators il-
lustrate this observation:

" . . surfactants act through several mechanisms — increase
wettability of particles, ease atomization of water and increase
dust adhesion.

"... use of wetting agents reduced the dust ioadiz;)af retumn air
by 30% compared with the use of water alone.

" . . wetting agents ineﬂ'ecri:rg when mining the high volatile
coal of the Pittsburgh seam."®)

"... @ noticeable reduction in visible airborme.dust in face .(%za:
resuited from adding a wetting agent to the water spray.

" . . one possible solution that has been in use in some coal
mines for a number of years and is now rgm’ving renewed
interest is the use of chemical surfactants. 1%

" . . laboratory tests indicate that 10 to 15 percent more

respirable di {ﬁma be collected with wetting agents than with
water alone.
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. . . we don’t know why some agents work and some don’t,
some coals are wettable and some aren't. 1%

“..no :ignﬂ(rﬁgam correiations among the four welting tests were
observed,

Capture of Dust Particles by Water Sprays

The main objectives of water sprays used for in-mine dust
removal are 1) to prevent particles from becoming airborne,
and 2) to collect the airborne particles. The capture of dust
particles by water droplets can be visualized in terms of a
series of subprocesses which are:

1. Approach of dust particles to the droplet surface.
2. Adhesion of the dust particles with the droplet.
3. Engulfment of the particle within the dropiet.

For effective dust control, all these sub-processes must be
rapid, with the slowest sub-process detcrmining the rate.
The rate of capture of dust particles by water droplets can
be written as:

rate a coilision frequency X collision efficiency (1)

The collision frequency dcpends upon the following:

eParticle size and droplet size
¢ Acrodynamics of the system
s Number deasity of the particles and droplets

In case of water sprays, the droplet size is primarily deter-
mined by the nozzle characteristics and pressure drop across
the nozzle. Typical droplet diameter varies from 150-360
um, ™ with an average value of 250 um. The smaller the
droplet size, the greater is the number density for the same
amount of water sprayed. The particle size at the dust
generation source would be from submicron sizes to ROM
size coal. However, ¢ fragments produced in mining do
not become mbom:]m} The characteristics of in-mine dust
depends upon the nature of the mining method, coal scam,
production rate, air velocities, etc.

The aerodynamics of the system are influenced by the
particle and droplet sizes and their relative velocities, Three
lypesofcoﬂi;ionmechanismsmbecnﬁsagcd,theyare:

1, Inertial impaction
2. Flowdine interception
3. Brownian diffusion.

Inertial impaction is the most common mode of collision

fmprndcsgrener‘thanMoSum,whcreasBromiandif-

fusion is the predominant mode of collision for particles less
than approximately 0.3 um. Flowline interception can be sig-

nificant when the dust particle must flow through a series of
collectors as in filtration,

The collision efficiency, (ic., the effectiveness of a col-
lision to result in particle capture), depends upon the wet-
ting characteristics of the particle. Also known by the names,
attachment coefficient, sticking factor, etc., this parameter
is often forgotten. Since capture of particles must iovolve
both adhesion and engulfment processes, the wetting be-
havior of particles is an important consideration.

Three kinds of wctting phenomena are involved in cap-
ture and engulfment of particles: adhesional wetting, spread-
ing wetting and immersional wetting. Adhesional wetting
relers 1o the process of formation of a three phase contact
between the dust particle, water droplet and air. Spreading
wetting refers to the movement of the liquid/air interface
along the surface of the particle such that the solid/liquid ia-
terfacial arca increases and the solid/air interfacial area
decreases. Immersional wetting refers to the process of
transfer of the particie from air into water. The frec energy
changes for the three wetting processes can be represented
by the following relations:

Adnhesion:  AGs = 7o . Tea- Na

- - TLA(T + Cos &) 2)
Spreading: AGs = YsL- Tsa + "o

- 1u{1-00.9) (3)
Immersion: AGi = Yg - Ysa

= - M08 @)
where 7st, 7Ysaand 7Yy are the surface free energies

of the solid/liquid, solid/air and liquid/air interfaces, and
© is the contact angle. The interfacial free energies and the
contact angie, and heace the conditions for wetting can be
altered through adsorption of surfactants. The free energies
for the three wetting processes, plotted as a function of con-
tact angle in Figure 1, are quite different from each other.
Capture of particles by adhesional wetting is most likely to
occur because AG for this process is the smallest (or most
vegative). When particles are captured by this mode of wet-
ting, they will remain at the surface of the droplet. For par-
ticles to be engulfed by the droplet, the liquid must spread
on the particle surface before immersion can occur. Since
Gs s positive for all values of © except when © = 0, a neces-
sary condition for engulfment of particles is that © = 0,
Thus, for wetting agents to be effective, lowering of both 7
Lv and © are desired. Although the first condition, namely,
lowering of v, is generally recognized, the second con-
dition, namely, lowering of contact angle, is frequently over-
looked. Figure 2 shows that the contact angle of coal is hi%
dependant upon rank parameters such as fixed carbon !
Therefore, dusts from mining of different coal types can be
expected to behave very differently when exposed to water
sprays. Wetting agents are of critical importance in wetting
highly hydrophobic materials such as the higher rank coals.
The remainder of this paper describes the effect of scveral
different surfactants on the wetting behavior of coals of
various ranks,

I
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FIGURE 1. The frec encrgies of spreading, immersional and
adbesional wetting phenomena as a function of contact angle.
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FIGURE 2. Captive bubble contact angles as a function of fixed
carbon content for various coals.

Loading of Water Droplets by Dust
Particles _

The effectivencss of water sprays can be greatly enhanced
if particles are imbibed (cnguifed) by water droplets rather
than attached to the surface of the droplets. The following
calculation, in which typical in-mine conditions are used, il-
lustrate this fact,

The total mass of respirable dust generated i ical
coal mine is about 3.5 gram/pound of coal mmc:i?]g)t\ywpinch
is equivalent to about 83 kilogram per minute of respirable
dust generated. Since the total dust generated, and not the
respirablefradionalonc,vdllbeseenbywatcrsprays,onan
amageofaboutZSkﬂog'ampe;minutedustwillbecxposed
10 15 gallon per minute water spray. For an average droplet
diameter of 250 um, the surface area available for capture of
dustiszz.?mzfmncsurfacemoccupicdyalaycrof
dust particles in the same time period is 3.3 m” which im-
phesthataparﬁdeloadingfactorofISOpcreentisncedcd.
For the same conditions, if particles could be imbibed into
the droplet, the loading factor would be only about 25 per-

cent or less. Therefore, the capacity of water droplets to cap-
ture dust can be significantly increased if particles, on
capture, were imbibed into a drople than just adher-
ing to the droplet surface. Kobrick*”) has reported that the
cutters run dry cvqs when 25 gallon per minute water is used
in water sprays,( probably due to complete coating of
water droplets by dust particles.

Particles which are not casily wetted by water alone can
be wetted by the addition of wetting agents to water. The ef-
[ect of additives on wetting behavior depends on the nature
of particles themselves (i.e., their wetting characteristics)
and on the nature of the surfactant used. These aspects are
discussed in a later section.

Experimental methods and materials
Wetting Rate — Modified Walker Technique

In this method, a 40 mg sample of 250 X 150 um coal was
dropped on the surface of a surfactant solution and the
amount of coal wetted by the liquid was measured by plac-
ing the pan of a Cahn electrobalance beneath the liquid sur-
face. The initial wetting rates were determined from
measurements of the amount of coal wetted as a function of
time. The rate of wetting was found to be independent of the
amount of the coal sample for the range 20-100 mg, The data
reported for the wetting rates are an average of at least four
replicate measurements in which the coefficient of variation
was about (.08, Additional dgtails of the measurement tech-
nique are given elsewhere. (1%

Coal and Reagents

The coal sample used in this investigation was a HVA-
bituminous coal from the Upper Freeport seam obtained

‘from the Penn State Data bank (PSOC 1361P). The coal

sample was crushed and screened to obtain a 250-150 um
fraction which was then used for the wetting tests. The
ethoxylated nonylphenol (Triton N-series) and octyi phenols
(Triton X-series) were obtained from Rohm and Haas. The
cthoxylated dodecylphenol (T-Det DD9) was obtained from
Thomas Hayward Chemicals. Acrosol OT and Tween 80
were obtained from Fisher Scientific,

Results and Discussion

The initial wetting rates for the HVA-bituminous coal are
given as a function of the surfactant concentration in Figure
3. The hydrophilic groupin this series of surfactants was kept
constant (about 9-10 moles of ethylene oxide) and the
hydrophobic group was varied from an 8 carbon to a 12 carb-
on chain. In the range investigated, the wetting rate increases
lincarly with the logarithm of concentration. The minimum
concentration at which wetting occurs is referred to as the
u'itiealwclﬁngeoncentration,cqanditisobtainedbyex-
trapolating the wetting rate versus logarithm of concentra-
tion. The slope of the curves increases with a decrease in
length of the hydrophobic group. The differences in the ef-
fect of surfactants on wetting rates are attributed to differen-
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FIGURE 3. Tnitial wetting rates for a 1[IV A bituminous coal for
sceveral surfactants with varying hydrophobic groups.

ces in the adsorption behavior of surfactants on the surface
of coal.

The initial wetting rates for the coal versus surfactant con-
centration for different hydrophilic chain lengths are given
in Figure 4. The hydrophobic portion of the surfactant was
nenyl phenol in these cases and the hydrophilic chain length
was varied by changing the number of ‘ethoxy groups. The
chain lengths of the hydrophilic group and other properties
are included in Table I. The results in Figure 4 show that the
concentration dependance of wetting rates, measured in
terms of the slope of the wetting ratc versus log concentra-
tion, first increases and then decreases with an increase in
the number of ethoxy groups.

The hydrophilic-lipophilic-balance (HLB) is a number
describing the rel gjve attractions of a surfactant molecule
for water and 0il{'*) The HLB number for most nonionic
surfactants increases with increase in the percentage weight

TABLE |
Hydrophile-Lipophile Batance of Surfactants Used in
this Investigation
No. of ethoxy
Surfactant pH'{:r;Phobw %-) HLB.
Triton N60  Nonylphenol 6 109
Triton N.t- Nonyiphenol 910 134
Triton N-111 Noayiphenol 1 138
Triton N-150  Nonyiphezol 15 150
Triton X-100  Octylphenol 9-10 135
T-DetDD9  Dodecyiphenoi 9 120
Tween 80 Sotbitan monooleat 20 15.0

Acrosol OT  Dioctyl {anionic)

of the hydrophilic portion of the molecule, A higher HLB
number aiso indicates a higher water solubility, The initia)
wetting rates of coal for a 0.1 wt% surfactant concentration
are plotted versus the HLB value in Figure 5, for cthoxylated
octyl and nonyl phenols. The wetting rates are maximum at
an HLB value of 13.5 for both the ethoxylated octyl and nonyl
phenols. At lower HLB values, the adsorbed surfactant
molecule has low water solubility and hence a low wetting
rate. At higher HLB values, the surfactant molecule has a
much higher water solubility and its adsorption on the coal
sueface is reduced. Similar observations were made by
Variali®® on the effcct of HLB on rheology of coal-water
slurries.

The initial wetting rates versus surfactant concentration
for three different surlactants are given in Figure 6, The
Triton N-101 is an ethoxylated nonyl phenol, Tween 80 is an
cthoxylated sorbitan mono oleate with an etheylene oxide
chain length of 20, and Aerosol-OT is a dioctyl sulfosuc-
cinate. For this coal, Triton N-101 appears to be the most ef-
fective wetting reagent.
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FIGURE 4. Initial wetting rates for @ HV A bituminous coel for
various ethoxylated nonyt phenols.
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FIGURE 6. Initial wetting rates for a HVA bituminous coal asa
function of surfactant concentration tor Triton N-101,
Aerosol-OT and Tween 80.

Results which have been reported elsewhere(182D ghow
that the initial wetting rates in the presence of surfactants are
a lunction of the coal type. When Triton N-101 is used as the
surfactant, wetting rates decrease in the order: HVA-bitu-
minous anthracite sub-bituminous, which is expected on the
basis of the effect of coal rank on wettability of coal.

Conclusions

A review of the subprocesses involved in capture of dust
particles by water droplets shows that wetting agents can sig-
nificantly enhance the effectiveness of water sprays. Ad-
“esional wetting controls the capture of dust particles,
whereas spreading and immersional wetting control their
imbibition (engulfment).

Weiting of coal particlesis shown to depend upon the coal
rank, surfactant type and concentration, At low concentra-
'ions, a larger hydrophobic group gives a higher wetting rate
icl. Figure 3) whereas at high concentrations, the surfactant
withasmaller hydrophobic group gives a higher wetting rate.
The cffect of hydrophilic group is more complex and can be
discussed in terms of HLB. As the HLB number increases
lrom a low value, the wetting rate first increases and then
decreases, the maximum rates occur for an HLB number of
13.5. The largest wetting rates for a HVA bituminous coal
were observed for Triton N-101, a nonionic surfactant.
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Wetting Behavior of Coal in the Presence of Some
Nonionic Surfactants

S. Chander, B. R. Mohal and F.F. Aplan
Mineral Processing Section

Department of Mineral Engineering, The
Pennsylvania State University

ABSTRACT

The wetting behavior of coal has been determined in the presence of nonyl and octyl series of
nonionic surfactants containing polyethoxy groups of diffsrent sizes. The wetting behavior was
determined by a modified Walker technique and contact angle measurements. The results show
that the wetting rate of coal varies with coal rank, structure of the tydrocarbon chain and number
of ethoxy groups in tha hydrophilic group of the surfactant. A close relationship has been obaerved
between the wetting rates and the short-time advancing contact angles.

INTRODUCTION

Nonionic surfactants are used in many applications to improve wettability
of solids. They can be used as dispersing agents [1] or dust suppressants [2-5]
and to control the flotation, flocculation, filtration and flowability of particu-
lates. This study was undertaken to study the effect of a series of nonionic
surfactants on the wetting behavior of coal. Two series of surfactants, namely,
ethoxylated nonyl and octyl phenols were used. The nonyl phenol] series con-
tains & linear hydrocarbon chain containing nine carbon atoms
(CH,(CH,)s—CeH-(OC,H,) ., where n is the number of ethoxy groups). The
octyl phenol series contains a branched hydrocarbon chain containing eight
carbon atoms ({CH,);CCH,C(CH,),-C¢H,~(OC,H,),).

Initial wetting rates — modified Walker technigue

Walker et al. [6] developed a sink test to determine the wettability of coal
particles. In this technique, coal particles are dropped individually onto the
surface of surfactant solutions of different concentrations, and the most dilute
concentration in which coal would sink “instantaneously” is determined. This
technique is a variation of a procedure initially developed by Draves and Clark-
son [7) to determine the effect of surfactants on wettability of cotten fibers.
In this procedure commonly known as the Draves test, the concentration of a
surfactant required to give a ‘sink time’ of 25 s is determined.

Other investigators have used slight variations of the Walker method to study
the wetting of fine particles [8-12], by measuring the time for wetting a given
amount of powder. There are differences in the manner in which the time of
wetting is measured, however. Some investigators measure the time for the

129



last trace of coal to disappear [8,11] whereas others determine the time for
the vast majority of particles to sink [10]. Some investigators report a wetting
rate [11] which is a value calculated on the basis of the time for the ‘last traces
of particles to sink’. The differences in choice of criterion for wetting can result
in different values for wetting rates as illustrated in Fig. 1 which is based upon
our measurements of the amount of powder wetted as a function of time. The
procedure for wetting rate measurements is described in the next section. The
technique in which time for disappearance of the ‘last traces of particles’ is
determined gives the smallest value for the wetting rate, while the technique
in which the time for wetting of the ‘vast majority’ of particles is determined
will give intermediate rates. The terms ‘last traces of particles’ and ‘vast major-
ity of particles’ are usually not defined explicitly and can lead to large differ-
ences in wetting rates measured by different investigators. Since our
measurements show that the wetting rates for an assemnbly of powder decreases
with time, we have used the initial wetting rates to compare the wetting behav-
ior of coal in solutions of different surfactants. :

EXPERIMENTAL METHODS AND MATERIALS
Wetting rate — modified Walker technigue

To avoid some of the inherent difficulties associated with the measurement
of time for wetting of powders, as discussed in the previous section, we have

100 ;

™

_,.Jus'r PARTICLE -
. WETTING RATE

< VAST MAJORITY WETTING RATE i

25 INTIAL WETTING RATE -
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o} 2 4 3 8
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Fig. 1. The amount of a HVA-bitumineus coal wetted by a 4X10~* M Triton X-100 solution
versus time in a typical wetting rate measuretment,

modified the Walker method. In this method, shown schematically in Fig. 2, a
40 mg sample of 250 X 150 um coal was dropped on the surface of a surfactant
solution and the amount of coal imbibed into the liquid was measured by plac-
ing the pan of a Cahn electrobalance beneath the liquid surface. The initial
wetting rates were determined from measurements of the amount of coal wet-
ted as a function of time, as illustrated in Fig. 1. The rate of wetting was found
to be independent of the amount of the coal sample in the range 20-100 mg.
The data reported for the wetting rates is an average of at least four replicate
measurements in which the coefficient of variation was about 0,08.
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Fig. 2. A schematic diagram for the wetting rate measurement apparatus.

Contact angles

The sessile drop contact angles were measured on carefully selected samples,
avoiding those with cracks, locked particles of pyrite, mineral occlusions, ete.
The coal was polished following the procedure of Gutierrez et al. [13]. Briefly,
the procedure consisted of a rough polish on a series of emery papers followed
by wet polishing on rotating laps (250 rpm) using, successively, 0.3 and 0.05
um levigated Linde Alumina. The samples were washed thoroughly with water
to remove any adhering alumina particles and stored under distilled water. The
contact angles were usually measured within ten minutes of sample prepara-
tion. Surgeon’s gloves were used for the entire polishing sequence and all spec-
imen handling was done with gloves or glass forcepts to avoid contamination.
The apparatus used for measuring the contact angle was the Ramé-Hart Model
A-100 Contact Angle Goniometer.,

Advancing contact angles

The advancing contact angle measurements were made by observing the
advance of the three-phase perimeter on a polished surface of coal. A drop of
the surfactant solution (diameter ~ 2 mm) was dropped from a height of 1 cm
from & Gilmont microsyringe onto the polished specimen. The height of 1 em
was chosen to obtain a free falling drop. The progression of the drop was
recorded using a Spin Physics Model SP2000 High Speed Motion Analysis
System. The contact angle was measured during the period when the move-
ment of the three-phase contact attained a constant veloclty This was taken
to be the advancing contact angle.

Coal and reagents

The three coal samples used in this investigation were: a HVA-bituminous
coal from the Upper Freeport seam obtained from the Penn State Data Bank
(PSQOC 1361p), a sub-bituminous-A coal from Wyoming also obtained from
the Penn State Data Bank (PSOC 512), and an anthracite coal obtained from
Reading, PA. Proximate and ultimate analysis of the coal samples are given in
Table 1. The ¢oal samples were crushed and screened to obtain a 250 X 150 um
fraction which was then used for the wetting tests.
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TABLE1

Proximate and ulitimate analysis of coal samples

HVA-bit. Sub-bit. Anthracite

Moisture 32% 10.24% 1.5%
Proximate analysis (dry basis %)

Ash 8.47 8.64 8.2

VM 38.16 40.00 5.3

FC 53.37 53.38 86.4
Ultimate analysis { DAF basis %)

C ) 81.94 75.42 94.3

H 5.70 5.15 2.3

N 1.54 0.84 0.9

S 2.12 0.35 0.6

O a7 18.22 1.9

Cl — 0.22 -

The ethoxylated nonyi phenols { Triton N series} and octyl phenols { Triton
X series) were obtained from Rohm and Haas and some of their properties are
given in Table 2.

"

RESULTS AND DISCUSSION
Wetting rates

The initial wetting rates for a8 HVA-bituminous coal as determined by the
modified Walker technique are given as a function of surfactant concentration
in Fig. 3. The surfactants used in this series of tests were ethoxylated nonyl
phenols with varying number of oxyethylene groups, the properties of which
are given in Table 2. In the range investigated, the wetting rate increases lin-
early with the logarithm of concentration. The minimum concentration at
which wetting occurs, obtained by extrapolating the wetting rate versus loga-
rithm of concentration plots, is referred to as the critical wetting concentra-
tion, C... In practical application in controlling wettability, C. would determine
the minimum amount of surfactant needed to wet a given powder. Concentra- -
tions greater than C., will give higher rates of wetting. The C., values for var-
jous surfactants in the nonyl phenol series are shown by vertical arrows in
Fig. 3 and are tabulated in Table 2.

The initial wetting rates, normalized with respect to the critical wetting con-
centration, are given in Fig. 4 for the nonyl phenol series and in Fig. 5 for the
octyl phenol series of surfactants. The error bars for replicate measurements
are given in Fig. 5, but are omitted from other figures for purpose of clarity.
The results in Figs 4 and 5 show that the concentration dependence of wetting
rates, measured in terms of the slope of the wetting rate versus log concentra-
tion, first increases and then decreases with an increase in the number of ethoxy
groups. The slopes are given in the last column of Table 2. With the exception
of Triton X-102, the C., increases with increase in the number of ethoxy groups.
The ratio, C,/Cemc, depends upon the number of ethoxy groups in the hydro-
philic group of the surfactant and the nature of the hydrophobic group. This
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TABLE 2

Surfactant properties and parameters of coal wettability

Surfactant No. of HLB tc (M) Ch (M) CofCome Slope*
ethoxy
groups
Nonyl Phenols
N-80 6 109 2.7x10-® 5.4x10-% 0.20 79
N-101 9-10 134 33axt0-® 8.2x10-* 0.25 14.5
N-111 11 13.8 6.0x10"% 1.8x10~* 0.30 13.7
N-150 15 15.0 9.3x10°* 45x10-° 0.48 8.2
Octyl Phenols
X-45 5 10.4 (1.17x 104 4.3x10"% 0.37 14
X-t14 7-8 124 (2.1x10-4) 57x10-% 0.27 21.7
X-100 9-10 13.5 2.2x10-* 1.3x10-* 0.59 34.0
X-102 12-13 14.6 - 8.0x10-% - 254

*The Ccpmc value given in parentheses are from the litarature f14), other values were cbtained in
this investigation.

*Critical wetting rate concentration, see text.

“Slope of the log surfactant concentration-initial wetting rate plot, see text.
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Fig. 3. The initial wetting rates for HVA-bituminous coal for various ethoxylated nonyl phenols.

is considered to reflect the importance of the adsorption phenomena at various
interfaces in the three-phase system. These results are discussed later in the
section on contact angles. The maximum in the slope occurs at about 9-10
ethoxy groups per molecule, or an HLB value of 13.5, for both the oonyl and
the octyl phenol series of surfactants. -

The initial wetting rates for three different coals, namely, an anthracite, a
HVA-bituminous and a sub-bituminous, are given as a function of surfactant
concentration in Fig. 6 for Triton N-101 and in Fig. 7 for Triton X-100. The
effectiveness of the surfactant in wetting coal clearly depends upon both (a)
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the coal rank and (b) the type of surfactant. For example, the rate of wetting
for Triton N-101 follows the order:

HVA.-bituminous > anthracite > sub-bituminous
whereas for Triton X-100, the order is:
anthracite 2 HVA-bituminous > sub-bituminous

These differences in the effect of surfactants on wetting rates are attributed
to differences in the adsorption behavior of surfactants on the surface of ¢coal
and are discussed in the following section.

Contact angles — sessile drop

The sessile drop contact angles for HVA-bituminous and anthracite coals
are given in Fig. 8 for Triton N-101 and in Fig. 9 for Triton X-100. As the
concentration of the surfactant is gradually increased, the contact angle first
increases and then decreases. The critical wetting concentration (C,) as
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determined by wetting rate tests (Table 2) for these surfactants are shown by
vertical arrows in both the figures.

The increase in contact angles at low concentration can be used to explain
the zero wetting rate at concentrations below C.,. At these concentrations the
surfactant adsorbs on the hydrophilic sites at the coal surface through the polar
head groups thus making coal more hydrophobic and non-wettable. Since coal
consists of a distribution of hydrophilic sites on a hydrophobic surface [13],
it is likely that at low surfactant concentrations, adsorption occurs simulta-
neously through hydrophobic interactions between the hydrocarbon chain and
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the hydrophobic coal and through polar interactions between the ethoxylated

group in the absorbed molecule and the hydrophilic sites at the surface of coal.
At high surfactant concentrations, the surfactant molecules adsorb through
hydrophobic chain interactions with a resultant decrease in contact angle and
an increase in the rate of wetting. A direct correspondence between the wetting
rates and the contact angles is not observed, however. For example, for Triton
N-101 wetting occurs as soon as the concentration is such that the contact
angle begins to decrease from its maximum value which is 75° for the HVA-
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bituminous coal and 70° for the anthracite. For Triton X-100, the contact
angle must be reduced to ~55° for the HVA-bituminous coal and to ~ 50° for
the anthracite coal before wetting is observed. Furthermore, on the basis of a
thermodynamic analysis, involving the concept of immersional wetting
(Wi=ysL—ysv=—7yLvcostl), a large effect on wetting rate is not expected when
contact angle changes from ~75° to ~50°.

Contact angles — advancing

In an attempt to explain these observations, advancing contact angles were
measured and the results are presented in Fig. 10. From the concept of immer-
sional wetting the free energies involved in transfer of particles from air into
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an aqueous solution, wetting is expected when the contact angle is less than
80°. The results in Fig. 10 show that the effect of surfactant concentration on
the advancing contact angle is very different for the two surfactants. In fact,
the higher slope of the contact angle versus concentration plot for Triton X-
100 than for Triton N-101 is in agreement with the slopes of the wetting rate
versus concentration plots for these two surfactants. The minimum concen-
trations needed to decrease the advancing contact angles below 90° is higher
for Triton X-100 ( ~3Xx10~* M) than for Triton N-101 ( ~10~* M). The C.,
values for the above surfactants are 1.3%x10~* M and ~1x10-% M, respec-
tively. These relate reasonably well but more importantly the slopes of the
curves for the two surfactants {cf. Figs 4 and 5) for the wetting tests can be
related to the slope of the curves in Fig. 10. Thus the concentration dependance
of wetting rates can be explained in terms of the effect of surfactant concen-
tration on advancing angles.

SUMMARY

On the basis of the results reported in the previous section, it may be con-
cluded that the wetting of coal particles depends upon the nature of interac-
tions between coal surface and the surfactant. At low concentrations, the
surfactant adsorbs through the polar ethoxy head group making coal non-wet-
table. Most likely, the hydrocarbon chains lie parallel to the surface resulting
in an increased free energy of adsorption due to hydrophobic interactions
between the hydrocarbon chain of the surfactant and the hydrophobic surface
of coal. With increasing concentration, the contact angle decreases and the
rate of wetting of coal increases. At higher concentrations, the orientation of
adsorbed molecules is likely to be such that the polar ethoxy groups are ori-
ented towards the solution.

The wetting behavior of coals by surfactant solutions varies with the coal
rank because the nature of coal-surfactant interactions depends upon both the
properties of the surfactant and type of hydrophilic and hydrophobic sites on
the coal surface. Thus, the effectiveness of a given surfactant as a wetting agent
for coal may be expected to vary with coal rank. For a HVA-bituminous coal,
Triton-N-101 was found to be a superior wetting agent whereas for an anthra-
cite coal, Triton X-100 was superior.
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The results of wetting rate measurements correlate very well with the
advancing contact angles. A comparison of the effect of surfactant concen-
tration on wetting rate shows that the slope of the wetting rate versus loga-
rithm of concentration plot for Tziton X-100 is greater than the slope for Triton
N-101 (cf. Figs 4 and 5). The slope of the advancing contact angle versus
logarithm of concentration plots for Triton X-100 is also significantly greater
than the slope for Triton N-101. Wetting is observed for conditions when the
advancing contact angle decreases below about 100°. Thermodynamically, -
wetting is expected when the contact angle would be less than 90°. The slight
difference is probably due to: (1) the differences in geometry of the system
{the contact angles are measured on a polished surface whereas the wetting
Tate measurements are made with particles dropped onto an air/solution inter-
face); (2) the effect of particle-particle interactions at the interface on wet-
ting rate measurements. (More recently, through direct observation of a particle
at interfaces, we have observed that the time of wetting of a particle is influ-
enced by the presence of another particle at the interface.)
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A New Technique to Determine Wettability of
Powders-Imbibtion Time Measurements

B. R. Mohal and S. Chander
Mineral Processing Scction
Department of Mineral Engineering, The
Pennsylvania State University

ABSTRACT

A new technique to determine wettability of powders is presented in this paper. In this tech-
nique the times for immersion of individual particles from air into liquids, defined as imbibition
times, are measured. Through the measurements of imbibition times for a large number of parti-
cles, it is possible to determine homogeneity/heterogeneity of a powder sample with regard to its
wetting behavior. Quartz particles give a very narrow distribution of imbibition times showing a
homogeneous wetting surface whereas coal particles give a broad distribution indicative of the
heterogeneous nature of its surface. The imbibition time measurement technique is considered to
have certain advantages over other methods to determine wettability of powders in surfactant
solutions. In this study we have also compared the imbibition times with the wetting rate mea-
surements obtained by a modified Walker test.

INTRODUCTION

Several methods are available for determining wetting characteristics of sol-
ids. Each of the methods has been used in the past to obtain very valuable
information for comparing wetting behavior of various solids in a given liquid
or for comparing the wetting behavior of several liquids for a given solid. Each
method measures a somewhat different aspect of wetting and therefore quan-
titative correlations between techniques have been difficult. A general approach
is to use a method in which close similarity between the technique and the
application (where results of wetting measurements are to be used) can be
maintained. The objective of this investigation was to develop a method which
could be used to determine the wetting characteristics of single particles in
surfactant solutions. Wetting of individual particles is of importance in cap-
ture of dust particles by sprays of surfactant solutions.

METHODS FOR DETERMINING WETTING — A BRIEF REVIEW

The various methods available for measuring wetting characteristics of sol-
ids include: contact angle, immersion/sink time, bubble pick-up, induction time,
capillary rise, and displacement method measurements. Some of the methods
are hriefly reviewed in the paragraphs that follow,

*Dedicated to the memory of Professor G.D. Parfitt.
**To whom all correspondence may be addressed.
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The contact angle method is perhaps the most widely used. Although there
are some difficulties associated with the measurement, and interpretation of
contact angles, it is one of the most common methods of assessing wettability.
When done properly, contact angle measurements are simple and they provide
very valuable information. The main difficulty of the technique, particularly
in investigating the wetting behavior of coal, is that the sample must be care-
fully selected and polished, for measurements to be reliable [1]. Pellets made
from pressing powders have been used by some investigators to estimate con-
tact angles [2,3].

An immersion/sink time procedure was initially developed by Draves and
Clarkson [4] to determine the effect of surfactants on wettability of cotton
fibers. In this procedure, commonly known as Draves test, concentrations of
the surfactant required to give & ‘sink time’ of 25 s is measured. The ‘sink time’
is measured as the time taken by a skein of cotton to sink after it has been
immersed in the surfactant solution. Walker et al. {5] modified this test to
determine the wetting ability of various surfactants for coal dusts. In this tech-
nique coal particles are dropped individually onto the surface of surfactant
solutions of different concentrations. The most dilute concentration in which
coal would sink instantaneously was determined. (The term ‘instantaneously’
was not defined by these authors. Resuits of the present study show that the
wetting process could involve times of the order of milliseconds.) Other inves-
tigators modified the Walker technique in various ways. Some investigators
report the time for wetting a given amount of powder {3,8,7] whereas others
report wetting rate [8]. Also, there are differences in the manner in which the
time of wetting is measured. Some investigators measured the time for the last
trace of coal to disappear [3,8] whereas others have determined the times for
the vast majority of particles to sink [7]. Our studies how that there is a gradual
decrease in the wetting rate with time.

Bartell and Osterhof [9] used a method based upon measurement of the
pressure with which one liquid will displace another from a packed bed of par-
ticles. Another similar method is the capillary rise method developed by Crowl
and Wooldridge [10). In this method a certain amount of powder is placed in
a cylindrical glass tube one end of which has a filter paper or porous disc. The
filter paper-end of the tube is placed in contact with the surface of the surfac-
tant solution and the height to which the liquid rises is measured as a function

of time. Neither of these methods is very suitable for determining wetting of
powders in surfactant solutions due to surfactant depletion (through adsorp-
tion at the solid) effects at the liquid/gas interface.

Some investigators have used indirect methods, such as bubble pick-up [11],
induction times [12], calorimetry [13,14), etc., to assess wetting characteristics _
of powders.

In this paper we have used a modified Walker technique to determine the
rate of wetting of an assemblage of coal particles. In addition, we have devel-
oped a new technique of imbibition time measurements to determine wetting
characteristics of individual particles in surfactant solutions. These tech-
niques are discussed in the paragraphs that follow.

THE WETTING RATE — MODIFIED WALKER TECHNIQUE
The difficulties associated with measurement of wetting rate of powders were
discussed in the previous section. Therefore, we have introduced yet another

modification to the Walker method of assessing wettability in surfactant solu-
tions. The amount of coal imbibed into the liquid, and hence wetted, was mea-
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sured by placing the pan of & Cahn electrobalance beneath the liquid surface.
The wetting rates were determined from measurements of the amount of coal
wetted as a function of time. Preliminary experiments showed that the wetting
rate decreased gradually with time; a similar observation was made by Zeller
(15]. This is perhaps the reason why some investigators have used somewhat
arbitrary definitions of times at which wetting is considered to have occurred.
Because of the dependence of wetting rate on time, we have used initial wetting
rates to compare the wetting behavior of coals in different surfactant solutions.

IMBIBITION TIME

For a highly heterogeneous substance like coal, the use of an averaged
parameter to represent wetting characteristics is not very satisfactory and could
in fact be misleading as shown later in this paper. Accordingly, a new technique
to determine coal wettability was developed. In this technique, the imbibition
time (?), defined as the time between the instant the particle first impacts at
the liquid-gas interface and the instant when the particle detaches from the
interface, is measured. Totally hydrophilic particles pass directly into the lig-
uid phase, the only impeding force to their passage being the fluid drag force
experienced by the particle as it enters a dense phase. Totally hydrophobic
particles make contact with the liquid, lose their kinetic energy and remain at
the interface and are not imbibed. Particles with intermediate wetting behav-
ior may remain at the interface until the movement of the three-phase contact
completely engulfs the particle and the particle sinks.

The downward velocity of a particle as it passes through a gas/liquid inter-
face is schematically shown in Fig. 1 for three kinds of particles. One may
consider that the particle impacts the liquid surface with a velocity equal to its
terminal settling velocity in air, (v,),;. Type | particles are the particles which
are completely wetted by the liquid. The time at which such a particle is com-
pletely imbibed into the liquid is shown by a vertical arrow corresponding to
an imbibition time of 2.. The particle in this case can enter the liquid at a
velocity greater than the terminal settling velocity of the paricle in the liquid,
(Uehiquia- The quantity 2. is expected to depend on the kinetic energy of the
particle at the time of impact at the gas/liquid interface. Type II particles are
the completely hydrophobic particles which are not wetted by the liquid. These
particles lose their kinetic energy after impact and remain at the interface.
Type III particles are the particles with intermediate wettability which are
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Fig. 1. Velocity of a particle passing through a gas-liquid interface versus time,
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imbibed through gradual movement of the three-phase perimeter. The move-
ment of the perimeter depends upon factors such as the adsorption of surfac-
tants at various interfaces and the magnitude of interfacial tensions,

Although an induction time, 7, can be defined to represent the time for which
the particle remains at the interface after impact occurs and before imbibition
starts, as defined by some investigatora (12], experimental determination of
this parameter is difficult. Since a hydrophilic particle of diameter 200 um is
imbibed in about 0.5 ms, the difference between # and tis expected to be of the
order 1 ms or less. The experimental values of in coals/surfactant systems
are in the range of 0.02-200 s. Therefore, imbibition times may be taken as a
reasonable measure of induction times.

EXPERIMENTAL METHODS AND MATERIALS

The wetting rates were determined by measuring the amount of coal wetted
as a function of time. The weight of coa] wetted was measured by placing the
pan of a recording electrobalance, Model Cahn 2000, beneath the surface of
the liquid. The required amount of coal sample, typically 50 mg, was placed at
the interface with a vibro-feeder. The feeder was held over the surface of the
solution at a constant height of 1 cm. The initial wetting rate was determined
from the plot of the weight of coal immersed versus time. An average of at least
four experiments was taken as the initial wetting rate. The coefficient of var-
iation in these experiments was less than 0.08,

A Spin Physics Model SP2000 High Speed Motion Analysis Systerm was
used to photograph the sequence of events during imbibition of particles into
various solutions. The system is capable of recording images up to 12000
frames/s. Therefore, motion taking place at intervals of 0.083 ms can easily be
distinguished. Imbibition times, as defined in the previous section, were deter-
mined from the recorded tape of events. The liquid was placed in a 1 cm wide
spectrophotometer cell. Individual coal particles were dropped onto the liquid
surface from a height of about 23 cm through a disposable pipet. The pipet
ensured that the particles fall onto the specified viewing area, and also ensured
by its length that all particles has the same kinetic energy before impinging on
the liquid. The imbibition time was measured from the instant the particle
appeared at the interface to the instant it detached from the liquid interface.
To obtain the distribution of imbibition times approximately 75-100 particles
were observed.

A hand-sorted sample of + 2 in quartz was crushed and the + 28 mesh frac-
tion was acid leached and washed with distilled water until there was no change
in pH of the wash water. The +28 mesh quartz was then wet ground in a
porcelain ball mill. The material was dried at room temperature and stored in
a dessicator until use,

The three coal samples used in this investigation were: 8 HVA-bituminous
coal from the Upper Freeport seam obtained from the Penn State Data Bank
{PSOC 1361p), a sub-bituminous A coal from Wyoming also obtained from the
Penn State Data Bank (PSOC 512), and an anthracite sample obtained from
Reading, PA. The proximate and uitimate analysis of these sample are given
in Table 1. The coal samples were crushed and screened to obtain a 250 X 150
um fraction which were used for wetting tests. The coal samples were stored
in a dessicator at all times. Methanol and NaCl used were obtained as Bakers
Analyzed Reagents. The surfactant Triton N-101 (a polyethoxylated nonyl-
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phenol with an HLB of 13.4) was obtained from Rohm & Haas. Distilled water
from a tin-lined still of specific resistivity greater than 2 Mohm was used in ail
the experiments conducted at 25°C.

RESULTS AND DISCUSSION

Wetting Rates

The initial wetting rates for coal as determined by the modified Walker tech-
nique are given as a function of surfactant concentration in Fig. 2. For Triton

TABLE 1

Proximate and uitimate analysis of coal samples

HVA-bit- Sub-bit- Anthracite
uminous uminous
H,0 3.2% 10.24% 15%
Proximate analysis
(Dry basis%)
Ash 8.47 6.64 8.2
M 38.18 40.00 5.3
FC 53.37 53.36 88.4
Uitimate analysis
(DAT basis%)
C 81.94 75.42 943
H 5.70 5.15 2.3
N 1.54 0.84 0.9
) 2,12 0.35 0.6
8] 8.7 18.22 1.9
Cl - 0.02 -

N-101, the largest wetting rates are observed for HVA-bituminous coal fol-
lowed by anthracite and sub-bituminous coals. The results show that below
approximately 10-5 M surfactant concentration the wetting rate is zero. The
surface tension of Triton N-101 at this limiting concentration was observed to
be 40 dyn ¢cm~'. The close similarity of this surface tension and the critical
surface tension of wetting of coals reported by Parekh and Aplan {16] is coin-
cidental, however. We expect that the limiting surfactant concentration for
zero wetting rate or the corresponding limiting surface tension will be depend-
ent upon the surfactant type due to adsorption at the coal/surfactant solution
interface. The significance of adsorption at the coal/solution interface was.
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Fig. 2. Initial wetting rate for a HVA-bituminous (0}, an anthracite (&), and a sub-bituminous
(Q) coal in aqueous solutions of Triton N-101. The vertical arrow represents the concentration
at which imbibition time measurements were made.
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Fig. 3. Imbibition times for a wet ground quartz in aqueous 2x 10~ M NaCl {[J) and a HVA-
bituminous coal in a 60 val. % methanol-water mixture {A).

discussed by Glanville and Wightman [17]. Our studies also show that the
adsorption at the coal/water interface is a strong function of coal rank and
surfactant type [18). Due to the scatter in the data in Fig. 2, no definite con-
clusions can be drawn regarding the effect of micelle formation at concentra-
tion exceeding the CMC, 3.5 10-% M.

Imbibition times

The imbibition times for a HVA-bituminous coal in a 60% methanol-water
mixture are given in Fig. 3. The methanol-water mixture was used because the
wetting rate measurements, presented in Fig. 1, show that coal particles require
& surface tension of the liquid to be (approximately) less than 35 dyn em !
before they can be wetted. Similar cbhservations were made by other investi-
gators working with different coals [6,8]. For comparison with a hydrophilic
material, times for imbibition of quartz in 2 x 103 M NaCl are also given in
Fig. 8. Quartz being a relatively homogeneous hydrophilic solid gives a very
sharp peak on the frequency plot in Fig. 3. The total distance moved by a
particle for it to be completely imbibed, after initial contact with the liquid
surface, is equal to its diameter which is about 200 um for the particles inves-
tigated. The time required for the particle to move this distance in air at its
terminal settling velocity is about 0.00016 s and, similarly, the time required
for the particle to move the same distance in water at its terminal settling
velocity is about 0.0082 s. The mode of the imbibition time distribution plot
for quartz in Fig. 4 is 0.0005 s which lies in between the two limits defined
above. These results may be interpreted to mean that the quartz particle expe-
riences an increased drag force immediately after impacting the liquid surface.
The mode of the distribution time for quartz is less than /0.00820.00016
which is interpreted to mean that the particle enters the liquid phase at a veloc-
ity greater than the terminal settling velocity of the particle in the liquid. Direct
measurements of the velocities of a quartz particle after having been imbibed
into the liquid confirm this to be true.

The imbibition behavior of coal particles is quite different, however, Within
the same coal sample, a large variation in imbibition times is observed. This
was the reason for plotting the imbibition time data in Fig. 3 with times on a
logarithmic scale. In this figure time intervals on ,/2 scale were used with the
geometric mean of the interval as the imbibition time of the interval. The wide
distribution in imbibition times is considered to reflect the heterogeneous nature
of the coal surface. Several investigators have suggested that coal surfaces con-
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Fig. 4. Cumulative imbibition times for a wet ground quartz in aqueous 2 x 10~ M NaCl ((3) and
a HVA-bituminous coal in & 60 vol. % methanol-water mixture (a)

sist of a variety of hydrophilic and hydrophobic sites, but no techniques are
available to quantitatively determine their relative proportions. We propose
that the imbibition time distribution curves provide a means to assess the het-
erogeneities in wetting properties of coal. The trimodal distribution shown in
Fig. 3 suggests that this coal can be considered to consists of three kinds of
particles — a fast sinking fraction (least hydrophobic}), a slow sinking fraction
(most hydrophobic), and an intermediate fraction. The fast sinking fraction is
most hydrophilic and its imbibition times in 0% methanol-water mixture are
comparable to the imbibition times for quartz in 2 103 M NaCL That is, the
driving force to wet the fast sinking fraction of coal in 60% methanol-water
mixture is comparable to the driving force to wet quartz in 2 10~? M NaCl.
The slow sinking fraction represents a very hydrophobic set of particles. Highly
hydrophobic particles of certain coal macerals with a water contact angle of
about 120° have been measured by Aplan and associates in recent studies at
The Pennsylvania State University [19]. The particles with intermediate set
of imbibition times could either represent locked particles or particles of inter-
mediate wettability. Additional studies are being conducted to further char-
acterize the three coal fractions.

The imbibition time data for quartz and coal are also plotted as cumulative
percent of particles imbibed as a function of time on the logarithmic scale, Fig.
4. The relative proportions of fast-sinking, slow-sinking and intermediate frac-
tions can be easily determined from such plots. The slope of the curves in Fig.
4 can be taken as a measure of the degree of homogeneity in the system. A large
slope implies that the system is homogerieous as was observed for quartz and
a small slope is an indication of a heterogeneous system as observed for coal.
Both physical and chemical heterogeneities are expected to affect the imbibi-
tion time. Since crushed quartz with irregular shaped particles gave imbibition
times in a narrow range, we believe that chemical heterogeneities predomi-
nantly contribute to the large variation in imbibition times for coal.

The cumulative imbibition time plots for wetting of three different coals in
4X107* M Triton N-101 are given in Fig. 5. This concentration is marked by
a vertical arrow in Fig. 2 from which wetting rates can be obtained, A direct
correlation between imbibition times and wetting rates is observed. The imbi-
bition times for the sub-bituminous coal are several orders of magnitude greater
than the HVA-bituminous coal indicating a very high sensitivity of these
mesasurements,

A unimodal cumulative imbibition time curve can be conveniently described
by two parameters: ¢soand g. The time parameter, ¢, is defined such that 50%
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of the particles are imbibed in a time less than ¢, (the remaining 50% imbibing
at times greater than £5). The homogeneity index, ¢, which is equal to the slope
of the cumulative imbibition time curve at t,, is a measure of the homogeneity
of the sample; a large slope is indicative of a homogeneous sample whereas a
small slope can be considered to represent a heterogeneous sample. As stated
before, both chemical and physical heterogeneities may contribute to the
homogeneity index. For polymodal distributions, a set of ty, and o values are
needed to describe the wetting behavior of the coal. The data in Figs 4 and 5
were used to calculate the ¢, and o values for various coals in different solu-
tions and the calculated values are listed in Table 2. The results clearly show
that coals consist of a mixture of particles which differ in their wetting behav-
ior. The large value of & for quartz suggests that the sample is fairly homoge-
neous in its wetting behavior even though the crushed particles were irregular

104,

CUM. PAATICLES IMBIBED, X °

it wt w w w‘ w?
TIME, set

Fig. 3. Cumulative imbibition times for a HVA-Bituminous {[]), an anthracite (A), and a sub-

bituminous (O) coal in a 4 X 10~* M solution of Triton N-101.

TABLE 2

The time parameter, &,,, and the homogeneity index, o, for various coals in different solutions

System Lo (8) o Type of
distribution
Quartz/water 0.0005 6.42 Unimodal
HVA-bit./60% methanol 0.0009 5.5 Trimodal
0.0021 1.71
0.0600 1.35
HVA-bit./N-101 0.118 102 Bimodal
35.7 1.87
Anthracite/N-101 0.71 0.635 Bimodal
Sub-bit./N-101 0.33 0.81 Bimodal
98.5 0.67

in shape. A fraction of the HVA-bituminous coal is readily wetted by 60%
methanol-water solution (ts, = 0.0009 s, ¢ =5.5) whereas the remainder two
fractions have longer ¢, and smaller o values. The change in {5, and ¢ in sur-
factant solutions is due to specific coal-surfactant interactions.

SUMMARY

A new technique to determine wettability of powders is presented in this
paper. In this technique the times for imbibition of particles from air into lig-
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uids are measured. The imbibition times for hydrophilic particles are of the
order of half a millisecond whereas they are several orders of magnitude higher
(ranging from 0.02 to 200 s or more) for hydrophobic coal particles. The imbi-
bition times depend upon surfactant concentration and coal type which is not
surprising because wetting is a three-phase phenomena. The most convenient
way to represent the data is to plot cumulative percent particles imbibed as a
function of time plotted on a logarithmic scale. The wetting behavior for a
solid-surfactant system can be represented by two parameters. One is a time
parmeter, ¢s,, which is defined such that 50% of the particles are imbibed in a
time less than ¢5, and the second is a homogeneity index, o, which is equal to
the slope of the cumulative imbibition time curve at t5,. The wetting charac-
teristics of a mixture of particles can be described by a set of such parameters,
one set to represent each component in the mixture.
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Estimation of Particle Size Distributions Using Pipet-

Withdrawal Centrifuges

T. H. Dumm and R. Hogg
Mineral Processing Section

Department of Minera! Engineering, The
Pennsylvania State University

Abstract

The mathematical treatments used in the evaluation of particle
size distribution from pipet-withdrawal centrifuge data are
reviewed. An error in the published procedure for multiple-
sample withdrawal systems is pointed out and z corrected for-
mulation is presented. An alternative treatment, based on &
piece.wise lincarization of the size distribution is described.
Computer simulations of the analytical and data evaluation pro-
cedures indicate that the errors in the original formulation are
not generally serious and that the corrected and alternative pro-
cedures lead to very similar estimates. Except for some cases in-
volving very narrow size distributions, the alternative approach
appears to give slightly closer estimates of the size distribution.
Comparisons based on actual experimental data are also
described.

1 Introduction

Sedimentation methods are widely used for the determination of
particle size distributions. The procedures are relatively simpie
to use and the results are essentially absolute, requiring no exter-
nal calibration. Gravity sedimentation is typically applicable to
particles in the size range of about | to 50 pm and generally in-
volves measurement of the relative concentration of particles as
a function of depth and time in a dilute suspension. Particle size
is calculated using Stokes' law:

h Apgx?
T — A — 1
v=— 184 {1

Gravity sedimentation is limited, in the fine sizes, by the increas-
ing importance of random, Brownian motion and by the ex-
cessively long settling times involved [{, 2]. The limiting size can
be extended almost indefinitely through the use of centrifuges,
but this introduces two additional complications in the analysis
of data. In the first place, the force acting on the particles is no
longer constant, but varies with distance from the center of rota-

* T FE Dumm, Ph. D. Candidate in Minersl Processing, R. Hogg. Pro-
fessor of Minerai Processing, The Pennsylvania State University,
Departinent of Mineral Engineering, University Park, PA 18802

(USA).

tion of the centrifuge, i.c. with distance settled. Secondly, the
settling is no longer unidimensional since particles move radiaily
away from the center of rotation. This leads to dilution of the
suspension at a fixed position, even lor particles with identical
settling velocities.

For centrifugal sedimentation, Eq. (1) must be replaced by:

dr Aprwtix?
M TR T @

The relative concentration at position, r; and time, ¢, is given by:

Am
chn _ ] fdx
< yx

auw =

(3)

{f(x)dx is the mass fraction of particles in the size interval x to
X + dx). Kamack [3] presented an approximate procedure for
solving the integral equation.

Pipet withdrawal systems offer a simple, practical means for
determining particle concentrations in settling suspensions and
form the basis for the well-established Andreasen pipet used in
gravity sedimentation. Allen and Svarovsky [4] have developed a
disk centrifuge with pipet withdrawal which can be used for size
analysis down to about 0.01 pm. Since the withdrawal of suspen-
sion also leads to motion of the particles remaining in the cen-
trifuge, the analysis is complicated still further when this techni-
que is applied. The Kamack treatment can be applied up to the
time of the first sample withdrawal and a complete size analysis
can be obtained by repeating the procedure with a series of
separate samples. Obviously, however, this is an inefficient and
time-consuming process. Alfen and Svarovsky [1, 4) have modi-
fied the Kamack procedure to allow for multiple sample with-
drawals. Unfortunately, their treatment contains an error in the
estimation of the dilution factors y (x).

The purpose of this paper is to present a corrected version of the
Allen/Svarovsky treatment as well as an alternative procedure
for solving Eq. (3} for multiple withdrawal systems, Computer
simulations are used to compare the results obtained using the
different approaches. Some examples of their application to the
analysis of fine powders arc also given.
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2 Theory .
2.1 Calculation of Particle Size

Integration of Eq. {2) ltom the surface of the suspension to the
sampling location leads to

InR/S
1 TN 5
* kit %)

where R and 5, are the distances from the center of rotation to
the sampling position and the suspension surface respectively, k
ts a constant given by

Apwl
= Tk (6)

For a single withdrawal at time, 1, Eq. (5) defines the size of the
largest particle in the sample,

In the case of multiple sample withdrawals, a particle of size, x;,
will fall an additional distance, Az, due to sample withdrawal
al time, &, Allert and Svarovsky showed that this can be taken
into account using a modified form of Eq. 5, i.e,

BN -1
X = = In(rss,) 1 l(u + —‘93‘1-) ] ™
k1 =i i
with
Syexp (x21,k) j=1
zf = -1 ' (8)
' S,exp (k) [1 (I + -ei') l<j<i
I=? il

S, denotes the initial Jocation of the suspension sutface. For a
disk centrifuge of thickness, &

v
Az (2 %+ Az = H ]

where V' is the volume of suspension extracted at each with-
drawal. Egs. (7), (8) and (9) can be solved iteratively to give the
set of maximum particle sizes corresponding to the different
sampling times,

2.2 Particle Size Distribution

To evaluate the distribution of particle sizes from measurements
of the relative concentration, Q{r), it is necessary to solve the in-
tegral equation, Eq. (3), Kamack 3] used an inverted form of the
equation:

o
Fixy = | ydQ (10

and described an approximate numerical scheme for evaluating
the integral. In the absence of intermediate sample wilthdrawals,
the dilution factor y (x) can be calculated from

rix) = [R/S(0)? )
where S(x) is the initial radial location of a particle of size, x,

149

which is in the sampling zone at time, 1. It follows from Eqs. (5)
and (11) that

yix) = g, (12)

For the largest particle (size x,,) in the sampling zone, § is equal
to §,, the location of the surface of the suspension, and

Yxn) = (R/5,)? = ¢4 a3
so that
Yix) = (R/S,)Hxmmit (14)

Either Eq. (12) or Eg. (14) can be used in the solution of Eq. (10).
Kanack's analysis leads to the following expression for the mass
fraction finer than size x,:

Flgy = 1712y, - Yio1s) &

=0 [ ) .
+ Y + yn—l.i _ i + yl-l.l ]F(xj) (}5)
LYt Yy Yt X
in which
Yy = (RIS 16

and the x; and x; are obtained from the appropriate substitu-
tions into Eq, (5). i = | refers to the sample extracted after the
longest time.

For the case of multiple sample withdrawals, Affen and Svarov-
sky [4] replaced 5, in Eq. (16) by §,, the location of the suspen-
sion surface immediately prior to the i-th extraction. S, can be
calculated from

i 12
5 = [_*‘—“,,2 V. sg] an

Unfortunately, this substitution is incorrect since the dizplace-
ment of a particle due to sample withdrawal depends on its loca-
tion at the time ol withdrawal. The use of 5, in Eq. {16) implics
that all particles are displaced equaily, regardiess of their actual
position.

A correct procedure for evaluating the dilution factors, Yip is to
use a form of Eq. (12), i.e.

¥y = ety 8

with x; values calculated from Eq. (7). The Allen/Svarovsky ap-
proach implies the use of Eq. (5) which is not valid for multiple
withdrawal systems.

2.3 An Alternative Procedure for Evaluating the Particle Size
Distribution

Eq. (15) was obtained through the use of the trapezoid rule for
numerical integration of Eq. (10). An alternative approach is to
integrate Eq. (3} directly by making simplifying assumptions
about the form of the cumulative size distribution, F(x).

IF it is assumed that F(x) is approximately lincar between suc-
cessive measurerent sizes X)

Fix) = gx + bj Xi_) S X <X {19
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where a,and b; are constants. From the definition of the density
function

dF
Slx) = W
X

=4q Xi_i Sx¥=x. 20y

From Eqgs. (3) and (i8),

Q= fe - Nf(x)dx @

O e i

after substitution Irom Eq. (209,

X X3
Q=afeidyx 4 g [ e ™udy

o« N

bobg | etMugy (22)

Tie

or

Y

i x i1 .
C=Xg l] e Mgy — I[ e~ gy (23)

=1 o o

with x, equal to zero by definition,
The integrals in Eq. (23) can be expressed in terms of the Gaus-
sian error function leading to

o 12
0 =172 (?;;'-) E' #(E; ~ Ei,j—?) (24)
with

By = el [x(2kr)"Y . 25
From Eq. (19,

PR a9

IT Eq. (26) is applied to the final term (f = #) in the summation
in Eg. (24), the latter can be rearranged to give

_ x - xi‘l T 14 &
Fix) = F(x_) + (Eu ~E,., ) l(zm,) 2

it :
- ¥ q(E; - Eij—l]] . 27
i=1 ;

Given experimental values of Q{¢), the values of x, cotrespon-
ding to each §; and ¢, can be calculated using Egs. (7), (8) and
{9). Eq. (27) can then be used to obtain successive values of
F(x), starting from the smallest size, x, .

3 Simuiation Studies

The procedures described above for evaluvating particle size
distributions using pipet withdrawal centrifuges have been
evaluated and compared by means of a simulation procedurs,

For a known size distribution, F(x), values of Q; can be
calculated by integration of Eq. (21), leading to a set of simulated
experimental data. These, in turn, can be used to regenerate the
size distribution. “omparison of the input and regenerated size
distribuiions pro-.des a direct measure of the error, etc. in-
troduced by the interpretation procedures.

A similar procedure can be applied to real data where the true
size distribution is not known. In this case, the calculated
distributions can be used to regenerate the O, values by

numerical integration of Eq. (21). Comparison of the-

regenerated (), values with the actual experimental data provides
& check on the internal consistency of the calculations used io
determine the size distribution.
Simulations were carried out using a variety of input size
distributions based on the Schubmann, Rosin-Rammier, and
log-normal forms. For numerical integration of Eg. (21) 1o
regenerate the ; values a one-dimensional, quasi-cubic hermite
interpolation was performed on the calculated F; values. The
spline coefficients calculated from this procedure were used to
determine the derivative of F(x} with respect to x using a cubic-
spline, first-derivative evaluator. For each withdrawal time 4,
the derivatives of F(x,) were substituted into Eq. (21). New
spline coefficients were determined for each integrand expres-
sion at each time 1, and integration was carried out using a cubic
spline quadrature.
Calcultated size distributions were obtained using;
a) the original Aflen/Svarovsky modification of the Kernack
analysis using Eqs. (15), {16) and (17) - designated {4/5)
b) the corrected Affen/Svarovsky method using Eqgs. (15) and
(18) - designated (A/5),,
c) the aliernative method based on Eq. (27) - designated ALT,
Particles sizes were calculated using Eqs. (7), (8) and (9} in all
cases,
The simulations were performed so as to correspond to sedimen-
tation at 750 rpm in z disk centrifuge of diameter 16 cm and
depth 1.02 em containing 150 mk of a dilute suspension. The
sample volume was 10 m! and the value of the constant, &, was
about 1.6 x 10° cm~2 sec~" in all cases. The calculated sizes
correspond to sampling times of 2, 4, 8, 16, 32, 64 and 128
minutes.
A typical result, for a Rosin-Rammler size distribution with
k, = 2 pm and exponent m = 0.8, is shown in Table 1. It is clear
that all three approaches provide estimates of the size distribu-
tien which agree closely with the ““true” values. The etror in the
original Aflen/Svarovsky treatment does not lead to serious er-
rors in the results and the Kamack and alternative procedures for
solving the integral equation lead to very similar estimates. The
comparison can be simplified by computing the sums of squares
of differences between the actual and estimated values of F(x)
and the simulated and regenerated values of (3. These are given
as S5 and 55, respectively in Table I. On this basis, it appears
that the alternative approach (Eq. 27) is in slightly closer agree-
mient with the true values than those based on the Kamack wreat-
ment, for this particular case. [t should be emphasized, however,
that the differences are small in all cases and would probably be
within experimental etror in a real measurement,
Similar simulations have been carried out using a broad range of
the distribution parameters corresponding from very narrow to
very broad distributions. The results are summarized in Tables 2,
3 and 4 using the S5, and SS,; criteria. For the majority of the
cases studicd, the alternative approach, Eq. (27), appears (o pro-
vide the closest estimates of the actual distribution and 1o be the
most self-consistent in regenerating the “experimental”
values. Exceptions are found for the very narrow Schuhmann
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Table 1: Comparison of estimated size distributions from simulated pipet centrifuge

data for a Rosin-Rammier size distribution witk A, = 2um, m = 0.8,

Particle Percent Finer F(x,} Relative Concentration Q.
Size x, True Estimated Simui2ied Regenerated
fum) (A/8) |AsS),, ALT (A/8) (AsS),.,, ALT
1.67 57.8 59.3 8.8 58.0 47.5 48.3 48.) 41.7 b
1.12 46.6 46.9 7.4 46.7 3.4 38.6 1%.0 185
0.73 360 2361 16.6 36.2 3ot 0.2 30.6 0.2
0.47 2.1 210 27.4 27.1 23] 231 215 214
0.30 198 198 20.1 19.8 17.2 17.4 17.6 17.3
0.19 M2 144 14.5 14.2 2.6 13.0 13.1 12.7
0.12 9.9 106 10.8 10.0 9.0 9.7 9.9 9.1
55 = 298 108 0.08 SSQ = L37 2.75 0.07

Table 2: Comparison of size distribution estimation procedures for
simulaied Schubmann size distributions:

ro- ()

withk = 2 um .

Deviations in Size
Distribution
a Estimate, 55,

Deviations in Regenerated
Relative Concentration, 55,
(4/5)  (A/8),, ALT

(A/8)  (A/S), ALT
5 0.47 0.24 416 0.05 0.04 117
4 1.46 0.85 313 009 0.18 1.06
3 3.69 2.4 247 0.58 0.60 08
2 718 4.66 677 .34 1.63 0.32
I 8.27 6.25 0.00 205 347 0.00
09  R00 6.29 001 220 184 0.01
08  7.75 6.52 0.03 252 465 0.03
0.7 7.9 .07 0.0t  3.08 5.86 0.1

0.5 12.33 11.40 0.51 1.85 11.98 0.57
0.3 20.92 29.20 2.3 124 13.%0 lod
0.1 10.20 34428 [2.10  70.04 353.07 14.68

Table 3: Comparison of size distribution estimation procedures for
simulated Rosin-Rammler distributions:

o= 6]

with ¥ = 2 pm.

Deviations in Size Distribution  Deviations in Regenerated
m Estimate, 55, Retative Concentration, 35,
(A4/85) (A/8), ALT (A/5) {A/S),,, ALT

0.46 0.26 2.35 0.06 0.05 0.62
1.3 0.50 1.66 0.20 0.18 0.51
292 1.84 0.1 0.49 0.52 0.29
4.45 los 0.06 0.92 1.2t 0.04
I .38 2.88 0.06 0.99 1.90 0.03
0.9 ENE 288 0.08 1.12 2.24 0.03
0.8 298 3.05 0.08 1.37 2,75 0.07
0.7 14 3.68 0.14 1.93 in 0.13
0.5 3.26 7.32 0.48 b3 B.76 0.54
0.3 13.54 19.13 1.92 15.5% 22.08 .34
0.1 3562, 4aEs4 6.43 e 3095 mmn

[ LT R Sy

and Rosin-Rammler distributions (large a or my}. For such cases, '

it appears that the Kemack integration procedure provides the
better estimates and shows better internal consisteacy. For some
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Table 4: Comparison of size distribution estimation procedures for
simulated log-normal distributions:

Inx — Inx,
Fix) = I/2H + el P —
V2 Ino

with x4 = 2pm.

Deviations in Size Distribution  Deviations in Regenerated

P Estimate, S5, Relative Concentration, §.
(A/5)  (A/8)y, ALT (A/5) (4/8),, ALT
1.2 4582  27.69 1295 781 B.93 1.88
14 2999 2171 350 6.2 1.95 0.71
1.6 2170 15.90 1.9 485 6.90 0.39
18 1711 12.73 1.57 40 5.8% 0.34
20 2.1 9.46 0.86 108 4.86 0.24
0 5 4.72 0.36 L.50 .04 019
4.0 342 34 0.23 1.06 1.52 0.13
6.0 266 k41 0.14 L.y id - 0.0
8.0 2.87 3.87 0.15 .12 4.26 0.14
100 3.41 4.81 0.2 2w 531 0.12
20.0 9.712 14,41 L1 11.29 19.87 1.38

reason, this does not seem to apply to the very narrow log nor-
mal distributions (small o).

It should be noted that it is quite common for sither of these pro-
cedures to yield F{x;) estimates greater than 100 percent for the
coarsest sizes (where the true F{x) values are very close to 100
percent). This is a consequence of the linear approximations
made in both integration procedures. This occurrence, however,
does not affect the smaller F{x) values and any apparent values
greater than 100 percent can be taken to be 100 percent.

4 Experimental Studies
4.1 Methods and Materials

Samples of nominally ~10 wm coal (density 1.38 g/cm?), quartz
(density 2.65 g/cm*) and kaolin clay (density 2.65 g/cm?) have
been analyzed using a LADAL pipet centrifuge [3, 4].
Measurements were carried out using the manufacturer’s recom-
mended procedure. Since it waa generally necessary to use
dispersants, wetting agents etc, in order to obtain complete
dispersion of the powders in water, it was found that membrane
filtration of the samples taken from the centrifuge provided
more reliable concentration data than the more commonly used
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evaporation procedure. Nuclepoye filters, 25 mm diameter,
0.4 pm pore size were used. The low tare weight of the filters
fzbout 4 mg) led to greater sensitivity in the measurements allow-

- very low solids concentrations fo be used in the centrifuge
{(about 0.1 weight percent), elfectively eliminating hindered sett)-
ing problems. Corrections for residual dispersant were un-

necessary since the solids could be thoroughly washed prior to
drying and weighing. Because the filter substrates are
hydrophobic, they do not absorb ambient moisture and require
Ao desiceation before weighing, Following filtration, the filtrate
was checked for clarity and, if necessary refiltered through the
particle bed which had built up on the membrane.

Table 5: Experimeniat size disiributions lrom the LADAL pipet centrifuge.

internal radius: §0cm

sampling radius: 7.0 cm

depth of bowl: 1.02 cm

sample volume: 144 em”* (13.91 emi? Tor coal)
speed; 885 rpm

inyial suspension

volume: 150 cm?

liquid viscosity:

Solid Sampling Particle
Time, 1, Size, x;
{min.) {um)
Coal 2 4.63
4 107
(=138 8 1.98
g/cm’) 16 1.25
2 0.77
64 0.47
128 0.27
Clay 2 .22
4 V.48
{p = 2.6 8 0.96
g/em¥) 16 0.61
n 0.38
64 0.23
128 0.14
Quariz 1 il4
2 .09
(@ = 2.65 4 1.35
g/om¥) ] 0.86
16 . 0.54
2 0.7)

Relative Concentration, Q,

(.89 centipoise

Weight Percent

{Percent) Finer
Measured Regenerated
(A/8) o, ALT (A/S) o ALT

57.3 8.8 5.0 85.6 8.0
14.2 5.1 4.5 47k 46.9
20,9 2l.4 21.2 286 28.2
i1.0 3] Il 14.0 14.0
5.5 5.6 56 6.4 6.4
34 s 15 18 1.8
2.0 21 2.0 22 2.2

SSQ = 3.35 0.21
57.1 58.1 51.5 61.9 67.4
48.3 49.2 48.5 59.7 54.8
17.7 38.3 37.7 459 45,2
28.1 28.5 28.2 n.7 x5
22,2 226 223 27.0 26.5
12.2 12.5 12.2 14.0 1.7
1.5 1.9 1.5 8.6 8.2

88y = 214 0.22
.7 2.6 118 48.4 46.8
18.2 18.7 18.2 26.6 25.8
10.3 10.6 10.3 4.8 14.4
4.9 5.0 4.9 6.8 6.6
1.9 1.9 1.8 2.4 1.3
0.84 0.89 0.81 i.0 0.94

58, = 1.16 0.05

Table 6:  Pipel centrifuge data of Affen [1] for zinc oxide particle (density 5.60 g/cm ) conditions as in Table $
except sample volume = 10.0 cm?, centrifuge speed = 750 rpm, and liquid viscosity = 0.01 poise.

Solid Sampling Parlicle
Time, ¢ Size, x,
{min.} (pm)
Zinc Oxide 2 1.66
4 LIl
=56 8 0.73
g/cm?) 16 0.47
kY 0.30
64 0.19
128 0.12

Relative Concentration, Q,

Weight Percent

(Percent) Finer
Measured Regenerated
(A/8) oy ALT (A/S) o ALT
9.1 939 93.8 100.0 100.0
81.2 B8.3 §3.0 100.0 100.0
71.0 78.3 7.8 100.0 1000
$0.2 51.3 50.1 69.8 68.2.
23.0 23.4 228 1.9 i
5.2 6.1 59 8.1 . 7.9
1.2 1.1 0.96 1.4 13
$5q = 4.9 1.97
152
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4.2 Resuits and Discussion

The results of the pipet centrifuge analyses are shown in Table §
and Figure 1. The aiternative cafculation procedures (Eqs. 15 and
27) are compared in Table 5. As was the case for the simulations
described above, it appears that the (wo approaches lead 1o very
similar results but that Eq. (27} is slightly more seif-consistent on
the basis of the relative concentrations regenerated from the
calculated size distributions. For completeness the same analyses
have been applied to data for zinc oxide powder published by
Atlen [1]. The results, shown in Table 6, are in good agreement
with those in Table §.

The reproducibility of the pipet sedimentation technigue has
been evaluated by replicate measturements on the coal sample,
The results are given in Table 7 and show excellent
reproducibility, with standard deviations typically of the order
of one or two percent.
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Fig. I: Particle size distributions for coal, clay and quariz measured by

pipet centrifuge. Gravity sedimentation (Andreasen pipet) data for coal
are included for comparison,

Table 7:  Reproducibility of LADAL pipet centrifuge analyses.

Cumulative Weight Percent Finer

§ Conclusions

The pipet-withdrawal centrifuge technique, as desctribed by
Alien and Svarovsky |1, 4] is a highly reproducible, relizble, ab-
solute method for fine particle size analysis in the 0.1 to 10 pm
range. When correctly applied, the computation procedure
originally suggested by Kamack [3] and modified by A#len and
Svarovsky (4] provides very good estimates of particle size
distribution from pipet centrifuge data. An alternative pro-
cedure, described in this paper, gives very similar agreement in
simulation studies and appears to be slightly superior for broad
size distributions. The corrected Allen/Svarovsky treatment may
be superior for some kinds of very narrow distributions, A
mathematical procedure for regenerating the measured relative
concenirations from the calculated size distribution can provide
a useful check on the self-consistency of the resuits and com-
putations,
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7 Symbols and Abbreviations

. Standard
Size, pm 1 2 3 Avg. Deviation
463 84.6 82.3 814 828 1.7
3.05 49.0 461 43.8 46.5 2.6

. 1.94 274 27.7 282 278 0.4

i 1.21 12,5 13.4 143 1.7 0.5
0.73 6.2 47 7.9 6.3 1.6
0.43 3.5 40 - 1.8 0.4

The particle size distributions are compared directly in Figure 1.
The data for coal have been extended into the coarser size range
using gravity sedimentation in an Andreasen pipet. The excellent
agreement between the two methods in the overlap region (I to
5 pm) provides further confirmation of the reliability of the
pipet centrifuge technique for fine particle size analysis. Chung
and Hogg [2] have shown similar agreement for kaclin clay.
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ALT procedure, based on Eq. (27), for estimating size
distributions from pipet centriluge data

A/S Allen/Svarovsky procedure (Eqs. 15 and 16) for
estimating size distributions from pipet cenirifuge
data

(A/5)e  corrected Allen/Svarovsky procedure (Eqs. 15 and
18)

a constant in Eq. (19); approximate value for the parti-
cle size density, function in the j-th size interval
L'

b, . constant in Eq. (19) [-]

c solids concentration [ML ]

< initia) solids concentration [ML -]

E; the quantity: erf [x{244)'?] [-)

f(x) particle size density function {L ']

Fix) particie size distribution function [-]

2 acceieration due to gravity [LT ~3)

h sedimentation depth (L}

H thickness of disk centrifuge bowl [L]

k sedimentation constant defined by Eq. (6)
[L-*r-

Q relative solids concentration {cic,) -]

Q relative concentration in the i-th sample [-]

r radial distance in a centrifuge [L]

R radial distance from the center of rotation of the
sampling location in a pipet centrifuge [L]

s radial distance from the initial position of a particie
to the center of rotation [L]

S, initial distance of suspension surface to center of
rotation [L]

S distance from the centrifuge axis to the suspension
surface at each extraction time (L]

S8 sum of squarcs of differences between actual and

calculated cumulative weight percent finer than size
-}
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M
Z;;

sum of SqUares of differences between actual and
regenerated relative so)igs concentration [~ ]

time [T]

time of withdrawal of i-th sample {7]

Stokes’ settling velocity of a particle [LT -]
volume of sample extracted at each withdrawal [£ |
Particle size [L)

maximum particle size in each withdrawal sample
L) L

matimum measured particle size in powder (L]
dilution factor of largest particle in 2 withdrawn
sample [—)

dilution factor for particle smailer than largest parti-
cle in a withdrawn sample [ -]

position of particle x; from center of rotation at
time f [L]

distance particie i moves with fluid upon extraction
at time f [L]

u Aluid viscosity (ML ~* 7~}

Adp density difference between particles and suspension
fuid (ML -Y) :

w angular velocity of centrifuge TN
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Standard Respirable Dusts

T. F. Dumm and R. Hogg
Mineral Processing Section
Department of Mineral Engineering, The
Peansylvania State University

There is a considerable need for standardized respirable
dusts with consistent, reproducible characteristics which
simulate those of actual mine dust. The availability of such
materials should be a significant factor in promoting
coordinated research into dust characterization and mine
manitoring, dust control, and the biomedical aspects of
dust toxicology. The use of an opposed-jet, fluid-energy
grinding system in closed circuit with a cross-flow,
centrifugal air classifier for preparing bulk quantities of
respirable-size dust has hbeen investigated, and
appropriate, standardized procedures have been
established. By stage-crushing, screening, and fine-
grinding with a Donaldson Acucut classifier/mini-grinder
system, It is possible to produce bulk quantities of
respirable dust at relatively high rates. Using minor
modifications to the system, broader or narrower size
distributions can be prepared within the respirable range.
The system has been shown to reach steady-state with
respect to product size distribution very rapidly. However,
preferential grinding/classification effects appear tolead to
a slow build-up of mineral matter in the circulating load
with a corresponding slow change in product composition
with time, In those applications where the dust composition
Is required to match that of the feed coal, it may be necessary
to allow considerable time for a true steady-state to be
established.

Standard respirable dust samples have been prepared
from coals representing the western (bhigh volitile A
bituminous), central (medivm volatile bituminous) and
eastern (anthracite) mining areas of Peansylvania. Quartz
and kaolin clay samples, representing important mineral
constituents of coal dust have also been prepared., Extensive
characterization studies have been performed on the
samples to ecvaluate chemical and mineralogical
composition and the distributions of particle size and
specific gravity. Detailed information on the original coals
Is available from the Penn State Coal Data Base, The
standard coal dust samples appear to simulate actual mine
dust very well with respect to particle size and shape, but
generally have somewhat lower ash content, Samples of
these standard dusts have been made available to research
groups concerned with respirable dust in mines,

Introduction

Recently, there bas been a large coordinated effort in re-
scarch into finding the causes of Coal Workers’
Pneumoconiosis and seeking remedies for it. There is a con-
siderable need for standardized respirable dusts with con-
sistent, reproducible characteristics which simulate those of
actual coal mine dusts and can be made available for coor-
dinated rescarch on dust characterization and mine
monitoring, dust control, and the biomedical aspects of dust
toxicology.

The aim of the work described in this paper was to
develop standardized procedures for producing bulk quan-
tities of respirable dust at relatively high rates and to prepare
and characterize a variety of such dusts, representing dif-
ferent coal seams and associated minerals,

Preparation of Standard Dusts
Grinding System

The process adopted in this study to produce the stand-
ard dust samples uscs the Donaldson Acucut Classifier
{Donaldson Co,, Majac Division, St. Paul, Minnesota),
shown in Figure 1, with an auxiliary jet milf grinding attach-
ment. The classifier is a cross-flow device in which large
volumes of air are brought through a centrifugal field con-
taining air-entrained particles. Particles are separated on the
basis of their acrodynamic diameter into a coarse fraction
and a fine fraction with the separation size, or cut size, being
determined by the force of the centrifugal field and the quan-
tity of air flowing through the field,

The powder to be ground is fed into the system through
a feeder/splitter apparatus as shown in Figure 2. The split
streamofairandparﬁdcsemersagﬁnderthroughmhoses
connected to opposite ends of the mill. Powder at both ends
of the mill then mixes with two opposing high-pressure air
streamsinsidethcmillandiseomminutedasthcpartidcs
collide with cach other and with the mill surfaces. A pres-
sure drop created by the aspirating action of the high pres-
sure jets inside the mill provides the encrgy for air/particle
flow from the feeder/splitter, All particles then leave the mill
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and enter the Acucut Classifier at which point particles finer
than the desired top size, are separated from the coarser
material, The fine powder is collected using an air cyclone
to remove the particles from the classifier overflow
airstream. The coarse particles are cjected from the clas-
sifier and flow into the feeder/splitter asscmbly, mix with
newly introduced powder and return to the jet mill,

The principal advantages of the Donaldson system for
preparing standard dusts are that:

1. The process is a continuous, closed-circuit operation
combining grind'ng and classification and is capable
of producing dust at reasonably high rates. Fresh
coal feed rates up to 3 g/min can be used so that a
300 g sample can be prepared in less than three
hours.

2. The maximum particle size in the product can readily
be controlled, in the range 1 to 30 um, through the
classifier selting.

3, Since grinding is largely by particie impact,
contamination of the product can be minimized.

4. Since the produet is separated on the basis of an

aerodynamic particle diameter, it should be possible
to simulate airborne dust in mines.

_The major disadvantage of the system is that selective
zrinding and/or classification can lead to concentration of
specific organic or inorganic components.

Vaterials

Standard dusts were prepared from several coals, repre-
icnting the western, central and eastern mining areas of Pen-
1sylvania, and also from quartz and kaolin clay which are

important mineral constituents of coal mine dust. The Coaly
are listed in Table I. The coal designated MP3 was used lar.
gely for preliminary test work etc., and was selected on the
basis of immediate availability in the laboratory. The PSoC
coals were obtained from the Penn State Coal Data Base ap4
were originally collected as channel samples. Detailed infor.
mation on these coals is given in Appendix A. The kaolin ¢l
was obtained from the Georgia Kaolin Co., Dry Branch,
Georgia, and the quartz was obtained from the Ashibor
Quarry, Staley, North Carolina.

Procedures

Because of the coarse size of the as-received coal {ap-
proximately 50% > 4 mesh) the grinding to respirable size
had to be performed in Stages. For the initial crashing of 5!
four coals, a Model 4-E Quakertown Mil] {coffec grinder)
was used. The grind setting was adjusted so as 1o produce
the finest product possible which was typically 80 percent
passing 70 mesh and all of the approximately 2500 g of each
of the coal samples were ground. This material was then
screencd in 100-200 g increments using a Tylab Sieve Shake;
to remove particles larger than 75 um (balf the recom.
mended top size for the fine grinding). This screened under.
size product was ready for fine grinding. The quartz needed
no initial crushing, but was prepared for fine grinding by
placing about 150 grams into a ceramic Abbe ball mill and
grinding for | hour and screened to remove the + 75 um par-
ticles. The kaolin clay required no crushing or fine grinding
becausc the as-received material was already mostly of
respirable size.

The grinding to produce respirable-size coal or quartz
dust was carried out using the Donaldson grinding/clas-
sification system described previously, Operation wf)s essen-
tially according, to the manufactures inslructions,( except
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TABLE |

Coals Used in These Investigations_

e b ————— e & —————

o ety E— = =+ ——

— ———— — e — — —

wl.

Seam
Coal Location,
Designation Seam County ASTM Rank
. Freepor Armstron High Vol. A Bit,
PSOC 1192 L Klahome Cleariicd”.  Meédium Vol. A Bit.
PSOC 1361P U. Freeport Lawrence High Vol. A Bit.
PSOC 867 Primrose Schuylkill Anthracite
FINES FILTER == FINES FILTER
tAw Cycne Undersire t (GRINDWNG  PRODUCT
AR - CYCLONE
FEEDER /
BPLITTER
Eeoen: T Crene et reeo ity '"'<"""c'"m""'"l
FEED ——t- .:I!:L _><$CLISSIFI£R
REGRIND
REGRIND FIGURE 3. Schematic diagram of modified grinder/chamifier symem
. used for ration of dusts with broad fize distributions
FIGURE 2. Schematic diagram of grinder/classifier system. (MP3-3, C 1192M).
that the high pressure air was at about 40 psig rather than Lo Col e .
100 psig as recommended, since the higher pressures were
not available, at sufficient volume, in our laboratories. The ¢ 999- -
principal effect of the reduced pressure is to lower the sys- W
lem capacity. It is not believed to hav% ?gnificant effects on o 99- -
the overall product size distributions.(? -
The grinding/classification system, actually imvolves two- 5 8- =
stage classification shown in Figure 2, The second stage,the  § 90—
air cyclone, is intended for gas-solid separation, but some g - -
size classification is probably incvitable. In order to inves- . o= -
tigatc the influcnce of the air cyclone on product characteris- 3 so- -
tics, three different circuit configurations were nsed for b - -
grinding of the MP3 coal. This was done by collecting the 2 30 - "
Acucut classifier undersize stream at the air cyclone inlet, w
oversize and undersize, (see Figure 2). Collecting the air 2 0-
¢yclone oversize and undersize were straightiorward. The < 5=
oversize material falls into a collection jar as the grinding 3 - _
product and was designated MP3-2, The air cyclone onder- S
size material leaves the air cyclone through the vortex finder e
and enters into a cylindrical, low pressure, high sorface arca o1 - -
filter where the fine particles become trapped. The fines fil- IR NRETY o t
ter was removed from the machine after grinding. and a 01 02 es 1 2 § 10 20

snug-fitting collection container was placed aronnd the open
end of the filter. High-pressure air was biown through the
clean side of the filter forcing the fine coal particles to fall

into the collection container. It was not possible to remave
all of the particles from the filter by this technique; usually
zbout 70 weight percent were collected and these were as-
Sumed to be representative of the total amount. The particles
20t collected from the filter remained trapped within the

depth of the filter’s fibers. The coal sample collected by this
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PARTICLE SIZE {um)
FIGURE 4. Size distributions of n:sfinble dusts as determined by

centrifugal sedimentation. MP3.1: air cyclone undersize; MP3-2:
air cyclone oversize; MP3.3: sir cyclone bypass,

procedure was labeled MP3-1, The modified clas-
sifier/grinder was then operated at the same conditions to
achieve a cut size of 5 um using MP3, When grinding was
finished, the filter was removed and the coa! sample was col-
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lected in the same way as MP3-1, This sample of coal was ,
designated MP3-3, It was assumed that this product has the
sume properties as the air cyclone inlet, which requires that
the classifier performance does not change when the air
cyclone is not in place. Figure 3 shows the modified system.

Characterization of Standard Dusts

The standard respirable dusts have been characterized in
lerms of overall particle size distribution, size-specific
gravity distribution, ash content and chemical and
mineralogical composition.

Proceditres

Farticle size distributions were determined be centrifugal
sedimentation using a Ladal pipet centrifuge™ and by light
scattering using a Leeds and Northrup Microtrac Small Par-
ticle Analyzer. Dumm‘® has investigated the correspon-
dence between these two techniques and demonstrated that
the results are quite consistent and can be inter-converted
using a simple conversion factor. -

Specific gravity distributions were evaluated by sink-float
analyses in heavy liquids, using ccntrifu%es. The procedure
has been described in detail by Dumm.¢

Ash analyses wcrf )performed by conventional high-
temperature methods' and also by means of a Branson/IPC
Low Temperature Asher.

Chemical (clemental) and mineralogical analyses were
carried out by the Mineral Constitution Laboratory at Penn
State. Elemental analyses were by plasma arc emission
spectrometry and the mineralogical composition was deter-
mined by presscd KBr pellet infrared spectroscopy and pow-
der X-ray diffraction techniques.

Resulits

Evaluation of the Grinding/Classification System

The effects of the air cyclone on the final product size dis-
tribution are shown in Figures 4 and 5. The normal circuit
product, the cyclone oversize, (MP3-2) has the coarsest, nar-
rowest size distribution, with very little submicron material,
Apparently, the cyclone does indeed classify the dust,
preferentially removing fine particles. As expected, the
cyclone undersize contains the finest material (MP3-1),
while the cyclone by-pass (MP3-3), which is intended to rep-
resent the feed to the cyclone, has the broadest distribution,
being a combination of the other two products. It is apparent
that these different circuit configurations can be used to
prepare different size distributions, in the respirable range,
{rom the same starting material, The cyclone by-pass arran-
gement has becn used to prepare a modified dust from
PSOC 1192 coal. This modified dust has been designated
PSOC 1192 M.

Reproducibility of the Dust Preparation

For the standard respirable dusts to be useful in dust re-
search, it is vital that the procedure used in their preparation
be highly reproducible. An example of the reproducibility is
given in Table II, in which the size distribution of a dust
prepared in November 1984, is compared with that of a

second sample prepared in June 1986 from the same coal, I
is clear from the results that the differences are quite small,
essentially within experimental error, and that the procedure
is indeed reproducible.

Particle Size Distribution

The particle size distributions of the standard dusts are
shown in Figures 6 and 7. The three standard coal samples
have similar distributions to one another and to sampie MP3.
1 (sce Figure 4) sample PSOC 1192M has a somewhat
broader size distribution, containing more submicron
material, and is generally similar to MP3-1. The size distriby-
tions for the two mineral samples are shown in Figure 7. The
distribution for quartz is quite similar to those for the coals,

The kaolin clay has a much broader size distribution and
contains considerably more very fine particles than the other
materials. This particular dust was not processed in any way

TABLE it

Reproducibility of Standard Dust Pragaratlm with
Regggz to Paﬂr},icle Size Distribution (PSOC 1182}
Upper Limit of Weight Percent Weight Peroent
Sigepgntcrval in Sample 1 inﬂﬁc 2

(um) (Nov. 84) {June 86)
4221 0.0 B 1T
29.85 0.0 00
21,10 0.0 00
1492 06 00
10.55 46 37
7.46 249 209
527 301 305
373 18.7 290
2,63 104 14
169 53 58
1.01 32 34
0.66 11 12
0.43 04 0s
034 02 02
024 00 00
0.17 0.0 00
Mass Median
Size: 4.26 um 3.99 um

and was used simply as-reccived. It should be emphasized
that the mineral dusts were not intended to be directly rep-
resentative of the mineral constituents in actual mine dusts,

A comparison of one of the synthetic dusts (MP3) with a
sample of actual mine dust is shown in Figure 8. There ap-
pear to be no noticeable differences in particle size and

- shape between the two, indicating that the synthetic dusts

may indeed be appropriate for research into coal mine dust
and Coal Workers' Pneumoconiosis.

Particle size-specific gravity distributions for the PSOC
1192M, PSOC 1361P and PSOC 867 dusts are shown in
Figures 9-11. The three distributions are distinctly bimodal,
consisting of relatively clean coal (specific gravity < 1.7)
and a very high ash fraction (specific gravity > 2). In other
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VIGURE 5. Scanning electron micrographs of a) air cyclone undersize (MP3-1) particles, b) air cvclone oversize (MF3-2) panticles and ¢) air
cyclone bypass (MP3-3) particles.
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FIGURE 8. Scanniny ciectron micrographs of a) standard respirable
dust from Upper Freeport seam and b) actual coal mine dust
from Brookwville seam.

words, the dusts show a high degree of liberation between
the organic material and mineral matter, as would generally
be expecled at such fine sizes. It can aiso be secn from the
figures that the mineral matter tends to be slightly finer than
the organic material,

Ash Content

The results of ash analyses on the standard respirable coal
dusts and the corresponding feed coals are shown in Table
1L 1tis clear that there is considerable discrepancy between
the feed and the dust in each case. For the bituminous coals,
the ash content of the dust is significantly lower than that of
the original coal. It appears that the mineral matter does not
break as rapidly as the organic coal constituents. This results
in a larger than average amount of mineral particles remain-
ing in the circulating load of the classifier/grinder system and
4 lower than average amount reporting to the respirable
product container. For the anthracite, the opposite
phenomenon is seen. The higher ash content of this
respirable product compared to the feed is probably due to
a large amount of very small clay particles that are already

THE RESPIRABLE DUST CENTER

TABLE il
Ash Contents of Feed Coals and Corresponding
Respirable Dusts
Percent Ash

Coal Feed Respirable Dust
MP3.2 799 6.74 -
PSOC 1192 10.93 720

PSOC 867 12.65 21.2

PSOC1361P 7.77 6.27

less than respirable size within the feed. These particles
would pass immediately to the respirable product container
along with a lower than average amount of comminuted or-
ganic particles. Given sufficient time, of course, the svslem
should eventually reach a stcady-state with the composition
of the product identical 10 that of the feed. However, {urther
experimentation bas shown that the approach 1o such a
steady-state is very slow. It is possible that this is a conse-
quence of the reduced air pressure used in the grinding sys-
Lcm,

Composition

Chemical and mineralogical analyses have been per-
formed on cach of the standard dusts©®’ The results arc
given in Appendix B. ’

Summary

By stage-crushing, screening, and fine erinding with the
Donaldson Acucut classifier/grinder, it is possible (o
produce bulk quantities of respirable dust in relatively short
periods of time. With certain modifications to the clas-
sifier/grinder, it is possible to produce different size distribu-
tions of a fecd material without changing the top size of the
products. The tcchnique has been shown 1o be very
reproducible as far as size distribution is concerned.

Although it appears that the product size distribution
from the classifier/grinder reaches steady-state quickly, the
composition does not. Differences in ash content between
the feed coal and respirable coal dust product from the
Donaldson Acucut classifier have been observed. These dif-
ferences are attributed to differing breakage rates between
the mineral and organic constituents of the coal. In addition,
since the Acucut classifier is density dependent the varying
densities between coal constituents will also contribute to
differences in ash between the feed and product. If it is im-
portant that the composition of the standard respirable dust
match the coal seam, or feed composition, considerably
more lime may be required to produce a standard respirable
dust.

Standard dusts have been prepared from three different
Pennsylvania coals and two minerals, quartz and kaolin,
commonly associated with coal. Samples of these dusts can
be made available for rescarch. Their characteristics are
listed in Appendix B.
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APPENDIX A
Characteristics of Coals Used to Prepare Standard Dusts

Coal Identification: MP3
Coal Seam: Upper Frecport
Location: Plumcreck Township

Armstron County, PA
Mine: Margaret No. 11

Collection: Hand-mined chanrel sample from freshly preparcd face. Sealed in plastic-lined burlap bags. Returned to
the laboratory at University Park.

Collection Date; September 27, 1979,
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** PERN STATS COAL DATA DASE ¢

AR R R R R Y Y R R

* -
* SAMPLE HISTORY *
- *

LR R L R LR LY N R R IRy e

PENY STATE NUMBER P30C-1192

COLLECTED BY PENNSYLVANIA STATE UNIVERSITY
COLLFCTION DATE 107167759

CCLLFCTOR'S NUMBFER l192

REPORTED RANK

SAMPLE TYPE CHANNEL WHOLE SFEAM
OTHER SAMPLE INFORMATION

SAMPLE RFSERVE 150

SEAM NAME LOWER KITTANNING
ALTERNATE SEAM NAME B SEAM

TOTAL SEAM THICKNESS 1 FT. 10 IW,
THICKNESS OF SEAM SAMPLED 1 FT. 10 IN,

PORTION RECOVERED IN CORE
DIAMETER OF CORF

SEAM NAME LOWER XITTANNING
APPARENT RANK NMEDIUM VOLATILF BITUMINOUS {MVB)

..'..."l‘..'.l'..‘.'..'..
L] -
* GEOLOGIC INPORMATION =
L} »
"I‘..I‘l....‘.i...l"..'..

SYSTEM (AGE) PENNSYLVANIAN
SERIFS
GROUP
FORMATION ALLECHENY
OVERBURNEY LITHOLOGY SHALE
FLOOR LITHOLOGY SHALE

1668

- W e e e A ————




e — st

STANDARD RESPIRABLE DUSTS

PROXIMATE ANALYSIS

% MOISTURE

t ASH

% VOLATILS MATTER
% FIXED CARBONW

ULTIMATE ANALYSIS

AR ERTRERRA AT IR T S
- »

* CHEMICAL NATA 1 :
¥

LAR R LA AR LA N R ERSERN)

ASH

CARBOM
HYNROGEN
NITROGEN
SULFUR
CHLORINE
OXYGCEN(NDIFFr)

Ll

SULFUR TORMS

NRY
BAF
OQPTICAL

ELEMENTAL ANALYSIS

CARBON
HYDROGEN
NITROGEN
ORGANIC SULFUR
OXYCFM(DIFPF)
CHLORINE
MINERAL MATTER

Ll T B

r
'D DRY DAY PMMFP RMMF PHM
AS REC (PARRY (PARR=G) (DIR MM}
0.67
11.‘0 11.‘3
24.08 24.24 27,38 25.46 25.33
€3.85 64.280 72.62 74.5%4 T4.47
".t..ltt.‘....tt.l
- -
* CHEMICAL DATA 2 *
» »
ti.t"tt.ﬂ""'.tll
AS RFEC'D DRY DAF DMMF(PARR)
{14.5% $MM)
11.40 11.48
76.08 76.59 86,52 09,64
4.50" 4.53 5,12 5.30
1.42 1.43 1.82 1.67
3.89 3.92 4,43
0.08 0.09 Q.10 0.10
1.95" 1.97 2.23 5.30
% PYRITIC %Y SULFATIC % QRGANIC % TOTAL
3.14 0.02 N.1% 3.92
3.85 0.02 0.86 4.43
DRY RMMF (MOD, P) NMMF{DIR.)
(14.49%MM) { 2 5%N)
76.41 89,38
4.32 5.0%
1.43 1.87
.76 0.89
2,%9 2.94
0.09 c.1l0
14.49

(INCLUDES S,.R7 % FES2)



THE RESPIRABLE, DUST CENTER

LA R R LE R R ERERZEFN R T

- »
* CHEMICAL DATA 3 -
- -

LA A AL E R ALERNEEFEY R NI

% MOISTURE IN COAML = 0,40

¥ HIGH TEMPERATURE ASH = 11.70 AT 730 DEGREES ¢
TRACE ELPHMENT PPH PPM MAJOR FLEMENT OXINE % FELEMENT
ANALYSIS HTA TOTAL COAL ANALYSIS OF HTA OF TOTAL
PRY COAL
AG 8102 34.20 1L.87
B AL203 23.10 l.43
34 780 51 TIO2 0.0 0.08
BF 35 4 FE203 3e.50 3. 15
BI MGO 0.45 0. 02
cE CAo 1.12 0.99
Cco HA20 0.21 0.02
CR 170 20 K20 1.06 0.l1l0
cu 95 11 F205 0.12 a.01
GA s03 1.20 Q.08
Gr
LA
LI
MY .
MO YOLATILES PPX TOTAL COAL
NI 140 16 —— o e
N3 AS
b4} BR
RB 50 & cn
sC cL
-1 F
SR 3 43 HG
TH sB
v SE
v 2%¢ 29
b4
b4}
K44 220 26
ZR 220 26
168




STANDARD RESPIRABLE DUSTS

LA AR LA NN TER R EER TN NE R

- -
* PETROGRAPHIC DATA "
- w

LA RN S ELERE R ENTENEREY ]

MACERAL COMPOSITION WHITE ANALYSIS ONLY

DRY DAMF DRY
VOLUME &% VOLUME % WEIGCHT %

VITRINITFE (CALC.) 80.5 87.1 Td.d
INERTINITE (CALC.) 1l1. @ 12.4 1¢.%
LIPTINITE (CALC.) 0.1 o.l 0.1
MINERAL MATTER {CALC.) T:6 l14.6
VITRINOIDS

VITRIVITFE 79. 4 85.9 T73.4
PSEUNOVITRINITE 1.1 1.2 1.0
FUSINITE 2.5 2.7 2.3
SENI-FUSINITE 7.0 7.6 6.3
MACRINITE 0.6 0.6 0.5
MICRINITE 1.4 1.9 1.6
SCLEROTINIT® 0.0 0.0 e.0
SPORINITE

CUTINITE

EXINITE (ANAL.) 0.1 C.1 0.1
RESINITE 0.0 0.0 0.0
SUBERIWITE

EXUDATINITE

FLUORINITE

BITUMINITE

ALGINITE 0.0 0.0 0.0
LIPTODETRINITE

MINERAL MATTER{AWAL.)

INERTINITE({ ANAL.)

LIPTINITE({ANAL.)

REFLECTANCE DATA HIGH LOW RANGE MEAN MAX STAND.DEV.

(3., IN QIL)

VITRINITE 1.49 1.20 0.29 1.32 0.0%
PSEUNOVITRINITE
VITRINOIDS

¥ VITRIWOID VOLUME % VITRINOID vVoLUONE
REFLFCTANCE HALF-TYPE PERCENT REFLECTANCE V=TYPE PERCPNT
1.25=1.29 VHT 1.27s 20.00 1.20-~-1.29 via 27.00
1.20-1,.34 . VHT 1.325 41 .00

1.3%=1.39 VHT 1.37s 17.00 1.30-1.39 via 58.00
l.40=-1, ¢4 VHT 1l.425 4.900

l1.45-1.49 VHT 1.475 1.00 l.40-1.49 vie 7.00



THE RESPIRAHBLE DUST CENTER

“* PENY STATFE COAL PATA DASFE

PENN STATE NUMDER

COLLTCTEN BY
COLLFCTION DATE
COLLECTOR'S NUMBER

REPORTEND RANK

SAMPLE TIPE
CTRER SAHPLE INPORMATION
SAMPLE RESPERVE

SEANM XARE
ALTERRATE SmAN HAME

TQTAL, SEAM THICKWESS
THICKNRSS OF SFEAM SANPLED
PORTION RECOVEREN IN CORPE
DIAMETER OF CORE

BEAN NAMPR
APPARFNT

SIITEY (AGE)
SERITS
GROUP
FORRATION

OVERBURDEN LITHOLOGY
FLOOR LITHOLOGY

AL R LA EEI TN Y IR N TE
- -
* SAMPLE HISTORY *
» -
AL AL A XTI Y YL ]

P30C-1341P
PRUNSTILVANIA STATE UNIVERSITY
2724782

CHTANNEL WHOLE SEANM
PRENIUM SAMPLR
20

UPPER FRENPORT
E SEANX

o rr.
° rr.

2¢ IN.
a8 1IN,

UPPER FREEPORT
RANK  HIGHN VOLATILE A RITUNINGUS (MVAB)

.................'.‘....

* GEOLOGIC INFORMATION ¢
»

-
'........I.I.l.'....'..‘

PENNSYLVANIAN
ALLEGHENY

BLACK SHALR
CLAY

170
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STANDARD RESPIRABLE DUSTS

[ E R ELEEEREENINREZENER]

-

* CHEMTICAL DATA 1 *

(A R R L A RNEZ RS EENENENER]

PROXTMATF AMALYSIS AS REC'D

% MOISTURE l.5%0
% ASH : R.31
% VOLATILE MATTER 37.43
¥ FIXED CARBONW 32.36

RRY

H.47
33. 1‘
53.3%

NANMF NMAP
(PARR=0) (NIR MM)

PAF DYMF
{ PARR)
41.69 40.°8

$8

=31 39.12

LA A A A EREERENENENENR)

* CHEMICAL DATA 2 *

LA A2 LR R AL RS R EZER NN

ULTIMATE ANALYSIEZ AS RFC'D

-
-

nRY

A.47
5.00
S.22
l.41
l1.94

T.96

NAF

Al. %4
5.70
l.54
2.12

0.70

Ic ¥ SULFATIC X CRGA

40.8%
9,18

PHHF({PARR)

(10.21 snK)
83.52
5.81
1.5%
.00

Nic % TOTAL

% ASW A.31

% CARBOY 73.57

% HYDROGEN 5.12*
% NITROGEN 1.3

% SULFUNR l.50

% CYLORINE

¥ OXYGEN(NIFF) T7.01°
EULFUR FORMS ¥ PYRIT
PRY 1.17
BAF 1.2R
OPTICAL

ELEMFNTAL ANALYSIS

CARBOYM

HYDROGEN

NTTROGEJ

ORGAN'IC SULFUR
OXYCEN(NIFF)

CHLORIMNR

MINERAL MATTER
{IMCLUNPES 2.19 % FES2)

e YR g oA e g

NRY

T4.77
5.09
1.41
0.72
2.79

10.12

0.08 0.72 1.94
¢.05 0.79 2.12
DMMF(MON.P) DMAF({"IR.)

{10.12%MM) ( sMM)
83.31
5.68
1.57
0.80
R. 66
171




LA L B R R L AR LN &R LENJ

- -
* CHEMTICAL DATA 3 *
» »

LA A R L B R RS LNEREREIEREZENNE.]

¥ MCISTURFE IW COAL = 1.%0

% HIGN TEMPERATURE ASH = A.27 AT 750 NEGREES C
TRACE FLEHRNT PPM PPN MAJOR RLEMENT OXIPE % ELEMENT %
AHALYSIS 4YTA TOTAL COAL ANALYSIS OF HTA  OF TOTAL
PRY COAL
AG 5102 42.40 1.84
B AL203 23.20 1.02
BA 1000 83 TI102 1.02 0.05
DF. 20 2 rr2o3 26.40 1.53
BI MGO 0.74 0.04
cK CAO 1.15 0.07
co MA20 0. 38 0.02
CR 150 12 K20 2.36 0.16
cu 190 16 P205 0.48 0.02
GA 503 0. RO 0.03
GF,
LA
LI
MN
MO VOLATILES PPM TOTAL COAL
150 12 ————————
ﬁg - AS
PR BR
RB 90 7 en
sc cL
SN r
SR 1050 a7 He
T™H an
v sk
v 160 13
Y
q.)
N 290 23
%R 230 19
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STANDARD RESPIRABLE DUSTS

LA R R A B & R LENNENERNREFEN EF

- -
* PRTROGRAPHMIC DATA *
- "

LA AR LN R R EERERZ XX TN FN e

MACERAL COMPOSITION WHITF AMALYSTIS ONWLY

DRY PHMF DRY
VOLUME % VOLUME % WEIGHT
VITRINITE (CALC.) T4 7R.5% J0.5%
INERTINITE (CALC,.) 15.1 15.9 14.3
LIPTINITE (CALC.) 5.3 5.6 5.0
MIUFRAL MATTRR (CALC.) 5.2 10.2
VITRINOINS
VITRINITE 71.1 75.0 €7.2
PSRUNOVITRINITE 3.3 3.5 3.1
FUSINITE 4.2 d.4 2.9
SEMI-FUSINITR 4.3 4.5 §.0
MACRINITE 0.9 0.9 0.8
MICRINITE 5.0 g.1 5.5
ECLEROTINITY 0.0 .0 0.0
SPORINITF
CUTINITE
EXINITE (AMAL.) 4.7 5.0 4.5
RESINITE 0.6 0.6 0.5
SURBERINITE
EXUDATINITE
FLUORINITE
BITUMINITE
ALGIWITE 0.0 c.0 0.0
LIPTONWETRINITE
MINERAL MATTER(ANAL.)
INFERTINITE(AMNAL.)
LIPTINITF(ANAL.)
REFLPGCTANCE DATA HIGH Low RANCE MEAN MAX STAND.DEV.
s (A.IN OIL)
VITRINITN 0.93 0.73 0.20 0.83 0.04
PSEUNOVITRINITE
VITRINOINS
% VITRIHOID VOlLUMFR % VITRINOID voLOnE
REFLECTANCE HALF-TYPE PERCENT REFLECTANCE V=-TYPS PERCENT
0.70=-0.74 VHT 0.725 2.00
0.7%=0.79 VHET 0.775 12.00 0.70-0.,79 V7 1¢.00
0.90-0,R4 viT 0.825 $5.00
0.95=0.R9 VT 0.975 25.00 0.R0-0.A9 va AQ.00
0.90=0.94 VIIT 0.925 .00
0.95%=0,99 VIT 0.97% 0.90=0.9% ve 5$.00




THE RESPIRABELE DUST CENTER

»* PEMM

PEFNY STATE NUMBER
COLLFCTEN BY
COLLECTION DATE
COLLECTOR'S NUMBER

REPORTED RANK

SAMPLE TYPE

OTHER SAMPLT INPORMATION

SAMNPLE RESERVE

SEAM NAHME
ALTERNATE SEAM NAME

TOTAL SEAM THICKNESS
THICKNESS OF SCAM SAMPLED
PORTTON RECOVERER IW CORE

DIAMETER OF CORE

SFAM NAME

SYSTEM (AGE)
SERIFES
GROUP
FORMATION

OVERBURNEN LITHOLOGY

FLOOR LITHOLOGY

. PRIRROZF
APPARFNT RANK ANTHRACITE

LA A A2 AR EREENERYNJ]

- L
* SAMPLE HISTORY -
- L4

LA AR L EREIIER IR LR

PSOC~867
PRNNOYLVANIA STATE
A/29/176
867
AUTHRACIT® (AN}
CHANNEL WHOLE SIAM
329
PRIMROSE

is PT. 0 IW,
1§ FT. o INW.

(AN

STATE COAL NATA BASTE *»

UNIVERSITY

L Z 2 2122122 R 2R R R LR N,

L 3

* GEOLOGIC INFORMATION *

LARELI A RERZ L A N L AL AR ERS.ES &)

PENNSYLVANIAN

LLENELLYN

SYALE
SHALE

174




STANDARD RESPIRABLE DUSTS

LA N B L8 N K]
-

* CHEMICAL DATA 1 *

-
LA R 2 B RN

LA B B X R N N NN N

PROXTMATE AMALYSIS AS REC’D DBRY DAF DMMF DMMF DHMF
{ PARR) (PARR=G) (DIR MM)
¥ MOISTURE 3.77
X ASH . 13.39 13.91
%t VOLATILE MATTER 3.57 d.71 4.31 .82 l.08
% FIXED CARBDON T9.27 Bl. 3R 35.69 97.1A 98.12
LA AR & B B F 3 X R Ry
- -
* CHEMICAL DATA 2 *
- -
L LR R LY RN Ry
ULTIMATE ANALYSIS A2 REC'® nRY DAF DEMF(PARR)
{15.31 xnmy
X ASH 13.39 13.91
¥ CARBOM 70,76 Al.Nn% 25.07 96.8%5
¥ HWYDROGFW l.02* 1.06 1.23 1.25
%t MITROGEN 0.64 0.64 0.77 .78
A BULFUR ¢.50 0.52 0.680
¥ CHLORINFE 0.02 0.03 0.03 0.03
A OXYGRI(DIFF) 1.90* 1.7 2,30 1.30
SULFUR FORMS % PYRITIC t SULFATIC % ORGANIC % TOTAL
DRY 0.05 0.01 N.46 0.52
DAF 0,08 0.01 0.%3 0.80
OPTICAL
ELENF NTAL ANALYSIS NRY PHMF{MOD. M) DHNF(DIR.)
(15.755MM) 4 L2 L))
% CARRONW Bl.&85 96.92
¥ HYNROGCEY 0.RAR l.04
* NITROZEN 0.668 c.78
% ORNANIC SULFUR 0.46 0.55
¥ OXYSEMN(DIFF) 0.5% 0.68
¥ CILORINE 0.03 ¢.03
¥ MINERAL MATTER 15,75
(INCLUPES 0.0% § FEE2)

175



I 2R AR R R YR RERERLE TN RN
L -
* CHEMICAL DhATA 3 -
- -

LA A B LR AR LAEEENEEREX NN ]

¥ MOISTURE IN COAL = 1.23

X HIGH TFMPERATURE ASH = 13,67 AT 750 NRGREFRS €
TRACE ELEMENT PPH PPM MAJOR LLEMINT OXINE % ELEMENT
ANALYSIS 4TA TOTAL COAL ANALYSIS OF HTA OF TOTAL
DRY COAL
AG s1I02 55.00 3.51
B AL203 31.460 2.29
BA l440 199 TIiOZ2 1.93 0.1l¢€
BE ] 1 FC203 3.30 0,32
BRI MGO 0.86 ¢.07
CE CAD 0.5 C.06
co HA2O l.01 0.11%
CR 260 as K20 3.38 ¢.38
cu 1R0 25 P05 0.26 Q.02
GA 503 0.60 0.03
nE
LA
LI
b
KO VCLATILES PPM TOTAL COAMAL
NI 160 22 -
ns AS
PB RR
RA 180 25 CcD
sC CL
sH F
SR 670 22 MR
TH SR
u sn
v 220 30
Y
YB
N 110 15
ZR 340 45
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STANDARD RESPIRABLE DUSTS

MACSRAL CONPOSITION WHITE

L2 X R A N 2 RN L RN L ESLERZSEZE.]

* PETROGRAFPHIC DATA *

L L
LA & & L B A R L ALER SN NE SR N ]

ANALYSIS ONLY

NRY
WEIGHT &
£K.0
18.7
0.0
15.3

66.0
0.0
6.7

17.%
0.1
c.0
0.0
0.0
0.0

NFAN MAX STAND.REV,

DRY DMHMF
VOLUME *% VOLUME %
VITRINITFE (CALC.) 1.7 T7.9
IHERTINITE (CALC.) 20.3 22.1
LIPTINITFE (CALC.) 0.0
MINERAL MATTER (CALC.) 8.0
VITRINOINS
VITRINITE 1.7 77.9
PSFUDOVITRINITE 0.0 0.0
FUSINITRE 0.7 0.0
SEMI-FUSINITR 19.5% 21.2
MACRINTITE 0.1 0.1
MICRIWITE 0.0 0.0
SCLEROTINITE 0.0 0.0
SPORINITE 0.0 0.0
CUTINITE 0.0 0.0
FEXINITE (ANAL.)
RESINITE 0.0 ¢.0
SUBRRINITE
EXURATINITE
FLUORINITE®
BITUMINITE
ALGINITE 0.0 0.0
LIPTORETRINITT
MINERAL MATTER(AMAL.)Y
INFERTINIT®(ANAL.)
LIPYTINITE(ANAL.Y
REFLECTANCE DATA HIGH LOW RANGE
(v IN QIL)
VITRINITE S. A0 4.88 0.94
PSEUTOVITRINITE
VITRINCIDS
177

5.77 0.38



THE RESPIRAHLE DUST CENTER

APPENDIX B
Characteristics of Standard Respirable Dusts
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THE RESPIRABLE DUST CENTER
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STANDARD RESPIRABLE DUSTS

*BTSATRUE SATARLIOU UC POSVY SNTVA DOIVWIINS = ,

*pO30838P O0U m *Pr'U

‘pru *pru *p*u oL=-S +9I0dspTag
*pru pru "Pu 51-% #93T20TYD
- —_— -— 0E=-02Z LT 20fel

—paxtw sotd o311 11
0¢-0¢ 0Z-01 0zZ-01L - _.mu.:_AH
Ge-62 ov~0t ov-0¢ S¥-St a3TuTTORy

ol (43 ZZ *pru 93Taig
Zi 8 4 v Z3xend
L °01 %t 0°6 866 LY AT 4 Y51
< -tdH dl9tl 2054 HZeli D054 L98 D084 atdureg

A37sa0aTun 93038 BTURA TASUUDg By} JO AxojeioqE] UCTINITISUOC) TeISUTH 243 Aq pautuielag se
535t s[qeatdsax piepuels Jo uofIjsoduc) TeoTboreasuTy
£ 3'EHYL

181




THE RESPIRABLE DUST CENTER
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TAELE 5
Size-specific Gravity Distribution of PSOC 1192M as a Percentage of the Total (pal

Sink/Float

STANDARD RESPIRABLE DUSTS
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A Procedure for Extensive Characterization of Coal
Mine Dust Collected Using a Modified Personal Sampler

T. F. Dumm and R, Hogg

Mineral Processing Section

Department of Mineral Engineering, The
Pennsylvania State University

Ttis generally agreed that dust characteristics playa role in
the development of Coal Workers’ Pneumoconiosis (CWP).
Unfortunately, there is a serious lack of information on
what the characteristics of mine dust actually are and how

they vary among different mining regions, coal seams, etc.

This paucity of data can generally be attributed to the
serious problems encountered in collecting sufficiently
large quantities of dust for conventional analytical
procedures.

Personal samplers are widely used in coal mines for -

regulatory and enforcement purposes. Generally, these
provide information only on the total (respirable) dust
luading in the mine atmosphere and on the mineral matter
(primarily quartz) content of the respirable dust. A
procedure has been developed by which samples collected
with a slightly modified personal sampler can be analyzed
for particle size distribution, total mineral matter content
and elemental composition, in addition to the standard
mass and quartz measurements. These analyses could
readily be performed on a routine basis. Shape analysis by
Scanning Electron Microscope (SEM) could easily be
included if appropriate shape criteria are established.
Extension of the procedure to include the determination of
complete size/specific gravity (composition) distributions
is quite straightforward provided sufficiently large samples
(at least 10 mg) can be collected. Typical sample sizes fora
personal sampler carried by a miner for one shift range
from about 0.5 to 2 mg.

The basic procedure was developed and evaluated using
synthetic mine dust prepared in the laboratory, Field tests
in three working mines in Pennsylvania and West Virginia

luive confirmed the applicability of the approach to the real
world, Particle size distribution measurements on mine
dust collected in the modified personal sampler were found
to agree closely with the results of simultaneous in situ
measurements obtained using cascade impactors.

Introduction

The characteristics of the coal dust generated in the min-
ing process play an important role in determing whether or
not the inhaled dust will produce Coal Workers’
Pneumoconiosis (CWP) over the working life span of a
miner. It is commonly agreed that the quantity of respirable
dust inhaled and the quartz content of that dust are two im-
portant characteristics which contribute to the development
of CWP, It is also known that some coal mines have little in-
cidence of the disease regardless of the dust levels and quartz
content. This would indicate that other characteristics may
also influence the pathogenesis of CWP.

Currently, the respirable dust concentration and in some
cases, the quartz content of that dust are monitored for
regulatory purposes. However, with a slight modification to
the existing sampling apparatus, respirable coal dust can be
collected in such a way as to provide considerably more in-
formation about the dust.

Laboratory tests using standard respirable dusts made at
the Pennsylvania State University, have shown that it is pos-
sible to analyze very small quantities of respirable dust for
mass loading, size distribution, low temperature ash,
kaolinite and quartz content and in some cases, to perform
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CHARACTERIZATION OF COAL MINE DUST

a specific gravity fractionation.

Having tested the characterization scheme in the
laboratory, respirable dust samples were collected in three
underground bituminous and mines in Pennsylvania and
West Virginia. The dusts were returned to the laboratory and

analyzed according to the suggested characterization
scheme.

Coal Dust Collection
Collection System

The atmosphere in an operating coal mine section, espe-
cially close to the continuous miner, may contain particles as
large as 30 to 40 um, In order to collect only the respirable
particles, those less than 5 um, it is necessary to use a clas-
sifier when sampling. The 10 mm diameter nylon cyclone is
commonly used in the U.S. to separate dust particles from
mine atmospheres. When operated at its appropriate
flowrate, the respirable fraction approximates the criterion
for respirable dust defined by the American Conference of
Governmental Industrial Hygenists (ACGIH).AY The 10
mm diameter nylon cyclone is an integral part of the personal
dust sampler units which measure the respirable dust con-
centration at the miner's work area (see Figure 1), In this ar-
rangement, the dusty air is drawn into the inlet of the cyclone

by a suitable 2 liter/minute constant flow pump. The oversize
particles are deposited into a collection cap while the under-
size, respirable particles are collected on a pre-weighed fil-
ter. After the mine air has been sampled for a set amount of
ume, the filter is weighed and, knowing the flow rate through
the filter, the average concentration of dust that the miner
was exposed to can be determined.

In order to further analyze the respirable dust collected
by the personal sampler, it is necessary to use a filter from
which as much of the respirable dust as possible can be
rcmoved without bias with respect to particle size. The ob-
vious filter for this purpose is a Nuclepore polycarbonate
membrane filter which has a very flat surface. A 47 mm 0.2
um pore size Nuclepore membranc filter offers a pressure
drop across it low enough that the necessary flow rate of 2
liters/minute can be maintained through the filter for several
hours without exhausting the power supply of the pump.
Figure 2 shows the filter surfaces of a Nuclepore membrane
filter, a Gelman DM450 filter which is commonly used for
mineralogical analysis of coal, and a Mine Safety Applian-
ces Co. (MSA) filter which is used for routine sampling of
coal mine atmospheres.

An experiment was performed in order to verify that the
Nuclepore filters would have the same collecting capabilities
as the MSA filters under typical loading conditions. Table I
lists the mass loadings of a standard respirabie coal dust

11GURE 2. Scanning electron micrographs of a) 0.4 um pore size Nuclepore polycarbonate filter surface, b) 0.45 um pore size Gelman DM450
PVC acrylic copolymer filter surface and ¢} MSA personal sampier filter surface. po
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1IGURE 1. Schematic diagram of 8 MSA personal dust sampler showing the modifications necessary for the use of Nuclepore membrane filters.
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CHARACTERIZATION OF COAL MINE DUST

which was dispersed in a chamber and sampled tor eight
hours by eight personal samplers. Four of the personal
samplers contained the usual MSA filters while the other
four contained 47 mm diameter 0.2 um pore size Nuclepore
polycarbonate filters. As can be seen from the table, all of
the filters gave about the same mass loadings.

The coal dust collection system thus consists of a 37 mm
diameter Millipore filter cassette into which is loaded a 37
mm-diameter glass fiber back-up filter which provides sup-
port for the 47 mm 0.2 um pore size diameter Nuclepore
- membrane filter. The loaded cassette is wrapped with a cel-
lulose band and placed into an MSA Gravimetric Dust Sam-
pling Unit which is powered by an MSA Fixt-Flo pump.

Mine Sampling

Coal dust samples were collected at three underground
coal mines in central Pennsylvania, northern West Virginia
and western Pennsylvania, and are designated as mines A, B
and C respectively. A personal sampler was placed in the
return airway of mine A approximately 50 feet from the
working face. The sampler was moved, but kept in the return
airway as the continuous miner moved. Air was sampled for
[vur hours. Mine B was sampled in a similar manner as mine
A. This air was sampled for approximately three hours.
Finally, for mine C, two personal samplers were used in ad-
dition to two total dust collection devices, which did not
scparate the respirable dust from the coarser particles.
These devices were 47 mm diameter Nuclepore Open-Face
Filter Holders which heid 47 mm 0.2 um Nuclepore filters.
These assemblies were connected to Fixt-Flo pumps which
generated an airflow of 2 liters/minute. All samplers in mine
Cwere placed on the return side of the continuous miner ap-
proximately 10 feet from the working face. Air was sampled
(or about three hours.

Characterization of Respirable Dust
Mass Loading

When all samples were returned to the laboratory, the
respirable and coarse fractions were removed from the per-
sonal samplers, The respirable fraction was removed simp-
ly by taking the Nuclepore filter from the cassette. The
coarse particles were washed from the cyclone into a beaker
and filtered onto a 25 mm, 0.4 um Nuclepore filter. Both the
coarse and respirable fractions were weighed to determine
their mass. Generally the 10 mm cyclone deposited the
coarse material into the bottom collection cap, however, for
coal dust sampled at mine B, there was a significant deposit
of coal on the cyclone wails. This material was initially kept
separate from the coarse material but was combined with the
coarse after weighing, Table IT lists the mass loadings of coal
collected at the three mines. In the normal routine analysis,
only the respirable fraction of coal is used for analysis and
not the cycione underflow particles.

Size Analysis

The size distribution of the respirable coal dust particles
dispc.srscd in water is determined using the Microtrac Small
Particle Analyzer (SPA). The Microtrac SPA, manufactured

by Leeds & Northrup, Inc., Largo, Florida, uses a combina-

tion of forward scattering and 90° scattering of light waves
of varying wavelengths to size particles in the range of 0.12
to 42.2 um. The instrument is designed to directly relate the
detector signal to the 2nd, 3rd and 4th powers of the particle
diameter, to measure guantities such as total surface area,
total volume, volume mean diameter, ¢tc.

The Microtrac SPA uses a helium-neon laser to generate
light of wavelength 633 am to produce forward scattering
from particles in the range 0.34 to 42.2 um. the diffraction
pattern is analyzed according to Fraunhoffer diffraction
theory. In order to extend the size range of the Microtrac
SPA, the instrument incorporates a tungsten lamp/filter as-
sembly to produce three different wavelengths at two or-
thogonal polarizations, The scattering produced by these
light sources is detected at 90° from the incident beam. This
arrangement is used for analyzing particles between 0.12 to
0.34 um. Light scattering in this domain is described by the
Mie theory. :

Particles dispersed in water pass through the laser beam
via a circulation system which pumps the suspension through
tubing into a sample cell and back to the pump for recircula-
tion. The Microtrac SPA was retrofitted with a small volume
(~ 50 ml) sample recirculator which cousists of a peristaltic
pump connected in series with a small beaker and Tygon

TABLE1

Comparison of MSA and 0.2 um Pore Size Nuclepore
Filters Collecting Dispersed Standard Respirable Dust
inn an Eipram Dust Chamber for 8 hours.

Filter No. Type Wt. Coal Collected, mg

1 MSA 2.837

2 MSA 2.854

3 MSA 2873

4 MSA 2.858
Avg. = 2856 +/- 0.015 mg
Avg. Conc, = 2,975 mg/m

5 Nuclepore 2.936

6 Nuclepore 2.851

7 Nuclepore 2.737

8 Nuclepore 3.086

Avg. = 2903 +/-0.147 mg
Avg. Conc. = 3.024 mg/m

tubtng. This modification allows amounts of dust as small as
aboust 0.5 mg to be accurately analyzed.

The "size” of a particle measured by the Microtrac is
based o its projected area in random orientation in the tur-
bulent suspension passing through the laser beam. The
acrodynamic size, on the other hand, is based on the drag ex-
peﬁmcedbythcparﬁdcasitmgwsthroughair.lna
scparate investigation, it was shown'®) that the size distribu-
tion if a dispersed dust as measured by the Microtrac SPA
can be correlated with the acrodynamic size distribution as
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' TABLE &
Weight of Coal Dust Collected in Mines.

Mine Sample Respirable
A Personal 0.899
B Personal 1.112
C Personal #1 0.587
Personal #2 1.094
Total #1 -
Total #2 —

measured by a cascade impactor by using a conversion fac-
lor of about 1.10.

Size analysis of the respirable dust sample collected on
the Nuclepore filter first involves removing all of the dust
[rom the filter. This is done simply by placing the fitter into
2 beaker with a small amount of water containing wetting and
dispersing agents. Ultrasonic energy is applied to help
remove adbering particles and to completely disperse the
system. The sample is then transferred to the small volume
recirculator of the Microtrac SPA. Analysis time is typically
about three minutes, _

Knowing the weights of the coarse and respirable frac-
Aions of the dust, and their size distributions, it is possible to
determine the size distribution of the dust that entered the
personal sampler. From the mass balance

P} = a()Q = tx)T/P

where:

4(x), t(x), and p(x) are the incremental weight fractions
of the respirable, coarse and total size fractions,
respectively

Q, T, and P are their respective weights.

From this relationship, the total size distribution was calcu-
lated using the data from the respirable and coarse fractions
of the personal samplers,

The respirable and calculated total acrodynamic size dis-
tributions from mines A, B and C are shown in Figures 3, 4
and 5 respectively, In addition to the size distributions of
dusts collected in the personal samplers, the size distribu-

. tions of dusts sampled by Anderson Model 298 cascade im-
pactors which were placed near the personal samplers are
shown for comparison. Although the size distribution of the
total dust as calculated from the respirable and coarse frac-
tions sampled from mine A agree very well with the cascade
impactor analysis, the cascade impactor size distributions
arc siguificantlv coarser from mines B and C compared to

Loadings, mg

Coarse Total % Resp.
83 92 9.8
7.653 8.765 127
5026 5613 10.5
9.762 10.856 101

- 0354 -

- 18.872 -

the calculated total. This is believed to be the result of ag-
glomeration of the coal particles in the mine air, Evidence
of this also exists in the fact that there was a significant
amount of respirable particles (those less than about 5 um in
diameter) in the coarse fraction of the dust,

Ash Analysis

When size analysis has been completed, it is possible to
remove nearly all of the respirable dust particles from the
Microtrac SPA.

This suspension is then deposited onto 25 mm, 0.4 um
pore size Nuciepore polycarbonate filter dricd
and weighed. The weight of the deposited dust is recorded
and the filters are placed into 10 ml beakers, The beakers are
then placed in the chamber of the low tcmperature asher and
ashed for approximately three hours. The low temperature
ash (LTA) remaining in the beakers is redispersed by adding
water and redeposited onto similar Nuclepore membrane
filters. The LTA content is determined by weighing the fil-
lers and dividing by the original weight of coal, The results
of the low temperature ash analysis are presented in Table
1L '

The ash analysis of the Personal Sample #1 from the mine
C s out of line with the other personal sample which gives a
lotal ash content of about 17 percent and which agrees well
with the ash content of the total samples from that mine. Al-
though no errors were detected during the analysis of Per-
sonal Sample #1, there is always the chance one could have
occurred. It is also possible that the sample could have been
ultered or contaminated during sample collection or
transport from the mine to the laboratory. Incomplete low
lcmperature ashing could have contributed to the higher
LTA of the respirable fraction, but this does not explain the
lower LTA value obtained for the coarse fraction. On the
basis of just a few samples, one cannot rule out the possibility
that the Personal Sample #1 data are correct and that there
is a large sample variability, Judging from the values listed in
Table I, it can be seen that thare is a large difference in the
amounts of coal collected by the mine C instruments, all of
which were operating for the same amount of time in the
same area. Whether or not this same variability applies to
the ash content remains to be seen.
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Mineralogical Analysis

Mineralogical analyses were performed using infrared
spectrophotometry. The samples were first analyzed on the
Nuclepore polycarbonate filters which were used to obtain
their LTA weights, After infrared analysis on the Nuclepore

lileers, the ash was transferred to Gelman DM450 filters and:

the analysis was repeated. The infrared analysis follows the
P7 procedure used by the Mine Safety and Health Ad-
ministration (MSHA) in the routine analysis of quartz.

[ A AN i [ R I I ]

999 - -

98 - © FRespirabls MSA -
A Total MSA

95 - O Total impactor -

CUMULATIVE WEIGHT PERCENT FINER

I bt |
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o5 1 2 5 0 20

PARTICLE SIZE {um)

PGURE 3. Aerodynamic size distributions of dust collected at mine
A with a modified MSA personal sampler (converted from
Microtrac SPA data). Cascade impactor size distribution is
included for comparison.

(k) 02

TABLE NI
LTA Content of Actual Coal Mine Dusts, Percent,
Mine  Sample Respirablc Coarse  Total
B Personal 421 216 249
C Personal #1 613 6.1 119
Personal #2 216 159 16.5 -
Total #1 - - 171
Total #2 - - 18.6
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FIGURE 4. Aerodynamic size distributions of dust collected at mine
B with 2 modified MSA petsonal sampler (converted from
Microtrac SPA data). Cascade impactor size distribution is
included for comparison.

The mineralogical assays for kaolinite and quartz, which are
expressed as percentages of the whole dust, are listed in
Table IV. The total quartz and kaolinite contents of the per-
sonal samplers were determined by adding their respective
amounts from the respirabic and coarse fractions and divid-
ing by the total amount of coal. As can be seen from the table,
the combined quartz content of the personal samplers agrees
well with the total samples of the analyses for the mine C
dusts.

If substantial quantities of minerals other than quartz and
kaolinite exist within the respirable dust, x-ray diffraction
could be used to determine their relative quantities, Al-
though rigorous quantitative analysis of mineral powders re-
quires the addition of an internal standard to the dust,
sufficient accuracy can be achicvet{ by using an external
standard as described by Freedman )

Elemental Analysis

Lee and Mutmansky'® have successfully applied Particle
Induced X-ray Emission (PIXE) techniques to eicmental
analyscs of respirable dust on cascade impactor substrates.
Because this technique is non-destructive and only small
quantities (10 ug) arc necessary for adequate analysis, the
clemental analysis of the coal dust could readily be incor-
porated into the characterization scheme. Elemental
analysis could be performed on the low temperature ash
after the mineralogical analysis since the latter technique is
also non-destructive to the sample. Elemental analyses were
not performed on the mine dust samples collected in this
study.
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TABLE IV
Kaolinite and Quartz Content of Actual Coal Mine Dusts by Infrared Spectroscopy

Kaolinite
Mine  Sample Respirable  Coarse
9 5
C Personal #1 0 1
Personal #2 3 5
Total #1 — -
Total #2 - —
- 989 —
z
o 99— C Resprable MSA
— A Total Filter
Z e5- + Total MSA
g %0~ 0 Total impactor -
L
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h ———
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FIGURE 5. mic size distributions of dust collected at mine

C with & modified MSA personal sampler and an open-face filter
(converted from Microtrac SPA data). Cascade |mpactor Bize
distribution is included for comparison.

Specific Gravity Fractionation

If larger amounts { ~10 mg) of respirable dust are col-
lected, it is possible to perform a specific gravity fractiona-
tion on the coal dust. Although such quantities were not
collected in the underground mine sampling, labora:m;
tests have demonstrated the feasibility of the technique.’

Quartz
Total Respirable Coarse Total
6 3 2 2
1 5 11
4 3 2 2
6 - - 3
5 — — -
Dust
Collection
Mass
Loading
>10mg l
¥ <10mg
Spec. Grav. Size
Fractionation Analysis
\
Ash
Analysis
Y
Mineralogical
Analysis
\
Elemental
Analysis
FIGURE 6. Recommended characterization scheme for respirable
dust samples.
Conclusions

The results of the gravity fractionation procedure can

provide usefu! information on the relative distributions of
the organic and mineral constituents in the dust.

A systematic characterization scheme is suggested;
Figure 6 is a diagram of the recommended proccdure.

I more than 10 mg of respirable dust is collected, it would
be possible to do at least one and perhaps two specific gravity
fractionations, Otherwisc, size analysis is performed using
the modified Microtrac SPA after which the sample is col-
lected and low temperature ashed. The ash can be weighed
directly on a Nuclepore polycarbonate filter and transferred
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to a Gelmap DM450 filter, or just transferred to the Gelman References
DMa450 filter directly from the low temperature asher if LTA
weight is not necessary. Once deposited on an appropriate 1. Measurement and Control of Respirable Dust in
filter, the mineralogy of the LTA can be determined by x-ray Mines, National Academy of Sciences, U.S. Bureau
diffraction and/or infrared spectroscopy. Since these techni- © of Mines OFR 118-80 (1980).
?hu:: :rce nor:fat;f:lst;ualve, elemental analysis of the LTA can 2. Instruction Manual for MSA Gravimetric Dust
pc ed, . } ) . .

The minimum amount of respirable coal dust necessary Sampling Kit, Mine Safety Appliances Corp.
for these analyses, excluding the specific gravity fractiona- 3. Dumm, T.F.: An Evaluation of Techniques for
tion is about 0.5 mg, This amount is about the limiting quan- Characterizing Respirable Coal Dust. M.S, Thesis,
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Electron Spin Resonance Detection of Reactive Free
Radicals in Fresh Coal Dust and Quartz Dust and Its
Implications to Pneumoconiosis and Silicosis

N. 8. Dalal, M. M. Suryan, B. Jafari and X. Shi

Chemisury Depariment, West
Virginia University

1tis well known that prevalence and severity of coal worker's -

pneumoconiosis (CWP) differ markedly in different regions
and mines despite comparable exposures. These variations
in the pathogenicity of different coal mine dusts can only
partially be explained by the mineral composition of the coal
mine dust and the rank of coal. Laboratory studies also do
not correlate with the human experience. One major
difference between human exposure and laboratory studies
is that the coal miner breathes dust from freshly broken
coal, while the animals or cells are exposed to stale dust. In
an effort to find biochemical clues for resolving this
apparent paradox, we have carried experiments to detect
differences in chemical reactivities of fresh versus stale coal
dust from several U.S. coal mines. Electron spin resonance
(ESR) was used as a technique for the direct detection of
the concentration and reactivity of free radicals. ESR
measurements of freshly ground coal dusts of different
ranks and composition showed significant differences in the
amount and reactivities of the organic free radicals
produced. The half-lives and reactivity patterns of these
newly formed species of free radicals seem to correlate with
the expected toxicity and pathogenicity of the dust, thereby,
providing new clues to the biochemical mechanisms and
pathogenesis of CWP, Similar detection of free radicals in
freshly crushed quartz suggest that free radicals might play
a significant role in the pathogenicity of quartz in causing
librosis and eventually silicosis.

Introduction

The pathogenesis of coal workers’ pneumoconiosis
(CWP) has been an important topic of concern for decades,
but the mechanism of CWP is still not understood. It is well
known, for example, that the prevalence and severity of CWP
dilfer markedly in different regions and mines despite com-
parable exposure’™™ but these observations can only par-
tiallybe expiainﬁd by differences in mineral composition and
rank of coal - sPecilzfigly, while epidemiologicat studies
of coal miners indicate' " that the effectivencss of coal in
producing CWP correlates roughly with the rank (i.e. %

<arbon content) of coal, such correlation has not been estab-
lished via biological studies. ¢

In an effort to find additional clues to the biochemical
mechanism of CWP, we have examined the possible role in
CWP of organic radicals formed in coal dust during the
cutting of coal, This stud was prompted by the follow-
ing observations. Free radicals such as 02’ or its byproducts
have been implicated in the pathogenicity of lung injury
produced by activated macrophage or following radiation
therapy. The relevance of free radicals in CWP was also sug-
gested by our recent electron spin resonance (ESR) studies
wherein a positive correlation was found between the
severity of CWP and the concentration of organic free radi-
cals in dry lung tissue of autopsied miners.® Moreover,
threc recent papers indicate that mechanical crushing of
some c?als leads to the formation of organic free  radi-
cals®1 1y fact, Artmov and Reznik surmised that thes
radicals might be related to the pathogencity of CWp®
However, the authors did not establish any correlation be-
tween any property (say, concentration or reactivity) of the
radicals and the dust pathogenicity. It was also not shown
that dust from freshly crushed coals, termed as "fresh dust”
here from now on, was more pathogenic than the same dust
kept in air for several days, called "stale dust” here. At about
the same time (1982), Retcofsky reported ESR detection of
organic free radic?lg in a dry lung tissue sample of an autop-
sied coal miner."® He concluded that the free radicals
detected in the lung tissue reflect essentially the presence of
dust particles embedded in the tissue and exhibit no charac-
teristicrelevant to CWP. However, as mentioned carlicr, our
own ESR studies of tissue from lungs of autopsicd workers
who had worked in a varicty of mines showed a positive cor-
relation between the severity of CWP and the concentration
of organic free radicals in the lung tissue. In order to study
systematically the relationship of free radicals in fresh coal
dust as well as in lung tissue with CWP, we have carried out
the following cxperiments:

1. We havfg ;alidalcd and extended the earlier

. , ) . - .
Teport™™™ by a detailed ESR spectroscopic analysis
of free radicals produced by fracturing of two
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COARSE

{a}

MEDIUM

FINE

PSOC-182 (C=72%)
PSOC-867{C=95%)

VIGURE 1. (a) Effect of
Li5R signals after air exposure,

carefully selected U.S. coals under different
covironmental conditions.

2. We have iniliated biochemical studies to determine
the relative cytotoxicity of freshly fractured and stale
coal dusts.

3. We have measured free radical concentrations in the
lungs of autopsied coal miners with varying degrees
of CWP, T&S results of this study are reported
separately

4. We have examined the production of free radicals in
quartz particles ground under nitrogen and in air
and measured the radical decay,

Methodology

Electron spin resonance spectroscopy was used as a tech-
nique for the %dcmiﬁcation and reactivity studics of the free
radicals (113 The ESR measurements were made with an
1BM (model ER200D) ESR spectrometer operative in the.

X-band (10 GHz) range, and equipped with an Aspect 2000
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grinding (under nitrogen) on the ESR signal intensity from a PSOC-1192 (bituminous coal); (b) Decay of (free radical)

proportional to the radical concentration. The two Pennsyl-
‘ania coals studied herc (PSOC-867, an anthracite, and
PSOC 1192, a bituminuous coal) and their composition data
were obtained from the Pennsylvania State University coal
dala bank. For each ESR study, about 0.200 g of raw coal
particles (a few millimcters in size) were outgassed for
several hours to a vacuum of about 10° mm Hg and then
crushed in a glove box under dry nitrogen atmosphere so as
lo cxclude oxygen reactions with the free radicals. The coal
particies were crushed mechanically (using an agat mortar
and pestle) to produce particles from respirable to larger
size 50 as to mimick the situation during coal mining. The
same methodology was employed for the quartz studies.
For ESR studies of free radicals in lung tissues of workers
diagnosed as having CWP, 10-50 mg of lung tissues were ob-
tained from the National Coal Workers Autopsy study,
NIOSH, Morgantown, West Virginia. Samples were
selected to represent a wide range of CWP severity.
Cytotoxicity studies of fresh and stale coal dust were carried
out at NIOSH using sheep red blood cell hemolysis
dcveloggfi by Vallyathan at NIOSH, as described elsc-

nuicrocomputer for automatic data acquisition and process- where:

ing. As usual, the area under the ESR signal was taken to be
195
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: Results and Discussion

Coal Smudies

Figure 1 shows typical ESR spectra of the organic free
radicals from the two Pennsylvania coals. The signals were
assigned to organic free radicals from their similarity to ESR
signals from organic radicals in parent coals.{#*1% As js well
known. the absolute value of area under an ESR peak is
proportional 1o the concentration of the species (radicals
here). Thus Figure 1(a) shows the effect of the extent of
crushing (as judged visually from the particle size) on the
radical concentration for the bituminous coal sample (PSOC
1192, 725 carbon content). Here fine size was found to cor-
respond roughly to the respirable size particles. We note that
our grinding procedure is crude, but in this study our aim
was to mimick the situation of coal production in a mine, It
is seen that grinding produces free radicals. Perhaps an even
more significant result was that the radical production was

, higher in the anthracite coal (PSOC 867 — 95% carbon con-
tent) for the same amount of grinding time, as may be seen
from the ESR peaks in Figure 1(b). Moreover on exposure

—=1.2G

Tima atter prinding in air

0 Howr

|

L5 Houwr
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FIGURE 4. Dcray pattern of free radicals from the same anthracite
coal as-in Figure 3 but crushed in air.
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to air the free radicals produced in the anthracite coal
(PSOC867) decay at a much faster rate than those produced
in the bituminous coal (PSOC 1192), as deduced qualitative-
ly from the relative decreases with time (after grinding) in
the ESR peaks of the two coals, as a function of time (Figure
1(b)). Figures 2 and 3 show these decreases quantitativcly
for the bituminous and the anthracite samples, respectively.
While an accurate comparison of the radical decay rate
needs more controlled grinding procedures (which we plan
to complete in Lhe future), the preliminary results presented
inFigures 2 and 3 clearly show that the decay ratc and hence
the reactivity (with oxypen) of the free radicals produced in

10

ESA Intensity
o
|

k) 2 3

Timai{Hours)

FIGURE 5. Time dependence of the decay of the free radicals in an
air-crushed anthracite coal (PSOC-867).

the anthracite coal is about 300 percent higher than that in
the bituminous sample. Another significant result to be
noted from these figures is that under comparable grinding
conditions, the yield of free radicals produced per gram from
the anthracite coal is about an order of magnitude higher
than from the bituminous coal. Thus for comparable ex-
posures of fresh dust in an anthracite and bituminous coal
mine, the anthracite miners would be exposed to dust con-
taining significantly morc quantity and also more reactive
type of free radicals. If further experiments prove that these
free radicals are involved in the mechanism of CWP, then
the above results can be taken to provide a new clue to the
well known but hitherto not understood observation that
anthracite coal mine dust is significantly more pathogenic
than bituminous dust.

We have also observed that crushing of coal in air also
leadsto the production of radicals which decay over a period
of several hours. Figure 4 shows typical ESR signals of the
PSOC 867 (anthracitc) coal crushed in air and the changes
over a period of three hours after crushing, Figure 5 shows
a graphical representation of time dependence of the radi-
cal decay in air, after crushing in air, Again it is clear that the
radicals produced decay smoothly by reaction with the
OXygen in air.

197

.Free Radicals in Fresh Quartz Dust

It is known that fracturing of quartz under ultra-high
vacuum (10°1° lt_,grr) results in the production of silicon-based
free radicals "™ These studies were conducted in relation-
ship to the semiconductor-industrial applications. While it
has been occasionally mentioned that free radicals on the
surface of quartz particles might be relevant to the
fibrogenicity of quartz, no systematic ESR measurements of
such radicals have bcgn reported, especially as related to the
biological activity.'® Our preliminary results are sum-
marized below.

Figure 6 shows typical ESR spectra of quartz (SiO2) par-
ticles ground in air as a function of time after grinding. It is
clearlyseen that the radical concentration, as measured from
the peak-to-peak height of an ESR spectrum, decreases with
lime as the quartz dust is left exposed to air, Figure 7 shows
a plot of the time dependence of the radical concentration
decrease. These results are somewhat similar to the radical
decay pattern for the organic free radicals in fresh coal dust.
Therefore, in this respect coal and quartz exhibit similar sur-
face chemical reactivity

Implications to CWP and Silicosis

The above described ESR studies establish that the sur-
faces of fresh coal as well as quartz contain highly reactive
frec radical species, and hence the potential for cytotoxicity
via chemical reaction (bond formation) with the cell
membrane. Preliminary t%;ts carried out using the sheep
red-blood cell hemolysis( procedure indicate fresh coal
dust, prepared by crushing of the anthracite (PSOC 867)
coal exhibits significantly higher homolytic activity than the
same dust left in air for several hours. Since exposure of fresh
dust to air causes a decrease in the amount of the frec radi-
cals, as well as to a decrease in the cytotoxicity, it is possible
that the free radicals do contribute to the coal dust's
cytotoxicity. As for quartz, while hemolytic activity has not
yet been studied, we have obtained an indirect evidence of
the role of free radicals in the quartz's cytotoxicity: the free
radical concentration decreases on heating freshly crushed
quartz to about 700°C in a rough proportional manner to the
decrease in the cytotoxicity of quartz as reported carlier.

Thus, while much further work remains to be done, the
hypothesis that free radicals present in fresh quartz as well
as coal dust contribute to their cytotoxicity seems to have
some experimental basis,
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Detection of Organic Free Radicals in Coal-dust
Exposed Lung Tissue and Correlations with Their
Histopathological Parameters

B. Jafari l, N. S. Dalfll, V. Vallyathlm2

and F, Y. H. Green

1Chemistry Department, West Virginia University
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Using electron spin resonance (ESR) spectroscopy we have'

carried out a systematic study of the measurement of
concentrations of organic free radicals in freeze-dried lung
tissue, Sixty-six tissue samples were obtained from the
National Coal Workers’ Autopsy Study (NCWAS). The
samples were characterized in terms of the concentration
per gram of the free radicals, and examined in relationship
to the histopathological parameters such as age, numbers
of years in the mining atmosphere, the degree of disease,
and smoking history. Preliminary results indicate a positive
correlation between the free radicals in the lung tissue and
the severity of pneumoconiosis.

introduction

This paper summarizes our electron spin resonance
(ESR) mcasurements of the concentration of organic free
radicals in the frecze-dried lung tissue of autopsied coal
miners. This work was undertaken because it is well known
that Enfst coals contain carbon-centered organic frec radi-

12} and recent studies from our laboratories md:cated
that reactive free radicals might play a role in the biochemi-
cal mechanism of coal workers’ pneumoconiosis (CWP).”)

Morgantown. The sam les came from the data bank of the
Natié.:l Coal Workcrl:' Autopsy Study (NCWAS). This
selection was unique because fairly detailed histopathologi-
cal information was available for each sample. "
Other recent studies in this ficld are those of Ohtaet af
who conducted ESR measurements on black dust d!:positcd
in autopsied human I t no coal .mincr was mclgded
therein, Earlier Retco! 2} had examined one lung-tissue
sample via ESR spectroscopy and had concluded that the
free radicals in the lung tissue reflected simply the fusain
(narrow component) ESR signals. The prcscn} ﬁt)udy was
thus undertaken to complement the carlier work and the
results indicate a positive correlation with the discase

severity fairly strongly.

Methodology

ESR measurements were made with an X-band, IBM-
Bruker ER 200D, ESR spectrometer in conjunction with an
Aspect 2000 microcomputer. The lung tissue samples were
all used as thin slices, as received from NIOSH, and inserted
into the microwave absorption cell (cavity) of the ESR
Spectrometer using quartz sample tubes. Detailed ESR
measurements were made at room temperature on all 144
samples, in a blind study. Of these 66 samples were used for
statistical analysis since detailed histopathological data wete
available only for these sampics from NIOSH. The average
age was 55 + /- 8 years at time of death, with an average un-
derground mining history of 31 +/- 13 years. Among these
94 percent werc smokers and 6 percent non-smokers.

Results

Figure 1 shows typical ESR spectra from two lung-tissue
samples, Figure 1(a) is for a samplc with only a preliminary
coal dust exposure whereas 1(b) is that for a heavily-exposed
tissue. These spectra were obtained over 2 wide range of
magnetic field in order to measure both the free radicgls and
any paramagnelic transition-metal ions, such as Fe *, as
marked in the figure. The free radical spectra occur only in
a narrow magnetic field range around 3400 G at X-band, as
indicated by arrowheads in the figure. Since the focus of the
present study was only the free radicals and not metal ions,
detailed measurements were made only on the free radical
features. ‘

As is well known the concentration of the free radicals is
proP?{tional to the arca ender the free radical ESR sig-
nal.\'%) The free radical concentration was thus measured
per gram of the tissue sample uscd, Table I gives the details
of the free radical concentration along with the his-
topathological data on the specimen studied. Here no dis-
ease refers to coal workers who had been classified to have
no CWP. Macular refers to cases of simple pneumoconiosis
whercas progressive massive fibrosis (PMF) refers to the



DETECTION OF ORGANIC FREE RADICALS

. TABLE| _
Concentrations of Free Radicals in Coal Miners’ Lungs With and Without Discase

Number Mining
of Cases Age Tenure
22 63 +/-7 29 +/-15
15 74 +/-8 26 +/-14
10 70 +/-8 33 +/-16
4 T +/-6 4 +/-5""
11 65 +/-10 24 +/-16
3+
Fe
BLACK LUNG
TISSUE SPECTRA |

200 G

Free '
Radical I
3

Smoki Type of Free Radical

Bieng Dizease Conc/GM

40 +/-26 No disease 0.42 +/-0.72

33+/-20 Macular discase 0.85 +/-0.58

30 +/-26 Progressive massive 127 +/-1.04
fibrosis

non-smokers  Progressive massive 4.50 +/-290
fibrosis

28 +/-13 Cancer of the lung 3% +/-2.3

ESR SPECTRUM
Black Lung Tissue IBL 72105}
Pretiminary Eaposuwre

NED

Fe
Black Lung Tissue IBL 74461
Heavy Exposure

1 H

FIGURE 1. Typical ESR spectra of freeze-dried lung tissue (a) with preliminary exposure (b) with heavy exposure,

most advanced stage of the disease. It is seen that the free-
radical concentration is the highest in samples with PMF and
the lowest in those with "no disease." A graphical repre-
sentation of the findings is given in Figure 2. Here the
horizontal scale used is from zero (o 14 as devised by NIOSH,;
zero corresponding to no disease and 14 to the highest PMF.
Itis again seen that the free radical concentration in the lung
lissue increases sharply with the severity of CWP.

The results of Table I and Figure 2 also show that, for
roughly the same degree of CWP, the free radical concentra-
tion is higher in the cases of non-smokers than smokers. This
was surprising at first because cigarette smoke itself is known
to contain organic free radicals.®} Hence if there were no
reaction between the free radicals in the coal dust and those
in cigarette smoke, then one might expect that the total free
radical conceatration to be higher in the smokers, contrary
to our findings. Thus while at present the nature of interac-
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tions between the various types of free radicals in the fung
tissuc is not clear, it is apparent that these radicals are not
inert.

Conclusions

Preliminary conclusions from this studyis that the amount
of stable, carbon-centered free radicals in autopsied lung-
tissue increases with the severity of CWP. We are in the
process of comparing ESR signals from coal dust obtained
from the same mines, to examine whether or not the free
radicals in the lung tissue are the same as those found in the
specific coal mine dust, It is hoped that the results would
provide further clues to reactivity of the free radicals in the
coal mine dust with lung tissue and cigarette smoke and
thereby the pathogenicity of CWP,
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Theory and Design Guidelines - Chapter 4
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4.1 [Introduction

in previous chapters impactors have been described as useful instruments for classifying
particles by their acrodynamic diameters and for measuring particie size distributions. These
impactors can be used most reliably if the user has some understanding as 10 how the impactor
classifies particles and what parameters are important ia this classification process. This under-
standing can best be obtained by a theoretical inspection of inertial principles.

This chapter reviews the mast recent theoretical impactor work and the Jatest theoretical
efficiency curves. Procedures are then given for using these efficiency curves in the design and
evaluation of cascade impactors. Finally, several examples are given comparing theoretical and
experimental efficiency curves, pointing out when the theory can be used with great confidence
and when the theory should be used only as a guideline.

Due to the rather simple principle of operation of an inertial impactor {i.c., the impingement
of a jet of particle-laden air on a flat plate) the impactor readily lends itself to theoretical analysis.
Three notable works in the early 1950's were those of Davies and Aylward (1951), Davies ef al.
(1951}, and Ranz and Wong (1952).

Davies and Aylward (1951) used a method of conformal mapping to obiain an analytical
solution to Euler's equation for the flow of a frictionless fluid through a rectangular impactor.
Numerical calculations were then carried out whereby the equations of motion of the particles
were solved in a stepwise manner, leading 1o a determination of the efficiency curves. Since this
theory assumed potential flow, the effect of Reynolds numbers on the characteristics of the
impactor could not be determined.

Ranz and Wong (1952) used an approximate flow field to calculate the efficiency of both
round and rectangular nozzle impactors. Ln the vicinity of the stagnation point, the flow ficld was
assumed to be that of frictionless stagnation flow. Here, the resulting equation of motion for the
particles was found to be in a form similar 10 equations for free vibration with viscous damping.
Therefore, the known solutions of the vibration equations were applied directly to the problem
and the efficiency curves calculated. This solution technigue, however, could not take into
account the various geometric variations such us the jet-to-plate distance in the determination of
the efficiency curves.

“The work of Ranz and Wong (1952) was later modified by Mercer and Chow (1968) and
Mercer and Stafford (1969) so that the rather simple flow fields of Ranz and Wong (1952) could
be used to account for various jet-to-plate dislances. The same techniques, however, were used
to determine the impactor collection efficiency curves.

With the advent of high-speed computers and the development of numencal analysis tech-
niques in the late 1960’ it was possible to perform a detailed study of the flow ficlds and particle
trajectories within impactors {Marple, 1970; Marple ef a/.. 19742 and 1974b; Marple and Liu,
1974; Marple and Liu, 1975). This not only resulted in obtaining theoretical efficiency curves
as a function of the geometric parameters such as jei-to-plate distance and throat length, and fluid
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mechanic parameters such as nozzle Reynolds number, but also a good insight into how an
impactor must be designed and used. This theory was further updated in the carly 1980's (Rader
and Marple, 1985) to include second order effects such as ultra-Stokesian drag on the particles
and particle interception at the impaction plate.

4.2 Theoretical Coliection Efficiency Curves

In the first comprehensive theoretical work utilizing high speed computers, the impactor
efficiency curves were determined by numerical analysis techniques (Marple, 1970). This work,
as well as that of Rader and Marple (1985), is for single-jet impactors. For the case of multiple-
jet impactor stages, the jet-to-jet interaction may affect the cutoff characteristics.

The technique included the finite difference solution of the Navier-Stokes equations to deter-
mine the flow field (Marple, er al. 1974 a, b) and the subsequent calculation of particle
trajectories in the flow field by numerically integrating the particies' equations of motion
(Marple and Liu, 1974). This method was applied 1o the two-dimensional geometries of round
(circular jet with diameter W) and rectangular (rectangular slit of length L much greater than the
nozzle width W) impactors. The study determined the collection efficiency curves for both
nozzle configurations as the dimensioniess parameters of jet Reynolds number, Re, jet-to-plate
distance, S/W, and nozzle throat length, T/W, were varied. Results of that parameteric study are
presented in Figure | where the values of Re, 5/W and T/W are parameters. The symbols W,
§ and T indicate the jet width or diameter, jet-to-plate distance, and nozzie throat length,
respectively, as indicated in Figure 2. '

In Figure 2 the particle size on the abscissa is expressed in dimensionless form as the square
root of the Stokes number, V3¢, defined as:

V3 = &9‘::%5 m

where p, is the particle density, V, is the average air velocity in the nozzie throat, C is the slip
correction, D, is the particle diameter, u is the fluid viscosity, and W is the nozzle diameter
(round) or nozzle width (rectangular).
The Reynolds number, Re, is expressed as:
pWY,

Re = —— (round)
B

Re = 2—“’? (rectangular) @

where p is the air density.

The Reynolds number can also be expressed in terms of the air mass flow rate, s, passing
through the impactor as follows

nW
Re = = (round)
Tl

and

Re = % {rectangular) (3)

“This form of the Reynolds number is advantageous since m is a constant for all stages of the

impactor.
It can be seen from the calculated efficiency curves in Figure 2 that the cutoff characteristics
are good for efficiencies less than about 0.80. Above this value the cutoff characteristics are not
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Figure ). Original impactor efficiency curves for rectangular and round impactors showing the effect
of jet-to-plate distance §, jet Reynolds number Re, and throat length T (from Marple, 1970).

as sharp due to the air and particles moving at fower velocities in the fluid boundary layer near
the nozzle wall than in the central portion of the jet. Since the panticle velocities are lower in
this region, the particles must be larger to be collected, causing the nonsharp collection charac-
teristics in the upper portion of the curves. A nwire detailzd discussion of this phenomenon has
been presented eisewhere (Marple and Liu, 1975).

Comparisons of the theoretical efficiency curves in Figure 2 to experimentally determined
efficiency curves have indicated good agreement in most cases, if the nozzle configuration is
similar to that shown in Figure 1. Differences between experimental and theoretical efficiency
curves have primarily been in the shape of the efficiency curves. For example, in the portion of
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the curve represented by efficiencies less than about 0. 10, the expetimental curves have tended™
to flare to the left (small values of V/S7 ) while thearetical curves { Figure 2) tend to show sharp
cutoff characteristics in this region. Thus, the actual experimental curve is “S™ shaped while the
theory predicted only the upper portion of the “S™ curve. In addition the experimental efficiency
curves have, in general, been steeper (sharper cutoff characienistics) than the theoretical curves
shown in Figure 2.

In an attempt 1o define theoretical curves that are even in better agreement with experimental
curves than the theory described above (stecper “S” shaped curves), the theoretical technigue
was revised in three areas and the efficiency curves recalculated (Rader and Marple, 1985). The
first arca of improvement was to make the grid finer over the area for which the Navier-Stokes
equations were solved. This aliowed for the flow ficld to be described more accurately. This gnd
refinement was made possible by the higher-speed and larger-capacity computers available now
compared with those used in the earlier study. The second area of improvement was employment
of a more accurate particle drag coefficient in the particie equation of metion, Finalty, the third
area was inclusion of the effect of the interception distance of the particle as it approached the
impaction plate. This differs from the previous theoretical technique where the particles were
assumed 1o be represented as point masses. The effect of these three revisions in the theoretical
technique is described in detail by Rader and Marple (1985) and will not be described here,
However, for most of the efficiency curves the effects were small.

The efficiency curves calculated by the revised theoretical technique are shown in Figure 3.
These curves are too new to have had many comparisons with experimental curves; however,
the agreement should be better. Comparison of the curves in Figures 2 and 3 will generally show
that the efficiency curves in Figure 3 are steeper and have the characteristic S-shape found in
experiments. Therefore, this most recent theory appears to be an improvement.

In the remainder of this chapter both sets of efficiency curves will be used. The original set
(Figure 2) is presented since thev have been in use for many years and many impactor designs,
comparisons between theory and experiments. and impactor developments have been based
upon these curves. The more recent curves, shown in Figure 3, are presented since they include
more of the second order effects and should be the most accurate theoretical curves presently
available. It is recommended that any future work be based upon the theoretical curves in
Figure 3.

Although the revised theoretical curves in Figure 3 are to replace the original curves in
Figure 2 that have been used for about 15 years. the basic guidelines have not changed. since

Figure 2. Schematic diagram of a typical impaction swage showing streamlines and panicle
trajectones.
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the differences in the two sets of curves are slight in most cases. For example, both sets of curves
indicate that §/W values should be greater than 1.0 for round impactors and 1.5 for rectangular
impactors to avoid small changes in S/W radically changing VSty,, the Stokes number
comresponding to 50% collection efficiency, and that the Reynolds number should be Fetween
about 500 and 3000 for both round and rectangular impactors to achicve efficiency curves with

sharp cuts.
4.3 Stip Correction Considerations

In solving the Stokes number equation (equation 1) for the value of the particle diameter. a
difficulty arises since the slip correction C is also a function of the particle diameter:

" A A 2!:
C =1+ [257— + 0.40— expl =110 3
D, D, 2A
1.0 1 H 3 [l 1 . H e 1 [
ROUND
Re: 3000 S/WIT/W=1} / / /
30 =1 H "
8- -
20—/ N M
1.0 i "
“ 05 / o
B - ' t -
5 ' t!
g i i/ RECTANGULAR
w ' i S/w{T/w=1)
- f § e
2 4 - t It A0 -
w 1 i‘—l 5
™ t f] .
had et ep— Y
1 'l
2~ I ' Jl;' -
1 !
b /
o 1 1 t [} t ! 1 1 . 1 1 [] ]
4] i 2 3 4 5 & 7 8 9 Lo it 1.2
vSr
o) EFFECT OF JET TO PLATE DISTANCE (Res 3000)
IO l_.______...—u--' _|—____l _____ | p——
f”
8- _r, -
t!I
w ;
- &= / RECTANGUL AR _
[T 'f ] RelS/w=15,T/ws))
; TR S T
o L ROUND | o ""'f"““_““*;gg _
w - {s/w=1,T/wet) f = :
W e { f——— - ———~——~13000
w i —= 10,000
10 - ) Iy f
2 - 100 F T ) -
)] 500 - ..J-‘l,." /i’
J—3000/ 4 .
ot 10,000 L -
0 1 1 1 r 1 1 ' 1 t 1 ]
4 5 B .7 8 ] 1.0 11 1.2 "3 1.4 ) 1.6
5t

lb} EFFECT OF JET REYNOLDS NUMBER

Figure 3. Revised impacior efticiency curves for rectangular and round impactors showing effects of
jet-to-plate distance §, and jer Reynolds number Re (from Rader and Marple, 1985).

where A is the mean free path of the air molecules (Davies, t945). Therefore, the solution of
equation 1 for particle diameter normally is a value for \/ED, from which D, must subsequently
be solved. The value for the mean free path of the air molecules is taken as 0.66 X 107° cm at

normal temperature of 20°C and pressure of 1 atm (101.3 kPa).
Although the mean free path is a function of both pressure and temperature, in most cases only

the variation in the pressure as the aerosol passes through a cascade impactor must be considered.
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The temperature is usuatly relatively constant and not far removed from the absolute normal
temperature. Therefore, since the mean (ree path is inversely proportional to the pressure, it is
possible 10 express the mean free path at a normal temperature of 20°C as:

A =0.66 x 10°%/P (5

where A and P are in units of centimeters and atmospheres, respectively. The slip comrection can
now be expressed as:

1.659 X 1075 528 x 10°*
C=1+ D.F + G exp(—83, 300D, P) (6

One method for obtaining D, when the value of VD, is known is by iteration. With this
technique a value for D, is selected, C calculated from equation 4 and then the value of VCD,
compared to the known value from equation {. Next a new value of D, is selected and the process
repeated. This continues until the value of D, has been found.

A more straightforward method of obtaining D, from equation 6 is to express \/ED,P asa
function of D, P (Marple. 1986). This is possible since C is a function of D, P (equation 6). By
plotting the relationship of \/ED,,P versus D, P as shown in Figure 4, it is quite easy to obtain
D, when \/ED,. is known. This is done by multiplying the known value of VCD, by the
pressure P in atmospheres. From Figure 4 the corresponding value D, P can be found on the
abscissa. Division of this valuc of D, P by P gives the value of D,.

The value of C versus D, P from equation 6 is also shown in Figure 4. This indicates that for
values of D, P greater than 10 um-atmospheres the value of C is unity and this solution
technique need not be used.

One final use of Figure 4 is the determination of the aerodynamic diameter D,, {(diameter of
a unit density sphere with same settling velocity) when the diameter of a panticic D, of non-unit
density is known. The governing relationship is:

Vp, VG, Do = Vp,VC,,D, M

when p, = | g/em’. Il D, and p, arc targe enough so that D, and D,, are in the regime where
Co,, and Cp_ are unity then:

D, = Vp,/p.D, (8)

However, if the C’s are greater than unity, then Figure 4 can be used by multiplying both sides
of equation 7 by the pressure P:

V. VCo D P = Vp,VC,,D,P 9)

As illustrated in the insert in Figure 4, the procedure for finding D, is to first multiply D,
by P and {ind \/E‘:'D,. P. Multiply this value by \/E: the result of which is equal to
VCp D.P.since p, = 1. The value of D P can now be found from Figure 4 and the division
by P gives D,,. If the value of D,, is known, D, can be found by simply reversing the above
procedure.

4.4 Importance of the Flow Field

Since impactors collect particles by making use of the particles’ inertial properties to move
the particles through the air streamlines onto the impaction plate, the fluid flow field within an
impactor is very important. For example, Marple and Liu (1974) showed that impactors with
sharp collection efficiency curves can be obtained if the velocity profiles at the nozzle exit are
uniform across the nozzle. The theoretical anzlysis, resulting in the efficiency curves in
Figures 2 and 3, indicate that the two parameters of primary importance in controlling the flow
field are the impactor configuratiun and the Reynolds number of the fluid at the nozzle.

Basically there is not much that can be done with the configuration to achieve uniform flow
at the nozzle exit with the exception of controlling the jet-to-plate distance. We have already
shown that the S/W value should be greater than 1.0 and 1.5 for round and rectangular
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impactors, respectively, to avoid sizable changes in particle cutoff size as a result of small
changes in jet-to-plate distance.

the velocity is low. This leads 1o a particle collection efficiency curve that has poor sharpness-
of-cut characteristics as shown in Figure 3 for low Reynolds numbers.

Marple and Willeke (1976) investigated controlling the Reynolds number by controlling the
number of nozzles used per stage of the impactor. This resulted in the development of a set of
design curves for both round and rectangular impactors shown in Figures 5 and 6.

Figure 5 is actually three sets of curves for Reynolds numbers of 500, 3000 and 10000, In each
set, the ordinate is the total flow rate through the impactor stage and the abscissa the number
of nozzles in that stage. In this analysis there is a one-to-onc relationship between the value of
the \/ED, and the nozzle diameter W. Therefore, \/ED, and W are used as parameters for the
curves in each set,

The curves in Figure 5 are to be used only as a guideline in analyzing or designing impactors.
For example, if an impactor is to be designed with a Reynolds number of 3000 and a total flow
rate of 10 L/min, the number of nozzles to achieve a cutoff size of \/Ea\‘IJ,(J =1 pm will be §.
The nozzle diameter for this stage would be about 0.113 cm. If the Reynolds aumber was 1o be
lowered to 500, the same cutsize would be achieved with about 30 nozzles of 0.0894 em
diameter, Il the Reynolds number was to be raised to 10000, then the impactor would take less
than one nozzle and, thus, could not be a solution to the probiem.
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Although using multiple round nozzles in a stage of an impactor to control the Reynolds
number is effective for round nozzles, it is not the case for rectangular impactors. If the nozzle
of the rectangular impactor is divided into smaller nozzles the width of the nozzle remains
constant and only the length and number of nozzles changes. This does not serve to change the
Reynolds number or the cutoff size of the impactor. Therefore, the design curves for the
rectangular impactors shown in Figure 6 indicate a one-to-one relationship between the Rey-
nolds number and the flow rate per unit length. 1f a specific Reynalds number is desired, the flow
rate per unit length is dictated as well as the nozzle width W for a specific cutoff \/ED,,. For
example, if the Reynolds number is 1o be kept at 3000 and the cutsize is to be | um, then
Figure 6 shows that a nozzle width of about 0.06 cm is needed and the flow rate will be about
16 L/min/cm. If the flow rate was to be 10 L/min then the length of the nozzle would be
0.625 cm. This stage could be designed with a one 0.625 cm by 0.06 cm wide nozzle or the
length could be divided into any number of segments desired; the total length would have to be
held at 0.625 cm.

It must be noted that the curves of Figures 5 and 6 were developed at the time when only
efficiency curves of Figure 2 were in existence. Thus, these curves pertain only to Figure 2.
However, in development of Figures 5 and 6 only the value of VC Dy as a function of the
Reynolds number at 500, 3000 and 10000 were used. Since these values are very similar for the
efficiency curves in Figures 2 and 3 the design curves of Figures 5 and 6 arc still valid. As
explained above, the curves in Figures 5 and 6 are to be used only as guidelines in designing
or analyzing impactors.

4.5 Summary of Theoretical Considerations

Before starting a design one must first have at hand the necessary curves, equations and design
crileria. Although some of this information has been presented in previous sections of this
chapter it will be summarized here aiso.

1. The collection efficiency curves in Figure 3 are the most recent theoretical results.

2. The minimum value of §/W should be:

S/w =1 (round impactor)

and
S/W = 1.5 (rectangular impactor) (10

so that smal] changes in S/W do not alter the value of Dy. The theory does not predict an
upper value of S/W but designs close to the values in equation 10 are preferred. For small
nozzle diameters, §/W values may have to be as large as 5 or 10. In such cases, an experimental
study should be performed to ascertain the sensitivity of the particle cut size to the nozzle-
to-plate distance.

3. The Reynolds number should be between 500 and 3000 to achieve as sharp a collection
efficiency curve as possibie.

4. The value of the Revnolds number in the nozzle can be controlled by the number of nozzles
per stage for round impactors and by the flow rate per unit length for rectangular impactors.
Figures 5 and 6 should be used in estimaiing the number of nozzies that will be needed (round)
or the flow rate per unit length {rectangular) required.

5. The Stokes number equation can be used to predict the cut size (size of particles coliected
at 50% efficiency) if the Sy (Stokes number at 50% coliection efficiency) is used in equa-

tion 1. Thus,
w
\/ED,.,= ,’gf.”g_""_ (113
Py Ve

is a governing equation for determining the cut size when the Stokes number is known. Dy i5
found from V'€ Dy, by use of Figure 4. Based on conditions 2 and 3 above, \/Six is 0.49 and
0.77 for round and rectangular nozzies, respectively.
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It is often more convenient to express equation 11 in terms of the flow rate per nozzle g rather
than the velocity V,. Using the relationships

q

V,= Wi {Round}
q
=1 12
v, iw (Rectangular) (12)
equation 11 becomes:
w.‘
VEDy = 2 pound)
4qp,
951,0;1(-&)54”
VCDy= Y —mM— (Rectangular) (13)
92,

6. It is necessary to know the pressure in the impaction region so that the slip correction C
can be calculated and the volumetric flow rate ¢ or the velocity V, can be adjusted. Both of these
parameters influence the calculation of the cut size, Dy, in equations 11 and 13.

The dependency of C on pressure has already been discussed. The only question that remains
is what pressure to usc; the pressure upstream or downstream of a nozzle. Both pressures have
been used at various times by various researchers. [n actuality, the local static pressure at the
particle should be used as the particle passes through the nozzle. However, since this is not
known, and since the static pressure in the stagnation region at the impaction plate is probably
close to the static pressure at the nozzle inlet, the authors have generally used the static pressure
upstream of the nozzle in the calculation of C. Thus the static pressure at the impaction region
1s being approximated by the upstream static pressure.

The same reasoning does not hold true in the calculation of ¢ or V,, since V, is the velocity
of the air in the nozzle throat. Therefore, g and V, must be calculated at conditions in the throat,
The calculation of ¢ or V, is not difficult if it is realized that the mass flowrate of air is constant
for all stages. Therefore, ¢ is inversely proportional to pressure,

P
g = q:(;;,-;) (14)

where subscripts | and 2 refer to conditions at the impactor inlet and the impaction plate in
question, respectively. The velocity is calculated from the relationship

V, = q/A, (15)

where A, is the throat area,

The only difficult step is the determination of the pressure appropriate for these calculations.
Normally, it is assumed that the dynamic pressure of the jet at any stage is lost to turbulence.
Therefore,

AP = ‘%pVE (16)

where AP is the pressure drop across a stage. The values for p and V, should be calculated at
the downstream pressure. The ideal gas equation can be assumed for the calculation of p.
Therefore, an iterative procedure must be used in the solution of equation 16. It is realized that
this is a simplistic approach to dealing with the influence of pressure, in that such phenomena
as pressure recovery in the impaction zone are ignored, but experience has shown that it is a
satisfactory procedure for most impactor calculations.
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4.6 Design Procedure

Marple and Willeke (1976) presented a step-by-step design procedure for designing a cascade
impactor. That procedure is described below for a cascade impactor of either round or rectan-
gular design. The details have been modified so that the design procedure corresponds with the
curves, equations, etc. presented in this chapter. The procedure starts with the design of the first
stage (i.c., stage with largest panticle cutsize).

1. Choose a desired cutoff diameter, D,, for first stage. Although the Stokes number eguation
(equation |l or 13) is applicable to particles of any density, it is generally easier to design an
impactor if the cutoff size is expressed as the equivalent aerodynamic diameter D,,. The
relationship between D, and D, has been presented in equations 7 through 9. In addition. the
procedure using Figure 4 to solve for D, when the slip correction is important has already been
described.

" 2a. {Round) Use Figure 5 and determine the number and size of nozzies required for the
desired operating Reynolds number and the acrodynamic cutoff size VC Dy, The curves for
Reynolds number 3000 should be satisfactory for this step.

2b. (Rectangular) Use Figure 6 and choose a desired Reynolds number (Re = 3000 should
be satisfactory) and determine the flow rate per unit length, and the nozzle width for the desired
aerodynamic cutoff size VC Dy, From the values of Q/L and Q, the nozzle length L must be
calculated and compared to the nozzle width W to be assured that the nozzle is actually a
rectangular slit. 1f L and W are approximately equal, the nozzle would act as a round nozzle.
It is felt that L should be on the order of about 10W for the nozzle to be rectangular.

3. Select a convenient nozzle diameter {or nozzle width) which is close to the value lound
in step 2. For a round impactor this would be a standard reamer size, and for a reclangular
impactor it may be a standard slitting saw width.

4. For this value of nozzle diameter (or nozzle width), check the Reynolds aumber using
equation 2. If the Reynolds number is far removed from the value assumed in step 2, repeat the
process in step 2.

5. Atthis point it is important to calculate the pressure in the impaction region of the impactor
so that corrections can be made in the value of flow rate @. It is usually assumed, for stages
collecting particles of | rem diameter or greater, that the pressure drop across the nozzie is
negligible, and that the flow rate and pressure can be assumed to be that of the impactor entrance.
However, as the air passes through the stages of a cascade impactor, the pressure drop can
become appreciable at the lower stages.

The pressure for any stage, P, can be calculated using cquation 16 to give

P,=P_ - lzpvz (7N

6. Determine the value of VSty, from Figure 3 and calculate the cutoff size \/ED,. using
cquation 13.

7. Determine the particle cutoff size D, from VC D, by the procedure outlined in Figure 4.

8. Repeat the steps, starting at step 1, for the nex( stage of impactor and continue until the
entire impactor has been designed.

Remember that for all stages the value of S/W should be kept at

§/W = 1.0 (Round)
5/W = 1.5 (Rectangular) (i8)
Also for the impactors to have sharp cuts the Reynolds number should be
500 < Re < 3000 (19

for both round and rectangular impactors.
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4.7 Case Studies

The authors of this chapter have used the above theory to design many impactor stages that
have subsequently been calibrated. In this section, a few examples are presented. as well as how
the theoretical and experimental efficiency curves agreed.

4.7.1 Single Siage, Single Round No:z:zle Impacior

The object of this design was to design two single stage impactors with single round nozzles
to provide cuts ar either 2.5 pm or 10 um aerodynamic diameters. These impactors are used in
the MST Indoor Air Sampler (MSP Corp.. Maple Plain, MN 53359). This design is of partcular
interest in that the boundary conditions in the impactor are exactly matched to theory. since the
theory considers only single nozzies. The only design constraint was that the flow rate had to
be 4 L/min.

With this information, and using the design procedures outlined. the impactor described in
Table | and shown in Figure 7 was designed. As can be seen in Table 1. the vatues of §/W and
Re are within the guidelines for good impactor operation. It was expected. then, that the
theoretical and expenimental coliection efficiency curves should be in good agreement. and this
was found to be true as shown in Figure 8. The theoretical curves are taken from Figure 3. The
experimental data points were generated with monodispersed acrosols of oleic acid droplets
tagged with a vranine dve tracer. The quanuties of dve collected on the impaction plate and
afterfilter were determined using 2 fluorometer and the subsequent coliection efficiency calcu-
lated. Since the sharpness of cut was so steep for these stages (o, = 1.02 and 1.09 for the 2.5
and 10 gm impactor, respectiveiyv), special care had to be taken to measure the quantity of
doublet and tnplet particles generated by the vibrating orifice aerosol generator and back out
their higher collection efficiency from the calculations of collection efficiency.

Figure & shows the comparison between the theoretical and experimental collection efficiency
curves. The agreement is excellent for the 2.5 pm impactor, but shows a 6% discrepancy for

Figure 7. The MST indoor Air Sampler Showing: (1) Base and Filier holder, {2) Cover for afierfilier
and support for impacior siages, {3 & 4) Impaction stages with same cul size to decrease
probability of overloading. (5) Cove., :6) Aficrfilter, and (7 & 8) Impacuon plates.

the 10 wm impactor. This discrepancy is thought to be due to gravitation effects and is discussed
in greater detail in Section 4.7.2. It should be noted that in the design procedure, the first
estimate of the nozzle diameter was 0.248 cm which provided for an experimental cutoff size
of 2.60 um. Since this cut size was 4% larger than desired, the nozzle diameter was changed
to 0.244 cm, which provided the cutoff size of 2.52 um. A similar iteration was experienced
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TABLE 1. Design parameters and cutoff diameters
of the impactors in the MST indoor air sampler

Nominal Cutoff Diameters, pm 2.5 10
Nozzle Diameer, cm 0.244 0.620
YL 2.0 0.86
Re 1140 900
Cuoff Diameter, um
Theoretical 2.52 10.4
Experimental 2.52 9.8

TABLE 2. Design parameters and cutofT diameters of

Stage 1 2 ] 4 5 6 7 8
Nozzle Shape slot slot slot slot slot slot round round
Number of Nozzies 6 [ [ [ [ 6 12 12
Nozzle-width, cm 0.264 0.143 00813 00432 00254 00173 —_ -_
~diameter, cm -_— — — —_— — —_— 0.0457 0.0318
Slot Length, cm 0.953 0.953 0.953 0.953 0.953 0.480 _ -_—
Siw 1.2 2.2 1.3 24 20 29 1.7 2.4
Re 76 7 7% 76 76 230 4%0 710
Cutoff Diameter, um:
‘Theoretica) Asg 19.6 11.0 58 3.3 1.59 0.94 0.52
Experimental ] ) 14.8 9.3 6.0 35 1.55 0.93 0.52
150 ! 1 i
]
2 8O- : -
5 ¢ '
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At '
o 60- H P -
e 1
b § P
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Figurc 8. Comparison of the theoretically and experimentally determined collection efficiency curves
for the impaction stages (Dw’s of 2.5 or 10 g2m) used i the MST Indoor Air Sampler.
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The design of an entire cascade impactor is a tengthy process and will not be described in
detail here. However, several points of interest concerning the design procedures and the
agreement between the experimental and theoretical efficiencies curves will be discussed.

First note that the agreement between theoretical and experimental efficiency cutoff diameters
is quite good for diameters of 10 um and Jess. For larger cutofT sizes, the theory predicts a larger
cutoff size than found experimentally, which has been the case for nearly all impactors the
authors have designed. Itis felt that these differences may be due to gravitational effects for these
larger particles, and this is currently being investigated. .

Another area of interest, and where special care must be taken, is in designing impactors with
small cutoff sizes as in Stage 8. Here the pressure drop is sufficient to increase the volumetric
flow rate, and the particles are small enough so that the slip cormection must be considered. In
Stage B, the pressure was measured to be 100.0 kPa compared to 101.3 kPa at the inlet.
Therefore, the volumetric flow rate is 1.013 times larger or 2.03 L/min instead of 2 L/min
as for the upper stages. Although the correction for volumetric flow rate was not large for
this particular impactor, for impactors with cutoff sizes less than 0.5 £m it can become much
more significant. The slip correction can be much larger than the volumetric flow correction. In
the particular impactor considered here, for a cutoff size of 0.5 #m and a pressure of
0.997 atmospheres, the slip correction from Figure 4 is found to be 1.33. If the slip correction
had been assumed to be unity, the theory would have predicted a cutoff size of 0.60 um.

4.7.3 Impactors With Respirable Cutoff Characteristics

Most of the information presented in this chapter has been on how to design an impactor with
sharp cutoff characteristics. However, at times & may be desirable to design an impactor stage
with classification characteristics that match a specific curve. This was a case in designing an
impactor stage with a penetration curve that approximated the American Conference of Govern-
mental Industrial Hygienists (ACGIH) respirable curve (Marple, 1978, Marple and McCormack,
1983, and Marple and Rubow, 1983). An impactor of this design is shown in Figure 10.

If a single nozzle impactor is designed to approximate the respirable curve, the 50% value can
be designed to be carrect, but the cutoff characteristics will be too sharp. The approximation can
be improved by using a stage with muitiple nozzles of two different sizes so the respirable curve
is approximated in two steps. Even better approximation can be obtained by using multiple
nozzle stages with nozzles of even more sizes. We have found that three nozzle sizes are usually
satisfactory,

The procedure for such a design is rather simple. As shown in Figure 11, the respirable curve
is divided into three equal segments of collection efficiency (i.e., 010 33%%, 33K% to 66%%
and 66%% 0 100%). Nozzle diameters must now be sized so that the 50% cut points correspond
to the particle sizes at the midpoints of the three segments {i.¢. particle sizes corresponding to
17%, 50% and 83%). The flow rate through cach size of nozzle must be ¥ of the total flow rate.
The first nozzle diameter to be designed must be that of the largest cut size, and this can be
accomplished with a single nozzle. Since the pressure drop is the same across all nozzles, the
velocity through all nozzles will be approximatcly the same. Thus, the velocity through the
with the 10 gum cut impactor. The process of designing an impactor stage is, therefore, one of
iteration. The theory is used to obtain the best estimate of the correct nozzle diameter. In many
cases, the resulting true cutoff size, as determined by experimentation, is close enough to the
desired cutofT size to be satisfactory. However, if closer agreement is desired, a second iteration
is necessary. It must be noted. however, that 10 do this iteration, the expetimental determination
of the collection efficiency curve must be painstakingly performed or the experimentalty deter-
mined cutofl size will be in greater error than the theoretically determined size.

4.7.2  Cascade Impacior With Multiple, Rectangular and Round No:zzles

The object of this project was 1o design a personal cascade impactor with a flow rate of
2 L/min. This impactor is the Marple Personal Cascade Impactor (Andersen Samplers, Inc.,
Atlanta, GA 30336). A more compleie description, together with the calibration data, is given
by Rubow eraf. 1986). Rectangular nozzles were used for the upper six stages and round nozzles
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for the two lower stages. The parameters uescribing the impactor are given i Table 2, along
with the theoretical and experimental 50% cutoff diameters (Figure 3 was used for the theoretical
design). The experimental efficiency curves are shown in Figure 9. The theoretical curves are
not shown because parameters were such as to require interpolation of the curves in Figure 3.
Only the theoretical 30% cutoff diameters were determined (Table 2).

nozzle designed for the largest cut size must be calculmed and this velocity used in the calcu-
fation for the nozzle diameters of the smaller two cut sizes, By knowing the cut size and the
velocity. the nozzle diameters {or these two cut sizes can now be calculated. The final step is
to determine the number of nozzies of each size which is needed tor the lower two cut sizes, and
this can be determined by using the known nozzle diameters and velocities for these cut sizes
and by providing enough nozzles to obtain ' of the total flow. The impactor stage is now
designed.

This procedure can be used 1o design impactors with a variety of flow rates, number of nozzie
sizes, and respirable curves. We have used the technigue for approximating the ACGIH and the
British MRC respirable curves, as shown in Figure 12. Note in these figures that the experi-
mentally determined ¢fficiency curves are very nearly that predicled by the theory, and they both
approximate the respirable curves quite well.

Impactors with a variety of flow rates have been designed using this procedure, as indicated
in Table 3. The impactors with 2 L/min flow rates have been used for personal samplers where
a personal sampling pump has been used as the air mover, and the impactor with 30 L/min
flow rates have been used as a respirable sampler standard in an aerosol test chamber in our
laboratory.

4.8 [Impactor Calculator

As has been described in previous sections of this chapter, the important considerations in
designing an impactor are control of the Reynolds number, the Stokes number and the jet-to-
plate distance. Therefore, in the design of an impactor. there are repetitious calculations of the
Reynolds number and the Stokes number. or manipulation of these equations, which must be
made to find flow rates or nozzle diameters 1o give a specific culoff size. To facilitate the solution
of these equations a circular slide rule is included in an envelope of this book. Side 1 of the slide
rule is used for solving the Stokes number equation, and Side 2 is used for solving the Reynolds
number equation. The instruction booklet with the slide rule gives details on its use as well as
some examples. Furthermore, in the instruction manual, Figure 4 is ;e)yoduccd. and instructions

cD

are given on how to solve for the value of D, when the value of , is known.

100 | L
Sarias 290 STAcL &
Flow rote+2.0 L/min

Anrosol Type
B8O O Qhlc Acw i)

&L Amemenium
Flaorsacwinly

pesLin

&0 - sTagt |

40-

COLLECTION EFFICIENCY %

[IF .9 1

03 10 30
AERODYNAMIC PARTICLE DIAMETER , um

Figure9. Experimentally derermined collection curves for the Marple Personal Cascade impactor {from
Rubow er al. 1986).
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TABLE 3. Impactor designs with penetration characteristics that
simulate respirable penetration curves (from Marple & Rubow, 1983)

Nozzle
Total No. of Cut Nozzle
Flowrate Respirable Nozzie Diam. Diam. No. of
Impactor (liter/min) Curve Sizes {um) {cm) Nozzles

A 2 ACGIH 2 50 0.25 |
2.5 0.063 16

B 2 ACGIH 3 58 0.24 1
15 0.087 B

2.2 0.033 53

C 2 BMRC 2 6.1 0.28 |
15 0.093 9

D 2 BMRC 3 6.4 0.26 |
50 0.15 3

29 0.048 28

E i} ACGIH 2 50 0.60 1
25 0.16 14

F 23 ACGIH 3 58 0.58 1
: 35 0.21 8

2.2 0.086 45

G 40 ACGIH 3 58 0.65 1
15 0.24 2

2.2 0.097 45
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5.1 Introduction

Traditional impactors do not offer much size resolution for submicrometer particles; typically
their finest size cut is around 0.4 um. Yet for many aerosol applications it is useful to be able
to size scgregate aerosols in the size range below 0.4 um. Diesel emissions, welding fumes,
cigarette smokes and photochemically gencrated smog aerosols typically exhibit mass median
diameters between 0.1 and 0.6 um. When sampling these aerosols with a traditional impactor,
fifty percent or more of the aeroso! mass can penetrate the final impactor stage. Although the
material can still be collected on a backup filter, the filter gives no size resolution. As 2 result,
the investigator has no size information on a substantial portion of the sample. One needs a
sampler that size-segregates the majority of the acrosol mass. A lower size cutof 0.1 um or less
is required for most combustion smokes and smog aerosols.

To obtain smaller cutpoints two types of impactors have been developed, namely low-pressure
impactors and micro-orifice impactors. Both instruments can provide cutpoints as small as
0.05 um. Low-pressure impactors were introduced more than twenty years ago (Stem et al.,
1962}, and a variety of these samplers are in use today. Mic.o-orifice impactors have been
developed at the University of Minnesota within the last five years (Marple efal.. 1981). To date
theirs are the only examples of these instruments in use.

5.2 Operating Principles

The low-pressure and micro-orifice impactors use two different approaches to achieve their
very small particle-size cuts, Low pressure impactors resemble ordinary impactors, but are
operated at reduced pressures of 5-40 kPa (0.05 — 0.4 atm). They take advantage of the de-
creased acrodynamic drag on particles that occurs when the mean free path in the air is as large
or larger than the particle diameter. Micro-orifice impactors operate at near atmospheric pres-
sure, but employ very small orifices, 40 um to 200 z2m in diameter. The streamlines of the air
impinging upon the impaction plate have correspondingly smaller radii of curvature; the air is
accelerated more quickly, making it more difficult for the particles to follow.

The basic operating principies for both types of impactors are evident from the particle Stokes
number, defined as:

2
St = £, D, VC (N

QuWw

where p, = particle density, D, = particle diameter, V = jet veloci_ly. C_ = C}mningham slip
factor, u = air viscosity, and W = jet diameter. The Stokes number is a dimensioniess parame-
ter that characterizes particle deposition in an impactor. It does not account for the undesired
effects of wall losses or particle bounce, but accurately predicts whether a panticle will impact
on the collection surface. Physically, the Stokes number is proportional to the ratio of the particle
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stopping distance 1o the jet diameter. Alernatively, it may be viewed as the ratio of particle
relaxation time to the transit time of the airflow across the impaction plate. (The relaxation time
is the time for a particle initially at rest to achieve | /e of the velocity of the airstream, where
e is the base of natural logarithms.)

Impactor stages with similar gecometry, but varying jet diameters or flow rates. will have
collection efficiencies that tend to fall on a common curve when plotied as.a function of Sr. The
critical Stokes number, Sty, coresponds to a collection efficiency of fifty percent. Its value is
between 0.22 and 0.25 for most round jet impactors. Even impactors of quite different design
have very similar values for Sry.

Small particles can be collected in an impactor only when p,D,? = (9uSty,} (W/CV) is small.
There is not much latitude for variation in many of these parameters. The value of Siq, is nearl y
constant, as is the air viscosity u, which is independent of pressure and only slightly dependent
on temperature. The jet velocity V is limited to sonic velocity for a converging nozzle. and in
practice is usually kept below 100 m/s where the flow is approximately incompressible. For an
impactor stage with 2 0.5 mm diameter round jet operated at 100 m/s, the cutoff diameter would
be about 0.35 um. To collect smaller particles, either the slip factor C must be larger, or the
jet diameter W must be smaller. Low-pressure impactors operate at large C, and micro-orifice
impactors at small W.

The slip factor, C, is a dimensionless number which appears in the expression for the
aerodynamic drag on a particle:

Fun = 37D, (V, — V)/C ()

where Vz is the particle velocity and V is the airstream velocity. It is a function of the
ratio between the particie diameter (D,) and the mean free path (A) of the surrounding gas
(Davies, 1945);

_ B 0402 exp{-1.102)
C=1+ l.ZS?DP+0.4OD'cxp( ]']02.»\ {3)
The slip factor accounts for the reduction in the drag on a particle in the transition between the
continuum and free molecular regimes. In the continuum regime the particle diameter is large
by comparison with the air mean free path; the drag force is proportional to the particie diameter,
and the slip factor has a value of one. In the frec molecular regime the particle diameter is much
smaller than the air mean free path, and the drag force is proportional to the square of the particle
diameter. The slip factor is large, and is inverscly proportional to particle diameter.

Values for the slip factor in air at 101 kPa (atmospheric pressure) and at 6.6 kPa (0.066 atm)
are shown in Figure 1. At 101 kPa (1 atm) and 20°C the mean free path in air is 0.066 um. and
the value of the slip factor is tess than 3 for particles larger than 0.1 um. At 6.6 kPa (and 20°C)

1000 .

Slip Factor, C

T
Particle Dismeter, Lm

Figure 1. The Cunningham slip factor is shown as a function of particle diameter for pressures of
101 kPa (1 aim) and 6.6 kPa (D.066 atm) at 20°C. Since the ait mean frec path equabs | gm for the

6.6 kPa conditions, this curve also pives the slip factor as a function of the dimensionless ratio of particle
diameter to mean free path.
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the mean free path is. i um, and the slip factor for a 0.1 pm particle is 34, The corresponding
value of V/W (jet velocity/jet diameter) can be ¥ as large, and still yield the same collection
efficiency for 0.1 um particles by impaction. In our earlier example of an atmospheric-pressure
impactor with 100 m/s flow through a 0.5 mm diameter round jet, we showed that a 0.35 um
particle would be collected with roughly 50% efficiency. If the same impaction stage were
operated at 6.6 kPa, again with a flow of 100 m/s, the corresponding 50% cutoff diameter
would be (approximately) 0.05 um. At the lower pressure the aerodynamic drag on the particles
is reduced, thus enabling their collection.

Micro-orifice impactors operate at near atmospheric pressure using 0.04 mm to 0.06 mm
(40 pm~60 um) jets to obtain the lower size cuts. With a jet velocity of 100 m/s, the cutpoint
for the 0.04 mm jet is about 0.1 um. The instruments are inherently multijet impactors since
many jets must be used to obtain a reasonable flow rate. For example, the lower stages of the
University of Minnesota micro-erifice impactors use 2000 jets cach to give 30 L/min flow.

5.3 Development and Applications of Low-Pressure and Micro-Orifice Impactors

The development of Jow-pressure impactors predates that of the micro-orifice impactors. The
behavior of impactors at low pressures was first investigated by Stern er af. (1962). They showed
that the Stokes number properly accounted for the collection efficiency of impactors when the
ratio of air mean free path to particle diameter is large. McFarland and Zeller (1963) applied
these principles to an impactor used for stratospheric aerosol sampling. and then later McFarland
et al. (1973) built a ground-based low-pressure impactor by adding three low-pressure stages 1o
the commercially available Andersen 2000 multijet impactor (Andersen Instruments, Inc..
Allanta, GA 30336), This sampler operated at 28 L/min, with pressures of 2.9 10 3.3 kPz on
the low-pressure stages. The corresponding pumping requirements were large, and the instru-
ment is no fonger in use. Parker and Buchholz (1968) built an 8 L/min multijet sampler. also
similar in appearance to the Andersen sampler, which operated at 4 10 6 XPa with a fower cutoff
diameter of 0.05 um. Although laboratory calibration work showed that the particle cutoff
diameters were close to the calculated values, its use appears to have been very limited. Recently
Fernandez de la Mora ef af. (1984) used u single stage, low-pressure impactor to demonstrate
inertial effects for heavy molecules suspended in a light carrier gas.

Several different Jow-pressure impactors currently are available commercially: an Andersen
low-pressure impactor (Andersen, Atlanta GA), the Berner Impactor (Hauke-Acras, Gmunden.
Austria), the Hering LPl (ATEC, Calabasas, CA), the PIXE impactor (PIXE International,
Tallahassee FL), QCM impactors (California Measurements, Sierra Madre, CA and QCM Inc.,
Laguna Beach, CA), and the University of Washington Source Test Impactor of Pilat er al..
1978, (Pollution Control Systems, Renton, WA). The Andersen low-pressure impactor is the
newest of these, and applications of this instrument have not yet appeared in the literature. The
PIXE impactor ts similar in design to the Hering LPI (Bauman er al., 1981),

The QCM impactors use piezoelectric quartz crystals as collection substrates for real time
determinations of mass size distributions. The final stages of the impactor operate at pressures
of 7489 kPa (0.74-0.8% atm). Calibration curves are given by Fairchild and Wheat (1984).
The QCM has been used for both ground-based and stratospheric sampling of atmospheric
aerosols (Hering, 1986).

The Bemer impactor has been used for a variety of atmospheric measurements, including
ambient size distributions for sulfate, nitrate and carbon and other elements in Vienna, Austna
(Puxbaum and Wopenka, 1984), for sulfate, nitrate and ammonium ion and acid in Southern
California (John er al., 1985), for ion analyses by secondary jon mass spectrometry (Klaus,
1983, 1984}, and for mass distributions of urban aerosols (Berner ef al., 1979, 1983, and
Hitzenberger and Husar, 1984), and traffic-derived aerosols (Berner and Liirzer, 1980, Bemer
et al., 1984). The Berner impactor has also been used in laboratory studies of particle agglom-
eration in intense acoustic fields (Cheng ef al., 1983} and in studies of the aerodynamics of
irregularly shaped particles (Kasper and Shaw, 1983). o _ .

The Hering LP] has been used primarily for ambient sulfur size distributions, including
measurements in Columbus, OH {(McMurry and Wilson, 1983), in St. Louis, MO (Vossler and
Macias, 1986), in Los Angeles, CA (Hering and Friedlander, 1982), and in the southwestern US
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desert (Hering er al,, 1981, Macias er al., 1981). Sulfur distributions in power plant plumes are
reported by Richards er al., (1985), and those from smog chamber studies are given by McMurry
and Fricdlander, (1979}. The Heri ng LP! has also been used for ambient distributions of clements
(Ouimette and Flagan, 1982), polycyclic aromatic hydrocarbons (Miguel, 1982) and soot
(Miguel and Friedlander, 1978). Taylor and Flagan (1981) have measured elemental distributions
in laboratory studies of combustion-generated acrosols. Calibration data are presented by
Hering ef al. (1979).

The micro-orifice impactor has been developed more recently (Kuhimey ef af., 1981 and
Marple et al., 1981). Calibration data for one of the prototype instruments are given by Rubow
and Marple (1984). It has been used for elemental size distribution analyses (Macias eral., 1981,
Dzubay er al., 1984), and for carbon, sulfate and nitrate distributions in the southwestern U.S,
(Hasan and Dzubay, 1985, Hering and McMurry, 1985, McMurry and Mdrple, 1986). Recently
the micro-orifice impactor has been uscd 10 distinguish between coal and diesel panicles in
laboratory studies (Rubow et af., 1986) and in mining operations (Cantrell e /., 1986).

Examples of size distributions measured with the Berner, Hering and micro-orifice impactors
are given in Figure 2. All of the data shown are for ambient sulfate aerosols from Los Angeles,
CA. The micro-orifice and Hering LP] data were collected simultancously, but the Berner
impactor data are from a different year. All three instruments have lower size cuts below
0.1 um, and arc able to resolve the details of the submicrometer sulfate distribution.- Both
the micro-orifice and Hering LP1 show similar results for the ambient sulfate aerosols, both in
the distributions and in the total sulfate loadings. The similarity of the data for the Berer impac-
tor is in part coincidental, as it is known that the distribution of ambient sulfates in Los Angeles
can vary.

5.4 Low-Pressure Impactors

5.4.1 Design

As with traditional impactors, the optimal design for low-pressure impactors depends, in part,
on their intended use. We describe below two different types of low pressure impactors; the
Bemer impactor used for both gravimetric and chemical analyses, and the Hering LPI, designed
for direct elemental analyses.

Berner Impactor: The Bemer low-pressure impactor was designed to provide sufficient
sample for gravimetric determinations of aeroso! mass distributions, and for chemical analyses
requiring sample extraction. There are several models, with flow rates from 2 L/min to
150 L/min. The most commonly used is the mode] 30/.06/2 which is 2 multijet impactor with
a flow rate of 30 L/min, as measured at the inlet temperature and pressure, The desipn andd
operating parameters are given in Table |. Except for the first stage, the impactor has between
7 and 130 equal-diameter jets per stage. The jets are arranged in a circle, as shown in Figure 3.
The collection plate has a large hole in the center for the air to pass to the subsequent stage. This
flow arrangement gives a symmetrical flow patiern, and thus equal deposits under each jet. The
flow rate through the impactor is controlled by a critical orifice downstream of the final
collection stage.

In Table 1 the stagnation pressure in the impactor stage below each jet is listed in terms of

the ambient pressure at the impactor inlet, P,. The pressures and jel velocities are those given
by Bemer e1 al. {1979). Note that only the last three stages operate at reduced pressures; particles
greater than 0.5 um are collected at atmospheric or near-atmospheric pressure.
- The calculated panticle-diameter cutpoints for the Berner impactor are (.06, 0.125, 0.25, 0.5,
1.0,2.0.4.0,8.0, 16.0 zm. The jet Reynolds numbers fall in the range between 1000 and 4000,
which according the impactor theory (Chapter 4) should give sharp particle size cutoffs. Re-
certly John er al. (1986) calibrated the impactor with sticky particles. Their experimental
cutpoints were sharp, and agreed with the calculated values.
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Hering LPI: In contrast to the Bemer impactor, the Hering low-pressure impactor (LP!} has
just one circular jet per stage, as shown in Figure 4. It was designed to make use of direct
analysis technigues, which are generally more sensitive than those that require sample extrac-
tion, but which require the aerosol to be concentrated in a smal) deposit area. For example,
aerosol deposited within a 20 mm? area can be analyzed for sulfur at the nanogram level by the
method of flash volatilization with flame-photometric detection of the evolved gases. Elemental
analysis by proton-induced X-ray emissions is also svitzble for spot analyses, and is sensitive
at the 10 nanogram level for many elements. The sampic flow rale is | L/min at ambicnt
temperature and pressure, which is sufficient with nanogram sensitivities to produce easily
measurable samples for sulfur in 0.5-5 hours of sampling. The lower mass flow rate reduces

Bernar kmpacior

: r
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] . |_ | I
| Hering LPI

A4S0, /8log 0,
L
-

0.01 o4 i 0

Micro~oriflice Impocior

° | - . .-
(X1 01 ) ©
PARTICLE OIAMETER, um
Figure 2. Ambient sulfate size distributions in Los Angeles measured using a) the Berner low-pressure
impactor on 8/9-1V83, b) the Hering Jow-pressure impactor on 8/8/84 {1 1832-1944 PDT, and ¢} the
University of Minnesota micro-orifice impactor (MOUDI) on 8/8/84 (i 1657-2015 PDT. The data from
the Hering LPi and the MOUD! were collected side by side,

Acceleration Nozzle
]
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Figure 3. The Berner low-pressure cascade impactor, with details of one stape showing the orifice and
collection plates. {Adapted from John et af. 1986).
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TABLE 1. Design and operating parameters for the Berner
Low-pressure Impactor, Flow rate = 30 L/min.

Stage # No. of Jets

9 1
& 7
7 13
6 26
5 50
4 36
] 22
2 30

re—
——

é"
7
7

Figure 4. Schematic drawing of the Hening
pressures and calibrated cutoff diameters a1

Jet Diameter
{mm)

16.60

5.50

2.80

1.40

0.75

0.60

0.50

0.40

0.25

p/p,

1.000
1.000
1.000
0.995
0.991
0.954
0.814
0.515

0.324

PRESSURE

100 kP&

100 kPa

09 kPa

oS kPe

Jet Velocity

(m/s)

2.3
3o
6.25
12.50
26.00
64.00
153.00
227.00

227.00

Critice) orifice

19 kPa

15 kPa

7 kPea

3 kPa

an inlet pressure of 99 kP3,

Dﬂu
Re {um)
2549 16.0
1099 8.0
1162 4.0
1162 20
1128 1.0
235 0.50
kH AN 0.25
3526 0.12%
1302 0.06
CUTPOINT

4 um

2 um

1 um

0.5 um

0.26 um

12 pm

0.075 um

005 um

low-pressure cascade impacior showing the operating
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the pumping requirements, m:king the Hering LPI 2 portable instrument suitable for both ground
based and aircraft sampling.

Design and opcrating parameters of the impactor are listed in Table 2. It is an eight stage
impactor with acrodynamic cutoff diameters (corresponding to particles collected with an effi-
ciency of 50%) of 0.05, 0.075, 0.12, 0.26, 0.5, 1.0, 2.0 and 4.0 um. Particles larger than
0.5 pm are sampled at ambient pressure using the first four stages of the Battelle impactor
(Mitchell and Pilcher, 1959). Four additional stages, operating at pressures below 0.2 P,
size-segregate the smaller particles. A critical orifice separates the atmospheric and low-pressure
stages, and determines the sample flow rate. A 47 mm fiber filter may be operated after the final
stage without affecting the impactor performance. Calibration curves obtained with solid par-
ticles on greased surfaces are shown in Figure 5. These data were obtained for operation at
99 kPa and room temperature. Impactor cutoffs for operation at high temperatures and low
pressures are given by Biswas and Flagan (1984),

TABLE 2. Design and operating parameters for the Hering
Low-pressure Impactor, Flow rate = 1.0 L/min.

Average Jet  Jet Core

Jet Diameter Velocity Velocity Dy,
Stagc # No. of Jets (mm) S/W  P/P, (m/s) (mys) Re {pm)
1 1 2.49 0.5 1.000 3 0 366 4.0
2 ¥ 1.40 0.5 1.000 ] 0 1007 2.0
3 ! 099 0.5 0.9%0 22 41 1425 1.0
4 1 0.65 0.5 0.952 53 gl 70 05
orifice 1 0.36 — 0.206 -_ n 1518 —_
5 i 1.10 0.5 0.185 923 134 1282 0.26
6 1 0.99 05 0.146 143 196 1425 0.12
7 | 0.99 0.5 0.070 271 E1k) 1425 0.075
3 | 1.40 0.5 0.032 290 K1k} 1007 0.0%
100= ! i -
" 2
" BO - -
E §0- -
40- -
g 20- -
[>Iv]}

AERODYNAMIC DIAMETER, um

Figure 5. Experimental collection efficiencies for the Hering LPI collected on Vaseline® coated sub-
strates at an inlet pressure of 99 kPa. Calibration aerosols are uranine {+) and polystyrene latex (3).

From Table 2 we note that the jet diameters for the low-pressure stages do not become smaller
with each stage. In fact the eighth, or smallest cutoff stage, has the larger jet diameter. The
mechanism used to obtain smaller cutoff diameters is the successive reduction of the stagnation
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pressure on cach stage. The lower pressures have the combined effect of increasing the jet
velocity (since the mass flow rate per jet is constant) and increasing the effect of particle slip.
This successive reduction in stagnation pressure on the last four stages arises from the high jet
velocities, corresponding to compressible flow conditions. In all of these stages the air mean free
path in the collection region above the impaction plate is greater than the diameter of the particle
collected with 50% cfficicncy. The comesponding values for the slip fuctor at the cutoff di-
ameter, C(Dy,), vary from § to 60.

The two jet velocity values listed in Table 2 correspond to the average velocity in the jet,
calculated assuming adiabatic flow, and the velocity in the core of the jet, calculated assuming
isentropic (adiabatic and inviscid) flow, as discussed below. The velocity generally used in the
calculation of Stokes numbers is the average velocity in the jet. The isentropic core velocity is
also instructive; here it shows that the final two stages of the Hering LPI have sonic velocity jets.
Further reduction of the pressure downstream of the final stage below the value needed to make
the flow sonic does not affect the stage performance. Thus the pressure below that stage is listed
simply as less than 0.032 P,. This point may be argued from theoretical grounds, but has also
been verified experimentally.

In the calibration of Hering er al. (1979), wall losses were assessed by comparing the sum
of material collected on the impactor stages and after filter with the amount collected on a
paraltel filter. Since solid particles were used for the calibration, the data only give a lower limit
for overall wall losses, but should well represent diffusional losses. As shown in Figure 6. no
significant losses are found for particles larger than 0.05 um. Washing of the impactor after
several calibration runs showed no significant losses within the critical orifice, although some
Josses do occur downstream of the orifice, at the entrance of the fifth stage.

30

5- 4 Hering LP

%

Wall Losses.

0 o . . ;
0.005 .01 0.1 0.5

Particle Diometer, um

Figure 6, Solid-particle wall Josses in the Hering LPI as a function of the physical particl: diameter.
Losses are atributed to diffusion.

5.4.2 Operation gf Low-Pressure Impactors

The operation of low-pressure impactors is quite similar o that of traditional impactors;
substrates must be carefully prepared and properly mounted: flow rates should be checked. Two
points require special attention. First, since the instrument operates at reduced pressure, care
must be taken to insure that there arc no leaks in the system. Second, the jet velocities can be
quite high, and care should be taken to insure there are no losses from particles rebounding from
the collection stages.

Leaks not only cause contamination of the sample, but will affect the pressure drops in the
instrument, thereby changing the size cuts. One simple method to check for leaks is 1o use a
vacuum gage attached to one of the lower impaction stages. The impactor inlet can be sealed
and the impactor evacuated with the sampling pump. After evacuation the valve to the pump is
closed and the vacuum gage is waltched for any rise in pressure. Generally low-pressure im-
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pactors use o-rings which provide excellent vacuum seals. Leaks can arise in the connections to
the pump, or to the vacuum gage itself. It is considered good practice to leak-check the impactor
for each day it is used.

Although the flow rate should be checked with each use, this is not a sufficient check that the
impactor is leak-tight. For the Hering LPI, which has its rate-controlling orifice ahead of the
low-pressure stages, the flow rate can be unaffected by leaks downstream of the orifice. The
design pressure below the orifice is 0.206 P,. Yet the flow rate in the instrument will be comect
unless the pressure below the orifice is above 0.5 P,. Only a fairly large leak would perturb the
flow rate.

The second point of concern is that of particle bounce, or rebound of the particles from the
collection substrate. Solid particles will bounce in these impactors because of the high jet
velocities used for impaction. Although it is often assumed that small particles are not sus-
ceptible to particle bounce, both laboratory and field studies show that solid particles are not
efficiently collected when using uncoated stages. [n Figure 7, the collection efficiency for
0.22 um polystyrene latex spheres is shown for greased and ungreased surfaces. These mea-
surements are for a 0.15 um-cutpoint impactor stage, operated at 10 kPa with a Jjet velocity of
86 m/s. Particle penctration is detected using an oplical particle counter downstream of the
impactor stage (Hering, 1986). The uncoated surface gives a collection efficiency of 28%.
compared with 95-98% for a well-greased surface. When a relatively light grease coating was
tested, solid-panticle collection efficiencies decreased with loading on the collection surface.

For the Hering LPI it is recommended that an adhesive coating always be used on the
collection substrates. For the Bemer impactor, samples have been collected without usin g grease
coatings on the stages; however, it is important to verify that particle bounce is not a problem
for the particular aerosol being sampled (Bemer er al., 1980).

5.4.3 Limitations

Problems may arise in the sampling of volatile materials with a low pressure impactor lor two
reasons: (1) the collected aerosol is exposed to low pressure during sampling, which can cause
volatilization, and (2} the high-velocity flow in the critica! orifice and fina! impactor stages is

e 100 0wsn-0—0—o_ to-0—0-5.0
=
2 so-0 @ Heovy Cooting
8 voa, © Ught Costing
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oy §0- b“-bﬁ Unecoote
g’ 0““"‘4-
T - 8. °
-y O-
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o
T 20-
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0.0 0.1 .2 0.3 0.4‘ 0.3

Substrate Loading, N(D,/D))

Figure 7. Collection efficiencies for 0.22 zm polystyrene latex particles on bare g]?ss and Vaseline®
coated substrates. The ordinate gives the ratio of the cross-sectional area of the de_posued aerosol 1o the
cross-sectional area of the jet. For the lightly-coated substrate the collection efficiency decreases as the
collection surface becomes couled with particles.
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accompanicd by large temperature drops in the jets, which could potentially cause condensation
from the gas phase. The magnitude of these effects is just now being studied.

We first examine losses during sampling of volatile species deposited on the impacior col-
lection surface. Recently John er al. (1986) investigated evaporative Josses of ammonium nitrate
collected in the Berner impactor. Tests were conducted with a 0.16 um mass median diameter
polydisperse aerosol, which predominantly collects on the low pressure impactor stages. Their
experiments consisted of first collecting the nitrate aerosol in the impactor, removing a small
portion of the sample for analysis, and then sampling dry, clean air through the impactor placed
in an environmental chamber at 35°C. Losses in the impactor for exposures of 6 1o 24 hours were
3-7%. The same test conducted for Teflon® membrane filters showed 80-95% losses. The
losses for this volatile species are actually much greater from filter sampling than from the Jow
pressure impactor.

John’s explanation of the lower losses from the impactor is that the exposed surface area of
the acrosol collected on the filter is much greater than for the acrosol collected in the impactor.
In the impactor the particles collect in a small pile, and only those on the outer layer are subject
to evaporation. His hypothesis is supported by additional experiments showing that the vol-
atilization losses for both the filter and the impactor are dependent on the areal loading. One
concludes that with sufficient particle loadings, this problem can be minimized.

The second issue to be addressed is the potential for changing particle size during sampling
with a low pressure impactor. At the reduced pressures, water associated with the aerosol may
evaporate. While not affecting the chemical assays of the collected sample. the water loss can
change the size of the particie before impaction. If a hygroscopic material such as ammonium
sulfate loses its water, then the particle diameter can decrease dramatically. At the same time
the particle density increases, and the decrease in acrodynamic diameter is not as great as the
decrease in the physical (volume equivalent) diameter. For example. at deliquescence the
physical diameter of ammeonium sulfate changes by 50%, whereas its acrodynamic diameter
changes by 15-30% (depending on particle sizc relative to the mean free path).

The effects of changes in relative humidity due to pressure and temperature drops in the
impactor jets have been examined by Hochrainer and Zebel (1981), and more recently by Biswas
et al. (1986). Both examined impactors with high jet velocities (greater than 200 m/s), which
have temperature drops of greater than 30°C in the jet. There are two competing Tactors in these
high velocity jets: the drop in pressure decreases the relative humidity while the drop in
temperature increases it. Deliquescent salts can either gain or lose water, with corresponding
changes in particle diameter.

In their experiments, Hochrainer and Zebel did not observe any substantial water conden-
sation on the particles during sampling. They attributed the lack of particle growth 1o the brief
residence time of the particles in the jet. On the other hand, Biswas et a/. (1986) find there can
be measurable changes in particle sizes for the Hering LPI. Their calculations and experiments
with 0.05-0.2 um ammonium sulfate particles show decreases in particle diameter for the fifth
and sixth LP! stages, and increases for the seventh stage. Biswas also applied his model to the
Berner impactor, and predicted condensational growth for ammonium sulfate particles at high
humidities on the final three Berner impactor stages. However this was not observed expeni-
mentally (John er al., 1986). Although there is disagreement on this issue, the investigator
should be aware that impactor sizing could be in error for deliquescent salts near their
deliquescence point or at humiditics above 90%.

5.5 Micro-Orifice Impactors

5.5.1 Design

The micro-orifice sampler developed at the University of Minnesota is a muitijet cascade
impactor designed for a flow rate of 30 L/min (Kuhlmey ef af., 1981, Marple er al., 1981,
Marple and Rubow, 1984a). The instrument is designed to provide adequate sample for gravi-
metric mass measurements, and for chemical assays from the sampling of atmospheric acrosols.
The collection substrates are 37 mm in diameter, and can be of nearly any material, However
usually a foil or filter substrate is used. Calibrated cutpoints below | pm show a slight variation
in the cutoff diameters with different types of substrate.
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There are several prototype versions of the instrument, and a commercial version is just
becoming available. The specifications for one of the prototype designs are given in Table 3. In
this design the final two stages are a micro-orifice design with 2000 nozzles in each stage. The
nozzle diameters range from 46 to 124 um, and are formed by chemical etching. The upper four
stages, which collect super-micrometer particies, resemble more traditional impactors. with ten
jets per stage formed by drilling. The impactor has two 1 um-cutpoint stages to insure that large
particles do not enter the micro-orifice stages.

TABLE 3. Design and operating parameters for the
Micro-orifice Impactor MOUDI, Flow rate = 30 L/min.

Avcrage Jet Dy, Dy,
Jet Diameter Velocity Al* Filter
Stages # No. of Jets {mm) S/w P/P. {m/s) Re (m) (pm)
1 10 145 1 1.000 5 1226 4,50 4.90
2 10 2.18 | 0.993 13 1941 2.60 2.60
1 10 11K | 0983 46 I5k6 1.00 0.9?
4 10 1.18 1 0.968 47 3586 1.00 0.97
5 80 0.47 1.5 0.957 36 1000 0.60 0.53
6 2000 0.07 10 | 0.517 63 286 0.23 0.20

7 2000 0.06 10 0.814 122 I 0103 0.092

* Al Aiurninum subwirse

A second feature of this impactor is the ability to provide uniform deposits. The arrangement
of the nozzles on the orifice plate is such that when the collection substrate is rotated during
collection, a uniform deposit results. The advantage of the uniform deposit is it aliows direct
analysis of the sample by X-ray fluarescence. It also permits the collection of a larger sample
before the impaction subsirate becomes overloaded or the jet to plate distance is affected by the
aerosol deposit.

A schematic diagram of one of the stages is shown in Figure 8. Each impactor stage consists
of the collection plate for the stage above and the nozzle plate for the stage below. The jet-to-
plate distance is controlled by the thickness of the nozzle support ring. With this design.
alternating stages can be rotated, providing uniform deposits on all of the collection substrates.
The rotated version of the instrument is called the MOUDI, for Micro-Orifice Uniform Deposit
fmpactor.

The 127-m/s jet velocity used to obtain the 0.1 um-cutoff in the micro-orifice impactor is not
much lower than the 143-m/s velocity used for the 0.12 um-cutoff stage in the Hering LPI, The
pressure, however, is much closer to ambient. For the micro-orifice instrument the upstream
stagnation pressure, which approximates the pressure at the collection plate, is 92% of the
ambient pressure. For the low-pressure impactor, the pressure above the 0.12 um-stage is 19%
of ambient. This can have important implications for sampling volatile aerosels.

The jet Reynolds numbers for the micro-orifice stages are lower than for the low pressure
impactors, but for the 0.! and 0.2 um cutpoints are sufficient to provide reasonably sharp
cutpoints, as has been verified by the experiment. Typical calibration curves for the micro-orifice
stages are shown in Figure 9. These data are for a prototype version similar to that described in
Table 3.
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Figure B. Schematic diagram of a typical stage of a uniform deposit impactor.

5.5.2 Operation of Micro-orifice Impactors

The micro-orifice impactor can be used with nearly any particie collection substrate as long
es it is 37 mm in diameter. Substrates of foils and filters have both been used. For example.
aluminum foil substrates are used when carbon analyses are to be made on the deposited
particles, and Teflon® filter substrates are used for inorganic and elemental measurements. In
addition, the substrates can be greased or ungreased. Ungreased substrates were used for the
carbon and the inorganic and elemental measurements.

Another feature of the micro-crifice impactor is that the impaction plates and filter holder can
easily be removed from the impactor. The purpose of this feature is to allow the substrates and
backup filter to be loaded onto the impaction plates and filter holder in the laboratory, taken to
the field for a test and then returned to the laboratory where the substrates and backup filter
hoider are removed. Sealed covers for the impaction plates and backup filter holder are provided
so the deposits are not damaged during transport. Generally, two sets of impaction plates and
backup filter holders are used with a single impactor so that the impactor can be collecting data
with one sct while the substrates are being changed in the second set.

When using 2 micro-orifice impactor, some care must be taken to keep the orifice plates clean.
Since the nozzles are very small, they can become partially blocked during handling, or
sometimes when sampling for extended periods of time. The plates may be cleaned using an
ultrasonic bath. While operating the impactor, the pressure drop across the first stage is moni-
tored to indicate the flow rate through the impactor. In addition, the pressure drop across the final
stage is monitored to indicate if the nozzles are becoming dirty.

5.6 Aerodynamic Diameter and Data Interpretation

Two factors need to be considered in interpreting low pressure and micro-orifice impactor
data. First, impactors size particles according to their acrodynamic behavior at the operating
pressure of the impactor stage. For stages operating at reduced pressures, this is not quite
the same as the acrodynamic diameter of the particle at atmospheric pressure. The atmospheric-
pressure acrodynamic diameter may differ from the stage-pressure acrodynamic diameter
by as much as V p,/p, (where p, = particle density, and p, = 1 g/cm?), although usually the

_corrections are smaller.
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Figure 9. Experimental collection efficiency curves for the micro-orifice impactor siages with alumi-
num loil or Ghia® fijler as impaction substrates.

Second, for particles below 0.2-0.4 um, the aerodynamic diameter is often not of as much
interest as the Stokes diameter, which can be directly related to the diffusion coefficient. Stokes
diameter is the value for particle diameter which appears in the Stokes number. For a smooth
spherical particle, it is just the actual, physical diameter. For a nonspherical particle it is the
diameter of a round particle that has the same density and settling velocity.

Traditional impactors cover the size range above 0.4 um where aerodynamic diameter is the
quantity of interest. For these particles, aerodynamic diameter is the parameter that enters into
the equations for transport and deposition. For smaller particles sampled in the lower stages of
low-pressure and micro-orifice impactors, diffusion is often more important than inertial mecha-
nisms. In these cases the Stokes diameter may be more useful. The particle diffusion
coefficient D is explicitly given in terms of the Stokes diameter by the Stokes-Einstein relation:

_ kTC
3mul,

The relationship between acrodynamic and Stokes diameter depends on the particle density,
as does the ratio between atmospheric-pressure aerodynamic diameter and stage-pressure aero-
dynamic diameter. Based on chemical analysis, the investigator can generally estimate the
density of the aerosol sampled. Thus the Stokes diameter and the atmospheric-pressure aero-
dynamic diameter can be evaluated from the stage-pressure acrodynamic diameter (a known
guantity) and the estimated particle density. For particles with densities 1 g/cm’, the low-
pressure acrodynamic diameter is the same as the atmospheric-pressure aerodynamic diameter,
and is also the same as the Stokes diameter.

Stokes Diameter:  For particles with non-unit density, the Stokes diameter is calculated from
the stage-pressure acrodynamic diameter using:

= [P.«C(Dm )‘JJ "
p,C(Dy, A,)

Here C(D,, A,) and C(D..., A,) are the slip factors for the Stokes and stage-pressure acrodynamic
diameters respectively, evaluated for the mean free path at the stagnation pressure above the
impactor jet (A,).

The scaling with density is different between the continbum and free molecular regimes. At
reduced pressures, when the mean free path is larger than the particle diameter (C ~ D,™'), the
aerodynamic diameter is related to the Stokes diameter according to:

p, =22 e D,)

P

D, (4)

[
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For the continuum regime, when the mean free path is much smaller than the particle diameter,
the aecrodynamic diameter is given by the familiar expression:

D, = \/-EED,, (A << D,)

Because the slip factor itself depends on particle diameter, equation (4) reduces to the continuum
and free molecular expressions for the appropriate limiling cases.

Atmospheric-Pressure Aerodynamic Diameter: In a low-pressure impactor, a particle may
be coilected on the basis of its acrodynamic behavior in the free molecular regime, when at
atmospheric pressure its behavior is best described by the continuum expression. The particle
size that is measured by a low-pressure impaction stage is dependent upon the stage pressure.

To calculate the atmospheric-pressure aerodynamic diameter, one must first evaluate the
Stokes diameter using equation (4). Then the aerodynamic diameter at atmospheric pressure is
given by:

_ p C(D , ’\)]laz
D.. [pJ_r_nC(Dm » D, (4a)

where C(D,, A) and C(D,,, A) are the slip factors for the Stokes and atmospheric-pressure
aerodynamic diameters respectively, evaluated for the mean free path at atmospheric pressure
(A = 0.066 um).

Values for the atmospheric pressure (101 kPu) acrodynamic cutoff diameters for the
Hering LPI are given in Table 4. The largest differences between the atmosphenic- and stage-
pressure aerodynamic diameters are for particles in the transition regime. For very small panticles
the low-pressure impactor pives a good estimate of the atmospheric aerodynamic diameter
because the particle is already near the free molecular regime at atmospheric pressures.

Data Presemation:  Whether the investigator chooses to plot his data in terms of Stokes or
aerodynamic diameter will depend on the application at hand. Sometimes, such as in the lung
deposition of 0.1-0.5 um particles, both types of information are needed. To accommodate the
need to know the acrodynamic diameter for large particles, and the Stokes diameter for small
particles, Hering and Friedlander (1982) proposed plotting size distributions as a function of
Vp,/p.D,. For panticles greater than 0.5 wm, this is essentially the same as the aerodynamic
diameter. For smaller particles, which are collected on the low pressure impaction stages. one
must assume a particle density, from which the Stokes diameter is obtained using equation (4).
Also, the scaling of Stokes diameter with respect to density is consistent over the entire size
range, which is not true for the acrodynamic diameter.

Values for the Hering LPI cutoff diameters, expressed as V p,/p, D, are given in Table 4. For
the atmospheric pressure stages (D, > 0.5 um) this quantity has the same value as the acro-
dynamic diameter. Expressing the cutoff as Vp,/p.D, does not require knowledge of the
particle density. For the low-pressure stages, one estimates the particie density on the basis of
the particle chemistry. Generally the same value is used for cach stage. The Stokes diameter can
be readily obtained from the stated particle density, and yet the data for the entire size range are
presented in a consistent manner.

5.7 Design Considerations for Low-Pressure
and Micro-Orifice Impactors

As pointed out in Chapter 4, impactor stages should be designed with jet Reynolds pumbers
between 500 and 3000 jo give sharp cuts. Inspection of the expression for the Stokes number
shows that the only means of obtaining small cutoffs at large Reynolds number is to use large
jet velocities.

The particle Stokes number is proportional to jet velocity divided by jet diameter:
|4

5t~ €D,
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For incompressible flow, the jet Reynolds number is directly proportional to the product of jet
diameter and pressure:

Re ~ PWV

Combining these two proportionalities for a pressure of one atmosphere gives. for the
Jjet velocity;
Re St

v? :
cD,’

(at atmospheric pressure)

When the particle diameter is smaller than the mean free path, the Cunningham slip factor is
inversely proportional to the pressure and particle diameter. The expression for the propor-
tionality between jet velocity, particle diameter, Re and S1 becomes:

Re St
D

For a fixed particle cutoff diameter, larger jet Reynolds numbers can only be obtained at larger
jet velocities. For large diameter cutoffs it is not difficult to maintain Reynolds numbers above
500 for moderate jet velocities. But at small cutoffs, below a fow tenths of a micrometer,
relatively large velocities are required even to get a Reynolds number of 200,

In Figure 10 jet velocities at Re = 200 are shown as a function of cutoff diameter. Two cases
are presented: (1) a micro-orifice impactor operating at atmospheric pressure, and (2) a low-
pressurc impactor operating at pressures such that the mean free path is more than 3 times the

v? (low pressure, A > 3D,)

]
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L+ ]
o
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\
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o
o
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G ! . Ve : : o
oo o1 1

impactor Cutpoint, um
Figure 10.  Jet Velocities needed 10 obtain the given cutpoints for round jel impaciors operated at a jet

Reynolds number of 200. The upper curve (-} cormesponds 1o a low-pressure impactor at A > 3D,. The
korwer curve {—) corresponds 10 the micro-orifice impactor opersted at 10f kPa (1 atm}.

cutpoint diameter. Calculations are for round-jet impactors operating at velocities below
100 m/s (incompressible flow). -

We find that the jet velocities required by the micro-orifice arc not quite as large as those
required by the low-pressure impactors. However, at cutoff diameters below 0.2 um. the
micro-orifice jet velocities are less than 15% lower than those for a low pressure impactor
operating at the same jet Reynolds number.

At higher Reynolds numbers, jet velocities larger than those shown in Figure 10 are required
to obtain the small cutpoints. One of the recommended design criteria given in Chapter 4 is that
the jet Reynolds numbers be greater than 500. However, for particle cutpoints of less than
0.1 um, to obtain Re = 500 requires jet velocities greater than 90 m/s for micro-orifice im-
pactors, and greater than 105 m/s for low-pressure impactors. Thus, it is difficult to obtain small
cutolTs without using relatively high jet velocities. Two types of sampling problems can arise
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for large jet velocities. There are potential probiems of particle rebound trom the collection
surface. For velocities above 150 m/s, there are also substantial pressure drops across the jets

that may create artifacts for volatile species, Thesc factors must be considered in the design of
smali-cutpoint impactors.

5.8 Calibration of Low-Pressure and Micro-Orifice Impactors

The calibration of low-pressure impactors involves the generation of monodisperse aerosols
as small as 0.03 um. This is generally achieved using an electrostatic classifier (TSI
Model 3071, St. Paul, MN). First, & polydisperse aerosol is penerated using an atomizer or
condensation aerosol generator. The charge on the dried aerosol is neutralized by expuosure to
a ¥Kr source. The neutralization process places an equilibrium bipolar charge distribution on the
acrosol. Overall the acrosol is neutral, but individual particles can still carry a net charge. The
percentage of particles carrying 0, =1, 2, or higher charges depends on particle diameter, as
described by the Boltzmann equilibrium charge distribution. Within the classifier. the aerosol

TABLE 4. Cutpoints for the Hering LPI expressed in terms of atmospheric-pressure
aerodynamic diameter, D,,, atm; and Vp,/p,D, for varying particle densities.

Stage Cutpaint, D, oo D..,atm } Vp,lp.D,

Stage 8 0.05 um 0.5 0.0%6 0.070
1.0 0.050 0.050

1.5 0.048 0.041

20 0.047 0.036

40 0.04% 0.028

6.0 0.045 0.021

10.0 0.044 0.016

Stage 7 0.075 um 0.5 0.086 0.103
i.0 0.075 0.075

1.5 Q.07 0.062

20 0.069 0.054

40 0.066 0.038

6.0 0.065 0.03)

10.0 0.064 0.024

Stage 6 0.12 um 0.5 0.139 0.160
1.0 0.120 0.120

t.5 0.112 0.100

20 0.108 (.088

40 0.101 0.063

6.0 0.099 0.052

100 0.097 0.040

Stage 5 0.26 um 0.5 0.302 0.326
1.0 0.260 0.260

1.5 0.239 0.223

2.0 0.227 0.198

4.0 0.205 0.146

6.0 0.197 0.1

10.0 0.190 0.094

Stage 4 0.50 um 0.5 D.498 0.522
1.0 0.500 0.500

1.5 0.502 0481

20 (0.503 0.469

4.0 0.506 0426

6.0 0.507 0394

10.0 0.507 0349
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flow is introduced in an annular ring around a column of particle-free sheath air. The positively
charged acrosol is drawn toward a central collector rod by a cylindrically symmetric electric
field. By varying the collector rod voltage, aerosol of a chosen electrical mobility is made to pass
through a slit at the base of the rod. Singly charped particles will all have the same Stokes
diameter, but some larger doubly and triply charged particles will also be found. The percentage
of the larger particles can be minimized by tailoring the input polydisperse aerosol so that
its number median diameter is smaller than the diameter of the singly charged aerosol exiting
the classifier.

As with any other impactor, calibrations should be performed with both solid and ligquid
particles. Solid particles are subject to particle bounce, while liquid particles are more sus-
ceptible to wall losses. The calibration acrosols ofica consist of fluorescein, or MNuorescein-
tagged particles. The mass collected on each impactor stage and the mass lost to the walls can
then readily be detected by a simple fluorescence measurement of the extracted deposit. Cali-
bration curves for the Hering LFl obtained in this manner are shown in Figure 5. In the
calibration of the micro-orifice impactor, Marple and Rubow (1984b) used an electrical aerosol
detector, which measured the total charge on an aerosol, to measure changes in the aerosol
concentrations upstream and downstream of each impaction stage. Typical curves are presented
in Figure 9.

5.9 Calculations of Jet Velocities and Stokes
Numbers for Compressible-Flow Impactors.

The flow through the jets of the final three stages of the Hering LPI and Berner impactors is
compressible; that is the velocities are greater than one third the speed of sound. This is in pant
a consequence of the fact that larger velocities are needed at low pressure to maintain the same
mass flow rate through the jets, It is also a consequence of the desire 10 maintain large je
Reynolds numbers. When the impactor jet velocities are greater than one third the speed
of sound, or 100 m/s for normal-temperature operation, then there are appreciable pressure
drops across the jet. Since the flow is approximately adiabatic, the air temperature drops as well.
This is because the air no longer behaves like an incompressible fluid, but expands as it
passes through the jet. It is perhaps easier to think of the flow as “expansible™ rather
than "compressible”.

The velocity that appears in the Stokes number is the velocity at the exit of the jet. The average
velocity can be calculated from the mass flow rate and jet cross-sectional area, provided the
temperature and pressure at the jet exit are known. Mass conservation gives:

-

where A is the cross-sectional area of the jet, and g, is the volumetric flow rate per jet measured
at the impactor inlet temperature, T,, and pressure, P,. 7 and P refer to the temperature and

pressure at the jet exit.
Energy conservation for adiabatic flow relates the air velocity to the change in specific

enthalpy h, which for an ideal gas gives:

vie -2h = o - 1) ®)

where R is the ideal gas constant, and vy is the ratio of the heat capacities. Combining
equations (5) and (6) gives:

= BPel, z_..__(V'”]
v AP[I VR | ™M

This is the average velocity in the jet assuming adiabatic conditions. It holds for both viscous
and inviscid flow,
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One can also calculate the velocity in the core of the jet assuming inviscid, adiabatic flow.
This is given by the isentropic relations:

{y=INy 12
Ve = {ZYRT; [1 - (?’"”*) ]] (subsonic flow)
Y - above
142
Vior = [%] {sonic flow)

where P and Py are the stagnation pressures above and below the jet. Again 7., is the
temperature at the impactor inlet. This velocity comesponds to the flow in the core of the jet
when viscous dissipation is negligible. The second equation gives the velocity for choked flow,
that is, when the sonic velocity limit has been reached.

Whereas the jet velocity is calculated using the air density at the jet exit, the Cunningham slip
factor is calculated using the air density at the jet inlet. This is because the deviation of particles
from the airstream lines is most important immediately above the impaction plate, The static
pressure in the region of the collection surface is approximately equal to the upstream stapnation
pressure. Expenimentally determined impactor cutoffs for high-velocity jets support calculations
of the slip factor based on the upstream stagnation conditions.

5.10 Summary

Low-pressure and micro-orifice impactors both offer a means of collecting particles as small
as 0.05 um by inertial impaction. This is important for the study of submicrometer aerosols,
such as found in photochemical smogs or combustion-gencrated smokes. Several low-pressure
impactors are available, and the micro-orifice impactors are increasingly in use. Both require
some care in their operation. Jet velocities are generally higher than found in traditional im-
pactors, and particle rebound from the collection surface can be a problem. Low-pressure
impactors are susceptible to artifacts when sampling volatile species; however, the magnitude
of these problems is just now being evaluated. To aid in the design of low-pressure and
micro-orifice impactors, we have presented some considerations of the relationship between jet
Reynolds number and the Stokes numbers for small particles. We have also presented methods
for calculating jet velocities and Stokes numbers for impactors with high-velocity jets.
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INTRODUCTION

Over the past several years a new type of cascade impactor that utilizes small nozzle diameters
(micro-orifice nozzles) has been under development (Kuhlmey ef ol 1981; Marple et al.,
1981}. The small nozzle dimensions allow for particles to be coliected as small as 0.024 {m
aerodynamic diameter on the last stage of the impactor. To obtain a reasonabie flow rate of
30Imin~* through the impactor, a large number of nozzles {up to 2000) are required per
stage.

Furthermore, by locating the nozzles of multi-nozzle stages in a prescribed manner
{described in detail by Marple et al., 1981) and rotating the impaction plates relative to the
nozzle plates, uniform deposits can be achicved on the impaction plates. As described by
Marple et al. (1981), the advantages of a uniform deposit impactor over the conventional
impactor that collects particles only beneath stationary nozzles are: (}) maximum use of the
impaction substrate surface, red ucing both particle bounce (if substrates are greased)and tare
weights of the substrates (if particle mass is measured gravimetrically), (2) deposited particles
can be analyzed for elemental composition by X-ray fluorescence (Dzubay and Riekel, 1978);
and (3) the pressure in the impactor can be kept relatively high compared to low pressure
impactors that depend on a large slip correction to achieve small particle collection (some
types of particles may evaporate at iow pressures). The work described in this paper
investigates two additiona) advantages of a uniform deposit impactor. These are: (1) the
possibility of collecting two separate deposits at one time on one stage for two types of
analysis technigues, and (2) the possibility of utilizing piczoelectric quartz crystal impaction
plates more effectively by eliminating the deposit location sensitivity nature of the crystals
(Schulze-Frohlich, 1981).

MiCRO-ORIFICE UNIFORM DEPOSIT IMPACTOR (MOUDJ)

A photograph of an eight-stage MOUDI is shown in Fig. 1. Each stage body of the
impactor supports the impaction plate for the stage above and the nozzle plate for the stage
below as shown in Fig. 2. By rotating alternate stage bodies, while holding the other stage
bodies stationary, the impaction plates {or nozzle plates) will be rotated relative to the nozzle
plates (or impaction plates).

Rotation of the alternate stage bodies is achieved by gears on these bodies that mesh with
gears on an electrically driven drive shaft of a rotating mechanism ( Fig. 1). The alternate stage
bodies are restrained from rotation by pins that rest on the drive shaft.

The MOUDI has been calibrated with both solid and liquid monodisperse particles
utilizing a vibrating orifice monodisperse aerosol generator (Berglund and Liu, 1973) for
particles greater than 1.0 um diameter and an electrostatic classifier (Liu and Pui, 1974} for
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the submicron aerosols. Calibration curves for DOP aerosols for iwo stages of interest tn this
paper are presented in Fig. 3. These stages are labeied B and E with cut sizes of (.60 and
0.23 ym diameter. respectively.

PIEZOELECTRIC QUARTZ CRYSTAL TESTS

Several investigators have found that the sensitivity of a piezoelectric crystal to measure the
mass of particles deposited upon it is a function of the location of the particles on the crystal
(Schulze-Fréhlich. 1981; Sauerbrey, 1959 Sauerbrey. 1964; Schaper, 1982, Daley and
Lundgren. 1975). This means that the mass indicated by the frequency shift of a crystat will be
a function of not only the mass of particles but also the location and shape of the particle
deposit. Realizing that this undesirable characteristic could be eliminated by depositing the
particies uniformly on the crystal. the feasibility of incorporating piezoelectric guartz crystal
impaction surfaces into the MOUDI was investigated.

Fig I Micro-orifice uniform deposit impactor.
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Figure 4 shows an impaction plate that was constructed by TSI Inc. containing a
piezoelectric quartz crystal mounted flush with the surface. Also shown in Fig. 4isan annular
foil impaction substrate that can be placed on the same impaction plate holding the crystal.
Thus, particles can be collected on the foil and on the piczoelectric crystal simultancously. By
measuring the mass of particles collected on the foil (weigh foil before and after a test) the
piezoelectric crystal can be calibrated.

Prior to piezoelectric crystal calibration, however, the effective area of the annular foil
must be determined. A calculated ratio of areas indicates that 80.7 % of the impaction surface
was covered by the foil. This ratio was verified by mass measurements of particles collected on
the annular foil and foils covering the entire surface. Two such tests of 0.5 um diameter
particles deposited on stage E gave mass ratios of 79.1 and 80.0%. The close agreement
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between the calculated and measured area ratios indicates that the deposit is indeed uniform,
at least on this rather broad scale, -

Lising the above determined area of the foil and a crystal serisitive area of 0.317 cm?
{corresponding 10 a 0.25 inch diameter electrode area), the calibration curves shown in Fig. §
were obtained. In the tests for stage B there were only about four nozzles depositing particles
on the cystal since there are only 80 nozzles in the nozzle plate. Thus, different calibration
curves were obtained for the nonrotating and the rotating cases. This was expected, since
the rotating case provided a more uniform deposit than the four siationary nozzles of the
nonrotating case. Tests with stage E containing 2000 nozzles showed no differences between
the nonrotating and rotating cases. For E. approximately 100 nozzles impinge upon the
crystal and this provides for a sufficiently uniform deposit in the nonrotating case 1o give the
same calibration curve as the rotating case.

The differences between the calibration curves for the rotating stage B case and the stape E
cases 15 due 1o the few nozzles near the center in stage B providing rings that are not
completely uniform. Thus, these four cases show that, as the deposit becomes progressively
more uniform, the calibration curve approaches the stage E calibration curves. The sensitivity
of this crystal was, therefore, deiermined 1o be 143 Hzug ™.
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CONCLUSIONS

The MOUDI has previously been demonstrated to have the advantages of maximum use
of impaction surface area, adaptability to analysis techniques requiring a uniform deposit
(such as X-ray fluorescence elemental analysis) and relatively low pressure drop through the
nozzles. It has been demonstrated here that the MOUDI has the additional advantages of
being able to collect particles simultaneously on two different substrates and to take
maximum advantage of the piezoelectric quartz crystal mass sensing abilitics. By using the
crystal and an annular foil (gravimetric standard) as the two substrates. it is possible 10
calibrate the crystal directly on the particles it is to measure.
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A Hypothesis on the Possible Contribution of Coal

Cleats to CWP

Thomas P, Meloy
Particle Analysis Center, West
Virginia University

The presence of respirable quartz-bearing mineral par-
ticles has been well documented in many coal mines, and the
Mine Safety and Health Administration regulations address
the quartz content of mine dusts. Unfortunately, the correla-
tion between the quantity of respirable quartz-bearing
mineral particles and the pathogenicity of the dust is not
strong. Work is currently underway by the National Institute
for Occupational Safety and Health/U.S. Bureau of Mines
and work is being included in the Respirable Dust Center
Program by Dr. Sechra to determine the surface availability
of quartz in mixed composition mine dusts. However, this
paper propose a possible source of surface quartz or a spe-
cial region in the coal that may contribute to the
pathogenicity of selected particles in the respirable dust.

Assumed in this model is the hypothesis that either the
cleat surface is coated with quartz or some cytotoxic sub-
stance that in the body is capable of degtroying macrophage
and thusinducing a fibrotic response,‘! that during the frag-
mentation a reasonable proportion of the respirable size coal
particles contain some of the original cleat surface and that
these particles have the same order of in vivo cytotoxicity as
do the quartz particles. It may be that these cieat surfaced
respirable size particles are only contributory to the overall
pathogenicity of the coal dust, nevertheless, there are
enough of these particles to te considered as a potential
source of the cytotoxic dust particles.

This paper demonstrates that if the cleat surfaces are
mineralized with quartz or have a pathogenic coating, then
in many mines there will be enough respirable coal dust par-
licles containing some cleat surface to cause a fibrotic reac-
tion. To understand why some of the dust particles contain
as part of their surface some of the cleat surface, consider
what happens when a beer bottle is broken, While there are
a large number of beer bottle fragments, many of the frag-
ments, particularly the larger fragment sizes, will have as a
fraction of their surface part of the original beer bottle sur-
face. The mcdel and mathematics of this problem have been
worked out by Mcloy.(z

In the homogeneous IAC model 3 a fragment or par-
licle resulting from comminution is equally likety to occur
anywhere in the material being broken. Therefore the prob-
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ability of a particle of size x having part of the cleat surface
in it, p(x), is proportional to x, Thus:

p(x) = kot 1)
where: ‘

k is a constant.

To quantifyk, one must know the surface area of the cleats
per cubic meter, which is the number of cleats per meter, n,
times the surface area of the cleat, times 2 — the cleat has
two surfaces. Thus a coal with 100 cleats per meter, has 200
square meters of cleat surface per cubic meter,

For a particle of size x to contain part of the cleat surface,
it must be within a distance of plus or Sninus half the particles
diameter, x/2, from a cleat surface.() The probability of a
fragment of size x being in this region is the ratio of the
volume of plus or minus half the fragment diameter times the
cleat surface area, 2nx, divided by the total volume of the
block, one meter cubed, Thus;

p{) = 21 @)
Hence:
k = 2nx,

Before proceeding further with the quantification, two
concepts must be understood, First, when a fragment con-
taining part of the cleat surface is formed, actually two frag-
menis are formed, one on either side of the cleat surface.
This is known as the two step process. Considering now the
two step breakage problem: in the IAC model, when a frag-
ment forms that contains the cleat surface, the fragmenta-
tion proceeds thru the cleat surface and completes the
fragmentation on the other side of the cleat surface.
However, since the cleat is a double surface, the fragment is
further divided at the cleat surface into two smallcr particles
— the two step fragmentation process.

Secondly, during this two step fragment formation, larger
particles secondarily break into smaller particles. These par-
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ticles have their own size distribution as derived by Meloy
and Clark.™) For the sake of simplicity, it will be assumed
that the two particles are half the size of the original particle
— two hemispheres of thickness x. Therefore, since the
original size particle is 2x, and since it broke into 2 equally
sized particles of thickness x, the probability of a respirabic
size particle containing some of the original cleat surface
forming is, from equation 2:

p(x) = 8nx/1 @)

To obtain the probability of a particle of size x not con-
taining part of the cleat surface, one takes the volume where
a non cleat particle must form, and ratios it to the total
volume, 1 minus equation 1. Thus the probability that a par-
ticle of size x will not contain cleat surface, p(x)nc becemes:

p{x) = (1-nx)/1 (4)

To find the ratio of fragments of size x containing cleat
surface to those not containing cleat surface, one ratios the
respective probabilities, equations 3 and 4. One obtains:

ratio = 8nx/(1-nx) (5

where nxin the denominator is small compared to 1, and thus
the ratio becomes 8nx.

If onc assumcs that n is equal to 800 cleats per meter —
Preston County bright layer coals and the particle size is 5
nucrons. then 3.2 percent of the respirable size coal particles
have some of the originai cleat surface on their surface. Be-
causc quartz has twice the density of coal, this is cquivalent
to saying that 3.2 mg/m” of quartz are present in a respirable
dust that contains 50 milligrams of coal dust or 6.4 mg/m® of
quarlz are prescnt in a respirable silica mine dust. For 10
cleats per meter this is equivalent to 0.4 and 0.8 mg/m®
respectively,

Discussion

As presented, the model contains two parts: the predic-
tionthat the cleat surface fragments will be cytotoxic and that
there will be enough particles in the dust with some cleat sur-
face tobe asignificant source of cytotoxicity. If one considers
that the average coal fragment containing cleat surface is six
sided, then in theory it would have only 1/6th the toxicity of
a quartz particle. On the other hand, it only takes one corner
or edge to make the particle toxic. This is and will probably
remain an unresolved problem for quite some time.

Providing that there is no other major source of cytotoxic
internal communicating surface in coal, this hypothesis
predicts that for a given level proportional to the cleat sur-
face in the coal. Naturally there may be other sources of
pathogenic particles that mask the above predicted relation-
ship.

The calculation of the percent of respirable size coal dust
particles that are likely to be present, while a simplified cal-
culation, is relatively conservative. Though the discussion
has been limited to cleat surface, it applys equally well to any
other internal coal surface that is both cytotoxic and is like-
ly Lo appear on a respirable size dust particle. However, as-
suming cleat surface cytotoxicity, there are more than
enough particles containing cleat surface, present in coal
dusts to be a significant source of particles that are

pathogenic to anyone inhaling a sufficient quantity,

In the literature there is very little information on either
the total amount of connected internal surface, its surface
composition, or how much of this surface is likely to be
present in the dust. This is one area that should be inves.
ligated.

Conclusion

This theoretical paper presents the hypothesis that
respirable size coal particles containing some of the cleat

surface may be a significant source of the pathogenic par-
ticles in the dust. Specifically:

1. In coal seams that contain between 10 and 80 cleats
per decimeter, the respirable coal dust contains the
equivalent of .6 to 6 percent by weight of silica
particles.

2. The pathogenicity of the coal is Froportional to the
cleat or communicating internat surface area of the
coal.

3. A more defiitive calculation as to the amount of
respirable cleat surface dust particles present in
dusts.

4. One should measure the cytotoxic behavior of coal
particles containing a thin layer of silica.

5. Work needs to be done to determine the cemposition
of cleat surfaces, its cytotoxic behavior, how much
cleat surface is present in coals and how much other
communicating internal surface is present in coals.
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A Working Hypothesis on How Silica and Silica Surface

May Cause Silicosis and CWP

Thomas P. Meloy
Particle Analysis Center, West
Virginia University

This paper presents an interim progress report on our
recently begun research project on respirable dusts. We are
reporting on a sophisticated, predictive, probably correct,
testable hypothesis that postulates a mechanism by which
some natively cytotoxic respirable size mineral particles,
such as kaolin, are not harmful to the lungs, while other
cqually cytotoxic particles, such as quartz, are, even in small
quantities, very harmful. In essence the hypothesis predicts
that some mineral particles, not normally present in the
earth’s ambient dust, causes the lungs dust defense
mechanisms to turn on the lung and harm it. However fruit-
ful the hypothesis may be, it is a hypothesis and much work
remains to be done beforc it can be accepted as a theory,

While I may make the presentation and be the PI, my co-
PI, Dr. William Wallace of NIOSH, has and will continue to
make at least as much contribution to the project as I, Our
sophisticated hypothesis is deeply scientifically based and
unfortunately, in spite of the multifacited aspects of this
project, there is virtually nothing in the literature to guide
our work. This means we must go back to the classical physics
1o develop the models for calculating the powerful electrical
cffects near particle edges, and we must measure the fun-
damental biological constants associated with pulmonary
macrophage. While there are daily discussions on Boltzman
distributions, Einstein’s Brownian Motion paper, the Nernst
Equation, and sophisticated semi- in vivo biological time
constant measurements, we are aware that this is not an easy
problem and we are not likely to have irrefutable closed solu-
tions to these problems by next Monday morning.

Hypothesis_

Let me now turn to our hypothesis. In order to occupy all
the naturally occurring surface areas on the earth, man,
during his long evolution from fish, had to evolve effective
defenses against all the naturally occurring cytotoxic
respirable mineral dusts. For example, clays, which are often
the main component in naturally occurring respirable
mineral dusts, are quite cytotoxic but do not harm the lung,
However, for respirable mineral dusts that contain sig-
nificant amounts of nonnaturally occurring but equally
cytotoxic quartz and asbestos particles, the body has not had
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:

to evolve an effective defense mechanisin, and thus
respirable mineral dusts containing these particles may harm
the lung. Our hypothesis is, therefore, that a few nonambient
minerals such as quartz, cause the bodies dust defensive sys-
tem to harm the body in a manner analogous to Lupus or
MS, diseases of the immune system.

For respirable size mineral dusts that enter the alveoli of
the lung, the body has evolved three main defense
mechanisms: surfactant coating of the particles which acts as
a protective sheath, ingestion and eventual removal of the
particle from the lung by macrophage — phagocytosis, and
when the afore mentioned mechanisms fail, walling off the
affected area by scaring — fibrosis. In the case of the clays,
the first two defense mechanisms work, while in the case of
quartz, some types of coal particles and perhaps some other
minerals, such as asbestos, the first two mechanisms fail and
the body responds by initiating fibrosis, characteristic of
silicosis, progressive massive fibrosis and asbestosis, It is
belicved that when a macrophage is killed, some type of
chemical messenger is released, when present in sufficient
quantities, initiates fibrosis,

To understand how the body responds to respirable
mineral dust particles, consider the fate of two respirable
size particles, 2 to 5 um, when they enter the lung’s alveoli.
Letonc of the particles be kaolin, a typical clay, and the other
a freshly broken, sharp edged, quartz particle. Immediately,
both particles are wetted and then covered by a protective
coating of the lung’s surfactants, primarily lecithin. In time,
the lung’s free scavenger cells, pulmonary macrophages, in-
gest by a mechanism called phagocytosis both the clay and
the quartz particles. After ingestion, both particles are ex-
posed to the digestive, Iytic enzymes of the macrophage.
While the kaolin particle remains in the macrophage and is
eventually removed from the lung, the quartz particle
destroys the macrophage and remains in the lung,

Wallace et al M mimicked experimentally the events that
take place in the lung by first coating respirable sizs kaolin
and quartz particles with lecithin, digesting this coating with
the lytic enzymes of the macrophage, and then testing the
cytotoxicity of these treated kaolin and quartz particles, With
one or two hours of enzyme exposure, most of the protective
coating remains on the kaolin particle with some modifica-
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tion of the outer adsorbed layer. On the other hand, the lytic
enzymes rapidly removed most of the coating from the
quartz particles thus retoxifying them, and these stripped
particles were again cytotoxic. (Both kaolin and quartz par-
. ticles uncoated are equally cytotoxic, but when both particles
are coated with the pulmonary surfactant lecithin, both are
noncytotoxic.) As a test the lecithin coating, enzyme diges-
tion, cytotoxic testing test has wider application.

The writer believes that a modification of the above
described dust test may now be used for quantitatively test-
ing the cytotoxicity of quartz bearing respirable mineral
dusts and thus presumably the pathogenicity of said dusts.
Furthermore, in the relatively near future, this test may well
be shown to apply to a variety of other minerals and solids
Lhat cause pulmonary fibrosis. This test, a research tool now,
may well become the standard laboratory test of monitoring
and predicting the quantitative pathogenicity of respirable
mineral dusts. Currently, Dr. Wallace is mcasuring longer
digestion lime behavior of the dusts in the test systems 1o in-
vesugate Lhe possible role of such interactions in the
pathogenisis of pncumoconiosis and to delermine if the
phcnomenon might provide a basis for more predictive
cylotoxic testing. Additional test parameters are also being
investigated.,

Since the body evolved a simple eflective prolective
mechanism that covers a large variety of naturally occurring
respirable size mineral particles such as clays, oxides, car-
bonates, hydroxides, halides, silicates, borates, sulfides, sul-
{ates and phosphates, why is this mechanism not effective
against the silica minerals; quartz, cristobalite and
tridymite? What is so unusual about thesc silica mincrals.
Quartz, which is characteristic of these silica mincrals, has
four unusual properties: it is relatively inert chemically,
piezoelectric, in physiological saline it has a very high sur-
face charge, and it has extraordinarily sharp edges and
corners. Quartz’s chemical inertness means that it does not
bind surface coatings strongly and thus they are easily
removed by the microphage’s lytic enzymes. Combined with
quartz’s extremely sharp edges and corners, the high surface
charge means that at the sharp edges and corners very
powerful electrical effects are present; so powerful in fact,
that when an edge with these clectrical effects is brought
close to a cell’s membrane, it will rip that membrane apart,
Finally, quartz being piezoelectric can gencrate large vol-
tages when impacted.

Clays, in contrast to quartz, are quite active chemically,
binding surface coatings tightly, and do not have sharp edges
and corners. However, clays, because of their layered struc-
ture which consists of alternate layers of positive and nega-
tive charges, also have very powerful eiectrical effects on
their edges, which, when uncoated with a surfactant, are as
cytotoxic as quartz.

Coal particles, which normally would be considered
benign, sometimes have a quartz surface and thus would be-
have as if they were a quartz particle. Meloy'” has postu-
lated that the cleats in coal, which act as conduits for
underground water, have their surfaces coated with quartz,
and he has shown that the amount of respirable size quartz-
coated coal dust particles present in an unregulated coal
mine is sufficient to cause the characteristic fibrosis.

However, these quartz-coated coal particles wouid have g
quartz assay that would be very low compared to the Num.
ber of quartz-coated particles present. Obviously, the nym.
ber of quartz-coated coal particles present must be
measured experimentally by a variety of approaches .
something we are currently setting up to do.

One can speculate that the in vitro test described above
may predict which type of mineral particles will be cytotaxie
because the test itself mimics the action of the body defense
so closely. Those particics that do not destroy macrophage
will not test positive, will not be cytotoxic, and will not be
fibrogenic, Those particles that do test positive, will probab.
ly also destroy macrophage, be cytotoxic, and initiate
fibrosis. Therefore, there is the possibility that this proposed
work will lead to a generalized mineral dust test,

Sub Programs

In a hypothesis as sophisticated and promising as the one
presenied above, there are number of related but inde-
pendent programs that must be done before the hypothesis
can be considered a viable theory. We must show that the "in
virro" mimicking of the macrophage’s phagocytosis is as pos-
tulated, and we must also explore the envelope of the pul.
monary surfactants and lytic enzymes, In addition, we must
show that the powerful electrical effects exist for both the
uncoated quartz and clay particles; that these electrical ef.
fects are strong enough to disrupt cell membranes, that ex.
perimentally modified (rounded) quartz particles are not
Cytotoxic, that experimentally quartz particles really have
these unusually sharp edges and corners, that a significant
amount of quartz-surfaced particles exist to initiate pul-
monary fibrosis, and that cleat surfaces are silica coated.

Electrical Etfects

Because there is no extant method for measuring the
electrical affects near a sharp edge or corner, extending out
3010 50 A, these effects must be calculated. Since the Chap-
man Gouy and similar models were deveioped for flat or
gently curving surfaces and arec not applicable near
edges and corners, an entirely new model to describe the
electrical ficlds near these sharp features has been
developed. Until actual SEM measurements are available
characterizing the sharpness of quartz, we must calculate
these electrical effects by making the fundamental calcula-
tion of the distribution of the ions and surface charges near
the cdges, using the Boltzman distribution and Nernst cqua-
tion and then seeking to integrate the Poisson equation in a
region near a tip or edge of known radius of curvature, In
addition, since the respirable quartz particles are small and
subject to Brownian motion that results in rather high peak
velocities, we must calculate the effect of this motion on the
electrical effects. Quartz being piezoelectric, will generate
voltages when struck by molecules during its Brownian mo-
tion dance. Because these calculations go back to the basis
of classical physics and involve noncontinuum fluid flow,
they are not easy. While we are confident that we will get ac-
curate answers, currently, we are trying to calculate the
bo]un_ds on these electrical effects before getting the broader
solutions,




WORKING HYPOTHESIS ON CAUSES OF SILICOSIS AND CWP

In addition to the edge effects, we also must show that
the molecules that comprise the surface membrane of cells
can be disrupted by the electrical fields calculated above.
This is done by showing that the ncutral molecules with a
charge separation in a unjt membrane can be disorganized
when closely approached by an electrical field of the strength
and divergence calculated above, While there may be ex-
perimental methods of showing this to be true, the cost and
time to do the experimental work is prohibitive,

Finally, in this program we must show that the uncoated
layered clay particles have electrical effects also sufficiently
powerful to disrupt ceil membranes, Part of the work done
above may be applicable 10 the clay edge problem. Once
again, one is working with discontinuous charge distriby-
tions and non-Newtonion fluid flow. Experimental measure.-
ments do not appear to be feasible,

Macrophage — Mimicking

When a respirable particle deposits in a pulmonary al-
veolus, its first contact will be with the pulmonary surfactant
lining the wet alveolar surface. The possibility that the major
componcnt in the surfactant could adsorb onlo a respirablc
particle has been investigated by Wallace ef af. Following
the surface adsorption on both the clay and quari. particles,
the eytotoxicity of both coated particles is neutralized () we
presume that such coated particles in the lung are
phagocytized by pulmonary macrophage and subjected to an
cnzymatic digestion process within the cell. These processes
are being modeled be; in Vvitro" enzymatic digestion of
lecithin treated dusts (1) Currently, the results of these
reported studies are being used as the basis for extension of
the studies to longer digestion times, full surfactant and full
enzyme use, and testing using macrophage in culture. The
Iests are designed to determine the time course of enzymatic
digestion of protective surfactants from various dust
(mineral) surfaces to determine if there are mineral-specific
difference which might be significant to the initiation of pul-
monary disease process. These studies are performed in con-
cert with NIOSH projects on "Effective Silica Indices for
Respirable Mineral Dusts, Evaluating Prophylactic Coat-
ings for Silica Dusts," and the NIOSH - USBM Interagency
Agreement on "Correlation of Free Silica and Active Silica
Content of Respirable Coal Mine Dust Fractions Associated
with Coal and Overburden Mineralogy."

Dust Test

Currently, we are doing our dust testing at NIOSH, but
we are in the process of setting up the simple " vitro" dust
{est in my laboratory at CCMER. Cytotoxicity of a variety of
respirable size dust particles will be tested as a function of
surfactant morphology, surface charge and surface coating,
In addition, we plan to test raw respirable mineral dusts from
.coal and perhaps other mines as well as artificially generated
dust samples. We anticipate having a full load of work for
the dust test laboratory. We do not claim that our dust
cytotoxic test is fully developed or even proven, but it is a
powerful research tool, and, imperfect as it may be, it does
mimic the in vivo defense of the body to respirable size
mineral dust particles.
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SEM — Shape Characterization

Key to the proposed hypothesis of the Cytotoxicity of
quartz particles is the sharpness of the corners and edges of
quartz particles. Since once again there is nothing quantita-
live in the literature on the sharpness of quartz’s edges, these
parameters must be measured with an SEM, Fortunately, we
hope we may soon purchase a new SEM with sufficient
brightness and resolving power to measure the radius of cur-
vature of these edges. From other work we believe that the
sharpness will be on the order of 8 A. For an SEM to make
this measurement it must not only have the brightness and
resolving power, but it also must have two orthogonal angles
ol specimen tilt, a goniometer, so that the edge of the par-
ticle will be parallel to the beam, Current SEMs available to
us do not have the needed resolving power, brightness, or
extra angle of till. Probably a field emission SEM with a
resolving power of 15 A will be required,

Should the SEM available to us not be able to resolve the
sharpness of the corners and angles, then we will probably
work with the National Electron Microscope Laboratory lo-
cated in Berkeley, California. We are in contact with the
Scientific Dircctor and applying for the nccessary time and
Status to use their facilities if needed. One of the problems
in working with quartz is that high kvs smashes quartz, there-
fore high magnification with low kvs is required. It wiil
probably be sufficient to show that the radius of curvature at
anedgeislessthan 1S A In any event, to calculate the electri-
cal field effects at an edge or corner, it is necessary to pos-
tulate the sharpness of that corner,

Cleat Surfaces —A Possible Source of
Cytotoxic Particles

The presence of respirable quartz-bearing mineral par-
ticles has been well documented in many coal mines, and
MSHA regulations address the quartz content of mine dusts,
Work is currently underway by NIOSH-USBU, ang work is
being included in the Respirable Dust Center Program by
Dr. Seehra to determine the surface availabili(tgr of quartz in
mixed composition mine dusts, Prof. Ting ) and I are
preparing a study to determine if some quartz bearing dust
originates from quartz deposited on organic coal substrates,
a study which would compliment the above effort and the
Shape and Surface Characteristics project.

Meloy® has demonstrated that if the cleat surfaces are
mineralized with quartz, then in many mines there will be
enough quartz coated coal particlci 10 gause afibrotic reac-
tion. From locked particle theory, ™10 it i predicted that
only one coal particle in two to five hundred will show a
quartz coating. Proposed, by Profs, Ting and Meloy, is an ad-
ditional approach to look directly at the cleat surface to see
if they are mineralized with silica,

Summary

What I have presented is an explanation of how quartz
and clay particles are and are not Cytotoxic depending on
whether they are coated or not. This explanation depends
solely on physical effects — electrical fields and mechanics
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from the classical physics — not on traditional biclogical ex-
planations. In the long view all biological and even all chemi-
cal reactions are governed by physics. As Prof Philip
Morrison of MIT once said, "We are cousin to the clouds and
brother to the stones” and the law of physics that effect them

also effect us.
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Measurement of Superoxide Release From Single
Pulmonary Alveolar Macrophages

K. A. DiGregorio, E. V. Cilento and R. C. Lantz
Departments of Chemical Engineering and Anatomy, West
Virgina University

An electro-optical method was used to quantify superoxide!

(SO) release from single rat pulmonary alveolar

. macrophages (PAM) exposed in vitro to respirable quartz

and kaolin dusts and in vivo to quartz. Release was
determined by measuring the reduction of nitroblue
tetrazolium (NBT) to a diformazan precipitate at 550 nm
from video-recorded images of indlvidual cells. In vitro
exposure to 0.025 or 0.05 mg/ml kaolin for 40 minutes
resulted in no significant differences in either the total
diformazan produced (max) or the maximum rate of
diformazan production (R). In vitro exposure to 0.025 mg/mi
quartz decreased max 38 percent while no significant
change was found using 0.05 mg/ml. However, R was
decreased 31 percent and 24 percent for the low and high
dose, respectively. In contrast, PAM obtained from animals
exposed in vivo to quartz dust for two or four weeks in
inhalation chambers exhibited increased production of
diformazan. However, only PAM analyzed three days
post-exposure showed significant increases, while PAM
{rom animals sacrificed ten or 31 days post-exposure were
not significantly different from control. The combined in
vitro and in vivo quartz results might suggest that there is
an initital acute response to exposure that decreases the
ability of PAM to produce SO, followed by recruitment of
production of PAM with increased SO producing
capability. It appears that removal of animals from the
source of exposure permits PAM to return to control levels
of SO production by 31 days. Whether this would be true [or
chronic exposure remains to be elucidated.

introduction

Pulmonary alveolar macrophages (PAM) protect the
lungs by phagocytizing foreign debris and bacteria.{) This
process involves ingestion as well as destruction of foreign
malter. Phagocytosis usually is accompanied by a respiratory
burst which increases cellular oxygen consumption_leading
to the release of highly reactive oxygen metabolites.® These
agents have been implicated in the killing of bacteria by
phagocytes, but they have also been shown to be toxic and
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have been linked to cancer, emphysema, arthritis, diabetes,
and other diseases.% Toxic effects may be a result of 1) an
abnormally low production of metabolites, resulting in
damage to lung tissue by the respired bacteria and/or dusts;
or 2) an abnormally high production resulting in direct
damage to lung tissue by metabolites themselves.

The initial oxygen metabolite relcased is thought to be su-
peroxide anion (SO) 8§oduccd from the reduction of oxygen
by NADPH oxidase.'” Superoxide can readily dismutate to
form hydrogen pES?xidc and subsequently, other an-
timicrobial agents.( Exposure of PAM to respirable dusts
may lead to hyper- or hypo-secretion of superoxide result-
ing in either too much or too little of these antimicrobial
agents. This may then lead to pneumoconiosis, silicosis, or
other respiratory disease.

In this study an electro-optical technique was used to
quantitatively measure the release of superoxide from single
cells which had been obtained from animals exposed in vivo
in inhalation chambers or in vitro to respirable quartz, or in
vitro to kaolin dusts. NBT reduction to a diformazan pet-
cipitate by SO was measured from single PAM during ad-
herence. The initial (maximum) rate of productions and total
mass of diformazan produced were measured and compared
among the different dusts,

Materials and Methods

PAM were obtained from male Long-Evans hooded rats
(Charles River) weighing between 250 and 300 grams ush}g
the tracheal lavage method developed by Myrvik et gl
Bricfly, the diaphragm was severed, the animal exsan-
guinated, and a 15 guage needle inserted through an incision
in the trachea, Lavage fluid (145 mM NaCl, 5 mM KCL 1.9
mM NaH2POy4, 935 mM NaHPOy, and 5 mM glucose) at
PH 7.4 and 4°C was injected into the lung through the needle
and slowly withdrawn to obtain cells. A total of 80 ml of
lavage fluid was collected by repeating this process ap-
proximately 12 times, PAM collected were centrifuged at
500 g for five minutes at 4C and resuspended in Hepes-buf-
fered medium (140 mM NaCl, 5 mM KCl, 1.5 mM CaCly, 10
mM Na-Hepes [N-2-hydroxyethy! piperazine-N'-2-ethane
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TABLE |

The Mean (+/- SE) Total Diformazan Produced {max) and initial Rate of Diformazan Production (R) tor PAM

in vitro to Either Respirable Quartz or Kaolin Dust

Total Diformazan Production

(fmoles)
Quartz Kaolin
CON* 153 +/- 16 11.7 +/-10
LOW 9.5 +/-1.5** 102 +/-15
HIGH 130 +/- 16 81 +/-09

* CON = control; LOW = 0.26 mg/ml; HIGH = 0,05 mg/ml.
**p < 0.05

n = 1B cclls in each case.

sulfonic acidj and 5 mM glucose) at pH 7.4 and 4°C. Follow-
ing a second wash, PAM were resuspended in approximate-
ly6 ml of Hepes-butfered medium and placed in an ice-water
bath.

Nitrobluc tetrazolium (NBT) was added to the Hepes-
buffered mcdium to obtain soluble NBT solutions at a con-
centration of 2.0 mg/ml. NBT, in the presence of a strong
reducing agent such as superoxide, is reduced to an insoluble
diformazan product which absorbs light at 550 nm. Three ml
of NBT solution at 37°C was placed in a tissue culture dish
(Falcon 3001) and an aliquot of 400 uL of the cell suspen-
sion (2~ 5 x 10° cells), was added. A layer of paraffin oil
(37°C) was placed on top of the aqueous layer to reduce
evaporation,

The culture dish was placed on a temperature-controlied
(37°C) heating element located on the stage of an Olympus
(model IMT) inverted light microscope and trans-il-
luminated at 550 nm. A microscopic field of at least six PAM
was televised using a low light-level Cohu (model 4410)
silicon-vidicon television camera and videorecorded for 40
minutes using 2 3/4-inch Sony (model V05600) videocassette
recorder. PAM were stimulated to release superoxide by ad-
herence to the bottom of the culture dish,

Temporal changes in light intensity over single PAM were
delermined by play back of videorecorded images through
an IPM (modeli 204A) video photometric analyzer. The
analyzer generates two windows which act as phototransis-
lors sensitive to changes in average light intensity in the win-
dow area. Each window was placed over a single PAM and
the output video voltage from each window was digitized (12
bit) using a Keithley DAS (model 520) every ten seconds for
40 minutes, and stored on an IBM PCXT. This procedure
was repeated to obtain measurements from at least six PAM
in each videorecorded image.

Background light intensity was determined in regions of
the image containing no cells. Following correction for any
background variation, changes in optical density (OD) for
each cell were calculated using the Beer-Lambert Law. The

Diformazan Production Rate
(10-3 fmoles/sec)
Quartz Kaolin
245 +/-23 10.5 +/-08 o
16.8 +/-1.7** 105 +/-14
186 +/-2.1** 106 +/-14

OD value was multiplied by the window area and the molar
extinction coefficient (30,000 M cm‘l) to determine the
mass of diformazan produced.

Temporal changes in mass of diformazan produced, M,
exhibited a time delay followed by an exponential-like in-
crease to an asymptolic maximum vajue (max). Therefore,
the data were fit to the following first-order equation:

M = max{1- exp(- {t - 1a)/T)]
where:
t = time

tg = delay time measured between stimulation and
detection of diformazan production

T = time constant

The total diformazan produced, max, was determined from
an average of the last six values of M (1 min) and td was es-
timated by observing the point at which diformazan produc-
tion increased significantly above bascline. T was
determined by fitting the data to the log lincarized form of
this equation. The maximum (initial) rate of diformazan
production, R, was calculated from the derivative of the
equation at time tq; that is, as max/T.

The effects of in vitro exposure to respirable quartz and
kaolin on superoxide release were tested using concentra-
tions of 0.025 or 0.05 mg/ml added to NBT solutions just
prior to addition of PAM, PAM were added to dishes con-
taining either the high or low dust concentrations as well as
a control dish conlaining no dust.

The effects og in vivo exposure of PAM to respirable
quartz (20 mg/m’, 16 hr/day, 5 days/wk of MIN-U-SIL 10,
95% < 5um) was tested by housing six animals each for two
or four weeks in the West Virginia University (WVU) inhala-
tion facilities. Six control (no quartz) animals were also kept
in the inhalation chambers for two or four weeks, Following
exposure, animals were removed from the inhalation cham-

. bers and housed in WVU animal-care facilities for 3, 10, or
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31 days post-exposure, at which time animals were removed
for analysis of superoxide production. At each analysis
period PAM were obtained from two exposed and two con-
trol animals. This appraoach permitted analysis of the effects
of exposure and post-exposure time.

Expecriments were analyzed using ANOVA at the 95 per-
cent confidence level. When significant differences were
found, the Newman-Keuls test was used to determine the sig-
nificant differences among means,

Resuilts

In vitro exposure of PAM to the low dose of quartz (0.025
mg/ml) decreased max 38 percent compared to control while
exposure of PAM to the high dose (0.05 mg/ml) did not sig-
nificantly change max. The maximum rate of diformazan
production, R, decreased 31 percent for the low dose and 24
percent for the high dose when compared to control (Tablc

1). In vitro exposure to either the low or high dose of kaolin
did not significantly change either max or R,

In vivo exposure of all animals (including animals exposed
for both two and four weeks and analyzed at 3, 10, and 31
days} to quartz dust increased max 36 percent and R 29 per-
cent compared to control animals. No significant differen-
ces were obtained between animals exposed for two or four
weeks, therefore, data for in vivo experiments in Table IT rep-
resent a combined average. Max was increased 69 percent
for quartz-exposed animals analyzed three days post-ex-
posure compared to control animals analyzed three days
post-exposure, but the 10- and 31-day groups were not sig-
nificantly increased above their respective controls. The 3-
day group was also significantly increased (61%) compared
1o 31 days post-exposure.

Discussion

Superoxide release may play an important role in silicosis
and other respiratory discases. In vitro assays on large num-
bers of cells in culture using hemolysis of red blood cells or
release of enzymes from PAM following dust exposure have
been used to analyze cytotoxicity. In such systems, kaolin has
been found fo have an activity comparable to quartz on a
mass basis.”” However, in vivo quartz is highly fibrogenic
rcsgllling in silicosis while kaolin is relatively inert biological-
ly.{ )Thcrcfore, these ccllular assays do not correlate with
the in vive effects of quartz and kaolin. It has been
hvpothesized that the difference between assay results and
in vivo data may be du(c to dust interaction with pulmonary
surlactant in the lung. ) In this study, in vitro exposure of
PAM to quartz resulted in decreased production of difor-
mazan while i vitro exposure to kaolin did not significantly
¢lfcct PAM compared to control. These results correlate
with in vive effects of quartz being toxic and kaolin being
inert and helps support the usefulness of this superoxide
assay in evaluating the effects of respirable dusts on cell func-
Lion.

The low dose of quartz resulted in less diformazan
production compared to the high dose in the in vitro experi-
ments. The reason for this difference is at preseat unknown
and further studies are needed to elucidate this discrepan-
cy.

Interestingly, in vivo exposure to quartz resulted in in-
creased production of diformazan rather than the decreased
production observed in vitro, This difference may be due to
a change in cellular function from the i vivo to the in vitro
covironment. However, the in vitro results also may be due
to an initial (acute) response to quartz, since PAM were
analyzed for 40 minutes immediately after contacting dusts.

TABLE Il

The Mean (+/- SE) Total Diformazan Produced (max) and Initial Rate of Diformazan Production (R) for PAM
Exposed in vivo to Respirable Quartz Dust

Total
Diformazan
Production
(fmoles)

CON (72)* 76 +/-05
3 Days (23) 124 +/-2.5**
10 Days (24) 110 +/- 09
31 Days (24) 7.7 +/-09

Diformazan
Production Rate
(10-3 fmoles/sec)
161 +/- 1.3
193 +/-26
196 +/-25

23.1 +/-29

* CON = controt; 3, 10, 31 days post-exposure; n given in parentheses 85 number of cells.

*"p <005,
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In contrast, the in vivo responses were considered more
long-term since animals were exposed for two or four weeks
followed by a post-exposure period before analyses were
made. Thus, it may be possible that quartz causes an initial
injury to PAM resulting in decreased production of super-
oxide followed by recruitment or activiation of PAM having
increased production capabalities.

Further support is the significant increasc in production
of diformazan observed in PAM analyzed three days follwo-
ing in vivo exposure compared to the control levels
generated by PAM analyzed ten and 31 days post-exposure.
Thus, after removal from dust exposure, PAM continue in-
creased superoxide production initially but gradulally fall
back to control values by ten to 31 days post-exposure.

Finally, the quartz-exposecd PAM analyzed three days
post-exposure exhibited a wider range than the control and
10- and 31-day post-exposure groups. Heterogencity has
been rep?rted by this lab and others and may explain this
variation.(®® However, the range exhibited here seems to
indicate more than the usual biological variation. Specifical-
ly, perhaps due to quariz exposure two populations of PAM
were present: 1) cells injured by initial or long-term dust con-
tact, resulting in decrcased superoxide production; and 2)
recruited or activated PAM which exhibited increased su-
peroxide production. In conclusion, studies to examine this
further as well as the effects of in vitro and in vive exposure
to PAM to respirable coal dusts are currently in progress.
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Twe in vitro systems are being developed to model initial
stuges in the interaction of respired dusts with the acinar
region of the lung. Incubation of quartz and kaolin with
dipalmitoyl glycerophosphorylcholine, a major component
of pulmonary surfactant, suppresses the prompt
tytotoxicity of both dusts as measured by in vitro EnZyme
release from pulmonary macrophages or assay by
erythrocyte hemolysis. Additional data is presented to
quantitate the detoxification of quartz and kaolin by
dipalmitoyl lecithin. Subsequent incubation of lecithin
treated dusts with phospholipase enzymes results in partial
1o complete restoration of the assayed cytotoxic potentials,
dependent on the lipase activity applied, the incubation
time, and the mineral. Restored cytotoxic potential is due
to removal of the prophylactic lecithin surface coating
and/or due to residual lysolecithin which Is produced by the
partial enzymatic digestion of lecithin. Data is presented on
the contribution of each mechanism to the restored toxicity.
Again, this is dependent on the mineral used, the lipase
activity applied, and digestion time, Additionally, a system
is under development to challenge pulmonary macrophages
in culture with native and surfactant treated dusts. A
preliminary test of the dipalmitoyl lecithin — quartz —
rabbit pulmonary macrophage system is presented to
illustrate the method.

Introduction

Respirable quartz dust exposure is known to cause
fibrotic lung disease; respirable clay dust exposure is less
likely to do so as indicated by epidemiologic data on o%cupa-
tional exposures and by animal model studies.(I"? The
hypothesis that damage to pulmonary macrophages in the
acinar region of the lung by respired dusts is an carly event
in the disease process requires consideration because kaolin
clayand quartz dusts ?re comparably cytotoxic to pulmonary
macrophages i vitro (5%

Simulating dust interaction in the lung, quartz and kaolin
dusts have been assayed for their cytotoxicity both in their
native state and after incubation with an emulsion of dipal-
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mitoy} gg%erophosphorylcholine (DPL), called dipalmitoyl
lecithin,®*) Lecithins are a major component of pulmonary
surfactants which stabilize the surface Propertics of the
hypophase coating of pulmonary alveoli.("?) This surfactant
adsorbs to kaolin and to quartz from emulsion in physiologic
saline. AdsorBtion isotherms for these dusts have been
measured. (1114 The Cytotoxicity gf b(sth dusts is suppressed
by such DPL adsorption at 37 C®%12) 3¢ assayed in vitro by
macrophage release of cytosolic and lysosomal enzymes or
erythrocyte hemolysis. Lecithins are also major components
of cellular membranes. Interactions of quartz with the
bilayer lipid membrane have been proposed as a mechanism
of cell lysis; and effects of dust surface ¢ tallinity and coat-
ings on this lysis have been studied (1319 Qyr simulation of
pulmonary surfactant interaction with respired dusts
replaced a false positive toxicity assay for kaolin with a false
negative assay for quartz,

Removal of $gpum protein from phagocytized silica has
been observed.*®) As a research hypothesis, we presume
that the prophylactic surfactant coating adsorbed on a
respired particle following contact with pulmonary surfac-
tant is subject to enzymatic digestion following phagacytosis
by pulmonary macrophages. We have been exploring this
hypothesis by in vitro studies using dipalmitoyi lecithin in
physiologic saline for alveolar hypophase surfactant and
phospholipase enzymes A2 and C for two lysosomal en-
Zymatic digestion processes. We used pulmonary macro-
phage cytosolic or lysosomal enzyme release or erythrocyte
hemolysis assays to monitor the cytotoxicity of the quartz and
kaolin dustg treated in different experimental
protocols. (512

In this report we provide quantitative data showing sup-
pression of hemolytic potential of quartz and kaolin dusts as
afunction of DPL dose. We provide more data on the effects
of phospholipase enzymes A2 and C on treated dusts. We
discuss the bases for enzymatic restoration of cytotoxicity of
treated dusts by providing initial data on the time course of
enzymatic digestion and retoxification,

Although this simulation provides for detailed analyses of
some proposed steps in the interaction of a minera) particle

- with pulmonary surfactant and macrophages, the adequacy
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of the selected parameters to model the complex in vive
situation must bc questioned. We are developing a com-
plementary method which may model that reality more
closely, but which thereby poses more problems of inter-
pretation. In this system, pulmonary macrophages are chal-
" lenged in vitro with surfactant-treated or native dusts. The
attempt is then made to maintain their viability in culture for
«sulficient period of time to detect macrophage attrition due
i the surfactant treated dusts at levels above those for nega-
tive controls, i.e., macrophages which have not been chal-
~nged with dust. We discuss the method using preliminary
data for rabbit pulmonary macrophages challenged with
DPL treated and untreated quartz,

i1aterials and Methods

Alpha quartz used is at least 98.5 percent pure as deter-
mined by x-ray energy specfrometric analysis. It has a
specific surface area of 3.97 m~/g as determined by nitrogen
adsorption. Kaolin used is at least 96 percent pure, contains
no crystalline silica, and has a specific surface area of 13.25

a%g.

Erythrocytes were obtained for hemolysis assay from a
sheep maintained on a [ixed dict. Pulmonary macrophages
were obtained by lavage of rats or rabbits, as indicated, using
Hank’s Balanced Salt Solution (HBSS). Cells were washed
twice and resuspended in HBSS.

Commercially obtained L-alpha-dipalmitoyl
clycerophosphorylcholine {(DPL) (Calbiochem) was

ultrasonicaily disperscd in 0.165 M sodium chloride 1g
produce emulsions of the desired DPL concentration. Dry
quartzor kaolin dust at Lhe ratio of mass of dust to mass and
concentration of DPL desired were dispersed into DPL
emulsion and the mixtures incubated for one hour at 37Cin
a shaking water bath. Dusts were then centrifuged for ten
minutes at 990 g and resuspended in calcium and magnesium
free Dulbeeco’s phosphate-buffered saline (PBS).

Commercially supplied Phospholipase A2 was obtained
from: porcine pancreas (Sigma) or from Crotalus adaman-
teus venom (Cooper Biomedical), as indicated. Phos.
pholipase C from Clostridium perfringens was obtained from
Sigma. Enzymes were dissolved in phosphate-buffered
salm-e (PBS) containing 2.0 mM calcium chloride, to provide
specific activities for designed digestion steps. Amounts of
native or DPL-treated dusts were resuspended in PBS with
2.0 mM CaCly, desired amounts of the enzyme solution
added, and the samples incubated for specified times at 37 C
in a shaking water bath. Following incubation, the dusts were
resuspended in PBS containing 2.0 mM EDTA to stop the
enzymatic digestion, and then resuspended in PBS alone.
Fo; conceptual purposes, we have expressed phospholipase
activity in terms of “activity equivalents” which equal 0.0817
units of phospholipase. Using the equilibrium amounts of
DPL (%Sisorbcd on kaolin from the adsorption isotherm
study,*” one activity equivalent would ideally remove that
amount of DPL within one hour at 37°C.

Hemolytic potential of variously treated dusts was as-
saved by the ervihrocvie hemolvsis assav of Harington et

il —— —— .
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atlt) Suspensions of erythrocytes (2% by yolume) and 1.0
mg dust per ml were incubated in PRS at 37 C for one hour,
Alter centrifugation at 500 g, the optical density of the su-
pernatant was spectrophotometrically determined at 540 nm
wavelength to measure the hemoglobin concentration,

The release of lactate dehydrogenase from pulmonary

macropha%iaas)was determined by the method of Reeves and -

Fimignari;*"® beta-N -acc(tfl )glucosamirﬁdasc by the method
of Lockart and Kennedy:!"*/ and beta-glucuronidase by the
method of Sellinger et af. @

DPL or lysolecithin (L-alpha-lecithin, beta palmitoyl) ad-
sorbed to dusts was measured by freeze drying the dust, elut-
ing phospholipids from the dust with methanol/chloroform
(2/1 by volume), separating by thin layer chromatograghy,
and phosphate quantitating by the method of Bartlett. 2!

Suppression of the hemolytic cytotoxicity of quartz and of
kaolin by DPL was measured after incubation of each dust
in DPL emulsion at concentrations calculated to provide
coatings from 2 to 200 mg lecithin per gram dust, assuming
total adsorption of the lecithin in emulsion. Some experi-
ments were run with parallel samples which were then
analyzed for amount of DPL adsorbed as measured by the
phosphate assay. '

Combined effect of DPL and lysolecithin (which is itself
a lytic agent) adsorbed to quartz and to kaolin on their
hemolytic potentials was similarly measured, except that the
dusts were incubated with DPL emulsion containing an
equal molar concentration of dissolved lysolecithin,

Time course experiments for the effect of PLA2, from
porcine pancreas, on DPL-treated dust hemolytic potential
was determined for dusts incubated at 7.5 mg dust per ml of
DPL emulsion. The emulsion concentration was 10 mg DPL
per mlsaline. This is sufficient to provide saturation as deter-
mined by the adsorption isotherm measurements. Enzyme
activity at levels from 10 to 300 activity equivalents was ap-
plied for periods of 2 to 216 hours. Following the incubation
with enzymes and washing procedures, the hemolytic
strengths of the dusts were measured and the amounts of
residually adsorbed DPL and lysolecithin measured.

For tests in a simulated long-term system, pulmonary
macrophages were obtained from rabbits and maintained i
tissue culture for different periods of time. Cells were
washed twice with HBSS and resuspended in Medium 199
containing 10% fetal calf serum and penicillin/streptomycin
100 ug/ml. Approximately 4 x 10° cells were placed in in-
dividual culture wells, permitted to stabilize for 24 hours a
37C, 5% CO3, and 90% relative humidity, and then chai-
lenged with native or DPL-treated quartz at levels of 400 ug
dust per 4 x 10° cells. Cells which were not challenged with
dust were also maintained to determine the background rate
of macrophage damage. Cytotoxicity was assayed by LDH
and beta-N-acety! glucosaminidase release.,

Results

Hemolytic potentials of DPL-treated quartz are shiown
with respect to yntrcated quartz in Figure 1. The highest
abscissa value is around 50 mg lecithin per gram quartz, in
concert with adsorption isotherm values.(12) The hemolytic
strength of quartz is reduced by adsorbed lecithin, reaching

background levels between 20 and 30 mg/g adsorbed
lecithin. Figure 2 similarly quantitates the hemolytic poten-
tisl of kaolin. Maximum specific lecithin adsorption is about
130 mg/g; and values approach background between 80 and
100 mg/g. When comparing values between the quartz and
kaolin dusts used, one should note the ratios of their specific
surface areas, the kaolin having about three times the value
of the quartz for surface area per gram.

Hemolytic potentials of quartz and kaolin treated with
DPL and lysolecithin in combination were also measured.
We have previously reported that the retoxification of dusts
treated first with DPL and then with phospholipase enzymes
can be duc to a combination of functionally available particle
surface activity and to adsorbed lysolecithin produced by the
enzymatic digestion of lecithin,(512) Figure 3 shows the
hemolytic potential for quartz treated with equimolar con-
centration of lecithin and lysolecithin together in physiologic
saline. Figure 4 presents comparable data on the hemolytic
potentials of lecithin and lysolecithin-treated kaolin. In both
Figures 3 and 4, the maximum values of hemolytic potential
rcached are limited by the measurement conditions; that is,
ali the erythrocytes have been lysed. The hemolytic potea-
tials above the untreated dust levels arc presumed (o be due
to lysolecithin adsorbed to the dust or adsorbed to lecithin
on the dust. In general the amount of lysolecithin eluted was
less than the lecithin eluted, the lysolecithin being substan-
tially more soluble in saline than the lecithin, Figure §
preseats the 37°C adsorption isotherm for lysolecithin on
quartz and kaolin in physiologic saline: the corresponding
lecithin isotherms have been presented elsewhere for these
dusts.(12)

The hemolytic potential of DPL-treated quartz after
phospholipase A2 digestion in vitro is shown in Figure 6.
Hemolysis is shown as a function of enzyme activity and
digestion time. With the exception of one point at the highest
enzyme activity, the potential rises with digestion time to ap-
proach untrcated quartz levels between 44 and 72 hours.
Paralicl samples were eluted with organic solvent, the eluted
material separated by thin layer chromatography, and
measured by phosphate analysis. Figure 7 shows the amount
of DPL remaining on the quartz following digestion. This is
shown as a function of applicd enzyme activity and time of
enzymatic digestion. There is a rapid decrease in the amount
of adsorbed DPL by the end of two hours, the shortest diges-
tion time used. At 72 hours the levels detected are within the
background for this method of separation and quantitation,
Figure 8 shows similar measurements of the lysolecithin
which was separated from DPL by the thin layer chromatog-
raphy of eluted material. Much lower amounts of lysolecithin
are seen, which decrease to background levels around 44
hours. The hemolysis and DPL retention data are overlaid
on the maps of hemolytic potential of DPL and lysolecithin
treated quartz in Figure 9. Values typically fall in the rcgion
indicating contributions to the cytotoxicity from both
mechanisms, with the dust surface contribution increasing
with digestion time,

The hemolytic potential of DPL-treated kaolin after
digestion with phospholipase A2 is shown in Figure 10. Un-
like the quartz results, the kaolin potential generally is sig-
nificantly greater than that of untreated kaolin, Somewhere
between 20 and 44 hours these potentials drop to values -
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LECITHIN SUPPRESSION OF KAOLIN HEMOLYTIC POTENTIAL
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below that of native kaolin. At 72 hours, the potential is rising
back towird the native dust levels. Figure 11 shows the
amounts of DPL remaining on the kaolin as a function of en-
zyme activity and of timc of digestion. This is measured by
¢lution, chromatography, and phosphate analysis as for the
guartz. Relatively high levels of DPL are retained on the
kaolin to 44 hours as shown, in contrast to the quartz be-
havior. Figure 12 shows the corresponding lysolecithin
rctention data, Again, in contrast to quartz, high levels are
rciained in general out 1o the 44-hour data point. Figure 13
displays the hemolytic potential and retained DPL data for
kaolin on the map of potential versus adsorbed DPL and
lysolecithin for kaolin. Lower enzymatic activities and diges-
tion times are seen {o result in potentials which can be at-
tributed to enzymatically produced lysolecithin. Longer
digestion times result in potentials which might be attributed
at least in part to surface effects. That the high hemolytic
potentials above those of native kaolin can be attributed to
adherent lysolecithin has been demonstrated by additional
mixed enzyme studies to those previously reported,'**’ com-
paring the cffects of one hour digestions with 300 activity
cquivalents of phospholipase A2, from Crotalus adamanteus
venom, and mixtures of it with equal activitics of phos-
pholipase C. The double enzyme treatment reduces the
hemolytic potentials and adsorbed DPL levels from system
saturation values for kaolin to values consistent with frac-
tional exposed surface toxicity with little lysolecithin con-

tribution, The quartz potential afler double Lipase treatment
is partially reduced from levels manifesting some combined
effects of surface and lysolecithin 1o values consistent with
activity due principally to exposed surface activity.
Development is underway in our lab on a system to chal-
lenge pulmonary macrophages in vitro with dusts treated
with pulmonary surfactant, radiolabeled components of pul-
monary surfactant, or proposed prophylactic agents. The at-
tempt will then be to maintain the cells in culture long
enough to measure any restoration of cytotoxic effects above
those displayed by negative controls, that is, by cells not
dosed with dusts. Figures 14 and 15 demonstrate, in part, the
method and its major difficulty — maintaining viable control
cells. The figures show the percentage of lactate
dehydrogenase and beta-N-acetyl glucosaminidase which is
released from the cells as a function of time since dust ex-
posure. The top line is the release from cells challenged with
untreated quartz. Cell damage or death is presumed to be
indicated if both enzymes are released. The partial suppres-
sion of quartz hemolytic potential for the first 3 days is at-
tributed to prophylactic effects of various biochemicals in
the culture nutrieat media. The bottom line shows the attri-
tion of cellstreated identically except that they have notbeen
challenged with quartz. The data for cells challenged with
DPL-treated quartz are initially at the levels for the negative
controls. This may be due principally to the prophylactic ef-

fects of DPL on phagocytized dusts; we have observed that
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ADSORPTION OF LYSOLECITHIN ON KAOLIN AND ON SILICA
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FIGURE 5. Adsorption isotherm for lysolecithin sdsorption on kaolin and on quartz from seline at 37C. Ordinate values are mass specific
sdsorption as measured from initial and final concentration of lysolecithin in solution.
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PLAZ2 DIGESTION VS TIME, ACTIVITY-LECITHIN ON QUARTZ
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FIGURE 9. Erythrocyte hemolytic potential and retained dipalmitoyl lecithin for lecithin and phospholipase A2 treated quartz. Data from
Figures 6 and 7 are presented on the map of quartz hemolytic potential versus lecithin and lysolecithin treatment from Figures 1 and 3.
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LECITHIN ON KAOLIN AFTER PORCINE PLA2 DIGESTION
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FIGURE 11. Dipalmitoy] iecithin retained on kaolin following treatment with phospholipase A2 versus time of incubation with the lipase. Data is
shown for ditferent levels of applied enzyme activity expressed as "activily equivalents.”
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the DPL treatment also slows uptake of quartz by the cells.
The high attrition rates in this experiment do not permit un-
cquivocal interpretation of the longer time values. We cur-
rently are testing modifications of the system to improve the
viability of the controls,

Discussion

Adsorption of pulmonary surfactant by a respired par-
ticie may suppress prompt cytotoxic damage to alveolar mac-
ruphages and epithelial cells in the lung. Dipalmitoyl
leeithin, a major component of pulmonary surfactant, sup-
presses the in vitro bemolytic potential of both quartz and
kaolm, and also suppreses their potential to cause major
damage to pulmonary macrophages in vitro as measured by
cviosolic and lysosomal cnzyme release. Comparison of es-
limated amounts of surfactant in a healthy lung and DPL ad-
sorplion data indicate in vivo pulmonary surfactant levels are
adequate to provide a defense against the prompt Iytic ef-
leews of silicate or aluminosilicate dusts at typical occupa-
tionul exposure levels." "/ Instillation of quartz and kaolin in
animal lungs does not produce prompt permanent
dumage;'™"’ acute but (ransient inflammatorz\z' cellular
rcsponse in vivo which is observed for both dusts®? indicate
some non-mincral specific effect of respired dusts. The ef-
lcct or lack of effcet of surfactant on dust induced release of
antigenic factors by pulmonary macrophages has not been
tnvestipated.

Phospholipase A2 cnzymatic digestion in vitro of DPL-
coater! quartz or kaolin can remove ail or most of the ad-

surbed DPL over the period of a few days for the enzvmatic
activities used. There appear to be mineral specific differen-
ces in the rates of digestion and in the degree of adherence
of lipase-produced lysolecithin to the DPL-dust complex at
intermediate stages of digestion. Mineral specific rate, dif- .
ferences might result from differing free energies of adsorp-
tion or from conformational differences in adsorbed DPL
which provide different levels of steric hinderance to the
lipase action. Phospholipase activity is %ffected by the physi-
cal state of its phospholipid substrate (&)

Adsorption of lecithin to aluminosilicate dust surface may
involve electrostatic and hydrogen bonding. Alumina sur.
face is a better catalyst than silica for hydrolysis of lecithin
in organic media,'" indicating more cffective interaction of
alumina surface hydroxyls with the ester bonds to the

glycerol moiety of lecithin, Lecithin is a zwitterion with the
choline head group cationic and the phosphate group
anionic. Silanol groups on the surface of quartz in aqueous
media partially dissociate to produce negatively cha_r%ed sur-
face sites, with an isoelcctric point around pH 1.5 that 1s,
part of the adsorption of DPL to quartz may be attributed to
electrostatic intcraction between the choline group at the tip
of the DPL and the dissociated silanol groups on the quarz
surface.(*®) Kaolin has a structure of alternate lavers of silica
tetrahedra and alumina octahedra, Hydroxyl groups on the
surfage of alumina have an isolectric point of about pH
9.4,( )the surface of alumina bearing a net positive charge,
Adsorption of DPL to kaolin should involve in part electros-
tatic interaction between the alumina octahedra positively
charged surface sites and the negatively charged phosphate

PLA2 DIGESTION VS TIME, ACTIVITY-LECITHIN ON KAOLIN
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LECITHIN ON QUARTZ AFTER PORCINE PLAZ2 DIGESTION
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FIGURE 14. Release of lysosomal chzyme versus time following quartz dust challenge for rabbit puinonary macrophages in culture. Data is
shown for negative controls, i.e., macrophages not challenged with quartz; for positive controls, i.c., for challenge with untreated quartz; and
for challenge with lecithin treated quartz.
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swiely of DPL, The phosphate-glycerol bond is hydrolyzed
“nder the enzymatic action of Phospholipase C and the ad-
wwent ester linkage of glycerol to a fatty acid acyl group is
hdrolyzed by the action of Phospholipase A2. An adsorbed
. wspholipid conformation in which phosphate groups are
virceted toward alumina surface groups of aluminosilicate
>t might hinder enzymatic hydrolysis of the target ester
e AECs,
~wsolecithin is adsorbed to 2 more limited extent than
*'i- by both quartz and kaolin in single compound adsorp-
-1 150therm measurements, Adsorption of lysolecithin at
slermediate stages of the phospholipase A2 digestion of
+-I'L on dusts may be due in part to tysolecithin association
tith adsorbed DPI.. Lysolecithin on guartz and kaolin
creases as DPL s digested away. We have not determined
:tthe degree of mineral adsorption of hydrolysis produced
:1v acids or their contribution to cylotoxicity suppression.
-+ the phagolysosome of a pulmonary macrophage, a num-
-1 of enzymes would act upon a surfactant coated particle.
- limited experiments with phospholipase A2 and C in
- mbination indicate that the mixed activity can significant-
diminish the lysolecithin contribution 1o the hemolytic
“wtential compared to the single enzyme treatment result.
- provide a useful basis for analysis of physiologic effects,
Hesc in vitro digestion studies must be extended to use
waged surfactants, fulf lysosomal enzyme applied at acidic
“enditions representative of the phagolysosomal interior,
-l representative relative amounts of surfactant, enzyme
whivity, and dusts, We are currently measuring the DPL.-
fiaesting activity of full lysosomal enzyme, which we obtain
-+ density gradient centrifugation methods®®) from rat liver
“mogenate,
Complementary to these in vitro digestion experiments,
‘e Jong-term macrophage challenge system is an attempt to
blain time course information on the suppression of dust
“loloxic properties after challenge and phagocytosis of sur-
‘actant treated dusts. If macrophages can be maintained vi-
dle in culture long enough to unequivocaily distinguish dust
induced effects, thea the possible correlation of induced ef-
locts with the fate of the initial coating of labeled surfactant
will be tested. Comparing the time course for retoxification
~{ kaolin with that of quartz should indicate whether or not
these interactions are significant in distinguishing the
puthogenicity of respirable quartz dust,
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Effects of Coal Dust and Alveolar Macrophages on
Growth of Lung Fibroblasts

G. E. Bartlett and A. B. Pederson

Department of Pathology, The Milton S. Hershey Medical

Center, The Pennsylvania State University

As a part of our study of how coal mine dusts injure the lung
we have studied the effects of dusts and dust-exposed
pulmonary alveolar macrophages (PAMs) on the growth of
lung fibroblasts (LF). Fibroblasts were cultured near
confluence in low-serum medium, either alone or in the
presence of dusts, dusts plus PAMs, dust leachates or
supernatants of dust-exposed PAM cultures. We report
here provisional conclusions, based on initia) observations,
Rut LF were relatively unresponsive to direct effects of
dusts, showing weak stimulation in only a few cultures, and
there was no evidence that dust-exposed rat PAMs had
released any growth-regulatory products. In contrast,
guinca pig cells were more responsive to the dusts, The
pattern of responses was quite complex. Three of the dusts
stimulated LF directly (with no mediation by PAMs). Two
dusts were essentially inert when added directly to
fibroblast cultures, either with or without PAMs, but their
leachates were active: 867 leachate was inhibitory and RF
leachate was stimulatory, Dust 1361, either directly in the
cultures or as an aqueous leachate, was stimulatory, and it
activated cocultured PAMs to stimulate LF growth;
however, supernatant products of 1361-stimulated PAMs
were inhibitory. Direct exposure to 1192 stimulated LF, but
its leachate was inert; cocultured PAMs exposed to 1192 had
weak stimulatory effects, but supernatants of 1192-exposed
PAMs were mildly inhibitory. MP3-3 had effects similar to
1192, except that the cocultured, dust-exposed PAMs had
no effect on growth, We conclude 1) that guines pig lung
cells are more responsive to dusts than are rat lung cells, 2)
that dusts can influence growth of LF by four kinds of
interaction (by direct dust-cell interaction, by release of
soluble dust components into the culture medium, by
activating PAMS to exert direct cell-cell interactions, and by
activating PAMs to release growth regulatory products into
the culture medium), 3) that each kind of interaction may
be neutral, inhibitory or stimulatory, depending on the dust
tested, 4) that four of the dusts tested were neutral,
Inhibitory or stimulatory, depending on the assay (the fifth
dust was either neutral or stimulatory), and 5) that the
effects of soluble mediators (leachates or products of
activated PAMs) frequently did not correspond with the

direct dust-cell or PAM-fibroblast effects. These resulis
suggest that the nature of the dust-lung interaction at the
level of cells and molecules is exceedingly complex, These
observations need to be confirmed and extended to
determine what characteristics of the dusts determine the
nature of the ceflular responses, and to determine which
patterns of responses are detrimental andwhich are
beneficial in the overall health of the dust-exposed lung.

introduction

Chronic occupational exposure to the dusts in coal mines
commonly results in coal worker’s pneumoconiosis (CWP),
the progressive accumulation of coal mine dusts in the sub-
stance of the lung. The effects on pulmonary function may
range from minimal to debilitating. One common feature of
the degencrative changes that occur in CWP is the produc-
tion of increased amounts of fibrous connective tissue
("scar"). This process of fibrosis converts the normally pli-
able, elastic lung tissue into a more or less rigid, nonelastic
organ. Even when fibrosis is minimal, it exerts traction on
surrounding delicate alveolar walls, contributing to the em-
physcma that is a part of the milder forms of CWP., If the
dust-lung interaction could be characterized sufficiently to
define the sequence of events that leads to fibrosis, it might
be possible to prevent the development of fibrosis in CWP
by modulating the lung’s response to dust. Likewisc, preven-
tion of CWP would be facilitated if the characteristics of
dusts that trigger the fibrotic pracess could be identified,
leading to the recognition of which dusts are most likely to
cause serious discase. Our long range objective is to learn
how to prevent CWP. To that end we are studying the inter-
action of coal dusts and lung cells in cell culture in order to
determine how that interaction results in fibrosis and to
determine whether dusts with different physical and chemi-
cal characteristics interact with lung cells in qualitatively or
quantitatively different ways,

A key component of the fibrotic process is the prolifera-
tion of the fiber-producing cells of the lung, called lung
fibroblasts (LF). In the normal, healthy lung the LF are a
part of the supporting framework of the lung and are
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generally quiescent. They undergo division only rarely, so
they synthesize DNA at alow rate. When the lungis respond-
ing to injury, the LF are mobilized to produce the new fibers
necessary to patch up the area of injury. Part of that
mobilization response is an increase in the rate of cell
division in order to increase the numbers of LF available to
carry out the repair. The response of most tissues to injury
is orchestrated, in large part, by a class of mobile, protective
cells called macrophages; in the lung they are called pul-
monary alveolar macrophages (PAMs). Studies of
pneumoconiosts and pulmonary fibrosis due to other agents
have suggested that when macrophages ingest the inhaled
particulates they are "activated,” resulting in increased syn-
thesis and secretion of several dilferent compounds that
regulate various aspects of the inflammatory, repair and im-
mune processes. '™ In particular, it bas been shown that
PAMs exposed to asbestos rclcgse more fibroblast growth
factor than do control PAMs, 1% Similar studies have been
performed with other agents, !} but not with well-charac-
terized coal dusts. Likewise, many such studies have used
macrophages from parts of ;}hc bg)dy other than the lung (i.c.,
from the peritoneal cavity)®1517) 3nd lllgvg used fibroblasts
cither from other sites, such as skin®® or from estab-
lished, heterologous cell lines in culture (1Y) The overall pur-
pose of this study is to test the hypothesis that exposure of
PAMs to coal dusts causes the PAMs to secrete factors that
stimulate growth of LF; related hypotheses and corollaries
are tested in the course of the study, To our knowledge, this
is the only investigation that uses coal dusts, PAMs and LF.

Materials & Methods
Animals

Female Hartley random-bred guinea pigs were pur-
chased from Hazelton Research, Denver, Pennsylvania.
Female Fisher 344 inbred rats were purchased from Charles
River Laboratories, Kingston, New York.

A{acbpiaages

PAMSs were obtained by bronchial lavage of adult female
rats or guinca pigs under nembutal anesthesia, Five ml of
phosphate buffered saline (pH 7.4) with 0.1 percent
cthylenediamine tetraacetic acid was instilled through the
trachea, flushed five times and collected in a sterile plastic
centrifuge tube on ice. Each animal was lavaged three times.
Cells from different rats were pooled, but cells from differeat
guinca pigs were not pooled. The cell suspensions wer
centrifuged at 400 g for 15 min, and resuspended at 2 x 1
cclis/mlin Dulbecco’s Minimal Essential Medium (DMEM)
containing fetal calf serum (FCS), 1 percent for coculturcs
or 0.5 percent for supernatant production.

Stipernatants and Leachates

Products of stimulated B.linea pig PAMs were prepared
as described by Lemaire, (™) Briefly, PAMs were added to
the 24 mm diameter wells of 12-well cluster plates at the rate
0f 0.5 ml (10° cells)/well, and incubated at 37 C for one hour
to allow the cells to adhere. One hour later, 0.5 ml of dust

suspension was added to each well containing 10° newly
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plated PAMSs, so that the final nutrient volume was 1.0 ml
and the final FCS concentration was 0.5 percent. The cells
were incubated at 37°C' 5 percent CO3 for 24 hours. At the
cnd of the incubation period, the nutrient medium was
aspirated from each well, and the supernatants of replicate
wells (same additive, same concentration, cells from dif-
[:rent donor animals) were pooled. Supernatant pools were
centrifuged at 1600 g for 15 min, distributed in 1 m! aliquots
in plastic tubes and frozen at -70 . Leachates were prepared
in parallel with the supernatants, incubating the dust in 1 ml
of DMEM (0.5 percent FCS) without PAMs for 24 hours.

Lung Fibroblasts (LF)

Young adult guinea pigs {(approximately 2 months old)
were killed by an overdose of nembutal, and the lungs were
remgved aseptically. Small fragments of lung tissue ( < 1
mm> were placed in dry 35 mm plastic tissue culture dishes;
after several minutes to permit firm attachment to the dish,
the explants were covered with 2 ml DMEM (20 percent
FCS). Fibroblasts were permitted to grow out of the ex-
plants, and when they covered a majority of the surface of
the primary culture dish, they were harvested and passed to
larger culture vessels for expansion of the population. Cells
were harvested by 10 min incubation in 0.05 percent trypsin,
washed in DMEM with 20 percent FCS and counted in a
hemacytometer. In some experiments, rat lung fibroblasts
were prepared from 60-80 gm weanling rats and used in the
same fashion.

Coal Dust Samples

Five different coal dusts have been tested thus far, For
each of the first four dusts, the coal sample was collected in
the mine, transported to the Mineral Engineering laboratory
at Pennsylvania Statc University, crushed, screened and
milled to produce dust with a size distribution predominant-
ly in the respirable range ( < 5 um diameter). Those
specimens include: MP3-3 (Upper Frecport, Bituminous);
PSOC-867 (Primrose, Anthracite); PSOC-1192 (Lower Kit-
tanning, Bituminous); and PSOC-1361P (Upper Freeport,
Bituminous). The first was kindly provided by Professor R.
Hogg, Pennsyivania State University, and the latter three
were provided by the Generic Technology Center for
Respirable Dust. The fifth dust is the respirable fraction of
a coal mine dust sample collected in the Arkwright Mine by
Joc Parenty (Pittsburgh, Bituminous), and distributed by the
Generic Technology Center. .

Dusts aliquots were preweighed and autoclaved dry.
Under ascptic conditions they werc suspended at 1 gm/100
ml in DMEM containing 0.4 percent Tween 80, centrifuged
(1600 g, 15 min), washed in medium without FCS or Tween,
then resuspended at 10 gm/mlin DMEM and stored frozen
in 1 ml aliquots.

Growth of LF

Monolayers of LF were harvested just as they reached
confluence. The cells were washed in DMEM and
resuspended at 2 x 10° celis/ml in DMEM with 20 percent
FCS. The ccll suspension was added to the wells of 96-well
cluster plates, usually 20,000 cells per well. Radioactive



Growth of Rat LF*

Concentration
Dust

LF Only
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LF + PAM;s
0
(Log, gm/ml) Mean +/- SEM** Mean +/- SEM***

MP3-3
0 22 +/-01 26 +/-03
-10 19 +/-02 23 +/01
-9 20 +/-05 22 +/-02
-8 19 +/-02 2.6 +/-03
-7 1.9 +/-03 29 +/.03
-6 19 +/-0.2 19 +/- 0.1
-5 1.7 +/-03 22 +/-05
-4 20 +/-03 23 +/-0.1
PSOC-867
0 202 +/-34 193 +/-3.6
-10 251 +/-36 226 +/-1.7
-9 215 +/-22 211 +/-3.1
-8 214 +/-08 233 +/-08
=7 368 +/-3.64 314 +/-0.2
-6 345 +/- 24+ 347 +/-24
-5 331 +/-40 347 +/-24
-4 223 +/-08 221 +/-1.6
PSOC-1192
0 9.8 +/-08 93 +/-19
-10 9.5 +/-0.6 79 +/-09
-9 72 +/-08 81 +/-09
Notes:

* 20,000 LF seeded/well in DMEM with 0.5 peteent FCS; 5000 PAMSs en

TABLE |
Exposed to Dusts in Culture With or Without Cocultured PAMS (CPM/well x 10%)

Concentration LF Only LF + PAMs
Q ust
(Log, gm/ml) Mean +/- SEM** Mean +/- SEM***
-8 91 +/-17 71 4/~ 11 )
-7 18.5 +/-22+ 125 +/-1.0
-6 138 +/-25 124 +/-08
-5 13.0 +/-1.8 121 +/-0.8
-4 71 +/-04- 70 +/-0.2
PSOC-1361
94 +/-08 88 +/-19
-10 116 +/-0.7 11,7 +/- 1.7
-9 104 +/-03 96 +/-1.0
-8 103 +/-0.7 10.7 +/-1.5
-7 147 +/-08+ + 119 +/-12
-6 141 +/-07++ 129 +/-23
-5 128 +/- 14 129 +/-1.1
-4 7.2 +/-0.2 79 4+/-04
CMD-RF
0 102 +/-14 108 +/-1.7
-10 85+/-14 9.7 +/-1.0
-9 17 +/-09 90 +/-16
-8 93 +/-14 95 +/-16
-7 11.9 +/-31 10.7 +/-08
-6 116 +/-1.7 113 +/-12
-5 136 +/-15 114 +/-06
-4 90 +/-14 89 +/-05

d/or dusts added after overnight incubation. 1 uCiwell 3H-TdR added 2

hour, cells harvested 48 hours after addition of dusts. PAMs only, 198 + /- 13 CPMawell. Triplicate wells for each condition,

*° + = stimulation, - = inhibition of growth compared to control wells {0 gm/ml dust), (t-Test): one symbol, p < 0.05; two symbols, p < 0.02.

*** Growth of LF in the presence of PAMSs was not different from growth of LF alone,

tracer, tritiated thymidine (*H-TdR, 1 uCi/well) was added
to the culture medium to assess proliferative activity by in-
corporation of 3H-TdR into DNA of growing cells. For har-
vest, each well was treated with 0.05 percent trypsin at 37 C
for 10 minutes, Then the cells were aspirated with a multi-
ple-well automated sample harvester, deposited on glass
fiber filters, washed, dried, suspended in Betafluor (Be-
ckman) and counted in a liquid scintiliation counter. Other
conditions {concentrations, times, etc.) are described with
each experiment. Results were recorded as counts per
minate (CPM)/well, and values for triplicate wells are
reported in the tables as mean CPM/well + /- the standard
error of the mcan (SEM) in thousands (i.e.,x 10'3). Differen-
ces between experimental and control values were tested for
statistical significance using the Student’s t-Test.

Results
Effects of Coal Dusts on Growth of Rat LF

This series of tests was performed to test the hypothesis
that aqueous suspensions of coal dusts would have a direct

cffect on growth of rat LF, without the intervention of PAMSs,
Based on preliminary experiments it was expected that the
dusts would be relatively inert in this assay, except for some
inhibition of proliferation at the highest concentration (100
ug/mi). Rat LF were incubated in DMEM with 0.5 percent
for 48 hours, either alone or in the presence of dust suspen-
sions (107" to 10% gm/ml). The cells were labelled con.
tinuously during the experiment with >H-TdR. The results
of this assay for the five dust samples are shown in the left
column of Table I. In the experiment testing MP3-3, growth
of fibroblasts in all wells was unusually low, suggesting that,
for unknown reasons, the cells in that experiment were not
suitable for detecting growth effects of the dust. Among the
tests of the other four dusts, oaly (1192) had a significantly
inhibitory effect on the cells, and that was only at the highest
dose tested (100 ug/ml). Three of the dusts (867, 1192 and
1361) showed significant stimulation of LF growth, but only
at one or two doses. The respirable fraction of dust from the
Arkwright Mine had no significant effect on cell growth. We
conclude that three dusts have a weak direct stimulatory ef-
fect on growth of rat LF.




Concentration LF Only
of Dust
(Log, gm/ml) Mean +/- SEM** Mecan +/- SEM***
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TABLE !l
Growth of Guinea Pig LF* Exposed to Dusts in Culture With or Without Cocultured PAMs (CPM/well x 10°%)

LF + PAMs

Concentration LF Only

LF + PAMs

of Dust
(Log, gm/ml)Mean +/- SEM** Mean +/- SEM***

AP3-3
. i -6 703 +/- 60++ 649 +/-17
%0 D332 2840 3 98 +/- ST 627 +/-63
9 306 +/- 40 315 +/-54 -4 266 +/- 19 325 +/-11
-8 B0+ 28+ D411 PSOC-1361
:6 27.2 Ij- g:ot 26.0 i;- 12 0 273 +/- 10 420 +/-21+++
-5 308 +/- Dd+++ 362 +/-25 -10 350 +/- 01+++ 511 +/-3.7++
-4 166 +/- 1.2 200 +/-0.9 -g g%g I;f’- g§+ + gg% i,:'- %%4- +++
- . - 6.1++ . - 0.
y i el OB+
: 3 - 6 +/- 40+ + 0+/-5.
910 ?g% Iﬁ- 1%% %ﬁg :ﬁ_ %% -5 459 +/- 06++++75.0 +/-01++++
-9 652 +/-143 68.5 +/-123 -4 225 +/- 28 286 +/-21
3 DILL 98 Seasrag
. T +/- 9 A + /-4, .
% 652 +/- 6.5 792 +1-59 CMD-RF
-5 512 +/ 4.0 516 +/-4.5 0 60.1 +/- 53 455 +/-74
-4 32.1 +/- 0.8- 316 +/-3.0 -50 ggg If‘ ﬁ ii? 1,; é;
2 piiide B0
0 457 +/- 21 587 +/-75 -7 2+ 2. . -1
-10 488 +/- 03 665 +/-1d+++ 4 -6 576 +/- 0.7 783 +/-128
-9 525 +/- 59 502 +/-6.7 -5 58.7 +/- 43 522 +/-08
-8 636 +/- 6.0+ 544 +/-7.1 -4 354 +/- 2.0- 335 +/-21
-7 56.1 +/- 2.0+ 718 +/-3.2++
Notes:

* 20,000 LF seeded/well in DMEM with 0.5 percent FCS; 5000 PAMs and/or dusts added after overnight incubation.

1 uCi/well °H-TdR added 2 hour, celis harvested 48 hours after addition of dusts. Triplicate wells for cach

condition.

“* + = stimulation, - = inhibition of growth compared to control wells (0 gm/ml dust) (t-Test): onc symbol,
p < 0.05; two symbols, p < 0.02; three symbols, p < 01; four symbols, p < 0.001.

‘** 4+ = gtimulation, - = inhibition of growth compared to the adjacent leachate control: one symbol, p < 0.05; two
symbols, p < 0.02; three symbols, p < 0.01; four symbols, p < 0.001.

Effects of Dust-Exposed PAMs on Growth of Cocultured Rat
LF

The next experiments were donce to test the hypothesis
that dust-exposed rat PAMs would affect growth of cocul-
tured rat LF, compared to growth of the LF in the presence
of the same concentration of dust without PAMs, As part of
the each experiment described above, replicate wells were
incubated with LF and dusts as described, pius 5000 PAMs
per well that were added at the time of dust exposure. The
results are in the right column of Table I; each value is to be
compared to the adjacent vaiue in the left column to deter-
mine if the presence of the PAMs had any significant effect
on LF growth. Again the test with MP3.3 was
uninterpretable. For the remaining four dusts, growth of LF
in the presence of dust and PAMs was not signilicantly dif-
ferent from growih of LF in the presence of the dust alone.
Thus, we conclude that under these conditions, the dusts
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tested here did not stimulate any growth-regulatory activi
of the PAMs, v

Effects of Coal Dusts on Growth of Guinea Pig LF

Because rat LF & PAMs were relatively unresponsive to
coal dusts, we next used guinea pig LF to test the hypothesis
that coal dusts would have a direct effect on growth of guinea
pig LF. These tests were performed under identical condi-
tions to those described above, except that guinea pig LF
were used. The results are in the left column of Table II,
Three dusts (867, 1192 and RF) were inhibitory at the highest
concentration tested (100 ug/ml). Two of those three dusts
(867 and RF) had no effect on fibroblast growth at any of the
lower concentrations. The other three dusts each stimulated
tibroblast growth to a significant degree over a range of con-
centrations. The most consistent effect was by 1361, stimulat-
ing proliferation of LF from 100 pg/ml to 10 ug/ml; 1192 and
MP3-3 werc stimulatory from a low concentration of 10
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ng/ml to a high concentration of 1 or 10 ug/ml respectively,
We conclude 1) that dusts differ in their toxicity for guinea
pig fibroblasts, 2) that dusts dilter in their ability to stimulate
guinea pig fibroblasts, 3) that the same dust may be either
toxic or stimulatory at different concentrations, and 4) that
guinea pigs and rats differ in their susceptibility to either
toxic or stimulatory effects of coal dusts for LF.

Effects of Dust-Exposed PAMs on Growth of Cocultured
Guinea Pig LF

The next experiments were done to test the hypothesis
that dust-exposed guinea pig PAMs would affect growth of
cocultured guinea pig LF, compared to growth of the LF in
the presence of the same concentrations of dust without
PAMs. As part of the each experiment described in the pre-
vious paragraph, replicate wells were incubated with LFand
dusts as described, plus 5000 PAMs per well that were added
at the time of dust exposure. The results are in the right
column of Table 11. Each value is to be compared to the ad-
jacent value in the left column to determine if the presence
of the PAMs had any significant effect on fibroblast growth,
In two experiments, PAMs alone had a weak or moderate
stimulatory effect on growth of LF in the absence of dusts.
Three dusts (MP3-3, 867 and RF) did not cause the PAMs
to exert any growth regulatory effect at any dust concentra-
tion. PAMSs exposed to two different concentrations of 1192
stimulated fibroblast growth, and PAMs exposed to 1361
were stimulatory at three concentrations. We conclude that,
in contrast to rat PAMs, guinca pig PAMs may be activated
by two of the five dusts to stimulate growth of cocultured
guinea pig LF,

Effects of Dust Leachates on Growth of Guinea Pig LF

Since LF are nonphagocytic, and since suspensions of
dust particles can stimulate or inhibit LF growth without the
mediation of phagocytic cells (Table I1, left column), it is im-
portant to determine whether the effects of the dusts are
mediated by direct contact with the cells or by some con-
stituent of the dust that becomes dissolved in the aqueous
medium, Therefore, this series of experiments tested the
hypothesis that aqueous leachates of the dusts would cither
inhibit or stimulate growth of guinea pig LF. After overnight
incubation of 20,000 guinea pig fibroblasts/well, the medinm
was removed and replaced with 100 ul/well DMEM contain-
ing 0.5 percent FCS. Then each well received 100 ul of dust
leachate and 1 uCi 3H-TDR, and cells were harvested 24
hours later. The results are in the left column of Table III,
Leachates of 1192 had no effect and those from MP3-3 had
aweak effect at only one concentration, Two dusts, 1361 and
RF, produced leachates that stimulated LF growth in the
middle to higher concentration range. In contrast, the
lcachates from 867 had significant inhibitory cffects on
fibroblast growth across the whole spectrum of concentra-
lions tested. We conclude 1) that some dusts (MP3-3 and
1192} do not contain aqueous extractable components that
alter growth of guinea pig LF, 2) that aqueous extracts of
other dusts (1361 and RF) stimulate LF growth, and 3) that
aqueous extracts of surprisingly small amounts of dust 867
are inhibitory for growth of guinca pig LF.

Effects of Supematants from Dust-Exposed PAM Cultures on
Growth of Guinea Pig LF

Table II showed that dust-exposed PAMs had growth
stimulatory properties on cocultured LF, The following ex-
periments were to test the hypothesis that growth-regulatory
clfects of dust-exposed PAMs are mediated by soluble
products secreted by the PAMs into the culture medium,
They were performed as part of each of the leachate experi-
ments described in the previous paragraph, using replicate
wells of cultured LF. Supernatant media were collected after
24 hour incubation in the presence of PAMs and various con-
centrations of the five dusts, and they were added to cultures
of guinea pig LF and labelled for 24 hours, The results are
shown in the right column of Table IIL Such supernatants
would be expected to contain both the products released by
activated PAMs and any components of the dusts extracted
by the aqueous medium, Therefore, each experimental vahue
18 to be compared with the adjacent leachate control to
determine 1o what extent the products of dust-exposed
PAMs altered growth, as distinct from effects of the
lcachate. Media from PAMs exposed to RF were essential-
ly inert, having no significant effect at most concentrations
when compared to the effects of the same concentration of
leachate. Supernatants from 867-exposed PAMs were sig-
nificantly stimulatory across the entire range of concentra-
tions. In contrast, the other three dusts caused the PAMs to
release into the medium soluble materials that inhibited
fibroblast growth. We conclude 1) that one of the dusts (RF)
did not activate PAMs to secretc growth-regulatory
products, 2) that three dusts (MP3-3, 1192 and 1361) caused
PAMs to release growth inhibitory products, 3) that one
dust, 867, activated PAMs to secrete growth stimulatory
products, and 4) that the growth regulatory effects of soluble
products of dust-exposed PAMs do not correspond to the
growth regulatory effects of cocultured, dust-exposed
PAM:s.

Discussion

The experiments reported here have not yet been
repeated for confirmation, so the conclusions drawn are, of
nccessity, provisional. The data are based on results of tripli-
cate cultures; in some instances duplicate values were used
if results from one well of a set were not obtainable for tech-
nical reasons, or if one well of a set deviated substantialty
from the mean of the other two ("outlyers"). Differences be-
tween experimental and control wells were tested for statis-
tical significance by the Student’s t-Test. We hope to
perform a more comprehensive statistical evaluation of
these {or subsequent) data using the analysis of variance test
with the Newman-Keuls and Dunnette tests, Because results
of multiple-comparison assays werc tested with a pair-wisc
statistic, statements about the significance of inhibitory or
stimulatory effects reflected an assessment of the pattern of
cffects over arange of several dust doses; isolated values that
were significant by the t-test were not regarded as biologi-
cally significant.

The major working hypothesis for this phase of our study
was that coal dusts stimulate PAMs to secrete materials that
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. TABLE Hl
with of Guinea Pig LF* Exposed in Culture to Dust Leachates or 1o Supematants of Dust-exposed PAMs
Gro v {CPM/well X 1'35)
Dust in LF + LF + Dust in LF + LF +
S tants Preculture Leachates Supernatants
(Cog. giml) Mean P oMee  MaboRofins,. (Log, gm/ml) Mean + SEM**  Mean + SEM***
MP3-3 -8 115 +/- 09 86 +/-04
0 116 +/- 0.7 93 +/-03. -7 133 +/- 11 94 +/-08
-10 121 +/- 0.5 10.2 +/- 0.6 -6 192 +/- 15 151 +/-21
-9 119 +/- 0.7 83 +/-0.5- -5 166 +/- 0.9 113 +/-0.4—
-8 12..g +/- Ellg 13? + }'- g%—— -4 117 +/- 08 102 +/-09
7 138 +/- 1. 7 +/-0.
6 147 +/- 06+ 7.6 +/- 03— PSOC-1361
-5 151 +/- 1.1 84 +/-0.7- 0 529 +/- 13 382 +/-0.7—
-3 130 +/- 18 99 +/-0.7 210 462 +/- 15 36.6 +/- 1.0~
PSOC-867 9 435 +/- 40 332 +/-33
-8 45.5 +/- 32 M5 +/-08-
0 45.0 +/- L7 437 +/- 19 -7 T334/ 49++ 723 +/-15
-10 308 +/- 19—~ 389 +/-15+ -6 731 +/- 46++ 555 +/-14-
-9 271 +/ 2.0 371 +/-1.5++ -5 524/ 16++++512 +/-19—
-8 255 +/- 34~ 378 +/-2.2+ -4 M5 +/- L7 266 +/-04-
s BT muaes Sen
S 24+ 36 46 +/-06+ %0 $310107 8L
-4 - 200 +/- 33~ M6 +/-31+++ 9 853 +/- 22 879 +/-111
PSOC-1192 -8 930 +/- 73 839 +/-123
-7 1069 +/- 3.0+++87.8 +/- 44
0 141 +/- 1.2 111 +/-0.5 5 99 +/- 47++ 816 +/-134
-10 R1+/- 20 101 +/-10 5 1039 +/- 66+ 883 +/-69
-9 122 +/- 04 8.5 +/-04- 4 96.1 +/- 15+ +++805 +/-89
Notes:

* 20,000 fibroblasts seeded/well in DMEM with 0.5 percent FCS; leachates or superndtants added after overnight incubation. Labelied with 1
ug/well 3H-TdR 24 hours after addition of dusts. Triplicate wells for each condition.

** + = stimulation, - = inhibition of growth compared to control wells (0 gm/ml Sust) (- Test): one symbol, p < 0.05; two symbols, p < 0.02;

three symbols, p < 0.01; four symbols, p < 0.001.

**" + = stimulation, - = inhibition of growth comparcd to ke adjacent leachate control (1-Test): one symbol, p < 0.05; two symbols, p < 0.02;

three symbols, p < 0.01; four symbols, p < 0.001.

stimulate the growth of fibroblasts, The results of Table III
confirm that, at least for thc onc anthracite sample we tested,
the hypothesis is true. Supurnatants of PAMs exposed to
dust 867 caused up to a two-fold increase in the rate of
proliferation of LF, However that conclusion is not general-
ly applicable since in the same series of experiments, super-
natants of PAMs exposed to three of the bituminous samples
caused up to 40 percent inhibition of LF proliferation, and
supernatants induced by the respirable fraction of mine dust
were inactive as far as LF proliferation is concerned. It is
tempting to view the stimulatory effects of 867-induced su-
pernatants as detrimental and the inhibitory or inactive su-
pernatants as biologically neutral, and that would conform
to the conventional wisdom that the pension was added to
each well containing 10° newly platedareas. However, under
some circumstances, inhibition of the proliferation needed
to maintain normal homeostasis would be detrimental.
Therefore, much more on assay and that different dusts in-
duce secretion

A priori one might predict that any PAM-mediated effects
on LF would be at least qualitatively similar whether as-
sessed with cell-free PAM culture supcrnatants or with
PAMs growing in direct contact with the LF, However, our
resulis showed that results of the two assays wel® not qualita-
tively similar. In two instances, dust-stimulation of PAM.LF
cocultures had no effect on LF growth while the super-
natants of PAMs stimulated by those dusts were inhibitory
and stimulatory respectively, Furthes, two dusts that had
stimulatory effects in PAM-LF cocultures induced produc-
tion by PAMs of inhibitory supernatants, At this carly stage
of the study it is not evident how the cocultured PAM:s affect
LF growth other than by their secreted products. Presumab-
ly the dust-stimulated PAMSs in LF-coculture secrete into the
shared medium the same kinds and same amounts of
products that they secrete into medium when they are cul-
turcd without LF, So, the proliferative rate that was observed
must be the net result of the of rat LF '
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In addition to the PAM-mediated effects on LF growth
mentioned above, these experiments revealed that dust or
dust leachates can modulate growth of LF without the
mcdiation of PAMs, Three dusts were mildly to moderately
stimulatory when in dircct contact with LF (in the absence
ol PAMs), and for onc dust that stimulation could be
rencated using a centrifuged leachate of the dust. In con-
trast, leachates of the other two dusts were inactive, suggest-
ing that the stimulatory effects of those dusts was due to
direct dust-LF contact, not to water-soluble dust com-
ponents conveyed by the culture medium, Finally, two dusts
that had no effect when in direct contact with the LF released
soluble components into the leachate that had potent in-
hibitory effects in one case and moderate stimulatory effects
in the other case. Again, it is not yet possible to conclude that
one kind of dust-cell interaction of "bad" and that others are
"good,” but it is clear that coal dusts can have potent, and
sometimes opposite, effects on LF proliferation, inde-
pendent of PAMs,

1t should be mentioned that the nature of the dust effects
(stimulatory/inhibitory) and their pattern may reflect not
only the characier of the dust and the way it was assayed in
these experiments, but may depend to some extent on other
experimental conditions that were not varied in this study.
For instance, the methods of collecting and culturing PAMs
might alter their reactivity in small or large ways. Likewi:
this system is only one of a variety of experimental conditions
that can be used to assess the proliferative behavior of LF,

As done here (20,000 cells/well and low serum concentration
(0.5 percent]), the cells are relatively quiescent. In other sys-
tems, LF could be studied during a maximal growth phase
(low cell density and high serum concentration), and at
various times in their growth pattern. Experiments testing
some of those variables are planned.

From a practical standpoint it is important to emphasize
the major species difference in responses to coal dusts that
we have observed. Both rats and guinea pigs have been used
cxtensively to study lung diseases and to study the functions
of macrophages. However, most cell culture studies of mac-
rophage function in the rat have used macrophages from the
peritoneal cavity, We have observed that that rat PAMs are
not functionally equivalent to peritoneal macrophages or to
PAMs of other species. Rat and guinea pig macrophages
{rom the lung, from the peritoneum and from inflammatory
cxudates werc stimulated with tetradecanoyl phorbol
acctate, Each class of macrophages, except rat PAMs,
promptly released a significant amount of superoxide anion
radical.(19) The results presented here further indicate that
rat PAMs and LF are not equivalent to guinea pig PAMs in
terms of response to coal dusts. On that admittedly limited
evidence we have decided to use the guinea pig for most of
our studies in the near future, It will not be possible to deter-
mine which species’ response pattern is most representative
of human responses until similar experiments can be per-
[ormed using human cells.

The major conclusion to be drawn from this work is that,
cven at this preliminary stage of investigation, there are clear
differences in the ways in which different coal dusts affect
PAMs and LF of the guinca pig, The response patterns are
complex, and for reasons stated above it is not possible to
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tdentify any particular pattern as "good" or "bad.” Howeve,
the existence of these intersample differences means that j;
will soon be possible to design experiments to identify whic,
chemical or physical characteristics of the dusts are 1espop.
sible for the various kinds of responses, and how th

responses are mediated at the cellular and molecular leve]

Acknowledgment

This research has been supported by the Department of
the Interior’s Mineral Institute program administered by the
Bureau of Mines through the Generic Mineral Technoj
Center for Respirable Dust under grant number G113514,

References

1. Koretzky, G.A., J.A. Elias, S.L. Kay et al:
Spontaneous Production of Interleukin-1 by Human
Alveolar Macrophages. Clin. Immunol.
Immunopathol. 29:443-450 (1983).

2. Hunninghake, G.W.: Releasc of Interleukin-1 by
Alveolar Macrophages of Patients with Active
Pulmonary Sarcoidosis. Am. Rev. Respir. Dis.
129:569-572 (1984).

3. Martin, T.R,, L.C. Altman, R.K. Albert and W.R,
Henderson: Leukotriene B4 Production by the
Human Alveolar Macrophage: A Potential
Mechanism for Amplifying Inflammation in the
Lung. Am. Rev. Respir. Dis. 129:106-111 (1984).

4, Sherman, M.P. and R.I. Lehrer: Supcroxide
Generation by Neonatal and Adult Rabbit Alveolar
Macrophages. J. Leukocyte Biol. 36:39-50 (1984).

5. Tate R.M., H.G. Morris, W.R. Schroeder and J.E.
Repine: Oxygen Metabolites Stimulate
Thromboxane Production and Vasoconstriction in Iso-
lated Saline-perfused Rabbit Lungs. J. Clin. Invest.
74:608-613 (1984).

6.Vilim, V., J. Wilhelm, P. Brzak and J, Hurych: The
Chemiluminescence of Rabbit Alveolar
Macrophages Induced by Quartz Dust Particles.
Immunol. Lett. 8:69-73 (1984).

7. Kouzan, S., A.R, Brody, P. Nettesheim and T, Eling:
Production of Arachidonic Acid Metabolites by
Macrophages Exposed in vitro to Asbestos,
Carbonyl Iron Particles or Calcium Ionophore. Am.
Rev. Respir. Dis. 131:624-632 (1984).

8. Nugent, K.M., J. Glazier, M.M. Monick and G.W.
Hunninghake: Stimulated Human Alveolar
Macrophages Secrete Interferon. Am. Rev. Respir.
Dis. 131:714-718 (1985).

9. Kampschmidt, R.F,, M.L. Worthington IIl and M.1,
Mesecher: Release of Interleukin-1 (IL-1) and
IL-1-like Factors from Rabbit Macrop with
Silica. J. Leukocyte Biol. 39:123-132 (1986).

10. Lemaire, L., H, Beaudoin, S. Masse and C.
Grondin: Am. J. Path. 122:205-211 (1986).

l




bt o m r————

GROWTH OF FIBROBLASTS

11, Burrell, R. and M. Anderson: The Induction of 15. Harington, J.S., M. Ritchie, P.C. King and K.
Fibrogenesis by Silica-treated Alveolar Miller: The in-vitro Effects of Silica-treated Hamster
Macrophages. Environ. Res. 6:389-394 (1973). Macrophages on Collagen Production by Hamster

Fibroblasts. J. Path. 109:21-37 (1971).
12. Nourse, L.D., P.N. Nourse, H. Botes and H.M. ibroblasts an ( )

Schwartz: The Effects of Macrophages Isolated 16. Aalto, M. and A.G. Heppleston: Fibrogenesis
from the Lungs of Guinca Pigs Dusted with Silicaon ~ Mineral Fibres: An in-vitro Study of the Roles of the

Collagen Biosyathesis by Guirea Pig Fibrobiasts in Macrophage and Fibre Length. Brit. J. Exp. Path.
Cell Culture. Environ. Res. 9:115-127 (1975). 65:91-99 (1984).

13. Lugano, E.M., J.H, Dauber, JA. Elias et al: The 17. Hart, P.H., L.W, Powell, W.G.E. Cooksley and J.W.
Regulation of Lung Fibroblast Proliferation by Halliday: Mononuclear Cell Factors that Iohibit
Alveolar Macrophages in Experimental Silicosis. Fibroblast Collagen Synthesis. 1. In vitro Conditions
Am. Rev. Resp. Dis. 129:767-771 (1984). Determining Their Production and Expression.

14. Kovacs, EJ. and J. Kelley: Secretion of
Macrophage-derived Growth Factor During Acute

Lung Injury Induced by Bleomycin. J. Leukocyte
Biol. 37:1-14 (1985).

281



The Effects of Coal Mine Dust Particles on the
Metabolism of Arachidonic Acid By Pulmonary Alveolar

Macrophages

L. M. Demers, R. E. Edelson, M. P, Rose and D. T. Superdock
Department of Pathology, The Milton S. Hershey Medical Center, The

Pennsylvania State University

The pulmenary alveolar macrophage is a major defensive
cell which counteracts the invasive properties of bacteria
and particles when these substances invade the puimonary
environment, Pulmenary exposure to coal dust particles is
believed to activate these macrophages to release a host of
chemical mediators which can neutralize or contribute to
the harmful effects of these dust partictes. Qur efforts have
been concerned with assessing a specific family of mediator
substances produced by the alveolar macrophage from
arachidonic acid when these cells are in contact with
activating substances such as coal dust. Metabolites of
arachidonic acid produce a vast array of effects which can
impact significantly on puimonary function both with
normal pulmonary events and with pathologic processes of
the lung. Our studies demonstrate that isolated alveolar
macrophages obtained from rats or guinea pigs cultured in
vitro release appreciable amounts of the cyclooxygenase
products prostaglandin E; and thromboxane A; and
release significant amounts of the lipoxygenase pro;’ucts,
S-HETE and LTBA4. In the presence of 1 x 10~ - 1x 10"/ g/ml
of a coal dust suspension, alveolar macrophages from the
rats and guinea pigs alters their pattern of arachidonic acid
metabolite release. In the rat, exposure of alveolar
macrophages in vitro to the higher concentrations of coal
dust causes a significant reduction in PGE;, TXB; and
LTB4 in a 4 hour time course study. In contrast,
macrophages from the guinea pig in respense to coal dust
had little change in TXB: release, onlya slight inhibition in
PGE; production and an initial stimulation in LTB4release
over the 4 hour time course. Cells from guinea pigs released
considerably more TXB: than the rat under these
conditions while rat cells formed considerably more LTBy
than guinea pig alveolar macrophages. These findings
support the following conclusions.

1. Alveolar macrophages from rats and guinea pigs
form significant amount of the arachidonic acid
metabolites PGE3, TXB;, LTB4,

2, Exposure of the alveolar macrophage to coal dust
induces an alteration in the pattern of arachidonic

acid metabolism which is different between rats and
guinea pigs,

3. At high concentration of coal dust (1 x 10 g/mi),
there is a significant reduction in mediator release
by rat alveolar macrophages. In contrast, guinea
pig celis appear to augment their production of
leukotriene LTB4 in response to coal dust exposure.

4. Electror microscopy of the coal dust exposed
macrophages reveals intense phagocytesis and

internalization of coal dust particles by these cells
in cuiture.

In conclusion, the reactivity of the alveolar macrophage to
coal mine dust exposure involves alterations in macrophage

arachidonic acid mediator release which varies between
different species.

Introduction

Coal workers’ pneumoconiosis (CWP) is associated with
a build up of black deposits in the lung from chronic ex-
posure to coal dust(! Cwp presents with few clinical
symptoms itself but if left unattended leads to a progressive,
complicated respiratory disease process with extensive pul-
monary fibrosis, severe respiratory compromise and even-
tually death. Both CWP and its associated pulmonary
fibrosis are believed to be a result of chronic exposure to a
particular type of coal dust. Exposure levels to dust s also
considered to be an important contributor to the onset of
CWP.

The alveolar macrophage is a major defensive white
blood cell which resides within the pulmonary space to
counteract the invasive properties of microorganisms and
foreign particles when they present to the lungs.(z) Their
principal function is to maintain a ftcrile cnvironment in the
lower respiratory tract. Bacteria,(*) fungi and virusest¥) as
well as non-infectious foreign particles®™ are normally
neutralized by the alveolar macrophage through
ohagocytosis preventing entry into the systemic circulation.
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With activation, the alveolar macrophage exhibits an in-
crease in metabolic activity including inc-eased oxygen con-
sumption, rapid glucose utilization, increased superoxide
production(®) and the release of several important chemical
mediators which affect the functional role of the alveolar
macrophage as well a other cells and tissues in the pul-
monary environment.t /)

Several metabolites of arachidonic acid are formed by the
alveolar macrophage when activated and released as
mediators of the inllammatory response.

Arachidonic acid is a 20 carbon fatty acid stored in most
cells as phospholipid and released when the cells become ac-

tivaled. In the alveolar macrophage, at least two distinct me-
tubolic pathways for arachidonic acid exist!”) (Figurc 1). A
cyclooxygenase enzyme system catalyzes the formation of
prostaglandins-and thromboxane from releascd arachidonic
aod. Leukotrienes and hydroxy fatty acids are formed bya
sccond major pathway catalyzed by a lipoxygenase enzyme.
These metabolites produced a varicty of effects in the lungs
and can impact significantly on both normal and abnormal
pulmonary function.{!%!)) Chronic release of these metabo-
litcs in the lungs are associated with damage to the lung and
il left unchallenged can evoke many of the pathologic chan-
ges associated with miners lung discase.

The interaction of the pulmonary alveolar macrophage
with non-infectious particles such ‘as asbestos has been
shown to evoke ? gtimulation in arachidonic acid derived
mediator release.8 Although little information is available
regarding coal dust effects on alveolar macrophage
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FIGURE 1. Metabolic pathways of arachidonic acid.

arachidonic acid metabolism, there is evidence to shm(alr i
tense phagocytosis of coal dust particles by t!:csc cclls:

Our present study was designed to investigate the mter- -
action of coal dust particles with the alveolar macrophage in
vitro, specifically assessing the metabolism of arachidonic
acid to products of the cyclooxygenase and lipoxygenase
pathway following exposure of these cells to coal dust par-
ticles in suspension.
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FIGURE 2. Products of arachidonic acid metabolism by rat and
guinea pig alveolar macrophages after 4 hour incubation with
14C-arachidonic acid. Cells were repared as described in
Materials and methods. a) Arachidonic acid only, b) Rat alveolsr
macrophages, ¢} Guinea pig alveolar macrophages.

Materials and Methods
Cell Cuiture of Alveolar Macrophages

Rat and guinea pig lu:ag_‘_macmp ages were obtained by
pulmonary lavage with Ca®™ and Mg* *-frec phosphate bui-
fered saline containing 0.1 percent (wiv) cthyleae-
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diaminetetraacetic acid. The lungs werc lavaged 3x each with
an 8 ml volume of lavage fluid. The resulting cell suspension
was centrifuged at 600 xg for 10 minutes and the cell peliet
washed with Medium 199. The cells were resuspended in 2
mls Medium 199 and enumerated by counting in 2
hemocytometer. Viability was assessed by trypan blue ex-
clusion. The cells were diluted to 0.5 x 10%/mt and 2 mi of the
suspension were placed in wells of multi-well plates. The
cells were incubated for 1 hour at 37°C in a humidified CO»
controlled atmosphere (5 percent CO3 in air). The medium
was then removed and the adherent cells were washed 3x
with M-199. The medium was replaced and the cells were in-
cubated for varying times in the presence of coal dust
preparations, or known effectors of arachidonic acid meta-
bolism. In certain experiments **C-arachidonic acid {(New
England Nuclear, 400,000 cpm/well) was added.

Analysis of Metabolites of Arachidonic Acid

Analysis of '*C-Labelled Metabolites by High
performance liquid chromatography

At the end of each incubation, medium was collected and
acidified by the addition of .01 M citric acid (25 ul/ml),
Rudiolabelled metabolites were extracted by shaking for 10
minutes with an equal volume of cyclohexanc:ethylacetate
(1:1v/v} in silanised glass extraction tubes. Phase separation
was achieved by centrifugation at 600 xg for 10 minutes, The
organic layer was transferred to a second silanised tube and
the solvent was evaporated under nitrogen. The residue was
redissolved in 50 ul of HPLC Solvent A (acetonitrile: water
26:74 v/v, pH 3.0 with phosphoric acid). Arachidonic acid
mctabolites were scparated on a2 Waters C18 radial com-
pression cartridge using 2 solvent systems. Solvent system 1
consisted of HPLC Solvent A pumped isocratically for 26
minutes at 3 mis/min. This was followed by solvent system 2
which consisted of a linear gradient over 60 minutes for 100
percent Solvent A 1o 22 percent Solvent A and 78 percent
Solvent B (acctonitrile:water 95:5 vyv, pH 3.0 with phos-
phoric acid) llow rate was maintained at 3 mls/min. Eluting
solvent was collected into 1 ml fractions and 7 mls scintilla-
tion fluid (ACS, Amersham) was added. Radioactivity was
determined by counting in a Searle Delta 300 Liquid scintil-
lation system. Retention times of arachidonic acid metabo-
lites were compared with those of authentic standards.

Quantitative Determination of Arachidonic Acid Metabolites

Prostaglandin E;, prostaglandin F; and thromboxane B;
were determined by radioimmunoassay as previously
described from this Iaboratory.(13) Culture medium from the
alveolar macrophage cultures were analyzed by RIA foliow-
ing a cyclohexanc:ethyl acetate extraction step.

Leukotriene Bq was determined by radioimmunoassay
using reagents purchased from Seragen Inc. (Waltham,
Mass,)

Coal Dust Samples

Samples of coal dust prepared to respirable quality by the
Department of Mineral Engineering, Pennsylvania State
University, were obtained and suspended in Medium 199 by
the addition of 1 percent tween followed by sonication.

; Chemicals

_ All chemicals uscd in these studies inciuding the calcium
ionophore A23187 and nordihydroguaiaretic acid (NDGA)
were obtained from the sigma Chemical Company.

‘Results

Metabolism

of ”C—Arach:'dom’c Acid by Aiveolar
Macrophages

Alveolar macrophages isolated from the lungs of both
guinea q}‘gs and rats metabolized in culture under basal con-
ditions “*C-arachidonic acid to a varicty of compounds of
both the lipoxygenase and cyclooxygenase pathways. The
major cyclooxygenase products released into the medium
were identified as thromboxane B (TXB3), PGF;
PGE2, and hydroxyheptadecatrienoic acid (HHT).
Lipoxygenase products identified included LTBy4, 15-
hydroxyeicosatetraenoic acid (15-HETE) and 5-hydroxy-
cicosatetracnoic acid (5-HETE). Figure 2 reflects the
pattern of products produced from AA when alveolar mac.-
rophages from rats and guinea pigs were incubated with -
arachidonic acid for four hours,

As shown in Figure 3, exposure of these cells 1o a known
lipoxygenase stimulant such as the calcium ionophore (10
ug/ml) angmented the release of HETE products and LTBa
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FIGURE 3. Stimulation of lipoxygenase pathways by calcium
jonophore. a) Bastline conversion of arachidonic acid by rat
macrophages. b) Stimulation of Jipoxygcnase products LTH4 and
I by calcium ionophore (10 uFJmI). Cells were prepared as
previosly described and incubated for 4 hours with arachidonic

acid in the presence or absence of calcium ionophore.
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into the medium. Although not shown, the addition of the
lipoxygenase inhibitor NDGA (IO'SM) was effective in
reducing the formation of HETE products to 20 percent of
the control response. Addition of various preparations of
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coal dust in suspension to the culture medium was shown to
inhibit the conversion of '*C-arachidonic acid to
cyclooxygenase products by rat alveolar macrophages
(Figure 4),
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FIGURE 4. Effect of various coal dust preparation on metabolism of

PSOC 1192, d) Coal dust PSOC 867.
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FIGURE 5. Time course of release of thromboxane as measured by
TXB2 radioimmunoassay by rat (a) and guinea pig (b} alveolar
macrophages in the presence and absence of coal dust MP3-3

(100 ug/mi).
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Quantitation of Arachidonic Acid Metabolites

a
15
In time course experiments, it was observed that the [
prosence of coal dust (MP3-3, 100 ug/ml) appearcd 10 inhibit i L
the release of thromboxanc from incubated rat alveo)ar mac- -
ruphages. Interestingly, the alveolar macrophages from the . 18
euinea pig were only slightly affected by the coal dust* ‘
preparations (Figure ). It was also noted that guinca pig al- i
veolar macrophages relcased in quantity substantially more op
thromboxane (approximalc[y 10-fold) than did the rat al. 3
veolar macrophages, [ Guinea Py
The release of PGE: into the medium whep assessed O Caiis Oy
(uantitatively was not markedly alfected by the presence of g ® MR
M1'3-3 (100 ug/ml) during carly periods of exposurc but did - Aat
appear to be compromised by 3 1/2 hours (Figure 6). It was s & Colis Goyy
abv observed that guinea pig cells released more PGE; than 4 wmrag
did the rat cells, -
Changes in lipoxygenase product formation werc affected 5
dilferently by the coal dust exposure. As shown in Figure 7, =
although the release of LTR, from the rat alvcolar macro. ! o ol
phage appeared (0 be suppressed by the presence of coal < . . . . , ,
dust (MP3, 100 ug/ml), the release of this lipoxygenase 8 —
product by guinea pig alveolar macrophages appeared (0 be % b
stimulated at earlier time points reaching a plateavasshown @ 50
in Figure 7
The effects of different concentrations of coal dust on the or
arachidonic acid metabolies is shown in Figure 8 Products 0
ol the cyclooxygenase pathwaywere suppressed by high con- 20| / I
centrations of coal dust MP3-3 whereas LTBy release was |
suppressed more at the jower concentrations, 10 , '
in Figure 9 are depicted the effects of different coal dust " ” 1:,2 ; 2;' ; 3;
maiter on PGE; and TXB; production by these cells. As TIME (HOURS)
roied previously, coal dust such as the MP3-3 produced a
maodest suppression of both these products. The elfects of FIGURE 7. Time course of rejease of LTB4 by rat and guinea pig
limestone, however, was more pronounced in suppressing  aiveolar TOocrophages in the presence and absence of c0al dwsa
TXB; release when compared to PGE; release by these ~ MP3-3 (100 vg/mi). l
cells. Electron Microscopy '
Electron micrographs were prepared of the cefls expased
to coal dust. Figure 10isa representative figure revealiog the
internalization of the coal dust particles by the aiveolar mac.
rophage in culture.
- Gunerg FaE; Discussion
& Ceus Oniy
A Ceis + Coal Dust The aims of the experiments described were to determine
700 - Fal whether alveolar macrophages could react in wirp with coal

O Celis Oniy
@ Cels + Cont Dust

Pg/ 108 CELLS
1

VIGURE 6. Time course of relcase of PGE2 by rat and Fuinea pig
Alveolar macrophages in the presence and absence of coal dust
MP3-3 (100 ug/mi).

dust particles and whether this interaction has any effect on
arachidonic acid metabolism,

We observed that alveolar ma
and guinea pigs are able to metabolize arachidonic acid 03
variety of lipoxygenase and

cmphgm_[rom both rats |

It was postulated that the 1nteractior of coal mine dust
particles with alveolar macrophage may lead to activation of

.

the cells and release of Immunologic mediators such as
arachidonic acid metabolites, in a fashion similar to that of
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asbestos particles. These mediators could in turn, through
activation of the immune system, lead to pathogenic events.

In rat alveolar macrophage cultures we were unable to
demonstrate-a significant stimulatton of arachidonic acid
mctabolism after exposure to coal dust. Any alterations ob-
scrved tended to be of an inhibitory nature, The alveolar
macrophages of guinca pigs did nol appear to be as sensitive
o the elfects of coal dust preparations at the levels tested.

Although fibrous particles such as asbestos may stimulate
arachidonic acid mctablism as do other non-infectious pat-
ticles such as carbonyl iron particles, Inot all phagocytosed
particles may be as effective. It has been observed that
phagocylosis of lalex particles has no effect on prostaglan-
din synthesis in pulmonary macrophages.' "’ The interaction
ol small particles with macrophages depends on many fac-
tors. Phagocytosis may be enhanced by opsonizing factors
and in the absence of antibody-antigen reactions, physical
properties such as surface change may play a role.

The absence of a stimulatory effect of coal dust particles
on rat alveolar macrophages could be due to coal dust par-
ticles, which are not fibrous, behaving more like latex par-
ticles than asbestos particles. If this is true then the observed
pathology of CWP could be partially accounted for by a
failure of the pulmonary immune response thus leading to
incffective clearance of dust particles and a build up of
molecules. Unknown physical or chemical properties of

various coal dusts could lead to toxic effects on cells which
have ingested the partices, 12) causing cell death and releasc
of inflammatory cellular components.

However, our results also suggest that there are basic dif-
ferences in arachidonic acid metabolism between species,
and that there could be variations in the response of different
species to coal dust particles. There is cvidence to suggest
that in coal miners there may be inter-individual suscep-
tibility to altered lung function*) and that different ranks
of coal are asso%iatcd with a different prevalence of
pneumoconiosis.“ )

The pathogenic events which could lead to CWP and
PMF and aitered pulmonary function may depend on the
ability of the individual to respond to the damaging effects
of particles which in turn may depend on duration of ex-
posure level and type of particle involved. Given the differem
particulate mix of coal dust in any one mine, it may well be
that a combination of factors may synergize the pathologic
response. Studies are continuing to explore further the dif.
fering effects of different coal dust preparations on the mac-
rophage processing of arachidonic acid.
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Development of Alterations in the Lung Induced by
Inhaled Silica: a Morphometric Study
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Morphometric examination of lung alterations following
exposure to toxic and pathogenic substances is invaluable
in detecting subtle changes which might otherwise be
overlooked. Results, from evaluation of initial structural
alterations, support and guide subsequent nen-
morphological  techniques and, when coupled
uppropriately, can lead to a better understanding of the
pathogenesis of a disease. Morphometry is a technique
which can be used to determine, quantitatively, the site,
¢xtent, development, and progression of a disease state.
Determination of the extent of tissue and cellular
involvement in the response to inhalation of silica has been
performed in order to gain a better understanding of the
development of fibrosis following inhalation of this
toxicant. In addition, since silica has been postulated as one
of the important pathogenic minerals in coal mine dust, it
is important to understand the lung tissue response to silica
prior to evaluating the effects of inhaled coal mine dusts.
Male Syrian golden hamsters were placed in Hazelton 1000
inhalation chambers and were exposed to either filtered air
{controls, n = 24) or filtered air plus 30 mg/m3 silica
{Min-U-8il 10, 95% of particles < Sum,n = 24) for 16 hours
per day, five days per week, for two weeks, Animals were
returned to the animal guarters prior to subsequent tissue
processing at 1, 4, and 12 weeks following exposure. This
schedule was designed to allow time for the development of
librosis. Lungs were fixed by intratracheal perfusion of 1/2
strength Karnovsky’s fixative at a pressure of 20 em H30Q
und tissues were taken for embedment and analysis at the
light level. Determination of site, extent, and development
of alterations was performed using a multitiered approach.
Changes in large structures (airways, blood vessels) was
determined prior to evaluation of changes at the septal
tissue level. Data will be presented outlining the
progression of changes. Results indicate the usefulness of
morphometric analysis of lungs following inhalation of
toxic substances in quantitatively defining the structural
alterations,
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Introduction

Silica is a known fibrogenic agent when inhaled alone and
has also been postulated as an important causative agent in
coal workers’ pneumoconiosis. Although efforts have been
made to elucidate the mechanism of pathogenesis of
silicosis, the events which lead to the deposition of collagen
and fibrosis in the lung following silica exposure are not com-
pletely understood. Several investigators have attempted to
describe the tissue and cellular responses following silica ex-
posure vi-,ilher following intratracheal instillation or inhala-
tion."1* However, these studies have used relatively high
doses and have only been concerned with qualitative evalua-
tion of the morphological alterations. The purpose of this
report is to describe, in quantitative terms using mor-
phometric techniques, the structural alterations in the jung
following inhalation of silica. Use of these techniques per-
mits objective evaluation of structural alteration, permits
statistical testing of differences between controt and exposed
animals, allows structural data to be correlated wath other
biochemical and physiological data, and can be a sensitive
method for detection of subtle differences in structural al-
teration.

Materials and Methods
Animals

Male Syrian golden hamsters (90-110 g body weight ob-
tained from Engle Laboratorics, Farmersburg, IN) were
used throughout the study. When not in the inhalation cham-
bers, animals were housed in the WV Basic Science animal
quarters, given food and water ad lib and maintained ona 12
hour on — 12 hour off light/dark cycle.

Inhalation Exposure

Hamsters were exposed to silica in the West Virginia
University inhalation facility. The facility consists of two
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Hazelton HIC-1000 chambers, Both chambers received air
(10 ¥min) which had been filtered, cooled, dehumidified,
and reheated and humidified to 70°F, 45 percent relative
humidty, Animals were sclected at random and placed in
either the control chamber, which received only the filtered
air, or the exposure chamber, which received silica in addi-
tion to filtered air. Silica {Min-U-Sil 10, 95% of particies < 5
um) was aerosolized using a TSI 9310 fluidized ;)cd aerosol
generator and animals were exposed to 30 mg/m” of silica 16
hours per day, five days per week for twoweeks. At one week
(N = 7), four weeks (N = 7) and 12 weeks (N = 8) foliow-
ing the end of exposure animals were processed for mor-
phological and morphometric examination, Control animals
(N = 10) were also taken at each time point,
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FIGURE 1. Light micrograph of hamster distal hung. Note cellular
accumulation in alveoli. Silica treated animal 12 weeks
postexposure. H & E stained paraffin section. X80

General Morphologic Methods

All animals were anesthetized by a singlei.p. injection (0.6
ml/100 g body weight) of 1.0 percent aqueous Brevital
sodium (Lilly). After exposure of the trachea, a catheter was
inserted between the second and third tracheal cartilaginous
rings. The catheter was connected to a three way valve allow-
ing maintenance of a patent atrway. At this time the anterior
abdominal wall was opened and the diaphragm was punc-
tured permitting collapse of the lung against atmospheric
pressure and flow of fixative (1/2 strength Karnovsky's fluid
containing 0.01 percent picric acid in 0.1M phosphate buff-
cr, pH 7.4) into the lungs was initated. This fixative was
sclected since it has been shown to be satisfactory for light
and electron microscopy. Lungs were inflated against a con-
stant pressure of 20 cm Hz0O for one hour at which time the
lrachea was ligated and lungs, heart and other components
of (he mediastinum were removed, immersed in fixative and
stored at 4°C overnight. Total fung volume (via fluid dis-
placement) and weights of right (apical, middle, caudal and
infracardiac lobes) and left {left lobe) lungs of each animal
wcere recorded.

After fixation, each Jobe was dissected free and sliced
along the axis of the maior intrapulmonary airway from the

hilus to the pt‘.ril.'Jl-u:ry.m Slices were taken from each lobe
for routine light microscopy (LM) (paraffin embedrment and
Slaining of 5 um sections, taken at 1 mm intervals, with
hematoxylin and eosin. Slices from right caudal and left lung
lobes of each animal were used for high resolution lighg
microscopy (HRLM). These were gently minces into 1 mm
picces, rinsed ia phosphate buffer as above, postfixed in
0504 for one hour, dehydrated in graded ethanol solutions,
passed through propylene oxide and embedded in Epon-
Araldite. Semithin sections (1 um) of Epon-Araldite em-
bedded material were cut with glass knives and stained with
toluidine blue f?r HRLM. Randomization was assured at the
lung lobe level® since approximately 100 pieces {rom in-
dividual lobes were mixed in vials of fixative prior to removal
of ten pieces for HRLM.

Momphometric Procedures

Stgndard point counting techniques as described for the
lung!” were used. Point counting of all Light microscopic
material was performed directly from glass slides using a
drawing tube attachment which superimposed an image of
the square lattice over the image of the tissue section.
Analysis of H & E — stained, paraffin embedded sections,
from each lobe of each lung was performed using a grid over-
lay of 100 points with an interpoint distance (as determined
by stage micrometer) of 0.2 mm. The number of points over-
lying structures of interest was used to estimate volume den-
sitites (Vy) for large blood vessels and airways as well as
distal lung (respiratory bronchiole, alveolar ducts, sacs and
alveoli) in 10 fields/animal. The second level of analysis was
HRLM material. Slides were viewed at 625X and a grid over-
lay of 100 total points with interpoint distance of 20 um was
used. Points over air space and alveolar scptal tissue were
used to estimate Vy of each. Surface density of alveolar
epithelium was estimated by counting intercepts of test lines
with the epithelial surface. :

Arithmetic mean barrier thickness of alveolar scpta was
calculated by dividing the volume density of septal compart-
ment by the epithelial surface densities. Alveolar mean
linear intercept length was calculated from the volume den-
sity of distal lung airspace and surface density of alveolar
epithelial cells.

Statistics
Statistical differences between experim&sltal groups were

determincd by using analysis of variance'™ with P < 0.05
being considered as significant.

Results

Qualitative evaluation of light micrographs from animals
exposed to silica show responses typical of toxic dust ex-
posures, Examination of tissue demonstrated cellular ac-
cumulations in the alveolar spaces (Figures 1 and 2) and
apparent thickening of the alveolar septa (Figure 2). These
changes were present in animals at 1, 4, and 12 weeks follow-
ing the termination of the two week exposure to silica.
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ALTERATIONS IN THE LUNG INDUCED BY INHALED SILICA

TABLE |

Effect of Silica Exposure on Hamster Lung

Parameter Control
Total lung volume (cm®) 499 +/-0.19
Large airways (cm?) 0.46 +/- 0.05
Large blood vessels (cm3) 0.39 +/-0.03
Distal lung (cm?) 414 +/-0.18
Distal lung airspace (cm?) 3.60 +/-0.13
Alveolar septa (cm3) 0.54 +/-0.07
Alveolar mean linear intercept (um)  55.5 +/-26
Septal thickness (um) 199 +/-0.15

Time After Silica Exposure
1 week 4 weeks 12 weeks

436 +/-0.17 479 +/-016 584 +/- 0,30
030 +/-002 049 +/-007 039 +/-0.05
0.36 +/-003 049 +/-003 044 +/-0.05
370 +/-016 381 +/-020 501 +/-0.25¢
334 +/-015 325 +/-0.19  4.15 +/- 0.20°
0.55 +/-004 056 +/-0.03 086 +/-0.09"
551 +/-25 5713 +/-23 506 +/,-29

245 +/-0.15° 247 +/-007° 255 +/-0.19°

Vilues are mean +/- SEM
“Significantly diferent from ali other groups (p < 0.05).

l‘Signit'icantly different from comtrol (p < 0.05).

Light microscopic morphometric data are presented in
Table I Values for volumes are presented as absolute values
so that any change in various tissue compartment volumes
could be detected. Although control animals were examined
at all three time points following the end of €Xposure, no sig-
nificant differences were seer between any of the controls
and therefore all control animal values were placed in a
single group.

Twelve weeks following silica exposure significant in-
crease in total lung volume was seen versus all other groups.
When the total lung volume was divided into its constitutive
parts it was determined that the increase in lung volume was
caused by increases in both the distal lung airspace and al-
veolar septal volumes (Table I).

In order to determine if the changes in volume of distal
lung compartments represents septal thickening and/or em-
physema, alveolar mean linear intercept (the average dis-
tunce between alveolar septal walls) and the septal thickness
were calculated. No significant differences were seen in al-
veolar mean linear intercept. Alveolar septa were thicker in
the 12 week group but significant increases in this parameter
over controls were also seen in the one and four week pos-
lexposure groups.

Discussion

Qualitative descriptions of the response. of the lung to in-
haled silica have been previously reported by numerous in-
vestigators. Although descriptive accounts of the
progression of the tissue responses is useful, quantitative
detcrminations of the site and extent of alteration cannot be
obtained by these methods. Morphometric examination of
lung alterations following exposure to toxic and pathogenic
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supstances is invaluablc in detecting subtle changes which
might otherwise be overlooked. Results, from evaluation of
initial structural alterations, support and guide subsequent
nonmorphological techniques and, when coupled ap-
propriately, can lead to a betier understanding of the
pathogenesis of a discase. Morphometry is a technique
which can be used to determine, quantitatively, the site, ex-
tent, devclopment and progression of a disease state, Deter-
mination of the extent of tissue and cellular involvement in
the response to inhalation of silica has been performed in
order to gain a better understanding of the development of
fibrosis following inhalation of this toxicant,

Data presented in this light microscopic study support
and extend the findings of qualitative evaluation of pul-
monary tissue following silica exposure. Wehner e o/t
reported that inhalation of silica icad to increases in lung
volume as early as four months postexposure. They did not
however, present data as to the exact cavse and site of the
increase in lung volume, Our study has also found a similar
increase in lung volume in silica exposed animals at 12 weeks
postexposure but by using morphometric techniques it was
determined that the increase is due to changes in both the
distal lung airspace and septal volumes.

Alteration in these volumes may be expected if, as is well
documented, silica exposure leads to fibrosis and also to em-
physema. However, this conclusion is not substantiated by
our data. If emphysema were present in the silica exposed
animals, alveolar mean linear intercept values should in-
crease. No significant differences were seen in this
parameter at 12 weeks postexposure. In addition, if increases
in septal lung volume is due only to increases in the septal
thickness, then increases should only be present in the 12

week group and not in all groups of exposed animals, Since
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FIGURE 2. High resolution light micrograph of hamster distal Jung.
Celtular accumulation in alveoli 2nd apparent thickening of
alveolar septa are present, Silica treated animal 12 weeks
§ostexposurc. Toluidine blue stained epon embedded tissue.

600.

tissue volume and air space have increased without an in-
crease in alveolar size one interpretation of the data is that
the number of alveoli has increased in the silica exposed
group 12 weeks after the end of the exposure. Similar in-
creases in alveolar number in response to toxic inhalanis has
been reported previously by Hyde ef of {

Increases in septal thickness at all time points following
the Lermination of exposure may be an indication of either
interstitial edema, interstitial cellular accumulation and/or
fibrosis. The exact nature of the septal response and the cells
involved in the response are currently under investigation by
performing morphometric examination of the electron
microscopic levels. Data obtained at that level of investiga-
tion should enhance the understanding of the ccllular and
lissue responses following silica inhalation.
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Introduction

Recognition of Coal Workars'
Pneumoconiosis (CWP) as a ma}or occupa-
tional digease has affected various
aspects of the coal mining industry in
the United States as well as in almost
all major coal producing countries,
Regulations related to the control of
coal mine dust forced mine operators to
modify their mining and ventilation
practices., As the coal production
record of the lagt 15 years shows, this
had both direct and indirect impacts on
the productivity and production costs.

Te identify the causes of CWP, many
research efforts have been made through-
out the world. Most of these studies
were epidemiological in natuyre, attempt=~
ing to pinpoint expcsure and seam
variables that affected the fncidence of
the disease. Other studies have baen
oriented toward the elemental and
mineralogical composition of the coal
dust in ths mine atmosphere and in the
miners’ lungs., These studigs indicata
that there may exist some relationships
betwean the charsctertstics of the coal
mine dust and the prevalence of the
digease. Some of the variables that ars
thought to affect the occurrence of CwWF
are tha mass of the dust in the working
Place, the rank of the coal, the exis-
tence of certain trace elements, the
free silica content of the coal, and
the existence of other minerals 1in
the respirable dust. 4 more complece
description of these previous re-
search studies has appeared elsevhere
(Mutmansky and Les, 1984),

The behavior of particles in the
hyman lung is known to be governed by
their aerodynamic diameter, which ias
defined as the diameter of a hypo-
thetical spherical particle with unit
density thet exhibits the same sec-
tling velocity as the given particle,
Because of this fact, the aerodynamic
size discribuction of coal mine dust

is one of the parametsrs to be
detarmined along with the other
physical, elemental, and mineral-
ogical charscreristics., The objec~
tive of this paper is to establish a
strategy for providing cosl mine
respirable dust samples for charac-
terization purposes using instruments
that classify according to the
asrodynamic diameter, In addition,
several findinga concerning charac-
terization methods will be presented.

Choice of Samplera

Most of the gravimetric dust col-
lection devices that can be utilized
in & mine environment can be
classified as either single- or multi-
atage samplers. Pergonal dust samplers
that collect compiisance dust samples gnd
eingle-stage impactor samplers that
sigulate che characteristic curve of the
human lung belong In the former catego-
ry. Becayse these samplers normally
collect dust on filters, the dust must
be separated from the collection filter
and dispersed in a gasecus or liquid
suspension medium to obtain gize distri-
butiona, During these preparation
procedures, important information about
the agglomeration and deagglomeration 1g
likely to be lost. Furthermore, the
sizing in the differant size anal zers
may not be based on the aercdynamic
dianmeter.” To avoid problems of this
type, it was decided to utilize wmulti-
atage cascade impactors for respirable
coal mine dust collaction in our
research.

In choosing & wulci-stage impactor
for use in an underground coal mine, a
number of differant requirements must be
met., First, the impactor muyat be
poverad by a perwisaible pump. This
more or less limits the mamplers to
those that can utilize the scandard
2 l/uwin permissible pumps now available
on the markst. Second, the sampler must
be relatively compact, Tugged enough for
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Figure 1., Sierra Model 298 cascade impactor conneccted fo a
DuPent Model F2533JA pump.

underground use, and able to be trans-
perted undergreund without special
handling. There are oniv 2 Zew multi-
stage impactors that can meet these
requirerents. We chose the Sierra Model
298 Marple personal cascade impactor now
markered by Anderson Samplers, lme.
{Rubow et al., 1985). This multi-stage
sampler was designed to be used on a
personal basis and hence is rather
compact. As shown in Figure 1, the
sampler has been combined with a DuPonc
Model P2500A pump to form 2 manageable
package for use underground.

The 5ierra Model 298 consists of
efight srages and a backup filter. It is
shown In its disassembled form in Figure
2. The dust-laden air enters the
instrucent at the top and passes through
a series of progressively smaller jets.
At each stage, there is a cecllection
substrate of mylar or stainless steel on
which particles are impacted according
to their aerodynamic diameters, The
cut points range from 0.5 to 21 um
for this impactor. A 34-mm FVC
backup {ilter with a five-micron pore
size 15 used to gather tne dust that
is not impacted on the mylar sub-
STrates. & grease or other col-
lection medium is normaliv used on
the substrates to provide a more
efficient collecrion process. It
sheuld be noted that we used mvlar
substrates in all of our research,

More iniormation wili be given on
that subject later in this paper,

To provide accurate estimates of
the mass of dust on each of the sub-
strates, a microbalance capable of
determining the masses of the sub-
strates plus dust to a precision of
1 ug was used, To jinsure that mois-
ture did not affect the mass deter-
minations, the substrates were

greasec and placed in a dessircation
chamber overnight before being
weigned. The substrates loaded with
dust vere likewise placed in a
dessication chamber overnight before
the final mass determinations were
periormed. The PVC filters were
handled in an identical manner except
that no collection grease was ap-
plied. To overcome the effects of
any static charges thar mignt build
up on the surface of the mylar
substrates, a small polenjium 210
radiation source was located in the
welghing chamber, The substrates
were passed over the source before
welghing to remove the static
charges,

Equipment Testing

To test the selected equipment and
to determine the optiral sampling
parameters for use in the underground
enpvironment, & test chamber and
auxiliary equipment were set up in
our tespirable dust lab. Details on
each af these components of the rest
equipment are provided below,

Aerosol Test Chamber, The aeroscl
chamber used i1n the tests of the
impactors was manufactured by Elpram
Systems, Inc, and is shown in

Flgure 3. ihe design Ol The chamber nas
been described in detail elsewnere
(Marple and Rubow, 1983) but the general
characteristica of the chamber bear re-
peating here. The chamber is approxi-
mately 3 m (IO feet) high and has a
hexagonal horizontal cross section of
about 1.} @? (12 ft*). The intake air
containing the aerosol (coal dust, in
this case) is introduced at the top of
the chamber, passes through a honey-
comb flow-straightener, and flows toward
the bottom of the rhamber, The chamber
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is designed to have a uniform distri-
bution of the aerosol across the entire
cross section., However, to insure that
the instruments subjected to the aerosol
within the chamber have a uniform
exposure, all instrumencs are placed
upon a turntable that is kept rotating
during any given teat,

A varlery of features help to make
the chamber more easily used and wmain-
tained, The support frame has several
areas for placement of auxiliary equip-
ment. Three removable Piexiglas windows
are poesitioned arcund the chamber so
that the chamber activity can ba
viewsed during the test and so that
access ¢an be readily achieved., A
set of glove ports is located below
each window 50 that entry can be made
inte tha chamber during a test
without disturbing the stability of
the chamber environment.

Auxiliary Equipment, The auxiliary
equipment necessary to operate the
aercsol test chamber includes a dust
generator, a dessicator for drying
intake air, a mixing apparatus for
combining clean and dust-laden air,
and a2 radicactive source to remove
static charges from the dust parti-
cles introduced into the chamber,

The dust generator used in our lab is
a TSI Model 3400 that utilizes a
fluidized bhed of brass beuds of 100

o diameter in a 5.1 em diameter
chamber to introduce the dust into

the inteke air stream. The dust is
introduced into the fluidizaed bed by

a4 ¥o, 3 ball chain (2.3 mm diameter
balls on 3.1 mm centars} that passes
through the dust holding chamber and the
fluidized bed. More techmicel informa-
tion on this aercsol genarator can be
found in the paper by Marple, Liu, and
Rubow (1978},
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Other auxiliary eguipment for the
aerosol chamber includes a TSI Model
3074 eir supply system which contains
ecuipment for regulating the pressure
and a dessication chamber for removing
wolsture from the air supply. A mixing
valve, vhich i{s simply a calibrated
variable-orifice two-way valve, and two
flow meters were supplied with the cham—
ber, These devices insure that the in-
take air stream 1s provided with the
correct mixture of clean and dust-laden
air. Finally, a TSI Model 3012 aeroscl
neutralizer was placed at the outlet of
the dust generator, This device 15 &
pass—through chamber containing a kryp-
ton 85 radiation scurce to remove the
surface charges that may be present on
the dust particles discharged frem
the fluidized bed dusc generator.

Sampling Experimentcs

To insure that the equipment was
operating properlv and to provide
realistic sampling procedurss and
times, a series of experiments was
tun in the aerosol test chamber prior
to any field experiments, The col-
lection efficiency of different
greages wvas first tested to insure
that the impactors were operating
satisfactorily with a coal dust aero-
sol. Sampling time experiments were
then conducted to gather raw data
upon which proper sampling times
could be determined. This dats set
was then analyzed to determine the
optimal sampling times for uge in
underground coal mines.

Impactor Collectfon Efficiency. The
use of an aervsol impactor in dust
collection work normally requires
that the gubstrates be coated with a
telatively sticky liquid or solid
substance to aid in the collection of
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Figure 2. Components of the Sierra Model 298 cascade impactor.
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Figure 3, Elpram Systems Ilnc. aerosol test cnamber and auxiliary equipment.

the aerosol particles while helping to
prevent particle boynce. This improves
the collection efficiency of the
impactors and reduces the number of
particles that are misclassified. Many
aercsol researchers use vacuum greases
for collection purposes because the
pinvsical characteristics of these
greases are quite favorable. In our
research, we were interested in using a
pure organic grease because of the
desire to determine the elemental com=-
position of the dust without inter=-
ference from the substrate coating.

Only two organic coatings, paraffin
and petroleun jelly, were known to have
been used in the past on impactor sub-
strates. These two organle subscances
were tested against a vacuum grease,
Apiezon L, commonly used on i{mpactor
substrates. To apply thase greases te
the substrates, spraving techniques
using an artist's air brush were
artempted. Based upon the advice of
other aeroscl researchers, the spraving
was performed using toluene to thin the
coating for spraving. The greases
used vere tvpically spraved on the
substrates as a liquid consisting of
about Z0X by welght of the grease
diswolved in toluene. The substrates
were then sprayed under a3 hood using
an air brush operated =t about
200 kFa {30 psi}) and, when the
toluene had evaporated, were weighed
using the techniques described
earlier.

In the collection efficiency
studies, 3ix of the Sierra Model 298
impactors were prepared for use in

the aerosol chamber. Petroleum
Jelly, Apiezon L, and paraffin were
used as the impaction coatings, two
of the impactors loaded with each
coating. The impactors were then
simulcanecusly subjected toc an
atmosphere containing approximately
2.0 mg/u® of respirable coal dust in
the aerosol test chamber for a pericd
of several hours. The resulting wass
distribution of the dust on the sub-
strates for each of the coatings is

provided in Table 1 and shown in graphi-
cal form im Figure 4. It can be seen
that the petroleur jelly is & more
efficient coating for the substrates
than either parzffin or Aplezom L. It
appears that the reason for this 1s that
the petroleum jelly is more efficient in
retaining particles on the proper
substrate, The higher cumulacive
percentages of particles in the finer
slze range evident on the curves for
Apiezon L and paraffin are apparently
due to particle bounce {whnen the
particle bounces off the substrate) and
blow-off (when the particle sticks but
is blown off later). The phenomena have
been discussed in the paper by Esrmen and
Lee {1980}. As a result of the tests,
it was concluded that petroleum jelly is
the best of the three impactor coatings
for use with coal dust, Thus petroleunm
jellvy has been used in &ll of our under-
ground work because of its efficiency

a5 4 collector and its pure organic
composition.

Sampling Time Experiments, To detver-
mine the optimal sampling time for
use of the gsamplers under varying
aerosol concentrarions, it was
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decided to use the impactors in the
aerosol test chamber until the dia-
tribution determined during the
sampling period was identical to some
known or standard distribution. To
accomplish this, it was assumed that
the log-normal distriburion with two
Parameters was the best distribution to
use to describe the dust size diseri-
bution. The measured distribution
detersined during a test in the aerocsol
chanber was then zssumed to be equal to
the known distribution when the twe
parametsars of the measured distribution
{the geometric mean and the geomecric
standard deviation) are equal to the
parameters of the known or standard
distribution.

To carry out this series of tescs, &
standard coal dust consisting primarily
of particles in the respirable size
range was prepared in the lab. This
coal dust was then dispersed in the
chamber while a number of impactors were
in operation. The mass distribution of
the impactors were then measured and the
&verage assumed to be the known dis-
tribution. The results of this test-—
ing are given in Table 2. This
standard dust wag then used to pro-
duce aercsol concentrations of about
1 og/m?, 2 mg/m®, and 4 ng/w® and
each of thease concentrations was run
for periods of 90, 180, and 270
minutes, Each of these tests was run
by first bringing the chamber up to
the desired dust concentration as
determined by the readings from an
instantanecus dust monitor, GCA Model
PDM=-1 Mini-RAM, connected to an
output printer for convenient data
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Tecording, Typically, it takes the
chamber two to four hours to stabi-
lize at a given mass concentration
and the concentration is controlled
by varying the fluidized bed fead
chain velocity and the volume of
dilution air added to the input air
8tteam. As a result of the
stabilization time required, ne
attempt was made to achieve a pre-
cise value of the desired mags
concentration. Instead, an approxi-
mation of the desired concentration
and stability of the chamber
environment was sought before sach
test proceeded.

A suite of gix Iimpactors wes used
for each combination of concentration
and sampling time and the resulting
distributions were averaged. The
geometric mean and the gecmetric
standard deviarion were then deter-
mined for each combination using lin-
ear regression on log~normal probabi-
lity paper. The results of these
determinations are shown in Table 3,
The geometric mean of this measured
distribution was then cempared with
the geometric mean of the standard
distribution (3.3 um) using the well-
known c-test, Similarly, the geo-
metric standard deviation of the
measured distribution was compared
with the geome vic standard deviation
of the standard distribution (2.5 pm)
using the F-test. The statisciecal
teat results are shown in Table 4.

The statigtical tests run at or
near 1 mg/m® (Group 1 taats) indicate
that 180 minuces was the shortest

LOGNORMAL PLOT

10.0 100.0

50% CUTSIZE (MICRONS)

O— — — —0 PARAFFIN
+-=-—-=a-t APIEZONL
Pe———e—>0 PETROLEUM JELLY

Figure 4. Lognormal plot of the mase diseribution of coal dust using
three different impactor substrate coatings.
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Table 1. Mass distribution of coal dust particles on the $ierra Model 298
impactor using three different collection coatings.

50% Petroleum Jelly
cut size z 1
21 ym 2.13 98. 34
15 1.94 97.36
Y l.44 92.56
] 0.92 82,05
3.5 0.07 52.78
2 - 1.13 12.97
0.9 - 2.40 0.83
0.5 - 2.81 0,24

Aplezon L Paraffin
z 4 z 4
2,20 98.60 2.20 98,60
1.84 96.74 1.87 96.92
1.47 32.90 1.48 93.12
G.93 82.29 0.91 81,90
0.28 61,10 0.13 54,98
- 0.78 21.67 - 0,75 22.85
- 1,35 8.80 - 1.3l .53
- 1.86 3.16 - 1.34 8.98

z standavd normal variable of the cumulative %

%  cunulative percent of mass below the cut size

time for which it could be stated that
the weasured distribution was equal co
the known distribution. In addicion, it
can be seen from the data that the
sigraficance level increases as tha
sappling time goes to 270 minutes,
two discributions derived from the
180-mi.ute and the 270-minute samplings
were not significantly different from
each other but one of the impactors usad
in the 180-minute sampling was somewhat
underloaded with dust in the upper and
lower stages. This indicates that the
sampling time should probably be greater
than 180 minutes. As a result of these
tescs, it was concluded that the optimal
sampling time was about four hours if
the dust concentration is approximately
l og/m®, :

Tha

In the Group 2 tests run in dust con-
centrations of about 2 mg/m?, it was
found that sampling the dust for a
period of 180 minutes or more with the
impactor yielded sccurate distributions.
However, the subatretes on the impactors
used for 270 minutes in a concentration
of 2 mg/m? were s hat overloaded,
leading to the conclusion that about
three hours or 180 minutes was the
optimal sampling time. The optimal
sampling time dropped significantly when
dust concentrations of about & mg/a®
were used (Group 3). The messured
distributions differsd sighificantly
from the standard dietribution at this
concentration because of overlosding of
the substrates. Thum, it was concluded
that the optimal sempling time should be
shorter than 90 minutes. It was
estimated that the optimal sampling
time would be about 45 minutes for
dust concentrations of & mg/m®. This
wvan later verifiad in underground
coal mine sampling., Dust concentra-
tions of about & mg/m* in locations
behind the iine brattice near an
operating continuous miner yielded
properly loaded substrates when

operated for one cut, typically

30 to 60 minutes. Our conclusion is
therefore that the propsr sampling
time i3 approximately 45 minutes.

Mine Sampling Locations

The primary objective of this
research study ia to collect coal
mine airborne dust at various
locationa in continuocus miner
development openings for characteri-
zation purposas and to identify
gources in the mine that contribute
to the varfous characteristics.
Eventually it is hoped that the study
will contribute to the sngineering
control measures in operating mines.
Therefore, to choose locations for
sampling that would provide as much
information as possible, the follow-
ing criteris ware applied.

* Characteristics of dust origina-
ting from continuous miners and
roof bolters were to be atudied
separately vhen possible in
order to determine the quanei-
tacive and qualitative coneri-
bution of each equipment type to
the dust,

* The sources and characteristics
of the cdust generated from
secondary sources such as re—
entraimmant wers to be dater-
mined,

% The distancs of influencs of
each dust source in terma of
its dowmetream Just concentra-
tion was to be detarmined,

% The affects of various face
ventilation methods wers to be
analyzed,
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Table 2. Size

digtribution of the

standard dust sample.

Impactor 350% Cut 5ize Cumulative 2
Stage (um) Smaller
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= 3.3 um

Geometric standard deviation = 2.5 um

Takle 3. Experimental data.

Geometric

Test Sampling Dust Gecmetric Standard

Group Time Concentration Mean Deviation
{minutes) (mg/m3) (um) {um}
1 9 1.0 2.1 2.2
180 0.9 3.0 2.0
270 0.6 3.2 2.7
2 %0 2.0 4.5 2.4
180 2.5 3.1 2.6
270 1.8 1.9 2.7
3 90 5.0 4.0 2.4
180 3.5 4.9 2.0
270 4.6 4.3 2.5

* The properties of the coal and
rock were to be correlated with
the dust properties through the
taking of channel samples,

To Mimit the anelysis, enly continous
miner development sections were con—
sidered as candidates for sampling.
Applying these criteria to such a sec~
tion with & double-split ventilation
setup and line brartice for face venti-
lation, the acheme shown in Figure 5 was
devised, It should be noted that this
acheme is bagically a fixed-point
sampling plan with sampler #1 located in
the intake airstream outby the secticn
dust soyrces. Samplers 2, 3, 4, and 5
are associated with the continuous miner
while samplers 6, 7, 8, and 9 are
associated with the roof bolter.

While the aampling plan shown is a
fized-point method, mosc of the
sagplers are not atationary, When
the continuous miner and the roof
bolter move, all samplers axcept
those in the intake airvay are
tepositioned to maintain their same
poeition in the air stveam with
Tespect to these two pleces of equip-
ment. The gamplers 2, 3, &4, and 5
are moved when the continuous miner
moves and samplers 6, 7, 8, and 9
wove with the roof bolter,

The basic logic of this sampling
scheme is also applied to systems
using single-split ventilation and to
face ventilation with auxiliary fans
and vent tubing, However, the scheme
myst be varied somewhat for each
case. In & single-split system, the
continuous miner and roof boleer will
be required to work in the sams split
of air. Under these conditions, it
ie more difficult to separate the
effect of the miner and bolter on the
dust., Thus it is more important to
carefully locate the samplers so that
the differences in dust collected on
the intake and return side of the
squipment can be used to deter-
mine the effect of the equipment. In
systems using vent tubing, it is
difficult or impossible toc sample
within the tubing and thus a return
alr stream sample muat be taken at
the face close to the end of the
tubing. This location should be
carefully checked to insure it 1ig
within the dust cloud of the
pereinent equipment,

Fleld Application
The sampling strategy outlined
above has been applied to a number of

mines in Pennsylvania and West
Virginia. During this field work,

01
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Table 4, Statistical test results.

Hypothesis Test Value Conclusion

og® (1,90) = ag%(known) F=0.77 Variances Equal

bg (1,90) = uy (known) t = 0.99 Level of Significance < 35%
ng (1,180) = a,?(known) F = 0,684 Variances Equal

vg {1,180) = hg {known) L= 0.22 Level of Significance > 802
agz {1,270) = cgz(known) F=1.17 Variances Egual

g {1,270) = bg (known) t = 0,06 Level of Significance > 903
cg2 {1,90) = ug=(1.130) F=1.21 Variances Equal

g {L,%0) = Lg {1,180) t = 0.90 Level of Significance < 40X
032 (1,180) = g, %(1,270) F = 0.55 Yariances Equal

bg {1,180) = g {1,270} t = 0.14 Level of Significance > 851
og? (2.90) = cg? (known) E = 0.92 Variances Equal

Bg (2,90) = ug (known ) £ = 0.65 Level of Significance < 552
ng (2,180} = ng(known) F=1.08 Variances Equal

bg (2,1B0) = kg {known) e = (.13 Level of Significance » 90%
ogz (2,270) = cgz(knoun) F=20.77 Variances Equal

ug  (2,270) = ug { known) t=0.28 Level of Significance » 75X
ogz (2,90) = 0g?(2,180) F = 0.36 Variances Equal

ug (2,90) = ug {2,180} t = 0.76 Level of Significance < 507
og? (2,180) = 0,*(2,270) F = 1.40 Varianges Equal

ug (2,180) = g (2,270) t = 0.14 Level of Signifijicance > 851
cg2 (3,80) = ugz(known) F=0.92 Variances Equal

ug (3,90) = ug {known) t = 0.40 Level of Significance > 75%
ugz {3,180) = o,%(known) F = 0.64 Variances Equal

ug (3,180} = kp (known) L= 0.91 Level of Significance < 40%
cg’ (3,270} = cg’(known) F= 1,00 Variances Equal

ug  (3,270) = ug {known) t = 0.54 Level of Significance < 60%
Rote: ug’(knnwn) is the geometric standard deviation of the known or

standard distributiom.
ugz{knovn) is the geometric mean of the known or standard discribution.

og=(1,90) is the geometric standard deviation of the sample from test
group L that had a sampling time of 90 minutes.

ue (1,90} is the geometric mean of the samples from test group l that
nad a sampling time of 90 minutes.

-
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Figure 5. Sampling locations for 4 continuous miner development section
using line brattice and a double=-split ventilacion plan.

the experiences with different .operating
sections indicated that g slighely
different operating procedurs was
necessary for each mine. In this
Bection, geveral observationg based upon
our fleld work are outlined. Potential
users of this technique shoyld also
Teview the paper by Burkhart, McCavlay,
and Wheeler (1983) for other sampling
observations, ’

Samplers used in the mection wvere
Tun for periods from 30 to 60 ninutes
in the return air location closest to
the continucus miner to an enrtire
shift for the sampler located in the
intake air stream. Typically, it ia
generally easy to predict a sampling
time to correctly load the impactors
from the dust condicions in the section.
However, the ume of an ingtantansoys
dust concentration teasuring instru-
ment will reduce the quesswork and
insure a proper impactor loading,

Generally, the location for taking
channel sawples and the sampler
locations themselves had to ba
Planned so they were out of the way
of the equipument. The impactors and
PUDpS were connected together by
velero atrips and hung as a unit,
normally from the roof bole bearing
Plates. The sampling package was
notmally placed about 1.3 m (& feet)
from either rib and about 0.3 g (1
foot) below the roof of the opening,
Channel sampling was typically

performed in the crosscut closest to
the face vhere no squipment traffic
was expected. These locations
prasented no unexpected problems,

When setting up instrumants in the
section, the rock dusting practices
should be studied for its effects on the
sampling plan. When rock dusting is
periodically performed, it is generally
Necegsary to turn off the sampler
during the duating operatien. This may
be necessary after every cut. Tha use
of ‘a trickle duster associated with
auxiliary fans presants a different
problem, These dusters must be turned
off to get valid samples for characteri-
zation purposes,

When ventilation systemk using
auxiliary fans and vent tukring ware
visited, it was necessary to place the
Rearest return gide sampler associated
with the miner or bolter outside the
tubing and still get a valid sample for
characterization purposes, The
experience wa had with this ventilation
system indicsted that piacing the
samplears below the tubing about 1.5 m
(5 feet) from the end was a succassful
procedure, This location alvays
appeared to be within the dust cloud
generated by the machinery without
interferring with its operation.

One final comment concerning the
practical aspects of Fleld application
Telates to the face. "hese samplers
had an uncomfortab.iy high probability of
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being hit by watar sprayad by the miner,
As 2 result, the inlet cowl of the
impactors wvere redesigned with a hood
that more adequately protected the inlet
port. This hood was designed to wrap
around the inlet port without increasing
the resistance to air flow within the
instrument.

Characterization Procedutes

The primary purpose in providing
impactor samples 1s to charactatvize the
dust in terms of its physical, chemical,
and mineralogical compesition. The
impactors also provide a direct method
of obtaining the size distribucion of
the airberne particles. However, the
maximum amount of sample from a single
stage 1s around ! mg., This amount is
normally collected on the upper
stages of the impactor while the
lower stages often collect less than
G.5 mg when properly loaded. In
addition to this, the impactors
placed in the intake airway are often
underloaded. Thus, any analytical
methods used on these samples must be
capable of working with extremelvy
small samples and must also be non-
destructive i{n order to preserve the
samples for other purposes.

The technigues for amalvzing the
physical characteristics of the dust
are perhaps the best developed of the
procedures. The use of a scanning
elactron microscope and image
analysis techniques can be used to
characterize the shape of the
particles. Whlle these techniques
are well established and accepted,
the elemental and mineralogical
analvsis procedures will require more
careful scrutiny before they are
usead,

When researching metheds for
performing elemental analyses on our
impactor samples, the most common of
the conventional procedures using
X-ray fluorescence were found to be
lacking because of the requirement
for a significantly greater dust mess
than what was being collected.
However, cone tefsrence in the
literature (Ahlberg, Leslie and
Winchester; 1983) outlined the use of
proton-induced X-ray smission (PIXE)
spectroscepy for aercsol samples. In
PIXE analysis, a beam of protons is
passed through the dust particles on
the substrate and interacts with the
electrons of the elements present
(Johansson and Johansson, 1976}. The
X-rays emitted as a result of these
interactions aré analyzed to
determine the elements that
originated the various wave lengths.
By counting the nuwber of X~-rays that
are emittad in any given range of
wave lengths, the amount of each
element in the dust can be estimaced
with an errotr that can be determined

statistically for aasch element. Tha
PIXE method quantifies the mass of
all elements simuleaneously but has
one limitacion. The commercially
available PIXE analysis services sre
st up to determine only those
elements chat possess an atomic
number greater than or equal to
godium, The cost of determining this
set of elements is typically $25 to
$50 per sample, depending upon the
number of semples run at any given
time.

The impactor substrates are not an
ideal matchup with a typical PIXE
instrument because the proton beam of
the instrument will not encompass the
entire dust mass on the substrate. As a
regult, it would take six separate
periocds of irradiation to amalyze the
entire dust mass. As a resulc of the
cost of such a practice, PIXE anslyses
were performed on the six dust submasses
on gseveral substrates in order to judge
the statistical effectiveness of
analyzing only some of the six
submasses. As a2 result, we concluded
that subjecting two submasses of dust
from each substracte and three substratss
Erom each impactor would be sufficient
for our purposes, This strategy will be
reevaluated vhen the analyses from our
sucmer fleld work of 1985 have been
completed,

The final characterization area of
interest to ug deals with the
tineralogical wakeup of the dust. This
18 an area where the state of the art
requires very labor-intensive and
prolonged procedures to identify the
minerals in an serosol sample of the
type found on an impactor substrate,
Lee (1978) has ouclined a procadura
using both energy-dispersive microscopy
on @ scanning eleccron microscope and
selectad ares electron diffraction on a
high-voltage electron microscope, Whila
this may be a feasible procedure, it is
not cost effective where many samples
are to be anaiyzed. As a result, other
ressarchers at Penn State and Waat
Virginia University associsted with the
Generic Technology Center on Respirable
Dust are carrying out research efforcs
to provide more efficient and useful
mineralogical characcerization
procedurss. In gensral, these
characterization procedurss have not as
yet been fully cested and analyzed.
However, & greac deal of progress has
been made in the characterization area.

Conclugions

Multi-stage cascade impactors have
advantages ovar other single-stage
samplers because they provide aerosol
size data as well as samples
classified according to the
serodynamic dismecter. A major
objective of the research describad
here has been to desigrn a sampling
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strTategy to gather sized dust samples
for characterizarion purpcses. This
strategy has been designed and sue-
eesafylly applied to undergreund
continuous miner development
Bections. Characterization of these
samples is now in progress and the
researchers involved are looking
forwvard to the analysis of the
results.
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Statistical Analysis of the Elemental Characteristics of

Airborne Coal Mine Dust

C. Lee and J. M. Mutmansky
Department of Mineral Engineering, The
Pennsylvania State University

This paper outlines some of the work associated with a
research study into the relationship between the
characteristics of coal mine dust and the incidence of coal
workers’ pneumoconiosis (CWP). The praject involves
study of the chemical, mineralogical, and morphological
characteristics of the dust. Early stages of the study have
dealt primarily with the size analysis and elemental
composition of airborne dust in continuous miner sections.
This paper outlines the procedures and findings of the
tlemental analysis portion of the study.

Most of the previous elemental analyses of coal were
made available in the quest for information on the
combustibility of coal dust or on causal agents and
prevalence of CWP. However, no extensive studies have been
performed to date, primarily due to the limitations of the
analytical methods. A review of the analytical methods for
elemental characterization of coal and coal dust particles
is presented. The comparisons are made based on the
sample mass required, the sample preparation required,
the destructivity of the test, and the capability of providing
an easy multi-element analysis. The reasons for selecting
the proton-induced x-ray emission spectroscopy (PIXE)
metheod are outlined.

The PIXE method was applied to both the airborne coal
mine dust and channel samples collected from seven
continuous miner sections in six different mines. Channel
samples of the coal, roof and floor were collected and
analyzed. Airborne dust sampling was performed using
multi-stage cascade impactors and permissible 2.0 Vmin
pumps. Sampler locations were fixed in the sections with
respect to the continuous miner and roof bolter or with
respect to the intake and return airways. Sampling times
varied from 45 minutes to 6 hours, depending on the dust
concentration,

The statistical analysis of the resulting elemental data is
presented. Of particular importance are the analyses of the
variation of elemental composition with size and the
variation in elemental composition over the working
section. One interesting finding is outlined showing the
multivariate statistical analysis of the trace elements and
its implications in the identification of the dust sources. The
paper concludes with an analysis of the ramifications of the
elemental data to related medical studies.

Introduction

The signilicance of coal mine dust in the development of
coal workers’ pneumoconiosis has long been recognized. As
a result, various medical and environmental studics have
been carried out in order to identify the variables of coal
mine dust that are related to CWP, These studies have
revealed that a wide variation in the incidence of CWP ex-
ists from coallield to coalficld, opening the door to a num-
ber of hypotheses. Most of these hypotheses deal with
geologic variables such as coal rank, organic structure of the
coal and the mineral and elemental characteristics of the
coal and the surrounding geologic sediments.

Although many epidemiological studies indicate that a
significant positive correlation exists between the incidence
of CWP and the rank of coal mined, many researchers fecl
that the rank is not the causal variable. Criticism of the "rank
cause” hypothesis is largely centered around the possible
synergistic effects of other variables and the questionable
representativeness of the samples of coal workers studied.
This question and the effects of free silica have drawn con-
siderable attention from many researchers.

Additional studies of the characterization of coal, coal
mine airborne dust, and dust from deceased miners’ Jungs
have showed the possible association of the elemental com-
position of coal to the development of CWP. Concentration
of some elements hzvc been found to vary significantly in dif-
ferent coalfields.t*~ Additionally, other studies have also
related the significant differences in clemental compositions
with the incidence and progression of CWP. X" This led to
astudyby the authors on the elemental composition and rank
of coal in three Pennsyivania coalfields. The results showed
that elemental composition varied significantly with rank
and that a success(ul discriminant analysis was possible using
the clgmcntal compositions as a basis for the discrimina-
tion.®

The primary objective of this paper is to carry the study
of clemental characteristics one step further by the sys-
tematic study of airborne coal mine dusts in continuous
miner sections. The overall study involves determining the
eiemental, mincralogical, and physical characteristics of the
dust but only the clemental compositions of the dust will be
analyzed here. The work involves analysis of the clemental
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composition of the dust as a function of its size, its locat_ion
in the mining section and its association with lhc.malgnals
being mined. The ultimate purpose for this work is to iden-
tify dust characteristics that are worthy of further study by
medical personnel,

Sample Collection

In assessing the sample collection possibilities, one major
concern was the necessity for determining the properties of
dust as a function of the size. The second Major concern was
the ability to classify the particles by acrodynamic diameter
with a minimum of handling or alteration, In addition, the
ability to utilize permissable pumps and a reasonably small
sampler size was very desirable. As a result, Sierra Model
298 cight-stage cascade impactors were used, powered by
Dupont Model P2500A pumps. The pumps and samplers
were first tested in an acrosol chamber for proper sampling
times as a function of dust concentration and in a simulated
mine tunnel to determine whether
necessary (they were not).

A standardized sampling scheme was established and ap-
plied to all the mining sections sampled. In the sections
employing a double-split ventilation scheme, mine sampling
locations were selected to study the affects of different dust
sources and the locational variability. One sampler was
placed in the intake airway, outby the effects of section ac-
tivity. Two samplers were assigned to the primary dust sour-
ces, the continuous miner and the roof bolter. One of these
samplers was placed in the air of the immediate intake of the
machine and the other was placed in the immediate return
air. Two additional samplers were used in cach return air-
way of the two machines, onc at two blocks outby the per-
tinent machine. In a single-split ventilation plan, it was not
possible to differentiate between the returns of the bolter
and the mirer. As a result, only two samples were placed in
the return airway, one at two blocks and one at four blocks
outby the closest machine.,

During the sampling operation, all samplers were fixed
relative to the face cquipment. As aresult, the samplers were
moved each time an equipment face change occurred. In ad-
dition to airborne dust samples, channel samples were taken
as close as possible to the continuous mincr location, These
were used to correlate the coal and airborne dist properties,

More com?lctc details on the sampling scheme can be found
elsewhere %)

isokinetic inlets were

The Elemental Analysis Method

Among the variety of clemental analysis methods, only a
few are applicable to the elemental characterization of coal
mine dust. An optical method, emission spectroscopy, has
been used for the analcﬁi? ?f keavy metals in coal dust found
in miners’ lung tissye, (1911 Spark source mass spectroscopy
and the neutron activation method have been applied to
respirable ?gal mine dust samples gathered from a mine at-
mosphere,(1413) Finally, the atomic absorption method has
been used with application both to coal mine dust and to coal
dust in lung tissuc.(n’u’“)

In sclecting an clemental analysis method for airborne
coal mine dust collected by cascade impactors, the most

€07

restrictive requirement was the ability to perform the
analysis at a relatively low cost on very small samples. Typi-
cally, the weight of the dust sample from a properly loaded
stage of an impactor is vsuaily in the range of 0.05 to 1.0 mg
while the backup filter possesses a sample of about 0.01 mg.
Furthermore, except on the backup filter, a sample on cach
stage is divided into six or twelve submasses. Therefore, the
analytical method must be capable of performing multi-cle-
ment analysis on an cxtremely small weight of sample,
Another crucial requirement in the project was that the dust
samples were needed intact for later mineralogical and mor-
phological analysis. Thus, methods requiring ashing or
chemical treatments of the samples were excluded,

Our literature research indicated that a non-destructive
analytical method that can perform rapid multi-element
analysis of extremely small samples at nanogram sensitivity
had been appliczl 1o z;tmosphcric samples collected by cas-
cade impactors,!1%) Thig method, proton-induced x-ray
emission (PIXE) Spectroscopy, uses a proton beam for ex.
titation of the atoms of a sample prepared as a thin layer
(usually a thickness of less than 5 mg/cm?). Matrix absorp-
tion of characteristic x-rays is known to be negligible in this
range of thickness. In our case, the thickness of samples on
the substrates of the cascade impactors has consistently been
smaller than this value and thus thin-sample PIXE analysis
is applicable. One advantage of the PIXE method is that the
variables related to the characteristic er-ray yield are known
or can be experimentally determined, (17 Therefore, it is an
absolute method that does not require standard samples.
The PIXE method can also be applied to thick samples if
they arc in standard pellet form s? Isat compensation for the
absorbed x-rays can be made (! Therefore, the PIXE
method was applicable to channel samples if the sample was
crushed, blended, ground to 200 mesh, and pressed into pel-
lets. As a result, both channel and aerosol samples were
analyzed by the PIXE method in this project. The samples

were prepared by project personnel and sent to a commer-
cial lab for analysis,

Application to Impactor Sample

In the PIXE method, the analytical instrument was
capablc of generating a proton beam of up to 5/8-inch
diameter. As a result, the beam js capable of irradiating only
one dust submass at a time. In analyzing substrates from a
multi-stage impactor, the large sumber of substrates and
submasses involved can resultin very large analysis costs. As
aresult, the investigators decided to limit the number of sub-
strates to which the elemental analysis procedure was ap-
plicd. In choosing selected substrates, it was decided to
utilize substrates that are normally loaded to an appropriate
level and to span both the respirable and nonrespirable size
ranges. This led us to choose the third-stage (10 to 15 um),
fifth-stage (3.5 to 6 um), and seventh-stage (0.9 to 2 um) sub-
strates for analysis. Before deciding the number of submas.
ses to be analyzed per substrate, a statistical analysis of the
submass variation was conducted,

The entire dust mass on any given substrate can be
analyzed using six irradiations of the proton beam. As a

. measure of the variation in any given irradiation on a sub-

strate, the coefficient of variation (CV) in the weight per-
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centage of the elements on a given substrate was determined.
The airborne dust collected in the immediate return of the
continuous miner in a development section was used for this
purpose. When considering the major elements (Mg, Al Si,
P, S, K, Ca, Ti and Fe), the CVs were relatively small on the
third and fifth stages of the impactor with most CVs being
less than 20 percent. On the seventh stage, the CVs were
higher relative to the upper stages with most values being less
than 50 percent. Submass-to-submass variation of the trace
clements was much higher with numerous CVs above 100
percent. However, most of the trace elements with CVs
greater than 100 percent had extremely low concentrations,
usually less than 1 ppm by weight. This clearly leads to higher
variations because some clements will be recorded as non-

existent if their concentrations fall below the detection limit.
As in the major clements, the submass-to-submass variation
increased in the lower stages.

In addition to the relatively small variance in the data, one
also obtains a strong feeling for the stability in values of the
non-organic portion of the dust by studying the ratios of the
major element weight percentages to that of silicon. Using
this procedure, the analysis from each dust submass on a
given substrate shows a remarkable resemblance as a resuit
of the fact that the effects of the organic elements are
removed. As a result of these results, it was decided by the
investigators that two submasses from each substrate would
be appropriate for analysis by the PIXE method.

TABLE |
Effects of Size on the Major Element Composition

Elements(D Comparisnn(z)

Sampling Location: Cl (intake of continuous miner)

StageMcan(3)

sl 53> 37 5/55.676,3/ 41.517,7/9.513
S 35> 7 3/°16.850, 5/ 13.288, 7/ 6.102
Ca 35 > 57 3/ 83.128, 5/ 46.313, 7/ 5.333
Ti 3557 3/ 22745/ 1.567,7/ 0202
Fe 3>57 3/36.981, 5/14.616, 7/ 2.533
MONOVA Test - 00
Wilks’ Lambda = 0.036 F(128,366) = 1.68 Pr > F = 0.0001
Pillar's Trace = 2.526 Ff123,44s§ = 161 Pr > F = 0,0002
Sampling Location: CR (immediate return of continuous miner)
Al 3>5>7 3/ 52,123, 5/ 30.384, 7/ 10.208
Si 3>5>7 3/92.256, 5/ 47.916, 7/ 14.394
P 7533 7/ 2.000,5/ 1.116,3/ 1.000
S 3>57 3/16.538, 5/ 9.247,7/ 6.545
K 3557 3/ 89385/ 5.608,7/ 3593
Ca 35> 57 3/31.507, 5/ 19.325, 7/ 6.108
Ti 35557 3774391, 5/ 2299, 7/ 0.496
Fe 35> 7 3/ 19223, 5/14.69, 7/ 3.040
Wilks’ Lambda = 0,183 F (18,92) = 6.84 Pr > F = 0.0001
Pillai’s Trace = 0.987 F E 18, 943 =509 Pr > F = 0.0001
Sampling Location: Rl (intake of the roof boiter}
Al 53> 7 5/ 66296, 3/ 58.844,7/ 17022
Si 53> 7 5/120.350, 3/116.320, 7/ 22.400
S 3> 5>7 3/ 21693, 5/ 121837 5302
Ca 35> 57 3/ 31078, 5/ 21.500,7/ 4.815
Wilks’ Lambda = 0,106 F(18,26) = 299 Pr > F = 0.0055
Pillais Trace = 1.267 FEIS, 28; = 2,69 Pr > F = 0.
sampling Location: RR (immediate return of the roof bolter)
35> 57 3/ 2.947,5/ 1.517,7/ 0.574
X 3'5> 557 37 61,936, 5/ 41.807, 7/ 15.187
Si 355>7 37113760, 5/ 72.140, 3/ 22.070
S 3>57 3/10.137, 5/ 8.242,1 6.397
K 1557 3/14.989, 5/ 9.953,7/ 3323
Ca 3>57 3/ 43562, 5/ 20357, 7/ 5.590
Ti 35>7 37 4.041,5/ 2.802,% 0.799
Fe 35> 7 3/ 36.894, 5/ 24.860, 7/ 6.639
ilks’ Lambda = 0.101 F(18,50) = 5.95 Pr > F = 0.0001
Dk Lambda T260 518, 52; =502 Pr > F = 00001
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TABLE | (Continued)

Elements Comparison®

Stage/Mean®

Sampling Location: 2X (two crosscuts outby the face operations)

35> 57 3 1673, 5/ 1.199,7/ 0.294
kflg 35> 7 3/ 47.591,5/36.000, 7/ 9310
Si 35=>17 3/80.187, 5/ 58.695, 3/ 13.814
S 3>57 3/30.219, 5/18.714, 7/ 7.595
K 35>7 3/10292,5/ 8.322,7 194§
Ca 3>57 3/42.408, 5/14.579,7/ 5.182
Ti 35>7 3/ 5.626,5/ 4.099,7/ 0.600
Wilks' Lambda = 0.089 F(18,38) = 4.96 Pr > F = 0.0001
Piflakis’s Trace = 1370 F f 18, 40; = 4.83 Pr > F = 0.0001
Sampling Location: 4X (four crosscuts outby the face operations)
53 >7 3/35.579.3/31.965,7/ 8.143
gl 53>7 3/ 57.216, 3/ 54.495, 7/ 11.305
S 35>7 3/19.045, 5/17.081, 3/ 6877
K 33>7 5/ _7.710,3/ 7.249,7/ 1.
Ca 3>57 3/37.649, 5/11.557,7/ 4436
Ti 35>7 3 3.234,5/ 2983,7/ 0410
' Fe 35> 57 3/52.753, 51 26,702, 7/ 2.749
Wilks’ Lambda = 0.010 F(18,26) = 12.57 Pr > F = 0.0001
Pilla's Trace = 1329 Fiia ) = 28 Pr > F = 00037
Notes:

(1 Only the elements showing significant size effects at an alpha risk of 5 percent by ANOV A are listed,

@ Comparisons are based upon the muttiple F-test, REGW, Stages connected by a comma indicate no significant difference between them.

&) The unit for the mean values is 102 x percent by weight.

Results of Fieid Studies

Data for the elemental composition studies reported here
were collected in seven different continuous miner sections
located in six bituminous coal mines in Pennsylvania. Five of
the seven sections sampled in this portion of the study were
using single-split veatilation schemes, As a result, return air-
way samples associated with the miner and bolter operations
are not differentiated. The elemental data used in the paper
are relative values expressed as weight percentages. Because
of the volume of data (over 7000 values of elemental weight
percentages), the data is not presented here, However, the
complete data set will be available through the Generic
Technology Center for Respirable Dust at The Pennsylvania
State University, The study results reported here are con-
{ined to the topics of relating the elemental compositions to
the size of the dust, the location of the samplers in the mine
layout, and the materials being cut.

Size Dependency of Elemental Compasitions

The size dependency of the elemental composition
characteristics of airborne coal mine dust was tested using
standard univariate and multivariate statistical methods. At
cach sampling location, a multiple F-test known as the Ryan-
Einot-Gabriel-Welsch (REGW) test was performed along
with the analysis of variance (ANOVA) procedure to com-

09

pare the concentrations of the individual elements in the
three size fractions that were analyzed. Then, taking into ac-
count the correlation structure among the elements, the mul-
livariate analysis of variance (MANOVA) procedure was
applied to test the significance of the differences in the ovet-
all elemental compositions of the dust samples in the three
size fractions. In all of these statistical tests, the trace cle-
ments were analyzed separately from the major elements.

Tables I and II contain the elements that showed a sig-
ificant size dependency at an aipha value (level of sig-
nificance} of 5 percent and the results of the equality tests by
the multiple F-test at cach of the sampling locations, Also in-
cluded are results of the MANOVA for significance of the
differcnces in the centroids of the 9 major element and the
21 trace elements for the three differeat size fractions,

As shown in Table I, airborne coal mine dust samples
from all the sampling locations show significant size effects
in the overall composition of the major elements; however,
samples from the immediate return of the bolter operation
have a relatively weak size dependency compared to the
other sampling locations. Significant size dependency is ob-
served in the two clements most common in the clay
minerals, Al and Si, at all locations except at the intake of
the miner. In the samples from the immediate returns of the
mincr and bolter operations, these two elements show their
highest concentrations on the thjrd stage, while no sig-
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pificant difference is observed between the third and fifth
stages at the other sampling locations, Major elements show-
ing a significant size dependency at all the locations are Si,
§, and Ca.

A noticeable difference between the immediate return
samples of the miner and bolter operations is that Mg, a
major element in rock dust, shows a size dependency only in
the return of the roof bolter. A size dependency of Mg is also
found at two crosscuts outby the face operation but disap-
pears at four crosscuts outby. An increase in the number of

major elements showing size dependency can be seen in the
returas of the miner and bolter operations compared to that
in their intakes. Conceatrations of many of the major ele-
ments do not show significant differences between the third
and fifth stages, but those on the seventh stage are smaller,

The element P, which shows significant size effects in the
samples from the immediate return of the miner is the only
element that shows its highest concentration on the seventh
stage.

In Table II, where trace element statistical results are
shown, the MANOVA test results indicate no significant dif-
fcrence in the overall trace element compositions in the in-
lake airways of the mincr and bolter operations. However,
the trace clement compositions showed significant size de-
peadency in the immediate return of the miner with a less
significant size dependency detected in the immediate
return of the bolter. Parallel to that for the major elements,
the immediate return of the miner shows the most significant
size dependencies in the trace element compositions as well
as the largest number of clements showing size dependency,

TABLE lll

ANOVA Tests for Locational Variability of the Total geighl Fractions of the Major and Trace elements and Organic
omponent

Variables Comparison(®

On the Third Stage (10-15 um)

Major Elements no difference

Trace Elements

Organic Fraction no difference

On the Fifth Stage (3.5-6 um)

Major Elements IN, Rl

Trace Elements

IN > the other locations

Organic Fraction CR, 4X, CI, RR,
2X, Rl RLIN
On the Seventh Stage (0.9-2 um)
Major Elements RR,RIL CR, &

! cﬁi 2X, 4X N, CI
Trace Elements No difference
Qrganic Fraction CLIN, 4X 2X,

gant CR 2X, CR,RI,RR

Notes:

Location/Mean‘®

IN/35.261 2X/13.183
4X/11.180 CI/ 8.830
RR/ 4.795 RV 4.673
CR/ 4.337

IN/510.370 R1/304.400

RR/182.710 2X/180.500
CI/172.370 4X/167.110

CR/131.120

IN/30.905 2X/ 6.686
R1/ 6288 4X/ 5.362
Cl/ 5.107 RR/ 3.486
CR/ 2.888

RR/62.349 RI/ 62.075
CR/ 47.205 2x/45.551
4X/37.579 IN/33.538
Cl/33.270

Cl/99.649 IN/99.645
4X/99.610 2X/99.527
CR/99.511 RI/99.365
RR/99.360

M Comparisons are made based upon the multiple F-test, REGW. Locations connected by & comma indicate no significant difference between

them.

@ The unit is 102 x percent by weight except in the organic component; percent by weight for the Organic component.

L1 0 1
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In general, the samples associated with the bolter indicate
the weakest size effects among the trace elemeats. V, Br, Rb,
Sr and Zr indicate significant size dependency in the im-
mediate returns of the miner and bolter while the concentra-
tions of Cl, Cr, Ni and Mo vary with sizc only in the
immediate return of the miner operat:on. In the size depend-
encies shown for the trace elements, ail had lower concentra-
tions in the finer size ranges.

1t should be mentioned that all the elements below Na in
the periodic table arc not analyzed by the PIXE method.
Most of the undetected material will be the organic com-
ponents of the coal which are predominantly composed of
C, H and O, Therefore, the weight fraction of the airborne

coal mine dust sample other than that of the major and minor
clements detected has been designated as the organic frac-
tion in this paper. As shown in Table ITI, the organic fraction
shows its highest concentrations in the size range of 0.9 to 2
um at all the sampling locations. This indicates that this size
range is made up of more organic material than the other
coarser size ranges,

One additional comment concerning the ¢lemental com-
position and its relationship to the size is the general trend
observed. The concentrations of most of the clements
detected by the PIXE method were higher in the coarser size
ranges. This led the investigators to question whether the
PIXE method was providing weight percentages of the ele-

TABLE v
MANOVA Tests for Locational Variation of the Major Element Composition

Elements™) Comparison(z) Location/Mcan¥
On the Third Stage (10-15 um)
P IN > the other locations IN/ 36921 CI/ 2200 RR/ 2.110
RI/ 1666 4X/ 1.650 2X/ 1.563
CR/ 1.000
8 IN > the other locations IN/140.880 2X/30.220 RI/21.690
RR/ 19.140 4X/19.050 CI/16.850
CR/ 16.54
K RL RR %:rﬁcn > R/ 17.182 RR/ 14.989 2X/10.292
RR, 2X CR, 4X > CR/ 8.938 4X/ 7248 Cl/ 4.673
2X, CR, 4X, CI, IN IN/ 0.894
MANOQOVA Test
Wilks' Lambda = 0.122 F{54, 300} = 2.84 Prob > F = 0.0001
Pillai’s Trace = 1.632 F(54,378) = 262 Prob > F = (.0001
On the Fifth Stage (3,5-6 um)
M RI, CL RR, 2 RI/ 3.694 Cl/ 2.693 RR/ 1.517
8 4X, CR CI’,R)I% 2X/ 1199 4X/ 0.939 CR/ 0532
2X; 4X, CR, IN IN/ 0.000
Si IN,RI RR RI IN/130.290 RI/120.350 RR/72.140
' RR, 2%, 4X, Ci, cR 2X/ 58700 4X/ 57220 Cl/ 55.680
CR/ 47920
IN > the other locations IN/22.672 C 2.815 4%/ 1346
d RI/ 13400 0 oo 2X/ 1124 CR/ 1116
RR/ 8240
IN > the other locati IN/129.400 2X/18.710 4X/ 17,080
3 z e focanions Ci/ 13290 RI/12.180 CR/ 9.250
RR/ 1.029
K RL RR > RR, 2X, RI/ 18939 RR/ 9953 2X/ 8322
4X, CI, IN, CE 4X/ 7.710 CI/ 7.000 IN/ 6.239
X CR/ 5.608
I IN/ 78.123 C/ 46,313 RI/ 21.509
Ca RE. CR. 4% 2X RR/20.357 CR/ 19325 4X/ 17.557
2X/ 14.579
' Ri, 2X, 4X IN/ 78.334 RY/ 54.023 2X/37.764
Fe RlNﬁ ﬁ’r, 2X, 4X, 4X/26.702 RR/24.850 CR/14.696
RR, CR, CI Cl/ 14616
Wilks’ Lam = {1048 F (54, 300) = 4.52 Prob > F = 0.0001
Pilllaj’s Trao‘:-,d .a. 1.878 F is4_ 373] = 3,19 Prab > F = 0.0001
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TABLE IV (Continued)
Elements(1) Comparison(2) Location/Mean(3)
On the Séventh Stags (0.9-2 um)
Al RL RR, CR > RR, R/ 17.022 RR/ 15.187 CR/ 10
CR,2X, 4X CR, 2X/ 9.310 4X/ 8.143 CI/ 5.896208
2X, 4%, CI, IN IN/ 3.751
Si RL RR > RR, CR RI/22.399 RR/22.072 CR/14.394
2X 4X, CI IN 2X/13.814 4X/ 11305 C/ 9513
IN/ 7.768
Fe RR, 2X,Ri,IN > RR/ 6.639 2X/ 5.138 RI/ 4.133
2X, RI, IN, CR, IN/ 3436 CR/ 3.040 4X/ 2.749
4X,Cl Cl7 2.533
MANOVA Test
Wilks’ Lambda = 0.234 F§S4, 300; = 183 Prob > F = 0.0009
Pillai’s Trace = 1.131 F (54,378} = 1.63 Prob > F = 0.0053
Notes:

(1) This column contains the elements showing significant locational variability at an alpha risk of 5 percent by ANOVA
(2) Comparisons are made based upon the muitiple F-test, REGW. All the locations connected by commas indicate no significant difference

berween them,
(3) The unit for the means is 102 x percent by weight.

ments that were dependent upon the total weight on each
substrate or whether the weights were biasing the results. To
answer this question, correlations between the weight per-
centages of the elements and the sample weights was tested
in the course of this study. Considering the result that none
of the elements showed a significant positive correlation, it
does not seem that the size dependency of elemental com-
positions observed in this studyis due to the lack of sensitivity
of the PIXE method or bias related to the sam ple weight.

Variation With Section Location

In assessing the variation in elemental composition with
the section location, a similar suite of statistical procedurcs
was used but stepwise discriminant analysis was used in ad-
dition to identify those elements that provide a significant
contribution to the locational variability. The tests were per-
formed separately on the dust samples from the three dif-
[crent size fractions.

As shown in Table IV, the major ejement compositions in
all three size ranges show significant differences among the
scven different sampling locations. In the size range of 10 to
15 um, concentrations of P, S and K vary significantly over
the various locations according to the MANOVA tests as
well as the stepwise discriminant analysis which is sum-
marized in Table V. These three elements show the highest
concentrations in the intake air while the immediate return
of the miner operation appears to contain the Jowest levels
even though the differences among the locations other than
the intake airways are not statistically significant.

In the size range from 3.5 to 6 um, Si and K show sig-
nificant locational variation and have their highest con-
ccntrations near the roof bolter operation. In addition, Ca
sho'ws asignificant locational variation in this size range with
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the most enriched values occurring in the intake air. Because
Caoccurs in abundance in rock dust, this occurrence may be
due 1o rock dust being recntrained in the intake air stream,
In the finest size range from 0.9 to 2 um, Al and Si show much
higher concentrations ncar the miner and bolter and are sig-
nificantly enriched near the bolter. This is hypothesized to
be a result of the minerals present in the roof rock. As shown
in Table 1V, locational variation of the total weight percent-

ages of the 9 major elemcnts are not statistically significant
in the 10 to 15 um range; however, the differences becore
sigmificant in the finer size ranges. In general, the pattern that
exists is that the higher weight percentage of the major ele-
ments are associated with the bolter operation in the minus
6 um range of dust size.
Table VI indicates significant locational variation of the
overall compositions of the trace elements in all three size
ranges. In the size range of 10t0 15 um, V, Zn and Sr are the
trace elements showing significant locational variation. V
and Zn are highly enriched near the face operations and in
the intake airway, respectively, while Sr shows less con-
centration near the face. In the size range of 3.5 to 6 um, ClL,
As and Rbindicate significant locational variation, Rb shows
higher concentrations aear the roof bolter operation, while
Cl and As have lower concentrations near the face opera-
tions. In the finest size range of 0.9 to 2 um, the cicment As
has higher concentrations in the return airway, while Br and
Mo are enriched near the face operations and roof bolter,
respectively. In terms of the total weight percentages of the
trace elements, the intake airway shows the highest valucs in
the size range above 3.5 um, while locational variation is not
significant in the size range of 0.9 to 2 um. As shown in Table
VI, in the size range below 6 um, sampling locations near
the miner operation contain significantly higher organic
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fractions comparcd to the bolter operation. However, the

differences are not significant in the size range of 10 to 15
um.

Effects of Geologic Materials Mined on the Elemental
Composition

Effects of the materialsbeing cut on the elemental charac-
teristics of airborne coal mine dust can be studied by measur-
ing the similarity in characteristics between them. The
+imilarity can be quantificd through the coefficient of
oroportional similarity which is the cosine of the angie be-
tscen Lhe two vectors of Lhe overall elemental compositions
‘1 Lhe n-space of the n compositions being considered. For
«xample, the elemental composition of the dust samples in

vach size [raction from the impactor in the immediate return
vl the miner can be compared with that of the channel
sunpies taken at the working face. If numerous types of
reologic material (bottom rock, coal, rock parting, bony
+nal, roof rock) are separately sampled, then the clemental
vharacteristics of cach geologic material may be tested for
similarity with the airborne dust. Only a summary of the find-
ings are discusscd in this section, A detailed description of
the study and analyses of the results will be available in
another paper buing prepared by the authors.

As ageneral conclusion, it can be said that the major ele-
ment compositions of the dust samples from the immediate
return of the miner operation are very closely associated with
the coal scam, repardless of the size range of airborne dust

TABLE V
Stepwise Discriminant Analysis for Locational Variability of the Major and Trace Elements

selected(V F Wilk’s Prob > Wilk’s
step Elements Statistic Prob > F Lambda Lambda
~or the Major Elements
On the Third Stage (10-15 um)
1 P 5.363 0.0001 0672 0.0001
2 K 4.845 0.0004 0.464 0.0000
3 Si 3.958 0.0020 0339 0.0000
4 S 3551 0.0043 0.253 0.0000
3 Ca 3.186 0.0086 0.193 0.0000
0 the Fifth Stage (3.5 - 6 um)
1 K 3679 0.0033 0.475 0.0000
z Si 5,628 0.0001 0.311 0.0000
3 Al 15.359 0.0001 0.126 0.0000
4 Ti 3.445 0.0053 0.105 0.0000
3 Ca 2.747 0.0197 0.083 0.0000
:n the Seventh Stage (0.9 - 2 um)
L Si 6.691 0.0001 0.622 0.0000
2 M 2.320 0.0432 0512 0.0000
3 A.lg 2195 0.0548 0.425 0.0000
~w the Trace Elements
In the Third Stage (10-15 um)
i Sr 2.834 0.0163 0.594 0.0004
2 v 3.508 0.0046 0.447 0.0000
3 Zn 2,656 0.0232 0357 0.0000
4 As 1,933 0.089%4 0300 0.0000
5 Mn 1.893 0.0963 0.253 0.0000
6 Ni 3615 0.0040 0.186 0.0000
2n the Fifth Stage (3.5 - 6 um)
i 1 3617 0.0037 0.753 0.0037
2 gs 2922 0.0138 0593 0.0004
3 Rb 2.802 0.0175 0.469 0.0000
On the Seventh Stage (0.9 - 2 um)
1 A 3811 0.0025 0.743 0.0025
2 Mso 2.811 0.0171 0590 0.0004
3 Mn 2384 0.0385 0.482 0.0001
4 Br 2746 0.0196 0.382 0.0000
3 Cr 2478 0.0326 0.308 0.0000
6 Cu 1927 0.0906 0.25% 0.0000

Nute: The selected elements denote the final selection of elements excluding all the removed ¢lements at an alpha risk of 15 percent.
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samples and presence of noncoal bands in the coal seam.
This relationship has been observed in the samples from ali
seven sections studied in this paper. However, the relation-
ship based upon the trace elements is not consistent. In some
sections, the trace element compositions of the dust particies
in all three size ranges show high similarities with the coal
bands in the seam, In other cases, their close association is

observed only in the fine size range of 0.9 to 2 um, while the
noncoal bands show much higher similarities in the other size
ranges. The opposite relationship is also observed in other
occasions; noncoal bands show much higher similarities with
dust samples in the fine size range and, in the coarser size
ranges, coal hands indicate higher similarities. These dis-

TABLE W
MANOVA Tests for Locational Variation of the Trace Element Composition

Elements™ Comparison‘? Location/Mean(*
On the Third Stage (10-15 um)
Cl IN > the other locations IN/ 15602 2x/ 2,892 CR/ 2.433
Cl/ 2162 4X/ 1.766 RR/ 1.656
RI/ 1399
v 2X,RR, RI, CR 2X/ 0434 RR/ 0.148 RI/ 0.141
CI> RR, R, CR, CR/ 0,137 CI/ 0.042 4X/ 0.048
CI, 4X, IN IN/ 0.000
Cu no difference 27/ 0.678 CI/ 0.533 RI/ 0297
IN/ 0.295 4X/ 0.292 RR/ 0240
CR/ 0.140
Za IN > the other locations IN/17.120 4X! 6.852 CI/ 3.942
2X/ 3.801 RI/ 1.533 RR/ 1271
CR/ 0.669
Sr 2X, CI, 4X, CR, 2X/ 0.700 CI/ 0.447 4X/ 0360
RR CI, 4X, CR, CR/ 0.248 RR/ 0.213 RV 0.154
RR,RI IN IN/ 0,014
MANQOVA Test
Wilks' Lambda = 0.089 FE%, 295} = 1.64 Prob > F = 0.0009
Pillai’s Trace = 1.899 F (96, 336) = 1.62 Prob > F = 00010
On the Fifth Stage (3.5 - 6 um)
Cl IN > the other locations IN/ 12402 RI/ 2458 4X/ 2.304
2X/ 1685 CI/ 1666 RR/ 1.528
CR/ 1.298
M IN, RL RR > RI IN/ 0.793 R/ 0.565 RR/ 0.281
RR, 2X, 4X, CL, CR 2X/ 0.247 4X7 0229 Cl/ 0.152
CR/ 0.114
Cu IN, 2X, CI, RI IN/ 0.788 2X/ 0.442 CI/ 0357
4X > 3% CL Ry, R/ 0321 4X7 0.246 CR/ (.143
4X, CR, RR RR/ 0.108
As 2X > the other locations 2X/ 0040 CI/ 0.010 RR/ 0.006
4X/ 0.006 RI/ 0.005 CR/ 0.004
IN/ 0.000
Rb RI, 2X, RR, 4X > RI/ 0328 2X/ 0.187 RR/ 0.120
2X, RR, 4X, CR, 4X/ 0.109 CR/ 0.068 CI/ 0.035
CLIN IN/ 0.007
Zr IN, 2X > 2X,RI, IN/ 0.497 2X/ 0.209 RJ/ 0.183
4X,RR, CR, CI 4X/ 0.141 RR/ 0.121 CR/ 0.066
Cl/ 0.033
MANOVA Tests on (he Fifth Stage
Wilks' Lambda = 0.037 F (96, 2953 =242 Prob > F = 0.0001
Pillai’s Trace = 2.400 F (96,336) = 2.33 Prob > F = (.0001
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crepancies may be due to the differences in the modes of oc-
currences of the trace elements as minerals or impurities in
the organic coal or in the rock materials. However, without
any information concerning these characteristics, further cx-
planation cannot be made on the causes of the differences

- in the trace element compositions of the airborne coal mine
dust and the materials being cut

Summary and Conclusions

The size dependency of the major and trace elements in
airborne coal mine dust was shown to be significant at almost
alucations in underground coal mine sections utilizing con-
linuous miners. In general, the size effects were more sig-
“ilicant near the mincr operation and the immediate return
-I'the face operation indicated higher size dependency than
‘v immediate intake.

The elcmental compaositions of airborne coal mine dust
wuricd significantly among the various sampling locations.
i towever, the elements showing significant locational varia-
tion were different in the different size ranges analyzed,
Most of the elements with significant locational variability
wure found to be enriched near the bolter operation. The or-
<unic fraction of airborne coal mine dust was higher in the
lin¢ size range of 0.9 to 2 um and near the miner operation.

Concentrations ol almost all clements detected by the
PIXE method were relatively higher in the coarser size ran-

ves. Statistical tests indicated that this result was not due to
hias in the analytical procedure. It is thought that this result
is a function of the size of the salts and minerals that are the
source of Lhe trace elements.

The major element composition of airborne coal mine
dust generated from the face was shown to be very similar to
that of the coal scam. However, characterization of the
mineral components and study of the occurrence mode of
the trace elements are necessary to explain the discrepancies
1 (he refationship ol the trace element composition between
the airborne coal mine dust and materials being cut a dif-
[crent sections. )

As a final point of discussion, it should be mentioned that
this study of elemental compositions is a part of a larger and
more encompassing study that will consider the mineralogi-
cal and morphological characteristics as well. However, this
study has proven that airborne coal mine dust is certainly not
a homogeneous matcrial. The composition is clearly shown
to vary with size, the location in the mine workings, and with
the characteristics of the source materials. This has very
clear implications in further studies, particularly with regard
to the types of coal used in medical studies related to CWP
development.

TABLE Vi (Continued)

Elements() Com parisoncz)

9n the Seventh Stage (0.9 - 2 um)

MN no difference
Zn 2X, IN, CI, RR
4X.CR >'Ci,RR
4X, CR, RI
A 4X > 4X_ IN,
® %, CI, RL CR
Br CR,IN, RR, 2X,
CLRI > IN, RR,
7%, C1, RI, 4X
Mo In, 2X, RR, CI,
Ri > 2X,RR, CI,
RL, CR, 4X
MANOVA Test
Wilks’Lambda = 0.096 FE%,zgs; = 1.58Prob > F
Pillai’s Trace = 1.798 F(96,336) = 1.50Prob > F

~ates:

Location/Mean®

RR/0.084 R1/ 0.049 IN/ 0.047
CR/0.045 CI/ 0.029 2X/ 0.028
4X/0.022

2X/0.944 IN/ 0.922 CI/ 0.826
RR/0.722 4X/ 0.622 CR/ 0.602
R1/0.505

2X/0.025 4X/0.011 IN/ 0.009
RR/0.007 CI/ 0.004 RI/ 0.003
CR/0.002

CR/0.022 IN/ 0.021 RR/0.021
2X/0.018 CI/ 0017 RY/ 0.005
4%/ 0.005

IN/ 0.033 2X/0.024 RR/ 0.015
C170.013 R/ 0.003 CR/ 0.003
4X/ 0.000

h This column contains the elements showing significant iocational variability et an alpha risk of 5 percent by ANOVA.

2 Comparisons are made based upon the multiple F-test, REGW, All the locations connected by comma indicate no significant difference
pa

between them.

13 The mean is in unit of 102 x % by weight.
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TABLE VIl
Variation in the Total Weight Fractions of the Mapc:;{\‘I %Tgl::fe Elements and the Organic Components of Coal
Weight Percentages(®

Sampling

Locations  Major Elements Trace Elements Organic Components

StagelV) 3 5 7 3 5 7 3 5 7
O 48531/ 51037/ 33.54 3526/ 3091 198 94.79/ 94.59/ 99.65

Ul 213.14/ 17237/ 3327 883 511/ 193 97.78/ 98.23/ 99.65

CR 22716/ 131.0% 47.21 434/ 289/ 165 9769 98.66/ 99.51

RI 286.51/ 304.40/ 62.08 467 629/ 140 97.0% 96.89/ 9937

RR 299.38/ 182.71/ 62.35 480/ 349/ 160 98.21/ 98.14/ 99.36

2X 387.19/ 180.50/ 45.55 1318/ 669/ 178 96.00/ 98.13 99.53

4X 20993/ 167.11/ 37.58 1118/ 536/ 146 97.79/ 9828/ 99.61
Notes:

() The columns headed by 3, § and 7 indicate the weight parcentages on the third, fifth and seventh stages in the cascade impactors.

2 .
) The unit for the major and trace elements is 102 x percent by weight, percent by weight for the Organit components.

& Sce Tabie I for identification of sampling location codes,
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Variation in Mineral and Elemental Composition of
Respirable Coal Mine Dusts by Worker Location and

Coal Seam

R. A. Andrel, T, Simonyi2 andR. L. Grayson2
West Virginia Geological Survey

2Deparunent of Mining Engineering, West

Yirginia University

The purpose of this paper is to disclose analytical,
siatistical, and observational results relating to mineralogy
and trace elements in respirable dust samples collected
from two different mines in West Virginia. Samples were
taken from longwall panels, and the panels operated in
different coal seams, one located in the northern part of the
stute and the other in the southern region. Mining
conditions and equipment arrangements on the panels will
be described along with dust control techmiques used.
Results from sample analyses are summarized with
emphasis on relationships between mineralogy, trace
tlements, and minera) particle size to worker locations.
Correlations are made between micro x-ray diffraction and
energy dispersive x-ray analyses for sample mineralogy.

Introduction

Through the work of many researchers worldwide, the
health of coal miners in modern societies is now protected
from harmful exposure to respirable coal mine dust. A vast
amount of research culmgnatcd in the exposure-res
model of Jacobsen, et al,\1? which has been used to establish
the 2 mg/m3 exposure limit in the United States. According
to the model, exposure to respirable dust for 35 years at this
Icvel or less would prevent the occurrence of a clinically sig-
nificant case of coal workers’ pneumoconiosis (CWP) in a
miner, The exposure limit, of course, must be adjusted when-
ever greather than five percent free silica exists in the
respirable dust,

The Jacobsen model was built around a mean mass con-
centration exposure, which generally showed the highest
correlation with both incidence and progression of CWP. As
Morgan, et al noted, however, the quantit&of respirable dust
inhaled is not the oaly significant factor.?) They noted that
although mass of respirable dust correlates highest with the
incidence of CWP, it is not a causal factor. Admittedly, the
insidious processes causing the disease occur at the lund
celi-dust particle level.

A look at past and present rescarch is helpful in deter-
mining the properties of respirable coal mine dust warrant-
ing characterization. Studying the cytotoxicity of respirable
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coal dusts, Reisner and Robock correlated cell damage posi-
tively with minerat content Earlier, Leiteritz, Bauer, and
Bruckman concluded that the incidence of is related
to both quartz and fine dust concentration,) The mineral
composition of respirable coal mine dust requires closer
scrutiny, however, since Walton, Hadden, and Jacobsen suﬁ-
gested that mineral matter may be a protective factor ),
whereas Davis, Ottery, and LeRoux found that the severity
of CWP increased in miners with the occurrence of quartz
and clay mineral enrichment.®®) A review of research
throughout Europe indicates significant activity in
mineralogical characterization of respirable coal dusts{?
An interesting finding in France revealed that not a single
casc of CWP has occurred in a mine located in the Provence
coalfield where a high leve! of calcite was detected in the
dust,

A study of chest x-rays taken of coal miners participating
in the National Coal Study illustrated that the incidence of
category 1 CWP and progression of the disease to more com-
plicateg forms is higher in certain parts of the United
States.® An analysis by the authors of 87 West Virginia
cases of "dust disease of the lung," as reported in the 1984
Health and Safety Analysis Center (HSAC) data base,
revealed that 75 cases were initiated from mines operating
in the southcrn part of the state, seven originated from mid-
state locations, and five were filed in the northern part of the
state. Research is continuing on correlating reported lung
diseases and coal scams in which the victims work.

Because of known toxicity of quartz, its characterization
is important, but Morgan, as well as Davis, Ottery, and Le-
Roux, concluded that quartzis not the only cause of prog{gg-
sion from CWP to progressive massive fibrosis. o
Mutmansky emphasized that attention should also be placed
on the potential relati E}p between trace elements in
respirable dust and CWP.'"" Stein and Corn suggested that
more research is aceded into the physical and chemical
properties of coal mine dusts and the dependence of these
propertics on mine of origin and particle size.(!?? With
regard to these properties, it is important that characteriza-
tion of respirable dusts taken from coal mines be coor-
dinated with research designed to characterize respirable
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dusts in the lungs of miners. It is also important that analyti-
cal results be correlated with mining conditions and
methods, worker locations, and coal seams,

In summary, more research is needed in coordinating
respirable mass concentration with other physical and
chemical properties of respirable dusts. Through such re-
search an explanation of the processes causing incidence of
CWP may be achicved. It is evident that mineral composi-
tion, trace element existence, and mineral particle size dis-
tributions are all aspects warranting closer scrutiny. It is
important 1o note, however, as did Sharkey, Kessler, and
Friedel, that there exists a great degree of deviation in the
composition of respirable dust from parent material
mined.(!*) This applies both to mineral and trace element
coustituents. Therefore, the mechanics of dust generation
and transport and the utilization of dust control methods
must be described concurrently to explore the reasons for
such variability in composition.

Description of Longwall Panels

The longwall panel operating in the Pittsburgh seam, lo-
cated in Northern West Virginia, had a 167.6 m (550 ft) long
face and was equipped with a double-ended ranging drum
shearer. The shearer took a 762 mm (30 in) cut and loaded
coal onto a 732 mm (28.8 in) wide armored face conveyor. A
crusher was mounted on the stage loader to reduce the size
vl rock, which frequently fell from exposed roof. An average
mining height of 1,98 m (78 ir) was maintained, with an
average of 0.20 m (8 in) of floor mined. Normal practice was
to cut from the tailgate to the headgate with the leading drum
ruised and the tail drum lowered, cutting bottom. After
rcaching the headgate, the shearer was reversed and both
drums lowered [or a clean-up pass. The last 12.2 m (40 ft) of
the face on the tailgate end was cut on the clean-up pass, The
shearer traveled at a speed ranging from 0.054 m/s (10.7 fpm)
L0 0.093 m/s (18,3 fpm) while cutting, depending on physical
conditions. Varying roof conditions were obscrved, with as
much as (.91 m (3 ft) of drawslate falling from the roof over
a distance of forty shiclds. Generally, however, local areas of
bad roof were observed, usually limited to a ten- to twenty-
shield span, Production during sampling ranged from 1397t
(1540 st) 1o 2286 t (2520 st) per shift with an average cutting
lime of 157 minutes,

For dust control purposes, the shearer in the first panel
was equipped with two banks of four water sprays each and
two large, "flood” sprays on the headgate end and one bank
of three sprays and one "{lood" spray on the tailgate end. Ad-
ditionally, sixteen sprays were located behind the cutting bits
on each drum. The spray system was operated at 0.586 MPa
(85 psi), delivering 307 liters of water per minute (81 gpm)
to knock down dust. The two large, "flood” sprays and the
gob-side bank of four sprays on an extension arm at the
hcadgate end of the shearer were directed against the air
{low causing roll back of dust over the shearer operators.

Fresh air was provided to the face via the track heading
and a parallel intake cntry. The air was spilit at the hcadgate
with 2.36 m*/s (5000 cfm) routed down the belt entry and the
* rcmaining 8.97 m’/s (19,000 cfm) to 12.74 m’/s (27,000 cfm)
directed toward the face. Between 5.75 m/s (12,180 cfm)

and 8.03 m>/s (17,010 cfm) actually reached the tailgate loca-
tion. No ventilating check curtain was used between the first
sheild and the solid rib to prevent air from leaking into the
gob, but the minimum air velocity of 1.524 m/s (300 fpm) re-
quired on the face by the ventilation plan was maintained, A
ventilating check curtain was used between the stage loader
and the pillar being mined to prevent dust-laden air from
lowing over the shearer operator during cut-out into the
headgate entry. The direction of air flow on the face was op-
posite that of coal flow on the conveyor (non-homotropol).

The other panel, located in the Beckley seam in Southern
West Virginia, had a 127.1 m (417 ft) long face and was
tquipped with a high-speed plow. The plowsliced off 2 101.6
mm (4 in) cut of coal cach pass. The average mining height -
was 1.17 m (46 in) with no roof or floor being mined. Some
roof rock would fall onto the conveyor at times, but workers
generally were able to control the size of such rocks. Unlike
the first panel, workers were stationed on the panel and
remained there for the entire shift. Production during the
sampling period ranged from 816 t (900 st) to 2380 ¢ (2624
st} per shift, as the plow averaged 1.81 m/s (356 fpm) in
traveling up and down the face.

Solenoid-activated water sprays were mounted along the
armored face conveyor, one per pan section. The water sys-
tem was operated at 200 psi, delivering 6.8 Ipm per water
spray. Fresh air was provided at both the headgate and tail-
gate entries, but only headgate air was directed down the
facc. A minimum votlume of 4.58 m%/s (9,700 cfm) of air was

‘observed on the panel. No ventilating check curtains were

. used on the panel unless methane became a problem.

: Airflow was non-homotropol on this face relative to coal
travel.

Methodology
Dust Sampling Frocedures

Respirable dust samples which met the criteria required
of coal operators for compliance sampling were obtained for
characterization!®) Gravimetric samples were collected
from fixed positions on the longwall faces using MSA per-
sonal sampling units equipped with Dorr-Oliver 10-mm
cyclones and DuPont P2500 constant flow pumps calibrated
to operate at 2 lpm. Sampling units were hung from shields
and on the shearer in panel 1 at a height which approximated
the level of the nose and mouth of employees. Personal sam-
pling of shieldmen on panel 1 was also done. In order to ob-
tain a good approximation of the average respirable mass
concentrations for the different locations over time, ninety
nearly full shift samples were collected from panel 1 and
seventy sampies from panel 2.

Locations sampled on panel 1 included: 1) intake air, 2)
headgate, 3) 1/2 face, 4) 3/4 face, 5) tailgate, 6) lead shearer,
7) mid-shearer, 8) tail shearer, and 9) shicldman, Locations
sampled on panel 2 were: 1) head intake, 2) headgate, 3) 1/4
face, 4) 1/2 face, 5) 3/4 face, 6) tailgate, and 7) tail intake,

Pre-weighed MSA PVC filters, 37-mm in diameter with a
0.5 um mean pore size, were used for sampling. These filters
were checked routinely by the Mine Safety and Health Ad-
ministration (MSHA) for accuracy of weighings, but addi-
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tional checks were made to ensure that deviations remained
less than 0.1 mg. A Sartorius, Type 2462800Z0, semi-
automatic, electronic anaiytical balance with digttal readout
was used for weighing samples to the nearest .01 mg, both
before and after sampling.

During sampling on a shift, supplemental notes were
taken regarding cutting time, downtime, the amount and
location of bad roof arcas, tram spced of the cutting
machine, the type of cutting, and the c¢ross-sectional area and
air velocity at sampling locations. Ventilation arrangements,
dust control procedures used, work habits of employees, the
amount of mineral partings and floor mined, and shift
productivity were logged.

Following determination of mass concentrations, twenty-
seven samples {rom the first panel and Iwenty-one samples
from the second panel were designated for mineral and
elemental composition analysis and mincral particle sizing
using available scanning ¢lectron microscopes (SEM’s), The
samples were sclected from shifts which had varying condi-
Scanning Electron Microscope Analysis

Respirable dust was ultrasonically bathed from a field
sample in a beaker of alcohol. A portion of the dust-alcohol
suspension was immediately transferred to a polished carb-
on stud and allowed to evaporate such that dust particles ap-
peared to be uniformly dispersed on the background. The
sample mount was then coated with a conductive layer of
gold to prevent surface charging,

Two Cambridge Stereoscan SEM’s (Model 150 and
Model 180) were available for identification of elements and
minerals and particle size analysis. Kevex 7000 analytical
spectrometers were interfaced with the SEM’s in order to
identify elements on the basis of their energy levels (cnergy
dispersive x-ray analysis).

The mineralogy of a particle was determined by compar-
ing the EDX spectrum obtained for major and minor ele-
ments (i, Al K, S, Ca, Fe) with the known standard
clemental spectra of minerals. The electron beam accelerat-
ing voltage used for mincral identification was typically 20
KV. Time of exposure to electron bombardment varied, but
generally 20 to 74 seconds were needed to accurately deter-
mine the proportionality of elements and positively identify
the mineralogy of an individual particle,

A scanning screen was used to randomly locate a field on
the sample mount. Each particle within the ficld was
"spotted” and bombarded for identification. Following iden-
tification, particle size (Feret’s diamcter) was determined by
supcrimposing a graticule and scale onto the focused image
on the screen. A total of 100 inorganic particles were
analyzed for each mounted sample.

Micro X-ray Diffraction Analysis

Very small quantities of dust are collected in respirable
sampling, generally ranging from 0.1 to 3.2 mg on longwall
panels for a full shift. Standard X-ray diffraction techniques,
which can be used to determine the mineral composition of
materials semi-quantitatively based upon the crystalline
structure of its components, require samples containing at
least 100 mg of dust. X-ray diffraction analysis can be done
on respirabie dust samples, however, by mounting the dust,
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along with a minimum amount of Apiczon-L substrate, onto
a thin glass spline mounted in wax on a copper stud. The
sample to be x-rayed is placed into a large Phillips Debye-
Scherrer powder camera, which is then mounted on an X-
1ay gencralor. The aligned, rotating sample is bombarded
with copper radiation for 4 to 18 hours to obtain 3 good film

‘pattern. The exposurc time depends on the amount of

sample,

A properly exposed film contains a number of sharply
defined lines forming a concentric pattern in the forward
direction. According to Bragg’s Law, the positions of these
lines are dependent on the interplanar d-spacings of the
crystalline materials in the sample. From a list of d-spacings
for common minerals in coal dust, the mincralogy of the
sample can be determined, The intensity of a diffraction line
on the film is directly proportional to the amount of material
that produced it. A microphotodensitometer is used to
measure intensities from the film pattern, and the resulting
diffraction trace contains a peak for each linc on the film

(Figure 1). The height of a peak is directly proportional to

the darkness of the corresponding line.

Kaolinite

Quartz
IHiite )
\

estimated

background
Calcile

Pyrite
———

FIGURE 1. X-ray diffraction trace generated by s
microphatodensitometer,

tions of roof in order to describe the variability in the various
respirable dust characteristics being analyzed.
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_ TABLE|
Percent Composition of Respirable Mineral Dust by
Panel Based on Particle Count Using SEM/EDS

Mineral
Panel Calcite Illite Quartz Kaolinite Pyrite

1
Pittsburgh
Seam

(N = 2682)

207 558 87 2.0 6.0

2

Beckley 473 293 85 8.0 0.5
Seam

(N = 400}

The mineralogy of a respirable dust sample can be es-
tumated scnﬁ-quantijatively from a trace following the pro-
cedure of Renton.** In this procedure, the height of each
peak is measured and the estimated background, which oc-
curs primarily because of the grease and the organic matrix
ol coal dust, is subtracted out. The raw intensities are then
multiplied by weighting factors determined by Renton. The
weighting factors compensate for differences in crystallinity
of minerals. The weighting factor used for illite, for example,
is large since illite is poorly crystalline relative to other
mincrals in West Virginia coals and does not diffract X-rays
cificiently, Mineral percentages are then determined using
the sum of weighted intensities as the denominator. The
overall accuracy of determinations is approximately +/- 15
percent, which includes uncertainty associated with back-
eround estimation and the weighting procedure. The weight-
ing factor reflects not only the crystallinity of a mineral,
which can vary substantially as it does for illite, but also the
diffraction method used.

Discussion of Results
Mineralogy

Based upon availability of in-house technology, the
mineralogy of respirablc dust samples was determined using
an energy dispersive X-ray analysis system interfaced with a
scanning electronp microscope. This procedure facilitated
simultaneous mincral particle size analysis, The mineral
composition of each sample was determined by identifying
the mineralogy of each of 100 particles. Realizing the
variability inherent in this procedure, corroboration was
sought using the micro X-ray diffraction technique, which is
aiso semi-quantitative but involves a larger amount of
material, Twenty-seven respirable dust samples were
analyzed using SEM/EDS for the first panel and four (out of
twenty-one) have been completed for the second panel. To
date, seven samples have been characterized by both
SEM/EDS and XRD.

TABLE Il

Percent Composition of Respirable Mineral Dust by
Location Within Panel 1 Based on Particle Count Using

SEM/EDS
Mineral
Location  Calcite Illite Quartz Kaolinite Pyrite
Int: ke 543 130 143 03 0.7

Headgate 507 250 70 20 23
1/2 Face 107 707 73 0.7 43
3/4 Face 82 7.5 10.2 18 6.2
Tailgate 65 Ti2 78 18 338
Shearer 105 580 68 1.5 15.8

Shieldman 250 520 6.0 6.7 47

Table 1 shows the average mineralogy of respirable
mineral dust by panel based on SEM/EDS analysis of 2682
particles for panel 1 and 400 particies, thus far, for panel 2,
The mingfal composition is quite different for the two
panels. Quartz content is nearly identical at 8.5 percent, but
pyrite and kaolinite contents differ, with more kaolinite
found in the Beckley seam and more pyrite detected in the
Pittsburgh seam. Illitc was the dominant mineral found in the
Pittsburgh seam, followed by calcite. In the Beckley seam,
the roles are reversed.

Table II depicts the mineral compaosition of respirable
mineral dust by location in panel 1, Values for each location
are derived from analysis of approximately 300 particles.
Definite trends are seen for the variation of calcite and illite
by location. A fitted, multiple linear regression model for the
variation of illite content by location yielded the equation:

| = ~8.45 + 37.61X - 3.99X%

where:

Iis percent illite at facc location X and X is the proportion-
ally-coded face location (1.. . .,5).

The model reveals that illite content increases along the
longwall face but at a decreasing rate. The model explains
78 percent of the variability in illite content and is statistical-
ly significant (F = 17.95),

A fitted, multiple linear regression model for the varia-
tion of calcite content by location yielded the equation;

C = 82.84 - 36.43X + 4.20X°

where:
C is percent calcite at face location X,

—
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This model reveals that calcite content decreases along the
face but at a decreasing rate. The model explains 80 percent
of the variability in calcite content and is also statisticaily sig-
nificant (F = 19.49).

TABLE Il

Percent Composition of Respirable Mineral Dust by
Location Within Panel 2 Based on Particle Count Using
SEM/EDS

Mineral
Location Calcite Illite Quartz Kaolinite Pyr_itc

Head Intake 63.0 200 8.0 5.0 0

1/4 Face 400 330 100 100 i.0
1/2 Face 250 460 100 10.0 1.0
Taillntake 610 180 6.0 7.0 0

No gencral relationship was found for quartz, kaolinite,
or pyrite content variation by location on panel 1. Table II
indicates that quartz and kaolinite content of respirable
mineral dust was relatively constant on the face, but a sig-
nificant increase in the amount of pyrite (15.8%) was
detected at the shearer locations. This iatter phenomenon
can be attributed to the rollback of the dust cloud generated
from the cutting action over the shearer operators. The in-
ability to find a relationship for quartz, kaolinite, and pyrite
is not surprising because of the high variability in SEM/EDS
detcrminations for minerals that are present in small per-
centages. Hundreds of particles would have to be analyzed
for each sample to determine accurate percentages for such
quantities. The important point here is that quartz, kaolinite,
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FIGURE 2. XRD versus EDS results for illite.

and pyrite do exist in small amounts, whereas illite and cal-
cite exist in much larger amounts.

Table IIT provides mineralogical results to date for the
second pancl. However, only 100 particles for each location
have been analyzed to date, with seventeen samples pending
analysis. The second panel differed from the first one in the
provision of fresh air up the tailgate entry, which impacted
the mineralogy at that location. Because of this situation and
generally smaller amounts of illite, calcite is the dominant
mineral. The same general trands for calcite and illite con-
tent variation by location exist for this panel, but not enough
data is“presently available to develop regression modcls.
Thus far, it can be said that illite content increases linearly
with face location, except at the tailgate. Calcite content ap-
pears to decrease at a decreasing rate, except at the tailgate,
but the rate of decrease is slower for panel 2 than it was for
panel 1.

Comparison of Table III with Table II revesls that 1)
kaolinite content is much higher in panel 2; 2) pyrite content
is much lower in panel 2; 3) quartz content is not much dif-
ferent; 4) calcite content is higher in panel 2 at each location;
and 5) illite content is considerably lower in most locations
in panel 2,

Correlation of SEM/EDS and XRD mineralogical results
is made by mineral type in Figures 2 through 5. Figure 2
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FIGURE 3. XRDD versus EDS results for ealcite.

reveals that a high correlation (r = 0.86) exists between il-
lite content determinations by the different methods, with
cither XRD slightly overcstimating illite content or
SEM/EDS slightly underestimating it. Figure 3 shows a
higher correlation (r = 0.91) between results for calcite con-
tent, with no trends apparent in method bias. Figure 4 shows
either a possible overestimation of kaolinite content by XRD
or an underestimation by SEM/EDS, but a good correlation
(r = 0.79) was obtained. Figure 5 indicates either possible
overestimation of pyrite content by SEM/EDS or underes-
timation by XRD, but, again, good correlation (r = 0.79) ex-
ists. Results for quartz content are not shown because of
poor correlation (r = 0.12), with no trends in bias apparent.
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Correlation results are very good considering 1) weight
percentages arc compared with numbcr percentages, and 2)
sources for error in the two analvtical methods. Since par-
ticles are in the respirable fraction of mine dust and mean
particle sizes were similar in magnitude, number percent-
ages are tantamount to weight percentages, thereby yielding
good correlations. Estimation of the background and the use
of unadjusted weighting factors in XRD analysis appear ade-
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FIGURE 4. XRD versus EDS results for kaolinite.
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FIGURE 5. XRD versus EDS results for pyrite,

quate for gross determination of mineralogy, except m the
case of quartz. Classification of clay minerals as cither illite
or kaolinite in the SEM/EDS analysis hinges on the ratio of
aluminum to silicon and the presence of a potassium peak in
a particle, and results indicate that good judgment has been
cxercised, Determinations of pyrite conteat by XRD
depends on the crystalline strocture of pyrite, which hasbeen
scen to vary considerably. Defects in the crystal structure of
some pyrites may explain the non-existence of this mineral

m many of the XRD determinations while it was detected in
the SEM/EDS analysis. Quartz content determinations
present a real problem but may be related to the amount of
contamioation in a particle. Only 28 percent of the quartz
particles analyzed in panel 1 were possibly uncontaminated
Ly other elements. In contrast, over 68 percent of the quartz
particles in panel 2 were potentially uncontaminated.
However, the answer to the problem may lie in the usc of a
weighting factor that is too low since most of the data indi-
cate that the XRD method underestimates quartz content
rclative to SEM/EDS.

Truce Elements

During SEM/EDS analysis of dust samples for mineral-
vay, clements which showed a peak energy level above the
zold background but were not primary in determining the
mineralogy of a particle were logged as trace elements for
that particle. In this way, the number of occurrences could
be tabulated. Table IV shows the results of this procedure.
The elements listed in Table IV are those which were iden-
tificd more than one time. The percent of occurrence for
cach element is determined based on the total number of
particles analyzed per pancl. The denominator for panel 1 is
therefore 2682, while the denominator for panel 2 is present-
ly only 400. Elements such as aluminum, potassium, iron,
silicon, sulfur, and calcium, although they quite frequently
showed up in trace amounts, are not included becasue they
consistently occur as majo: or minor constituents of other
minerals.

Table IV indicates that chlorine and magnesium occur
more frequently in panel 1 than they do in pane! 2. It also in-
dicates that sodium and titanium occur more frequently but
in a smaller ratio. Levels of chromium, which Mutmansky
hypothesized may be associated with causes of CWP,(1) and
levels of manganese are virtually the same,

Table Vbreaks down the percent occurrence of trace ele-
ments by location for panel 1. Chlorine occurrences appear
to be particularly high in intake air and somewhat higher at
the shearer positions. The data for magnesium indicates a
trend of increasing occurrence from hcadgate to tailgate
along the face, much like the trend for illite in the mineralogi-
cal analysis. No other relationships arc evident, except for
the possible reduction in the occurrence of sodium from
headgate to tailgate along the face. No relationships can be
concluded from the minimum amount of data for panel 2,
which is shown in Table VL.

TABLE IV

Percent Trace Element Occurrence by Panel Based on
Particle-by-Particle SEM/EDS Analysis

Element
Panel Cl Ctr Mg Mn Na Ti
1 53 45 161 28 24 78
2 1.0 50 53 35 05 40
324
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Mineral Particie Size ) important to note that no difference in mineral pargit.:lc size
was detected by date, especially since physical conditions on

As mentioned previously, Feret's diameter was recorc!cd the panel changed. It is also significant to note that the mean
for each mineral particle analyzed under SEM to determine particie size obtained for the shieldman reflects the fact that
he spends two-thirds of his time in intake air rather than on

TABLE V the face.

Percent Trace Element Occurrence by Location Within

Panel 1 Based on Particle-by-Particie SEM/EDS TABLE VI
Analysis

Variation of Minerai Particle Size (Feret's Diameter) by
Location on Panel 1

Element
Location Cl Cc Mg Mn Na Ti Mean Feret’s Least Significant
Location Diameter (um)  Difference Test Group
Intake 157 53 180 23 63 33
Tailgate 117 A
Headgate 37 27 13 57 33 87
1/2 Face 1.55 B
1/2 Face 03 47 150 20 20 87
. Shearer 1.56 B
3/4 Face 43 58 190 10 10 93
3/4 Face 1.66 B
Tailgate 18 30 215 33 08 65
Headgat 167 B
Shearer 62 45 157 27 22 92
Shieldman 175 B
Shieldman 30 67 133 37 13 87
Intake 182 B
TABLE VI
Percent Trace Element Occurrence by Location Within TABLE Vil
Panel 2 Based on Particle-by-Particle SEM/EDS e . . .
Analysis Variation of Mineral Particle Size (Feret's Diameter) by
Mineral Type of Panel 1
Element

Mineral
Location Cl Ct Mg Mn Ni Ti

Location Quartz Ilite  Calcite Pynite
HeadIntake 10 40 70 20 10 30

Intake 1.4} 2.1/ 1./4 -
1/4 Face 1.0 40 50 30 o 4.0
Headgate  1.28 15 170 1.72¢
12 Face 0 60 60 40 o 7.0 :
1/2 Face 139 154 174 134
Taillntake 20 60 30 350 10 20
3/4 Face 1,61 164 1.61 130
size distributions for minerals and to detect differences in . '
mineral particle size by location. Table VII reveals the  Tailgate 0.97 12z 12 101
results of mineral particle sizing by location on panel 1. A :
minimum of 300 particles were sized for cach location, An  Shearer 1.56 155 169 123
analysis-of-variance (ANOVA) performed on diameter .
means by location (three means per location) indicated that ~ Shicldman  1.18 14 177 150
the mean mineral particle size at the tailgate is significantly
smaller than those for all other locations. Results, using ~ Average 1.38 153 165 1.29

Fisher’s least significant difference test following a sig-

nificant F-test, are presented in Table VII by grouping, It is - *Only one sample of three had greater than 3 particles,

23
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Table VIII lists the mean particle size of minerals by loca-
tion on panel 1, as well as the overall mean particle size for
each mineral. Performing an analysis-of-variance on this
data revealed that the mean diameters of quartz (1.38 um)
- and pyrite (1.29 um} are significantly smailer than those of
illite (1.53 um) and calcite (1.65 um). From this table, it is
also seen that the trend for smaller particle size at the tail-
gate is demonstrated by all minerals.

At this time not enough data exists for an analysis of par-
ticle size by location on panel 2, but, thus far, the average
mincral particle size (for 400 particles) is 1.36 um, which is
smaller than the average for panel 1 (1.58 um).

Conclusions

Determination of variations in mineralogical and elemen-
tal composition of respirable coal mine dusts and in mineral
particle size by worker locations on production panels and
across different coal scams may eventually lead to dis-
coveries regarding the causes of CWP. Causes are still un-
clear, and contradictions exist relative to the role of quartz
and other minerals. Although major progress has been
achieved in prevention of CWP, no definitive answers con«
cerning causes have been revealed. Potentially, results from
mineralogical, elemental and particle size analyses of lung
scctions taken from disease victims, when coupled with
knowledge regarding work history, may lead to important
correlations with data from analysis of in-mine samples.

This paper has presented two methods for determining
gross mineralogy of respirable coal mine dust samples. Good
correlation was obtained between particle-by-particle
SEM/EDS and small-quantity micro-XRD results. Differen-
ces in mineralogy by coal seam and by worker location on a
production panel can be detected using analysis-of-variance
1cchniques, and relationships between the percentage of an
cxisting mineral and worker location can be developed.
Many of the differences and relationships can be explained
by phenomena observed in mines. Some variations, for ex-
ample, can be explaincd by physical conditions, panel con-
{igurations, equipment arrangements, or work practices.

Along with mineralogical results, information relative to
the cxistence of trace elements in respirable dust and
mneral particle size data can be obtained from SEM/EDS
analyses, Differences in the occurrence of different trace
¢lements in particles and in mineral particle sizes can be
determined. For example, more magnesium and chlorine
were found to exist in the Pittsburgh seam than in the Be-
vkley seam, and mineral particles at the tailgate location on
a longwall panei were found to be significantly smaller than
particles at other locations. Also, quartz and pyrite particles
were smaller thaa illite and calcite particles in the longwall
panci operating in the Piltsburgh seam,
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Characterization of Respirable Dust on a Longwall Panel
-- A Case Study

R. L. Grayson and §. S. Peng

Department of Mining Engineering, West
Virginia University

Abstract. Sampling of respirable dust
and analyses of samples have been
partially completed for a longwall
panel. Physical and compositional
properties which have been characterized
include:

l. Respirable mass concencration,
2. Mineral compesition,

3. Particle size distribution by
mineral,

4, Particle shape distribution by
minereal,

5. Particle angularity distribucion
by mineral, and

6. stéirable size distribution.

Analytical techniques used in the
characteyization of samples are
described, and results are reported
with emphasis placed on relationships
berween the various characteristics
and worker locations. Details of
existing mining conditions, equipment
arrangements, dust control methods and
operating system parameters ara
presented.

INTRODUCTION

Through the work of many resasrchers
worldwide, the health of coal miners in
modern societies is now protected from
dangerous exposure to raspirable coal
mine dust. A vast amount of research
culminated in the exposure-responge
model of Jacobsen, et al. (1971) vhigh
has besn uaed to escablish the 2mg/m
exposure limit in the United States.
According to the model, exposure Lo
respirable dust for 35 years ac chis
level or lass would oravent the

occurrence ¢of a clinically significanc
case of coal workers' pneumoconiosis
(CWP}. The exposure limft, of course,
asust be adjusted whenever greaatar than
five percent frae silica exists in the
respirable dustc.

The Jacobsen sodel was built around a
mass concantration exposure, wvhich
showed the highest correlation with
incidence and progression of CWP. As
Morganu, et al. (1973} noted, however,
the quantity of respirable dust inhaled
is not the only significanct factor. It
is noted that although mass of
respirable dust correlates highest with
the incidence of CWP, it is not & causal
factor. Indeed, the insidious processes
causing the disease occur on the
call-particle scale, requiring
microscopic investigation.

Stein and Corn {1976) suggested that
nore resaarch is needad into tha
physical and chemical properties of the
dust and the depsndance of thess
propecztias on mine of origin and
particle diameter. It is important chac
charasctarization of dust propercies ba
guided by raquirsmancs of coordinated
rassatch in cytotoxicology,
spidemiclogy, and immunology, be related
te realistic mining conditions, and be
dssigned to detace differances in
propertias dua to mining methods, vortksr
locations, and coal seams.

A look at past research is helpful in
deteranining the properties warranting
characterization. Studying che
cycotoxicicy of respirable coal dusts,
Reisner and Robock (1977) correlaced
cell damage posicively with mineral
content. Leiteritz, Bawer, and Bruckman
(1971) eoncluded cthat the incidence of
CWP is related co both quarcs

concentration gnd {ine dusc
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concentration. The mineral composition
of respirable dust Tequires closer
scrutiny since Walton, Hadden, and
Jacobsen (1975) suggested that mineral
matter may be a procective factor,
whereas Davis, Otrery, and Le Roux
{1975) saw that the severity of CWP
increased in miners with the occurrence
of quartz and clay mineral enrichment,
Concerning particle size, leiteritz,
Bauer, and Bruckmanm (1971) and Corn, et
al. (1973) showed that ash and quartz
increased with decreasing median
particle diameter. It is realized that
quartz characterizarion is important,
hawever, Morgan (1971), as well as
Davis, Qcttery, and Le Roux {1875),
concluded that quartz is not the only
cause of progression from CWP to
progressive massive fibrosis {PMF) .
Emphasis must also be placed on the
porential relationship between the size
and shape of mineral particles and
health effects (Shedd, Virta, and Wylie,
1982).

From the above comments, it is
apparent that much more research is
needed in coordinating mass
concentration with other physical and
chemical properties of respirable dust
to explain processes causing incidence
of CWP and its progression to more
complicaced forms. Particle size
distributions, especially in the
mineral-enriched smaller size fractions,
mineral composition, trace alement
existence and particle shape and
angularity are all aspects warranting
closer scruciny. It is impertant to
note, however, as did Sharkey, Kessler,
and Friedel (1975), that there axists a
great degree of deviation in the
composition of respirable dust from
parent material mined. Thig applies
both to mineral and trace element
constituents. Thus, the mechanisms of
dust generation and transport and the
utilization of dust control merhods must
be described concurrently teo explain the
reasons for such great variability in
composition,

The focus of this research has been
to characterize the mineral composition
of respirable dust and describe the
size, shape, and angularity of mineral
particles. Respirable dust samples and
coal seam channel samples have been
collected from three panels, and most of
the samples have been analyzed for the
first panel. The mining conditions and
equipment arrangements on this panel, a
longwall setup operating in the
Pitrsburgh seam, will be described along
with dust control techniques used.
Results from sample analyses will be
summarized wirh emphasis on

relationships between specifie dust
characteristics and worker locations.

DESCRIPTION OF THE LONGWALL PANEL

The 167.6 m (550 fr) longwall face
was equipped with a double-ended Tanging
shearer, which cuts a 762 am (30 in)
web, loading onte a 732 mm (28.8 in)
wide armored face CORVeyor. A crusher
was used at the headgate, outby the
stage loader, to reduce the size of rock
which frequently fell from exposed roof.
An average mining height of 1.98 n (78
in) was maintained, with an average of
0.20 m (8 1n) of floor mined. Normal
practice was to cut from the tailgace to
the headgate with the leading drum
raised and the tail drum lowered cutting
bortom, After reaching the headgate,
the shearer was reversed and toth drums
lowered for a clean-up pass, The last
12.2 m (40 ft) of face on the tailgate
end was cut on the clean-up pass. The
shearer traveled at 0.054 m/s (10.7 fpm}
to 0.093 m/s (18.3 fpm)} while cutting,
depending on physical conditions.
Varying conditions were observed, with
as mueh as 0.91 m (3 fr) of drawslate
falling over a distance of forcy
shields, Generally, however, relatively
local areas of bad roof were
encountered, usually limited to a ten to
twenty shield span. Production during
sampling ranged from 1397 ¢ {1540 st) to
2286 t (2520 s5t) per shifr,

The shearer was equipped with two
banks of four warer sprays each and two
large, "flood" sprays on the headgate
end and one bank of three Sprays and one
"flood" spray on the tailgate end.
Additionally, sixteen Sprays were
located behind the cotting bits on aach
drum. A minimum of 45 5prays were
Tequired to be kept operating at all
times. The spray s¥stew was operated at
0.586 MPa (B5 psi) and WALEr Sprays were
raced at 6.8 lpm (1.8 gpm). A miniumum
total flow of 189.3 lpm (50 gpm) was
required 4t the shearer at 4 ninimum
pressure of 0.345 MPa (50 psl) according
to the ventilation plan. 1t was noted
that the two large, "flood" sprays and
the gob-side bank of four Sprays on the
headgate end of the shearer were
directed against the air flow causing
rollback of dust over the shearer
CPerators.

Intake air was provided to the
longwall face via the track entry. The
air was split at the headgate with 2,36
m3/s (5000 cfm) routed down the belt
entry and the remaining 8,97 m3/s (19
000 efm) to 12.74 mi/s (27 000 cfm)
directed toward the face. Betwesn 5,75
m3/s (12 180 cfm) and 8.03 m3/s (17 010



efm) reached the tailgate location. No
check was used between the first shield
and the solid rib, but the minimum air
velocity of 1.524 m/s (300 fpm) required
by the ventilacion plan at the tenth
shield was maincained ar all times, It
should be noted that the velocity is not
optimal for dusc control. A check was
used between Cthe stage loader and the
pillar being mined to prevent dust-laden
air from flowing over the lead shearer
operacor. The direction of air flow on
the face was opposite that of cozl flow
on the conveyor., The crogs-sectional
area for air flow ranged from 3.25 m
(35 ft2) at the shearer to 7,43 m2 {80
ft2) on the gates. An average area of
4,92 m2 (53 £tl) was measured ar other
locations.

It was noted that shieldmen worked
only 15.3% of their 480-minute shift on
the face (on the average). <Cutting time
per shifc ranged from 111.3 min te 21B.9
min, averaging 157.1 min. Shieldmen
worked on the face only during the
clean-up pass, approximately 73.6 min
per shift average. It was also seen
that a number of men relieved the
shearer operators at frequent jintervals
during the shifc,

METHODOLOGY
Bust Sampling Procedures

Respirable dust samples which
approximate the size distribution
defined by the American Conference of
Govarnmental Industrial Hygilenists
(Hinds, 1982} and also weet the criteria
required of coal operators for
compliance sampling (30 CFR Part 70
Subpart B) were desired for
characterizacion. Therefore,
gravimetric sampies were collected from
fixed positions on the longwall face
uging M5A personal sempling unics
equipped with Dorr=-Oliver 10-mm cyclones
and DuPont P2500 constant flow pumps
calibrated to operate at 2 lpm.

Sampling units were hung from shields
and on the shearer at a height which
approximated the level of the nose and
moucth of smployses working on the panel.
A unit was also located on one of the
shieldmen, 1In order to obtain a good
approximation of the average respirable
mass concentrations for the different
locations over time, ten meariy full
shift samples were taken over a 35-day
period.

Locations sampled on the panel
includad:

1. 1Intake airf

2. Number 1 shield (headgate),

3. Number 55 shield (mid-face),

4., Number 75 shield (3/4-face),

$. MNumber 112 shield {tailgace},
6. Lead shearer,

7. Mid-shearer,

B. Tail shearer, and

9. Shield mover,

Pre-weighed MSA PVC filters, 37-mm in
diameter with 0.5 pm mean pore size,
were used for sampling. These Eilrers
are checked routinely by MSHA ro ensure
accuracy of weighings, but additional
checks were made to ensure that
deviations remained less than 0.1 mg.

A Sartorius, Type 26462S500Z0,
semi-automatic, eleccronic, analytical
balance with digital readout was used
for weighing samples to the nearest 0.0l
mg, both before and after sampling.

MRE-equivalent, respirable mass
concentrations were determined and
normalized for full-shift
(portal-to~portal} equivalence using the
formula:

Cp (Tp) + C1 (TD)
(1 ty = 'IP + TI

where:

Cyq is the full-shifr,
normalized, MRE-equivalent
respirable mass
coucentration,

Cp is the MRE-equivalent,
respirable mass
concentration measured
en the panel,

Tp is the actual time spent
on the panel by the
worker during mining,

Cy is the MRE-equivalent,
respirable mass
concentration measured in
the intake air, and

Ty is the time after mining
was stopped until the
end of the shifec.

During sampling for a shife,
supplemencal notes were taken regarding
cutting time, downtime, the amount and
location of bad roof areas, tram speed
of the shearer, the type of cucrring
{one-way or two-way), and the
cross-sectional area and air velocity at
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sampling locations. Ventilation
arrangements, dust control procedures
used, work habits of emplovees, the
amount of mineral partings and floor
mined, and shifg productivity were also
noced.

Distribution of Samples for Analvsis

Following determination of mass
concentrations, it was decided that
three samples would be analvzed for
mineral composition, mineral sizing, and
wineral snape and angularity
characteristics using available scanning
electron microscopes (SEM's).

Laboratory personnel required one set of
samples for refining their analvtical
tecnniques of preparing and mounting
sampies and Ior practicing
determinations or measurements of the
desired characteristics. Three other
samples for eacn locartion were
designated for dererminacion of aipha
quarts percenrages using infrared
spectromecrry. Total respirable dust
size disgributions were desired from the
remaining tnree sets of sampies.

Scannire Zlectrom Microscupe Anaivsis

Cambridge Sters=oscan 150 scanning
electron microscopes were available for
identificacion of minerals, particle
sizing, and particie shape/anguliaricy
micro-analysis. Kevex 7000 analytical
spectrometers are interfaced with thea
SIM's for describing X-ravs in terms of
their energy lenergy dispersive X-raw
analrsis). Analvses were made for 100
particies ifrom each sample.

Time of exposure for individuai
particies to X-ray bombardmeat varied,
but generally 20 to 74 seconds were
needed to positively identify the
mineralogy based on proporcicnal counts
of elements displayed ¢n a cathode ray
tube (CRT}. Figure 1 shows a typical
i-ray specttum (in energy levels) for
illite. The normal energy level used
for the electron beam was 20KV during
mineral identificacion, Specimens were
€oated with gold to prevent surface
charging.

The s<anning screen was used ro
randomly locate particles in a field. A
selected sarticle was then "spotted" and
bombarded Ior identificarion. Following
identificacion, the size of the particle
was determined from the focused image on
the screen to the nearest 0.5 pm using a
superimposed scale. The shape of the
particle was ranked according to the
following system:

1 = equiaxial

2 -~ oblate

31

3 - tabular

-
1

frregular
5 - prolate
6 - acieylar
Photographs were taken of some of the

parcicles to show the different rankings
(see Figure 2). The kev result in shape
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Figure 1. Energy Dispersive X-ray
Speccrum for Illice,

characterization with respect to healch
effects is believed to be the pPercentage
of prolate and acicular particles
PTeseni in a sample. These particles
approach the [ibrous structure of other
minerals where fibrosity was correlated
vith sarcoma production (Shedd, Virgs,
and Wylie, 1982). This percentage
stould be adequatelv determined bv use
of the shape ranking svstem.

A ranking system (after Powers, 1253}
wWas also used to characterize the
angularity of particles. The Tankings
are:

l - very round

2 - round

3 - sub-round

4 - sub-angular

5 = angular

b ~ very angular
The key result is the percentage of
particles which were ranked as angular

Or very angular. Photographs of one
hundred particles for one sample in each



set will be taken so that fraccal
dimensions of particle profiles can be
manually determined (Mandelbroc, 1977;
Kaye, 1984) and eorrelations made with
particle ranks,

" Infrared Spectrometry Analysis

Alpha quartz percentages for
irdividual samples were determinad by
infrared spectrometry using the USBM
developed chemical meched number P7
(USBM, 1982). 1In this method, the MSA
filters containing respirable dust are
low-tempetrature ashed to destroy organic
materials. After the remaining mineral
macter is redeposited on another )
membrane filter, the sample is scanned
by infrared spectrometry to determine
the presence of quartz, The weight of
the cuartz in the sample is determined
from using measured quartz peak -
absorbance units and the calibration
ceurve (lineat) for a quartz scandard.
Minus 5 pm Min-U-511 was used as the
standard since its performance has been
tested and found reliable {Kacsmar and
Tomb, 1984).

Toral Respirable Dust Sizing

The sizing of total respirable dust
was originally planned to be
‘accomplished using 6-stage, personal
cascade impactors. Following several
determinations, however, it was decided
that the short sampling time involved
{12 to 15 min before substrate
overloading occurred) led to
nonrepresentative samples of average
full-shift coal dust exposure for
vorkers. The longwall panel was
frequently not producing coal and alsa
intermittently mining roof rock (due to
bad rocf areas). Accurate
determinations of actusl cutting time,
shield moving time, rock crushing time,
and the effect of cutting rock at
different locations during the sampling
period would be necessary in order to
estimate representative exposures.

In lieu of using impactors, a TSI,
Inc., Aerodynamic Particle Sizer (APS),
Model 3300, equipped with a dust
dispersion system developed by Marple
and Rubow ([984) will be used for
determining total respirable dust size
discributions for samples., The dust
dispersion system 1s able to provide a
steady flow of single particles through
the APS. Results have not yet been
received.

RESULTE AND DISCUSSION

Respirable Mass Concentration

TABU
Table | shows the data used to build LAR

a regressicn model for the relationship

Flgure 2. Particle Shape Ranking System.

-— —_— e e _—
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PROLATE

Figure 2. Particle Shape Ranking System (Continued).
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between regpirable mass concencration
and location on the longwall panel. The
sample number (SAMPNO}, the date of
sampling (DT), location on the longwall
face (LOCN), and the normalized.

full-shift respirable mass concentration
(CONC) are lisced.

Location is coded proportional to the
acrual distance along the face:

Table 1. Respirable Dust Concentration Data.

0BS SAMPNO
1 44526023
2 44526469
K 44526593
4 44526920
5 44683829
& 44526442
7 44526204
8 44526076
9 44682714
10 44684021
11 44684002
12 44684010
13 44684007
14 44683370
15 44682713
16 44684008
17 44684005
18 44682718
19 44684026
20 44683845
21 44683844
22 44683825
23 44683831
24 44684003
25 44684027
26 44683830
27 44683605
28 44684014
29 44683842
30 44683827
31 44682712
32 44683584
33 44683848
34 44683590
35 44684024
36 44583586
37 44683838
38 44683603
39 44683607
40 44683589
41 44583597
42 44683596

]
]

Intake air,
1 - Headgate,
3.~ Mid-face,

4 = 3f4-face, and

DT

840517
840517
840517
840517
B40524
840524
840524
840524
840525
840525
840525
B40525
840525
840531
840831
840531
840531
840531
840607
840607
840607
840607
840607

- 840608

840608
840608
840608
840608
840614
840614
840614
840614
840614
840615
840615
810615
840615
840621
840621
840621
840621
840621

LOCN COKC

0.45
1.16
3.02
5.33
0.00
.00
.73
73
.00
00
01
.58
.02
.00
.72
.58
.15
.88
.00
.29
.01
72
.76
.00
.01
01
.0t
.44
.00
14
.29
.29
.30
.00
.29
.01
.31

.00
.87
.44
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5~ Taillgate.

The model could be expanded to iaclude
the worker positions at the lead and
tall ends of the shearer, but coding of
these locations would be conttived to
fit the model (e.g., lead shearer = 6).
Therefore, they were omitted,
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Figure 3, Relationship Berween
and Face Location.

Figure 3 depicts the final model,
refleccing a quadratic Telationship
between respirable mass concentration
and location on this particular panel.
The relacionship is expressed by the
formula:

A
(2) ¥ = 0.1122 + 0,1073x2

where;
X is location on the face

A
Y is the estimated respirable
Rass concentracion atg X.

The linear term of the regression model
Proved insignificanc, Pure error
2ssoclated with the data amounted to
30.3% of the eoral variacion, but the
model fit was good. a high correlation
coefficient (r=0.821) was obtained. The
estimaced variance wag 0.5463, which ig
not far from the 0.4 value associared
vith the sampling procedure (Jacobson,
1969)., of course, the variability with
respect to different locations is lumped
into this estimace of variance.

An examination of residuals shows a
possible outlier at locacion 5
(tatlgate, CONC=5.33). This is
confirmed by using the following formula
to test it:

&) Yy ~ ¥ > 4 standard
s deviations

Respirable Mass Concentration

However, ir was nat removed from the
data set and the model was not rerun
because othar mass concentrations at
corresponding face locarions on the same
date indicate that the vaiue may be
accurate,

Mineral Composition

The mineral composition of each
sample was determined by identifying che
mineraleogy of aach of the particles.
Quartz (5103), 11ljice [(OH}QKZ(SiQ-AIZ)
Aly07]). caletite (CaC03), and pyrite
(FeSy) were the predominant minerals,

Of the 16B0 particles identified so far,
10% were quarcz (6.52), 926 were illite
(55.12), 361 were caleite (21.52), and
137 were pyrice {8.23). The remaining
147 particles were of many different
types of mineralogy (Basqg,, AgyS, T107,
CaS04}, but they did not group to form
another major mineral,

Figures 4. 5, &, and 7 show a plat of
the percentage of specific minerals by
locatiaon on the panel. Modeling of the
mineral count by location showed that a
Tegression model, linear in LocH,
explains the relationship best for
illice and calcite. HNo relationship was
found significant between percentage of
quartz and location or between pyrite
and locatien. Table 2 gives che
percentage composition by location.
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Figure 4, Percentage Quartz by Location,
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Figure 3. Percentage Lilite by Location.
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Figure 6. Percentage Calcite by Location.
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Figure 7, Percentage Pyrite by Location.
An increase in the percentage of was detected berween the size
pyrite was noted at the lead and tail distributions of different sampling
shearer leocations. This resulted from dates. An analysis-of-variance (ANOVA)
rollback of coal dust from the face to performed on the mineral means by
the cperator location, Alsp, it was lot:acion. however, indicates thac the
seen that the compesition of mineral median particle size at the taillgare is
matter for the shield mover was split smaller than those for all other
primarily between illite {43%) and locarions. Results, uvsing Fisher's
calcite (31%), reflecting the amount of least significant difference test
time spent in intake air during the following 2 significant F-test, were:
shift. The generally reduced
percentages of calcite for 6-21-84 can Median
be attributed to the amount of shale Location Diameter (um) Group
which was falling from the roof and
gerting crushed at the headgate, #112 Shield 1,171 A
yielding more illite. #55 Shield 1,547 B
Lead Shearer 1.548 B
Mineral Size Distributions Tail Shearer 1.568 B
#75 Shield 1.458 B
Total size distribucions for the #1  Shield 1.671 B
different locations sawmpled are given Shield Mover 1.749 B
in Table 3 by sample number. They Intake Air 1,816 B
follow the legnormal distribution in
general. Geometric, count median It should be noted that only mineral
Feret's diameters are lisced. A plet of means determined by more than five
the geometric median diamecers by particles were used Iin the ANOVA. It is
location by date is shown in Figure B, inceresting to note that the mean
No low-order linear regression medel particle size obtained for the shield
fits the datz (a quartic equation does mover reflects the fact that he spends
but is not meaningful), No difference much time in intake alr, which had the
largest mean parcticle size.
Samptle Lead Tail Shield

Mineral Date Intake #] #55 #75 #112 Shear Shear Mover

e o e e - - . T e A e

Quartz

5.25 7.0 2.0 8.0 14.0 2.0 6.0 7.0 7.0
6-21 7.0 10.0 1.0 4.0 9.0 3.2 3.0 -
iite  5-25 8.0 3.0 &0.0 55,0 79.0 42.00 33.0 43.0
6-21 17.0 35.0 81.0 89.0 80.5 82.8 72.0 -
Calcite 5-25 74.0 76.0 16.0 12.0 2.0 0 23.0  31.0
6-21 51,0 34.0 6.0 3.0 7.5 2.2 8.0 -
Pyrite  5-25 1.0 50 8.0 13.0 3.0 36.0 30.0 5.0
6-21 1.0 2.0 4.0 4.0 4.5 5.4 2.0 -

Table 2. Mineral Composition by Location {in %).
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For each sample, size distribuziens
wete also detarmined for quartz, illice
caleice, and pyrite. The data iz shown
in Table 4. A plot of the data for
face lacacions is given in Figure 9.
Analysis-of-variance of the data in
Tabie 4 reveals that the median
diameters of quartz (l.44 Bm) and pyrice
(1.31 pm)} are smaller than those of
illice (1.74 pm) and calcite (1.79 pmd .
Cubic regression wedels containing
linear and quadratic terms ate required
to accurately represent the data for
quartz and 1llite, shown in Figure 9,
but these relationships are not
considered practical at this cime with
only two samples analyzed for sach
location. No meaningful relationship
tan be determined yet for pyrite or
calcite either.

Geometric
Median

Sample Quartz Percentages

The percentages of quartz for
samples, as determined by USBM method
P?, are listed in Table 5. No
significant difference exists among the
Mmean quartz percentages for different
dates. Likewise, Cthere was no
difference among means for different
locations on the panel (intake air
locacion being the only obvious
exception). The average quare:
percentage was very low for this panel
{0.46%) when compared to many other
cperations, It is interesting to note
that the highest (though not
significantly so} mean quartz percentage
was cbeained on 6-14-84, when mining was
maintained under coal top.

Frequencies

Sample Location Diameter Size Fraction Mid-point, um (Feret's Diameter)

{Number) (pm) 0.5 1.0 1.5 2.0 2.5 3.0 4.0 5,0 >5.0
Intake 1.496 1 3t 25 21 15 1 5 0 0
(44682714}

#1 Shield 1.865 1 13 18 2% 13 17 7 0 0
(44684021)

#55 Shield 1.499 9 30 1z 20 12 7 3 4 1
44684002)

L?S Shield 1.773 1 22 28 26 7 1 5 3 ¢
(44684010)

#112 Shield 1.17¢ 12 41 28 17 1 1 )] o 0
(44684007 )

Lead Shearer 1.603 1 29 17 26 10 13 3 0 0
{44683847)

Mid-Shearer 1.522 1 37 17 30 8 4 1 1 0
{44684023)

Tail Shearer 1.578 2 29 23 18 1§ 7 4 1 0
(44684013)

Shield Mover 1.951 3 17 18 21 15 12 9 1 3
44683824

gntake 1.852 4 20 5 27 3 10 9 4 1
{44683608)

#1 Shield 1.594 7 21 13 28 9 10 3 2 0
(44683607)

#55 Shield 1.791 2 21 21 28 15 8 5 3 o
44683589}

;?5 Shield 1.863 4 21 20 24 7 9 B 4 5
(44683597)

#112 Shield 1.326 7 431 20 20 2 6 2 0 o}
(44683596-1)

#112 Shield 1.107 22 38 22 9 3 4 0 ? 4]
44663596-2)

{ead Shearer 1.355 10 32 18 20 4 7 2 0 0
{44683585)

Tail Shearer 1.651 3 24 21 29 10 9 3 0 ]
(446836020
;;;;;-‘-- 90 475 333 189 155 136 69 23 10

Table 3., Total Particle Size Distributions for Different Locations

on the Face,

e ——————
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Particle Shape Characcerizarion

As mentioned previously, the focus in
shape ¢haracterization hag been placed

on detecting elongated particlies,

In

Particular, the percentage of particles

classified as prolate (rod~shaped,

aspect ratio ™ 3 ¢q 1} for each sample

was decermined. Table b indicates
only 3.45Z of the 1680 particles
cheracterized Were classified as p
(or acicular), It also shows that
virtually identical resulrs were

that

rolate

obtained for samples of 5-25-84 ang
6-21-84 (3,592 and 3,302 respectively}.

An analysis of particle shape by
mineral type was done to decect
differences, Table 7 shows the mean
shape value of particles for che four
major minerals, listed by location.
ANOVA for this daza revealed that the
average shape value for 11lice is
diffarent from the other three minaraly;

' ' '

S5 5 112

Sample Mean Particle Size by Location.

Mean Feret's Diameter {pm) for Minerals by Location,

18 -

[17]
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- _ - [ Je— ?

§§ 12 8/21/84

8::

ol 10 -

0.8 0 3
FACE LOCATION
ISHIELD NUMBER)
Figure §.
Table 4.

Location Quartz
Intake 1.667
#1 Shield 1.357
#55 Shield 1.408
#75 Shield 1.815
#112 Shield 0.967
Lead Shearer 1.5587
Tai)l Shearer 1.339
Shield Mover 1.280

Note:

Mineral

Mlite Calcite Pyrite
2.170 1.610 -
1,820 1.875 1.632
1.663 1.882 1.235
1.912 1.612 1.293
1.219 1.527 0.970
1.438 - 1.548
1.750 1.997 1.184
1.955 2.011 -

Only mean sizes determined by more than five

partictes are ligted,
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Filgure 9. Mineral Mean Particle Size by Location.

boch a Fisher's LSD and a Waller-Duncan
K-ratic T-test ware used. Illite was
ranked consistently higher for all but
one location. ANOVA of particle shape
by lecation revealed no difference in
shape among locations (F=(.93).
Therefore, no medel was developad for
parcticle shaps by location. Information
from the last set of samples may change
the outcome, but it is unlikely, Figure
10 shows a plot of the mineral mean
shape values by face location.

Particle Angularity Characterizationm

The focus for the angularity analyses
has been aimed at determining the
percentage of particles classified as
angular or very angular. Table B shows
the percentage of particles classified
as angular for samples analvzed thus
far. Note that 23,931 of the 168D
parcicles were angular (on the average),
but a difference of 10.657 exists
berween sampling dates. These results
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Figure 10. Hineral Mean Shape Values by Location.
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suggest that a difference in angularitcy

existed for varying conditions.

Such a

conclusion, however, is noc warranted
until all sample analyses are received,

including fractal analyses on

photographs from samples obtained undet

different roof conditions.

Angularity of particles by mineral

and location was examined,

Table 9

shous the mean angularity values for

minerals by locationm,

Analysis-of-

variance on this data revealed that

there is insufficient evidence to

conclude a difference exiscs among
minerals but that particles at the
tailgate are less angular than those at
all other locations. This agreaes wich
the findings reported by Stein and Corn
(1976) that larger particlas are less
round than smaller ones. A conclusion,
however, will be withheld at this cime
unt’l fracctal asnalyses on particles are
wmade. It is poasible that the ranking
syscem employed and che resolution
obtained by the SEM when examining
smaller particles were inadequats to

Table 5. Percentage Quartz by Location,
Sample Date

------------------------------ Mean
Location 5-31-84 6-14-84 6-15-84 Percentage
Intake T 0 0 0
#1 Shield 0.45 0 0.75 0.40
#55 Shieild 0.41 0.75 0.64 0.60
#75 Shield 0.66 1.88 - -
1112 Shield 0.34 0.33 0.52 0.40
Lead Shearer 0.20 0.13 0.16 0.16
Tail Shearer - - 0.38 -
Shield Mover 0.54 0.75 ° 0.75 0.68

Mean
Percentage 0.37 0.55 0.46 0.46
Table 6. Percentage of Elongated Particles in Characterized Samples.

Number of Particles

Classified as Prolate Percentage

Date Sample Location
5-25-84 44683847 Lead Shearer
44682714 Intake
44684021 #1 Shield
R 44684013  Tail Shearer
44584002 #55 Shield
44584010 #75 Shield
44684007 #112 Shield
44683826 Shield Mover
44684023 Mid-Shearer
6-21-84 44683608 Intake
44683607 #1 Shield
446813585 Lead Shearer
44683602 Tail Shearer
44683596 #112 Shield
44683596 #112 Shield
44683589 #55 Shield
44683597 #75 Shield

10 10.30
6.00

- 4.04
3,00
2.06
3.03
2.00
1.01
1.01 .
2.02
2.04
0.00
1.01
6.00
3.00
4.04
8.00

3.45
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Hineral
-------- ———— R Ly Mean
Location Quartz IT11te Calcite Pyrite Yalue
#1 Shield 1.400 1.800 1.199 1.143 1,388
¥55 Shield 1.750 1.933 1.269 1.773 1.681
#75 Shield 1.390 2.224 1.170 1.000 1.448
#112 Shield 1.295 2.003 1,730 1.415 1.611
Tail Shearer 1.860 1.778 1.100 1.227 1.49]1
Mean Value 1539 1l.948  1.294 1.312
Table 7. Mean Shape Yalues for Minerals by Location,
Avg.
Number of Particles for
Sample Location Classified as Angular Percent Anguliar  Date
Samples of 5-25-84
44683847 Lead Shearer 30 30.30
44682714 Intake 27 27.00
44684021 #1 Shieid 34 34.30
44684013 Tail Shearer 21 21.00
44684002 #55 Shield 20 20.62
44684010 #75 Shield 23 23.23
44684007 #112 Shield 21 21.00
445813826 Shield Mover 46 46.46
44684023 Mid-Shesrer 36 36.36 28.92
: Samples of 6-21-84
44683608 Intake 32, 32.32
44683607 #1 Shieid 19 19.39
44683585 Lead Shearer 15 16,13
44683602 Tail Shearer 24 24.24
44683596 #112 Shield 10 10.00
44683596 f112 Shield 8 8.00
44683589 #55 Shield 18 18.18
44683597 #75 Shield 18 18.00 18,27
” 402 23.93
Conditions: 5-25-B4: no bad roof
6-21-84: bad roof #35 to #50 shields, all shift

Table 8. Percentage of Angular Particles in Characterized Samples.
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Mineral

e e s et c——acmoaa —————— Mean
Location Quartz Mite Calcite Pyrite Yalue
#1 Shield 3.20 3.60 3.97 4.14 3.73
#55 Shield 4,13 3.87 4,04 3.64 31,92
#75 Shield 4.14 3.7 4,42 4.19 4.12
#112 Shield 2.91 3.47 3.47 3.28 .28
Tail Shearer 3.85 3.96 4.00 4.00 3.95
Mean Value 3.65 3.72 3.99 3.84

Table 9. Mean Angularity Values for Minerals by Location.

distinguish angularity. The particles
a4t the railgare averaged [.17] pm
(Ferer's diameter) whereas a range of
1.547 pm to 1.816 pm existed for the
ocher locations. A manual fraceal
analysis is possible for a limited
number of particles and may detect a
real difference in angularity by
location, buc fractal analysis on a
large number of particles is practical

only with the aid of an image analyzar.,

Revroducibility of SEM Analyses

A dual aznalysis was made under the
SEM of sample number 44683596, taken at
the tailgate location on 6-21-84, Two
Separate and distiner analyses were made
from a single mount to test
Teproducibility of results, Resulces
from the analyses are giveu in Tabie 10.
Both values obtained for Feret's mean
diameter agree with the 1.179 AU mean
value obtained for the other tailgate
Likewise, the resulcs for the

shape and angularicy analyses agree well
within test limjits.

T-tests, using

&, 1og'% - log p,
Tog (CSDI/q®

for the lognormal siza
distributions, and

(5) ¥~ po

for the shape and
angularicy distribucions

vere performed to verify that all the
means of Table 10 were in agreement
within a 952 confidence incerval.
T-values of -1.778, 1.755, -1.56, 1.44,
-0.81, end 0.81, respectively, wers
obtained in the individugl t-tests.

These were compared to a crirical
t=value of:

t¢0.025,100) = 1.99

CONCLUS IONS

This study shows thac respirable dust
samples taken for compliance purposes
can be useful in examining various
Physical characteristics of the dusc.
Many studies, including this one, have
found a strong relationsnip berween
respirable mass concentration and worker
location. Using scanning electron
@icrescopy, the composition of mineral
matter in dust can be estimaced and
meaningful correlations made with worker
locations. It was gseen that the
percentage of illite particies increased
4t a constant rate and that the
percentage of caleire patrticles
decreased at a constant rats from the
headgate to the tallgate of the first
longwall panel. Pyrite particles were
significantly more prevalent at the
shearer operator locations. Mineral
particle zize analyses can reveal size
differences among mineral types and
among locations, which may prove useful
in the study of long-term health
effects. In this study, it was seen
that smaller parcicles exist at the
tailgate and that {llite and calcite
particles are larger than quartz and
pyrite particles.

Exaninations of particle shape and
angularicy {or periphery ruggedness) can
also be made under the SEM, The use of
an image analyzer would greatly enhance
that capability, especially in scudying
angularity. But differences in particle
shape among minerals and possibly among
locations can be detected. 1In this
study, it was determined that fllite
particles {generally of larger size)
were more deviant from equiaxialarity
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than the particles of other minerals,
No differences in particle shape among
locations, however, were detacted, It
was also seen that particles at the
tailgate location are less angular than
those at all other leocations, but no
differences in angularity were detected
among minerals. It should be noted thac
using an image analyzer, which has
superior capabilities in studying the
prefile ruggedness of particles, may
discover differences which cannor be
detected by the ranking svsctem of this
study. The ranking svstem is capable
of detecting only gross differences.
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Introduction

Disease-associated dusts in coal mine
environments continue to afftict miners
in today's modern mines. The rela-
tionship between exposure to coal
mine dust and the development of vari-
ous respiratory diseases has bheen well
recognized; however, the reasons for
variation in occurrence of these dis-
eases among miners in diflerent geo-
graphic areas,'” rank of coal seams,2.3
and jobs!® yremain uncertain. Several
papers have reported on the causal
agent in the development of these dis-
eases. Davis'® found that the percen.
tage ol the non-coal minerals present in
the lungs of deceased miners increased
as the level of pneumoconiosis became
more severe. Reisner® reported that
cell damage caused by coal mine dust
increases with the mineral and quartz
content of the dust and with the geo-
logical age and rank of the coals. Two
studies, investigating the in vitro effects
of mineral dusts, reported by Seemayer
and Manojlovict™ also obtained positive
correlation between cytotoxicity and
the mineral content of coal mine dust.
Gormiy'® postulated that destruction of
macrophages by certain mineral dusts is
the first step in the development of
pneumoconiosis. In 1980, Adamis and
Timar™ reported thal quartz, sand-
stone, slate, respirable colliery dust.
benionite, illite. and some kaolins had

Exposure to airborne dust in coal mines has caused respiratory disease in coal
miners. The causal agent in these diseases remains unknown, aithough the
minerals found in and around the coal seam have been implicated. Toxicological
studies designed to establish the etfect of different mineral combinations and
concentrations are lacking because the mineral content of coal mine dust has not
been defined. This paper reports the initial results of a study done to characterize
the mineral content of the coal mine dust found in a mine in the Upper Freeport
seam in Northern West Virginia. Coal mine dust samples were collected using 4-
stage cassette impactors at nine locations in the mine. The samples were ana-
lyzed by an x-ray microdiffraction film technique supplemented by energy disper-
sive scanning electron microscopy. Primary size modes of about 17 to 20
micrometers from the samples collected at the haulageway and the returnside of
the continuous miner were found. From the returnside of the roof bolter samples,
aprimary size mode of 12 to 15 micrometers was measurad. The minerals found in
high percentages were illite, kaolinite, quartz, and calcite. The distribution of
minerals in inter- and intra- location samples showed wide variations. Trends in
these variations are presented. Stobbe, T. J.; Plummer, R. W.; Kim, H.; Jones, W.:
Characterization of coal mine dust. App! ind Hyg. 2:95-100; 1986.

cylotoxic effects on rat peritoneal mac-
rophages “‘in vitro.”” Walton, a0
however, reported that the presence of

high clay, illite, and kaolin mineral

exposures reversed the hazards associ-
ated with increasing quartz exposures.
This finding was supported by Le Bouf-
fant and coworkers.!™ They reported
that illite present in coal mine dust
strongly inhibited the pathogenic
elfects of quartz, while kaolin had a
weaker inhibitory effect.

Previous siudies on the role of miner-
als in the development of various
miners’ diseases demonstrate that the
respiratory disease process in lung
tissue induced by coal mine dust can be
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more reliabiv assessed when the coal-
mineral ratio, the types of minerals, and
the mass-and size distributions of the
dust are characterized.

This paper develops the size-specific
mineral data needed to study the tox-
icological effect of coal mine dusi. Data
are being collected only on continuous
mining sections. Figure 1 illustrates the
dust sources associated with this type of
mining, as well as the dust sampling
points used in the study.

Experimental procedure
Sampling

Dust samples were collected using 3-
stage cassette impactors. They were
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ACLATIVE MASG FREQUENCY DISTRIBUTION
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be found in Knutson."® In the graphic
presentation of these distributions, the
upper cut-off diameter for the first stage
and the lower cut-off diameter for the
fast stage were assumed 1o be 50 and 0.1
micrometers, respectively. The distribu-
tion curves were generated using the
Lagrange polynomial curve smoothing
technique.

An average mean particle diameter of
13 micrometers was found on the
returnside continuous miner samples,
which carresponds well with the sam-
ples from haulageway where a mean
particle size of 17.5 micrameters was
measured. The particle sizes measured
in these incations correspond well to
the “primary” size mode of 17 to 20
micrometers reported by Burkhart et
al.97! A smaller mean particie diameter
of 12 micrometers was measured from
the samples collected at the returnside
roof bolter.

Mineral content data

The mineral composition at the three
sampling locations and in the individual
impactor stages showed wide varia-
tions. The range of mineral compasition
as percentages for all size fractions at
the three sampling locations is pre-
sented in Figure 5. The data in figures
5-8 are expressed as the percentage of

& 1)

Percentaga of Mineral Macterial Presant

l.0 10

herodynamic Diameter (Microme cers)

Figurs 4—Coal mine dust size distributions.
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the coal to the bell. The dust here is
representative of the dust created by
the coal dumping. Location 9 is in the
area where the miners eal their lunch
and take breaks. This sample is repre-
sentative of the dust present in miners’
rest areas,

Analysis

The analytical method used for the dust
sample mineral content characteriza.
tions was an x-ray microdiffraction film
technique supplemented by energy dis-
persive scanning electron microscopy.
The x-ray microdiffraction technique
was selected because it does not
require low temperature ashing to
remove the organic constituents and is
capable of obtaining a diffraction pat-
tern from microgram quantities of dust
samples. The x-ray camera is a Debye-
Scherrer geomelry camera with an
inside_circumference of 360 mm {a two
radian camera). The samples were
mounted on .05 mm diameter glass
splines and were scanned using copper
Ka radiation with a filter mono-
chromator. Exposure times of 3 to 10
hours were used to produce diffraction
patterns identifying the minerals in the
sample. Each mineral was identilied
from the lpcation of its diffraction line
by comparing the film spectrum with
the spectral data reported in the ASTM
{American Society of Testing Materials)
Powder Data File. Quantitative estima-
tion of the minerals present was accom-

Sampling
Daskert

Cassetta
Inpacssar
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plished by measuring the intensity of
diffraction lines and using weighting
factors to compensate for the dif-
ferences in diffraction intensity of indi-
vidual minerals. The intensity of each
mineral was measured from the
developed x-ray films using a micro-
photodensitometer. The weighting fac-
tors were obtained using the method
described by Renton. 0%

Results and discussion

Particle size distributions

The size distribution of the returnside
continucus miner, haulageway, and
returnside roof bolter samples (loca-
tions 3, 4, 7) are presented as continu-
ous mass frequency distributions in
Figure 4. The vertical axis of the dis-
tribution curve has been normalized by
dividing the amount of mass in each
size class by the width of that size class.
The horizontal axis shows the particle
aercdynamic diameter (micrometers). A
general description of this method can

S~ -
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designed and constructed using a mod-
Hfication of an original design described
by Jones.#2 Table | lists the stage
number, number of holes, aerodynamic

cut sizes, and coatings used for the

impactors in the study. Greased alumi-
num foil was used as the collection sub-
strate for stages 110 4 and a standard 37
mm, 5.0 um pore size, polyvinyl chio-
ride {PVC) membrane filter was used for
the last stage. The aluminum foil sub-
strates were brush coated with a mix-
ture of Apiezon L grease and toluene to
reduce particle bounce. Sampling was
done at a flow rate of 5 Ipm to improve
dust collection efficiency by increasing
the Reynolds number {Re}. An Re
between 500 and 3000 improves the
sharpness of the impactor cut,13.10
With the 5 Ipm flowrate, the impactor
stages have Re’s in the range of 450 to
4700. The flowrate was maintained with
three MSA Model G air sampling pumps

connected with tubing and Y-con-
nectors to a precalibrated rotameter,
The tubing was then routed from the
rotameter to the base of the impactor.
Figure 2 shows the dust sampling equip-
ment arrangerment.

Dust sampies were collected at nine
different locations on a continuous
mining section of a bituminous coal
mine in West Virginia. The sampling
locations are shown in Figure 3. The
sampling locations were sefected so
that the researchers could monitor the

contributions of mining activities to the
changes observed in the mineral con-
tent of the dust in the mine air as it
moves from the intake side of the face
to the return side. Location 1 is in the
intake 2ir a few hundred feet before the
face area. The dust collected in this sam-
ple is representative of the dust in the
outside air plus dust that is picked up in
the mine as the intake air moves
through the mine to the face. Location 2
is in the intake air in the face area,
immediately before the continuous
miner. The dust in this sample is repre-
sentative of the intake air dust plus the
dust stirred up in the face area by the
movement of people and equipment—
but notincluding dust generated by the
continuous miner.

Location 3 is in the return air haul-
ageway immediately beyond the contin-
uous miner. The dust in this sample is
representative of the dust at location 2
plus the dust generated by the continy-
ous miner. Location 6 is in the return air
haulageway immediately befaore the
roof bolter. The dust at location 6 is rep-
resentative of the dust at location 3,
minus dust that has settled out of the
air, plus dust generated by the move-
ment of people and equipment in the
face area. Location 7 is in the return air
immediately beyond the roof bolter.
The dust at location 7 is representative
of the dust at location 6 plus the dust
generated by roofbolting. Since roof-
bolting involves drilling into the over-
head layers of rock, it is likely to
produce a significant amount of mineral
dust. Location 8 is in the return air, a few
hundred feet past the last position of
face activity. It is representative of the
dust generated throughout the mine
minus the dust that has settled out of
the air,

Location 4 is along the main shuttle-
car haulageway between the continu-
ous miner and the feeder at the end of
the beltline. The dust at location 4 is
representative of the dust created by
the shuttle cars as they move along the
haulageway. Location 5 is alongside the
feeder where the shuttle cars transfer

TABLE |
Casaette impactor design specifications

Stage number  No. of holes
¥

-l R =

4
4
1

Backup filter

Cutsites  Coating
=10 pm Apiezon L
10-6.6 -
85-35 *
15-14 "
1.0-0 None
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mineral matter (coal excluded) present
in the sample. The mean percentage of
illite in all samples was found to be 64.5
percent with a standard deviation of
10.0. The mean percentages of kaolinite,
quartz, and calcite were 13.3, 4.3, 17.9
percent with respective standard devia-
tions of 6,0, 2.6, and 9.1. figure 6 iflus-
trates the mineralogical variability in
three sampling locations for the 1.0 to
3.3 micrometer size fraction. The sam-
ples from the returnside continuous
miner and the haulageway show no
marked ditferences in mineral percen-
tages for all major minerals measured.
The samples from the returnside roof
bolter, however, were different from the
other area samples in mineral content.
ilite and kaolinite percentages were at
their lowest level while quartz and cal-
cite levels were at their highest in this
focation. Figure 7 shows the quartz con-
centration of alf size fractions at the
three locations. The highest quartz level
of 5.0 percent was measured from the
returnside roof bolter samples, The
returnside continuous miner and the
haulageway samples show slightly
lower quartz percentages than the
returnside roof bolter samples with
means of 4.1 and 3.7 percent, respec-
tively. The returnside of the roof bolter
samples were investigated further for
changes in mineral level by size frac-
tions. Figure B illustrates the miner-
alogical variability at the returnside roof
bolter location. Kaolinite and quartz
show no marked changes through the
different size fractions; however, illite
and calcite changed considerably
across the size fractions. Wlite levels
increased 13 percent while the calcite
levels decreased 34 percent as the dust
size decreased.

Recommendations

Respiratory disease in coal miners is an
old problem still seeking understanding
and solution. A number of authors have
bean cited who have described the
effects of mineral content combina-
tions on bath human and animal respi-
ratory systems. Some of these tox-
icological reports are in conflict with
each other, perhaps because of varia-
tions in the size and mineral content of
the dust used in the studies. These stud-
ies have been done with arbitrarily
chosen dust size/mineral content com-
binations, but it seems clear that the
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more approptiate method of study is to
use dust combinations representalive
of those actually found on the working
sections of coal mines. Currently these
studies cannot be done because the
size/mineral content datais unavailable.
This paper is part of an ongoing project
of collecting data on continuous mining
seclions in West Virginia coal mines,
while similar projects are collecting data
on longwall sections in West Virginia
and continuous mining sections in
Pennsylvania coal mines. It is our rec-
ommendation that this and future data
gathered by these projects be used by
toxicologists to study the effects of dust
size/mineral content on the respiratory
system. The understanding of toxic
effect gathered can then be used to set
dust standards more specific to the
toxic agents in coal mine dust, This in
turn may lead to dust control tech-
niques specific to the generation points
of the toxic size/mineral combinations.
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Characterization of Coal Mine Dust

Terrence J. Stobbe, Ralph W. Plummer, Hyunwook Kim and

John M. Dower

Department of Industrial Engincering, West
Virginia University

The retationship between exposure to coal mine dust and the development of various respiratory
discases |s well recognized. The cause of these diseases, however, Is still uncertain. To study this
cause-effect relationship, It is necessary to characterize the coal mine dust in terms of the quantity of
dust present, and mineral content of the dust Dust samples were collected using a Portable
Continuous Aerosol Monitor (PCAM) and 4-stage cassette impactors at various locations in an upper
Freeportseam coal mine in West Virginia. The samples were analyzed using an X-ray microdiffraction
film technique and cnergy dispersive scanning electron microscopy. This paper presents the results
of the first phase of this characterization work, which includes determining the size distribution of the

dust, and the mineral content of the size intervals,

Introduction

Diseases associated with dusts in coal mine
environments continue to afflict miners in today's
modemn mines. These diseases still persist be-
cause, as Olishifski points out. an employee rarely
experiences exposures to a single environmental
stress, but rather to an intricate interplay of muiti-
ple stresses." In the case of coal mining, the
multiple stresses are varying sizes of dust particles
originating from coal imbedded minerals, immedi-
ate roof strata, bottom strata, incombustble rock
and the coal itself, The site of this intricate interplay
is the miner's lungs, and the resulting diseases are
a function of the composite dust exposures,

The proper study of coal mine dust toxicity
requires that the dusts usedreplicate existing coal
and mineral dust compositions in their relevant
size fractions. The purpose cf this project Is to
develop the slze and mineral content data neces-
sary to support this ongoing toxicological effort.

Existing coal mining standards and regulations
also address total and respirable dust exposures.
These dust terms refer to both the quality and
quantity of the dust segment in the mine atmos-
phere. Dust quality addresses its coal and mineral
content, whereas dust quantity is described by
mass per unit volume (mg/m’). The comprehen-

sive characterization of coal mine dust exposures
will enable revision of these standards and regula-
tions to address the specific minerals and size
fractions found to be toxic to human lung Hssue.

Only continuous miner sections are currently
being addressed In this project. The minerals
under study that are commonly associated with
the coal are listed in Table L.

The constant changing nature of these mining
sections necessitated the establishment ofminer-
al content ranges In the size fractions specified in
the Methods section.

Relevant data are also being collected on vari-
ables that may be factors in dust generation and
movement. Examples include ventitatfon patterns,
equipment types and usage, traffic flow pattems,
coal seam characteristics, These factors are in-
herent mining activities that contribute to the total
quantity of dust generated. An illustration of the
mining activities and points of evaluation are
presented in the dust generation source tree
(Figure 1). This additional data will be used to
model the contributions of these various mine
activities to the total alrbome dust in the mine
atmosphere.
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Background

In 1945 King and Nagelschmidt examined the
lungs of 54 coal miners in South Wales and found
that the percentage composition of the lung dust
was very similar to that of dust from the coat face.'?
The dust deposited in those lungs had not suffered
any mineralogical change. Davis reported on the
same problem in a study of 490 miners from
colleries in England, comparing pathological find-
ings with lung dust content.”' This study found that
the mean weight of all types of mineral dust
present in the lungs increased as the level of
pneumoconioses became more severe. The nature
of the coal dust in the English miners’ lungs and of
dust in the colleries was the same. The mineral
mass, however, was progressively greater as the
pathologicai grades of pneumoconiosis advanced
from soft coal macules through fibrotic nodules to
massive pulmonary fibrosis. Specificaily in the low

rank colleries, the presence of both fibrotic nod-
ules and fibrosis was associated with progressively
highetr percentages of ash and its components
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quartz, kaolin, and mica. Morgan found that the
prevalence of pneumoconiosis and bronchitis was
substantially greater (13% and 16% respectively)
among anthracite miners than among bituminous
miners."" The Morgan study concluded that some
agent other than the amount of respirabie coal

dust to which a miner is exposed is responsibie for
these differences.

A 1983 study of CWP lesions in the lungs of
British coal miners by Davis found that nodules of
simple CWP were associated with lung tissue which
was evenly pigmented with dust containing greater
than 70% carbon and less than 30% ash.* The

TABLE |
Commom Minerals Associated with Coal
Kaolinite Chlarite
fllite Siderite
Calcite Feldspars
Pyrite Sulfates
Quartz Cristobalite

% SAMPLING
LOCATIONS

FIGURE 1 — Dust generation source tree.
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Davis study also found that the nodules containing
more than 48.6% ash content dust were very simi-
lar to silicotic nodules, and that the lesion centers
were often free of any dust particles. This study also
reported differential retention of the mineral (non-
coal} components of the dust In the lesions which
was progressively more marked in men with the
more serjous grades of pneumoconiosis.

In 1980 Adamis and Timar reported that quartz,
sandstone, slate, respirable colliery dust, benton-
ite, Hllite and some kaolins had cytotoxic effects on
rat peritoneal macrophages in vitro." Two studies
reported by Seemayer and Manojlovic obtained
correlations between cytotoxicity and the mineral
content of coal mine dust'” Le Bouffant and
co-workers, however, reported that illite presentin
coal mine dust strongly inhibited the pathogenic
effects of quartz, while kaotin had a weaker inhibi-
toryeffect” Walton also reported that the presence
of high clay, iilite, and kaolin mineral exposures
reversed the hazards assoclated with increasing
quartz exposures.”

These Interactions demonstrate that the re-
spiratory disease processes in lung tissue induced
by coal dust can be more reliably determined
when the coal-mineral ratio, the types of minerals,

Rotamater Tubing
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the mass and size distributions of the dust are
characterized.

Experimental procedure
Sampling

The sampting equipment includes adirect read-
Ing instrument which allows the determination of
the optimal sampling point at each sampling

location, and 4-stage cassette impactors for sizing
the collected dusts,

The direct reading instument is a portable
continuous aerosol monitor (PCAM) manufactured
by PPM, Inc., which measures mass concentration
and size distribution using an electro-optical mett-
od based on near-forward light scattering, This
insrument and fts theoretical background are
described in more detail by Kreikebaum.''”

Four-stage cassette impactors using 37-mm
cassette pieces were designed and constructed
using a modification of an original design de-
scribed by Jones.'"" Table [f iists the stage number,
number of holes, aerodynamic cut sizes, and
coatings used for the impactors in this study.

Greased aluminum foil was used as the collec-
tion substrate for stages 1 to 4 and a standard

Stage ]
Stage 2
Stage 3

Stage 4

Caugacta
BoLton

FIGURE 2 — Assembled in-mine sampling arrangement showing the three pumps,
tubing, and impactor. ETxploded view of the cassette Impactor assembly.
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TABLE I1
Four-Stage Cassette Impactor Study

Stage Number No. of Holes  Cut Sizes Coating
1 4 > 10 pm Apeizon L
] 4 10-66 -
3 4 6.6-33 o
4 1 15-10 "
Backup filter - 10-0 None

37-mm, 5.0 pm pore size, polyvinyl chloride {(PVC}
membrane fiiter was used for the last stage. The
aluminum foil substrates were brush coated with a
mixture of Apiezon L grease and toluene to reduce
particle bounce,

A flow rate of 5 Ipm was selected to enhance the
dust collection efficlency by increasing the Rey-
nolds numiber (R.). It has been recommended that
the R. be kept between 500 and 3000 to improve
the sharpness of the impactors cut"*'" When the
S Ipm flowrate is used, the impactor stages have
R.'s in the range of 450 to 4700, To maintain the
flowrate, three MSA Model Q air sampling pumps
were connected using commercially avaitable tub-
Ing and Y-connectors to a precalibrated rotameter.
The tublng was then routed from the rotameter to
the base of the Impactor. Figure 2 shows the
arrangement of the dust sampling assembly used
In this study.

Dust samples were collected at nine different
locations Inside a bituminous coal mine in West
Virginia where the continuous mining method was
being used. Average sampling periods for the
kmpactors ranged from 0.5 to 3 hours depending
upon the dust load at the sampling point The
sampling locations are shown in Figure 3. To date,
this study has focused on only one mine located In
the Upper Freeport coal seam,

Analysis

The analytical methods used for the character-
izatlon of mineral content of the dust samples
include an X-ray microdiffraction film technique
and scanning electron microscopy. The X-ray micro-
diffraction technique was selected because It does
not require low temperature ashing to remove the
organic constituents and [s capable of obtaining a
diffraction pattern from microgram quantities of
dust samples. The X-ray camera employed is a
0.004 Inch diameter X-ray beam coilimator that
produces a micro X-ray beam. The sample holder
Is a 0.75-inch square aluminum sheet with a
0.25-inch hole through the center. A portion of the
dustimpacted on the collecion media is removed
and mounted on a 0.0001-inch thick mylar film.
The sample Is then centered over the hole using a

305

microscope, Exposure times ol 310 4 hours (up to
8 hours for some extremely smatl samples) were
sufficient to produce a diffracion pattermn that
identifies the minerais in the sample. A general
description of the method can be found in
Willard.''"

Results and discussion

Farticle size distributions

The size distribution of the post continuous
miner, haulageway, and post roof bolter samples
collected in the working section are plotted in
Figure 4. This illustrates that the particle size
distribution was not a uniform log normal distribu-
ton. The largest mean particle diameter (18 pm}

&
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FIGURE 3 — General section layout and aampling locations.

Sampling Pointy

was found In the post contintious miner samples,
which corresponded very closely with the particle
size distribution in the haulageway sampies where
@ mean particle size of 17.5 um was found. Particle
size distributions in these locations correspond
well to the “primary” slze mode of 17 to 20 am
reported by McCawley."” A smaller mean particle
diameter of 12 um was found from the post roof
boiter samples.
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Mineral content data

The mineral concentration at three sampling
locations and in individual impactor stages showed
wide variations. The range of mineral percentages
for all size fractions at 3 sampling locations Is
shown in Figure 5. The mean percentage of illite in
all samples was 64% with a standard deviation of
15.3. The mean percentages of kaollnite, quartz,
and calcite were 8.5, 6.7, and 21% with respective
standard deviations of 3.5, 3.6, and 13.9.

The following Figure 6 illustrates the miner-
alogical variability in three sampling locations for
the 1.0to 3.5 pm size fraction. {llite concentrations
in the post roof bolter dust sampies were greater
than filite concentrations at the haulageway and
post continuous miner sampling points that pre-
ceded this sampling point in the ventilation sys-
tem. The concentrations of quartz and calcite in
this size fraction was greater at the post continuous
miner samplinglocation than at either the haulage-
way or post roof bolter sampling points that were
before and after the continuous miner In the air
streamn. The concentration of kaolinite in this size
fraction decreased from the haulageway sampling
point to continuous miner and had increased
again at the post roof bolter sampling locations.

The post roof bolter sampling point was there-
fore chosen to investigate the changes in size
fractional mineral concentrations. As illustrated by

Figure 4, similar mineralogical variabilitles existed
by size fraction at the same sampling location.

The post roof bolter sampling point was chosen
to further Investigate the variability of size frac-
tonal mineral concentrations, Figure 7 illustrates
the result of rnineralogical variabilities in this
lacation,

Summary

This paper has summarized the development of
a project designed to characterize the minerai
content of selectlve size fractions of coal mine
dusts. It has described the methodoloaical and
analytical techniques associated with the project.
Some earlyresuits have also been reported, but no
attempt to interpret these results have been made.
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A Review of the Programs and Activities of the Generic
Mineral Technology Center for Respirable Dust

R. L Frantz and R, V. Ramani
Department of Mineral Enginecring, The
Pennsylvania State University

Abstract. The U.S. Bureau of Mines (USEM)
eatsblished on August 15, 1983, a Generic Mineral
Technology Center (GTC) for Reepirable Dust
within the Mining and Mineral Resources Research
Institutes (MRIa) at The Pennsylvania State Uni-
versity (PSU) and Weet Virginle University (WVU)
in association with participating MRIs st Massa-
chusetts Institute of Technology (MIT)} and che
University of Minnesota (UMN}. The primary goal
of the Center im to reduce the incidence and
severity of respirable duat disease through
researching and advancing the fundamental under-
standing of all aspects of tespirable duat
associated with mining and milling and the inter-
action of dust and lungs. Other Center activi-
ties include the training of engineers and
scientists, graduate students and undergraduate
students through their reepective insticutions,
and the technology transfer to the industry. The
Center -alpo serves as the reference center for
publications in the respirable dust area.

Introduction

Exposure to respirsble contaminants in mine
stmospheres has long posed a ser{ous hazard to
winers. The control of these hazarde, sowe of
which can have sudden and catastrophic effects
and some others, slovw and long enduring conse-
quences, has been a major concern for labor, man~
agement and government alike. This concern has
manifested itself in four primary mechanisms of
control =~ (1) regulatory control through minimum
standard setting by the paseage of mine hezlth
and safety laws, (2) engineering control through
deeign and operation of mines according to the
begt recommended practices, (3} interaction of
dust and lung control through periodic physical
examinations, wesring personal protection
devices, etc., and (4) legal and socisl control
through workmen's compensation laws for occupa-
tion relsted health deterioration.

The atated objective of the Federal Mine
Safety and Health lawe is to ".., permit each
miner the opportunity to work underground during

Bl

the peried of his entire sdult working life with-
out incurring any disability from puneumoconiosis
or sny other occupation-related dieease ...."

Significant progress has been made in Jowering
the dust levels in mines since the inception of
the Bureau's respirsble dust remearch program.

It iz generally agreed that mines sre lese dusty
today than they were a decade ago. Hovever, the
most sericus hazard for workere in the mining and
minerale processing industries is still the expo-
sure to respirable dust, and sclutions to the
problen of respirable dust disease remain to be
found.

The Rational Academy of Sciences (HAS) Study,
Heasurement snd Control of Respirable Dust in
Mines, proposed a significant increase in
rezearch “for obtaining fundamental understanding
of the origin, tranaport and charscteristics of
tespirable cosl mine dust." This recommendation
congldered the impact on society of wine workers'
pneumoconioais and the magnitude of the resesrch
and development effort needed to bridge the in-
formation gaps identified by the NAS study group.
It is within this context that & comprehensive
program designed to permit an accelerated sttack
¢n the fundamental research problems for the
control of respirable dust in mines was initiated
in the Center,

Research Program

The Generic Technology Center's research pro-
gram explores the health and safety concerns of
reapirable dust with the cbjective of refining
exigting strategies and developing new respirable
dust control techniques that are consistent with
the fundamental dust-lung interaction processes
that lead to mine worker disability, The work
concentrates on (1) control of dust generation;
(2} dilution, dispersion and collection in mine
alrways; (3) characterization of dust perticles;
(4} interaction of dust and lungs: and (5) rela-
tionship of mine envirooment, geclogy, and eeam
tharacteristice to dust generation snd mobilicy.
The fundamental aspects of this work are appli-
cable to the contrel of respirable dust problems
in both hard rock mines and coal mines and to
other dusts such as diesel-generated. The inter-
twined relationship of dust particle characteri~
zation, sesm characterization and dust/lung



L ILL RO 3D L kil & Lol

intersction characteriration, which 1s the focus
of the Center's activities, is showm in the
figure,
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At the present time, there are 25 principal
investigators and an equal aumber of graduate
students working on 26 projects in the five major
areas of the Generic Technology Center. It will
be difficult to describe all the activities of
the Center in this paper, The bibliography mt
the end of this paper is a partial listing of the
Center's publications in which more detsils on
specific regpesrch activities ¢an be found, A
brief description of the acope of each of the
five pajor aress and some of the curreat
activicies in each area is presented below.

Control of Dust Particle Generation

In any fragmentation process, particles will
be produced in all sire ranges below a top size.
Fragmentaticn in underground mines occurs ae a
result of meny processes: impact, crushing,
grinding, blasting, etc. There has been s con-
siderable body of literature devaloped that
describes the results of research on respirable
dust production by ccal cutting machioes (con~
tinuous miners/shearers, ete.). The influence of
factors such as depth of eut, pick design, pick
lacing, and cutting epeed have been studied ex~
tensively both in the U.K. and the U.5. In
reviewing these resultes, the HAS study found many
disparitiss and recommended that studies on these
factors be undertaken with the objective of
understanding the fragmentation process and ics
relationship to respirable dust particle genera-
tion and characterization., 5Specific projects in
this area {nclude a fracture mechanice study of
crack propagation in ccal and experimental
studies on the mechanism of dust gensration and
entrainment (4,5,12,13,14,15,16,32).

Pilution, Dispersion and Collection in Mine
Alrvays

The U.S. Buresu of Mines research has showm
that only a small fraction of the raspirable dust

preduced at the face becomes airborne. Expari-
mental determinations have placed the amount of
non-sirborne respirable dust as ranping from 100
to 1,000 times that of sirborne dust. There are
sevaral fundemental and applied studies nemded in
this area to understand wore fully the role of
mine ventilation and dust contrel practices fn
respivable dust control and 1ts relationship to
dust particle characteristics. The depositional
characteristics of dust particies in mine airvays
and the velocities at vhich these deposited dusts
may become airborne are variable with type of
dust. Prediction of ambient dust concentrations
using convective-diffusion equations and axperi-
mental studies of dispersion and transport of
respivable dust in mine atmospherss are ressarch
projects in this ares (1,2,3,8,24,28), Such
wtudies are importent for the design of equipment
and the development of operating practices to re-
aove duat from the worker zone or the worker from
the dust zone snd include theoretical, labora-
tory, and field components.

Charactarization of Dust Particles

The importance of identifying the physical,
chemical, wineraleogical, gize consist, shape and
surface condition of respirable dust eamples can
hardly be over-emphaairzed. None of these charsc-
terietics will be single-valued quancities. 1In
any glven dust, there will be a discribution of
sizes, shapes, etc. The characterization studiae
are sined at evaluating these distributions.
Characterization of the dust collected in tha
various arese of research fdentified earlier i»
essentisl. Thus, thare i3 fundamental resesrch
aimed at developing better dust characicrization
methods. In this area, thers are several proj-
acts dealing with such topice as wettability of
coal mine dust parcicles; the theoretical and
experimental dectermination of the aerodynamic
diamster of coal dust particles; x-ray fluores-
cence analysis of dust particles on a one-by-one
basis in an automated, computer-ccatrolled
scanning electron microscope (SEM); magnetic
reaonance spsctroscopic characteristics of
peramagnetic ions and fres radicalm in coal dust,
black lung tissues and lung tissus under con-
trolled axposures; shape and surface characteri-
zation of respirable mine dust particies: silica
particle concentrations in the respivable size
range; and investigation of graviey fractionation
procedures for determining the specific gravicy
diwtribution of respirable dust (7,18,19,20,21,
30,31).

Interaction of Dust and Lungs

The characterization of dust-lung interaction
is critical for the development of effective eng-
ineering control measures in mines and milling
operations. Research 4n this ares is concen-
trating on developing an understanding of the
basic processes that occur with the deposition of
dust in the lungs and the intersctions that oceur
between the dust and lungs, The objactive of
research in this ares is to characterite dust-
lung interrelationships necesssry to relate dust
control strategies in environments likely to
create an occupstional lung problem. The duast-
lung interaction studies include, among others,
characterization of wechanism of lung injury and
morphometric study of the pulmonary inhalation
toxicity of respirable coal mine dusts (9.10,26).
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REVIEW OF PROGRAMS AND ACTIVITIES

Relationship of Mine Environpent, Geology and
Seam Characteristics to Dust Generstion and

Mobility

During the mining of a seam, dilution from the
roof snd floor and from partings and inclueions
in the seam is s standard cccurrence. In coal
mining, since the roof snd floor strata snd in-

clusions and partings often have greater atrength

than coal, the mass of adverse dust generated can
be much more than 4f only coal is cut, especially
1f quartz or other toxic material s present,

The size distribution, chemical and mineralogical
properties of the respirsble dust can also be
different from that obcained from cutting coal
only. Therefore, the relaticuship between the
coal and out-of-sesam material characteristics and
the characteristics of the mine respirable dust
is being explored. Studiee in thie ares have
concentrated on establishment of standard pro-
cedures for characterization of coal seams for
respirable dust generation potential; correlation
of reepirable dust characteristics of coal sesms,
worker locations and mining methede; and regpi-
rable dust testing procedures in metal, non-metsl
and metallurgical operations (6,11,17,22,21,29).

Technology Tranefer

The Center conducts research in the five apec-
1fied aress with primary emphasis on the engi-
neering control of dust in mines and the interac-
tion of dust and lungs. The unique resocurces of
the four institutions of higher education are
being brought together to address these complex
problems and to also foster industrial coopETA=
tion and technology transfer. Research results
are being integrated into existing mining engi-
neering sducation, short courses and seminar pro-
grams,

Craduate education 1s an integral part of the
Center’s research. Each project is designed not
only to attack en important problem but to terain
at leapt one graduate student. Time 1a projected
to allow for s full development of student in-
volvement and to ensure that students fulfill the
graduate program requirements. The acope of work
and the time duration of each project for the
Center have baer developed taking into account
the needs of the graduste research program and
training.

Publication of papers in mining industry jour-
nals and reports om specific findings are pre-
sented at profeasional meetings. The Center
sponsoras conferences on respirable dust in
nining. Proceedings of the first Coal Mine Dust
Conference sponsored by the Generic Technology
Center is wvailsble from West Virginia Univer~
sity. The next scheduled weeting is an Interna-
tional Conference titled “Respirable Dust in the
Mineral Industries” to be held at Penn Stats on
October 14~16, 1986. The major topics to be dis-
cussed at thie conference include: genertation,
dissemination, control, measurement, characteri-
zation, legal and tegulatory matters, clinical
techoiques and epidamioclogy, pathology and patho-
ganesis, biochemical aspectes and complications.

Reference Center

The Center aleo serves as the reference centar
for publications in the respirsble dust ares. &
computer based refersnce search system {5 ip
place and functioning. The Respirable Dust

library 1e based on an IBM PC-XT system utiliring
software depigned to allew direcet access and
electronic mail mervices through & telephone
line. Abstracts of Center generated publications
are maintained in the Center. At each partici- -
pating university a hard copy collection of the
respirable dust research performed by thst par-
ticular university's personnel is maintained,
plus other relevant rexpirable dust publications,
The Center encompasses two azjor medical schools
and includes national and international experts
in such diverae disciplines se geology, geomech-
anics, mining engineering, mineral processing,
electrical engineering, induetrial engineering,
wechenical engineering, material sciences, phys-
ice, and the various fields of pedicine, These
authorities are constantly updating information
regarding their special aress of axpertise and
serve as geographically dispersed resource ref-
erences in the ten disciplines identifjed. If a
more comprehengive literature search is desired,
2 regearcher can utilize the on-line services of
LIAS to pearch the Penn State library systea.

The Refereucs Center also has access through
the Univeraity Libraries snd other institutional
libraries to & large number of data bases such as
MEDLINE at the National Library of Hedicine,
Lockheed Corporation, the energy data base of the
U.5. Government, DIALOGUE Information Support
Symten (comprised of over 100 dats bases}, ISI
International Scientific Information System, and
data bases of professional asccieties such as the
Inacitute of Mining and Metallurgy (UX). and
Information on Dewmand, Inc,, a research service
available to SME members and SPIRES, the Stanferd
University System. A one-time expenditure msy be
required to have g Computer pearch performed on
sone of theae data basee on key vords such as
black lung, respirable dust, ailicosis, etc.
Utilization can slso be mede of abstracting
services much an Engineering Index and Coal
Abgtracte (EEC) as means of accessing epecific
information for resesrchers.

The wost important gosl of the Respirable Dust
Jfeference Center 1z ro identify what respirable
dust related information s available at what
location and provide the means of &ccess for
others to obtain the information, The wecond
goal is to have both maximup ioput and retrieval
capabilities to the brosd team of experts in the
reference center. Another goal is to ensure that
the service provided to the {oquiring public is
complate, cost-effective, and the best profes-
siocnal service availeble,

The Center activities involve the training of
togineers and scientists, graduste students and
undergraduate students through their respactive
institutions, and the tachhology tranzfer to in-
dustry and governwant of seientific informstion
regarding respirable dust,

Summary

In summary, the Center Fresants a comprehan-
sive program which accelerates the attack on the
fundamental understanding of the origin, gen-
erstion, tranaport, dust-lung interaction and .
particle charscteristics in mines. Such s pro-
gram ie in the spirit of che BAS smtudy and ia
conplementary with existing and ongoing USEM
Tespirable dust research activities. The compra-
hensive research PTogram is believed to be
economically justified in view of the gigantic
$1.7 billion annual eont and 500,000 person
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severity (uiners and dependents) of the respi-
rable dust problem, Of greater i{mportance, the
contreol of dust~-related dizeases i3 supreme from

the humane point of view, While significant
Progress has been made, and the prevalence of
respirable dugt illness has bean reduced, the

Dust and Its Implicaticns to Pneumoconiosis,”
Paper presented at the Sixth International
Symposium on Inhaled Particles, Edinburgh,
Scotland, September 1985,

10. DiGragerio, K, A., E. V., Cilento, R, C,
Lant:, "The Davelopment of an Electro-Optical

problem continves to exist and neede molution,
Furthermore, as the nation's demand for coal and
other minerale increases, both production and
number of miners employed will also increase,
demanding an accelerated effort to solve the
problem,
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