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This volume contains the ings of the Internation-
al Symposium on Respirable Dust in the Mineral Industries
held at The Pennsylvania State University, University Park,
Pennsylvania, on October 14-16, 1986. A previous sym-
posium was held at Morgantown, West }"u?;:ma, in 1984,
These dust symposia have a common objective which they
chare with scientists, enginecrs and medical personnel work-
ing in the field of respirable dust: to contribute to the
eradication of the Black Lung diseasc in the Nation’s coal
miners.

The rescarch and development programs of the past
decade have highlighted the need to more fully understand
dust particle generation; the dust-lung interaction; and the
influence of geological settings on the factors for improved
dust control in the mincral industries. In recent years, the in-
creased interaction between mining engineers, physicists,
chemists, particle technologists and medical personnel has
advanced the knowledge on the diverse aspects of the
respirable dust problems in the mineral industries. The tech-
nical sessions of the symposium have focused on the latest
scientific, bio-medical, enginecring and management find-
ings on the complex task of planning, designing and execut-
ing programs for respirable dust control. Specifically, the
symposium papers bave presented the research results on
generation, characterization, measurement, control and
health effects of respirable dust,

The dust symposia also have an important educational
component. The Generic Mineral Technology Center for
Respirable Dust, one of the symposium organizers, is a con-
sortium of four universities, The Pennsylvania State Univer-
sity, West Virginia University, University of Minnesota and
Massachusetts Institute of Technology. The Center was es-
tablished in 1983 by the U.S. Bureau of Mines under the
Mineral Institutes program. During the symposium, the find-
ings of the interactions between many of the rescarch
projects in the Center were highlighted. The educational

FOREWORD

component was reinforced by the fact that the other spon-
sors of the symposium were the United States Burcau of
Mines (USBM), Mine Safety and Health Administration
(MSHA), National Institute for Occupational Safety and
Hecalth (NIOSH), and the American Conference of
Governmental Industrial Hygienists (ACGIH). The Generic
Center’s efforts recognize the importance of an integrated
and concerted fundamental respirablc dust research
program which is both compatible and complementaryto the
existing and ongoing research and development activities in
the USBM, NIOSH and MSHA. This close interaction be-
tween academic institutions, governmental agencies and
professional societies is necessary and beneficial to the rapid
dissemination of rescarch results.

In addition to the ten technical sessions, the symposium
activities included a welcome address by Dr, Bryce Jordon,
President of The Pennsylvania State University, and a
Keynote address by the Honorable Nick J. Rahall, I1, Mem-
ber of the U.S. House of Representatives, 4th District, West
Virginia,

A symposium of this kind depends for its success on the
contributions of large numbers of people. Mr Chuck Herd,
Co-ordinator, the Keller Conference Center, provided ex-
cellent administrative support for the symposium organizers.
Special recognition is extended to Debra Sipe, Kelly Henry
and Nancy Rishel for assistancc and follow-up with the
details of the symposium activities. Thanks are due the plan-
ning committee, the welcome and keynote speakers, the ses-
sion chairpersons, the paper presenters, and the other
authors. The members of the Planning Committee join us in
recording their appreciation to all the participants, the vital

link of the respirable dust symposia.
Robert L. Frantz
Raja V. Ramani
The Pennsylvania State University
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Welcome Address

BRYCE JORDAN
president, The Pennsylvania State University

It is with great pleasure that I join you this morning for
the opening of the International Symposiom on Respirable
Dust. I am delighted to welcome you to Penn State and to
have this opportunity to learn about the very important sub-
ject that you will be addressing over the next few days.

1 should like to extend a special welcome to the
Honorable Nick J. Rahall IT, Member of Congress from the
4th District in West Virginia. Congressman Rahall has a
great interest in the welfare of the domestic mining industry
and he has been very supportive of research regarding
miners’ health and safety. We are very pleased that he is with
us this morning,

We hear a great deal these days about the information
society in which we live as well as the tremendous growth in
service industries. Yet mining remains one of the nation’s
most basic industries, providing many of the natural
resources upon which all other industries depend. Although
domestic nonfuel raw materials in the United States con-
stitute only about one percent of the gross national product
{GNP), processed materials of mineral origin are valued at
nearlytenpercent of the GNP. Coal, accounting for over half
of the fuel supply to U.S. electric utilities, is crucial to our
nation’s economic survival in the event of a recurring encr-
gy crisis.

The vitality of the U S. mining industry must be ensured.
As with many other industries, the mineral industry in the
United States is under pressure from forcign competitors.
These competitors have advantages in quality, mining con-
ditions, and geographic location. The American mining in-
dustry faces a double challenge: to remain technologically
and economically competitive in the world marketplace and
lo maintain and improve health and safety standards in what
continues to be one of the most dangerous industries in the
nation.

The unique health, safety, and environmental problems
of the mining industry have been addressed through in-
dustry-specific laws and the establishment of agencies for re-
scarch and regulation. The U.S. Bureau of Mines and the
National Institute for Occupational Safety and Health are to
be commended for pioneering research and development
contributions in the area of miner health, safety and produc-
Livity. Yet there remains an urgent need for ongoing research
regarding these issues. Consider, for example, that black

lung, the nation’s most severe industrial discase, affects not
only victims but also their families — a total of a half million
people — at an annual cost exceeding two billion dolars.

New and potential developments in the coatrol of
respirable dust, the focus of this symposium, are of critical
importance to the mineral industry and its workers. I should
like to thank the conference co-sponsors — The Generic
Technology Center for Respirable Dust, the U.S. Bureau of
Mines, the Mine Safety and Health Administration, The Na-
tional Institute for Occupational Safety and Health, and the
American Conference of Governmental Industrial
Hygienists as co-sponsors of this symposium — for their in-
terest in this important research area.

Penn State is pleased to be part of the Generic Technol-
ogy Center for Respirable Dust along with West Virginia
University, The University of Minnesota, and the Mas-
sachusetts Institute of Technology. As Pennsylvania’s Land
Grant Institution, Penn State has a tradition of working on
problems that are of direct interest to business and industry.
Serving the coal industry in Pennsylvania and in the nation
through the efforts of the Center is an important part of the
University’s mission,

Penn State brings to the Center’s efforts a strong record
in funded research. In 1984, the most recent year for which
data are available, Penn State ranked fourth among colleges
and universities in the nation in industry-sponsorcd rescarch
and twentieth in federally-supported rescarch and develop-
ment. The Generic Technology Center affords an exciting .
opportunity to build upon that record through cooperative -
efforts among scientific, engincering, and medical re-
searchers at Penn State.

This symposium also is an excellent forum for coopera-
tive exchange regarding the engineering, scientific, medical,
and biological aspects of respirable dust in the mineral in-
dustries, It is encouraging to see the interest of academic,
government, and industryresearchers in sharing information
about this critical problem.

In closing, I would like to extend you a warm welcome to
Penn State on behalf of the entire university community, We
hope that while you are here you will take the time to visit
some of the university’s places of interest and to enjoy the
beautiful autumn season in the State College area. You may
find the Earth and Mineral Sciences Muscum in Steidle
Building — just a short walk from here — to be of particular
interest.

Best wishes for a most successful symposium,




Keynote Speech

HONORABLE NICK J. RAHALL, II

Chairman, Subcommittee on Mining and
Natural Resources, Committee on Interior
and Insular Affairs, U.S. House of
Representatives

It is indeed a picasure and honor to deliver the keynote
address to this distingnished gathering of experts on
respirable dust. There can be no question as to the impor-
tance of your mission.

After centurics of coal mining, there is still a lack of
precise knowledge concerning the effects of coal-mine dust.
Indeed, official and wide-spread recognition of its existence
in this country came only relatively recently, although this
was not the case in Europe. The term "black lung” was per-
haps used for the first time by Thomas Stratton in an 1837
paper describing the lungs of a Scotsman who had worked
in the mincs for 50 years although references to "miners’
asthma" in Great Britain were made as far back as 1822. In
1880, the author Emile Zola in a novel about French coal
miners, Germinal, further brought to the public’s attention
the crippling effects of black lung, and it was generally ac-
knowledged in Europe that coal mine dust was the cause of
this affliction. - '

Unfortunately, in the U.S,, for a variety of reasons this
explicit linkage was not made until much later. In this
country, it seems that a disaster has always been a necessary
prerequisite to official recognition of the adverse conditions
faced by the coal labor workforce.

For example, during the construction of the Hawk’s Nest
tunnel in the early 1930s near Gauley Bridge, West Virginia,
476 men died, many as a result of silicosis. This prompted a
congressional investigation in 1936 after which Secretary of
Labor Frances Perkins called the First National Silicosis
Conference. Based on the findings of this body, many states
subsequently added silicosis to their fists of occupational dis-
eases, but due to highly restrictive qualifying requirements,
few victims ever received benefits.

It took public outrage over the slaughter of 78 miners in
a coal mine explosion at Farmington, West Virginia, in late
1968 to pave the way for the enactment of the landmark
Federal Coal Mine Health and Safety Act of 1969. In Title
TV of this Act, Congress legalized the term black lung and
for the first time, mandated that an occupational discase oc-
curring in a major industry be eradicated. Created by this
law was the black lung benefits program as well as the
framework to reduce dust levels in the mines. Subsequent
amendments created the Black Lung Disability Trust Fund
in an effort to place primary financial responsbility for the
benefits program on industry rather than the federal
treasury.

Yet today, despite the fact that over one-half million
miners still suffer from the devastating effects of black lung
and that since 1970, outlays for black lung benefits have ex-
ceeded $17 billion, we are still struggling to understand many
of the fundamental relationships between the generation of

coal dust in the mines, miners’ lungs and treatments to both
mitigate dust levels as well as the discase itself.

It is for this reason I greeted a joint proposal by West Vir-
ginia University (W.V.U.) and Pean State to establish the
Generic Center with such enthusiasm in late 1982.

1 believe bistory will show, at least from the American
perspective, that the establishment in 1983 of the Generic
Technology Center for Respirable Dust represents the most
significant effort to address issues relating to black lung dis-
ease since enaciment of the Federal Coal Mine Health and
Safety Act of 1969 and its subsequent amendments.

The Generic Center for Respirable Dust is a fine example
of how members of the academic community can identify a
rescarch need, take the concept to the Congress and with a
good deal of hard work and perseverance, gain legislative
approval — despite executive branch inertia,

Iremember well the initial efforts in this matter, Qurs was
a difficult position as we werce laboring under an Interior
Department that was secking to abolish funding for the
Mineral Institute program as well as effect dramatic reduc-
tions in all areas of government supported mining-related re-
scarch. And yet, we had the audacity to propost a new
generic center. In this sense, the undertaking represented a
political test of muscle.

In the final analysis, the Administration was no match for
the likes of Representative John Murtha of Pennsylvania,
who is a member of the Interior Subcommittee on House Ap-
propriations, and Senator Robert C. Byrd of West Virginia,
the ranking member on the Senate counterpart subcommit-
tee, as well as a host of other members, including myself, on
the authorizing Interior and Insular Affairs Committce,

Mandated by the fiscal year 1983 Interior Appropriation
bill, on August 15, 1983, the Generic Mineral Technology
Center for Respirable Dust was established by the U.S.
Bureau of Mines at Penn Statc and W.V.U. in association
with participating Mineral Institutes at M.LT. and the
University of Minnesota. This was to become the fifth
generic center with the other four having been established
the previous year also at the directive of the Congress in an
effort to consolidate some of the rescarch programs of the
31 Mineral Institutes.

For the first time, a multi-dimensional cffort incorpo-
rating an integrated scientific-medical-cngineering ap-
proach to the problems associated with biack lung would be
undertaken. The Generic Center would also complement
other research being conducted in-house at the Bureau of
Mines, NIOSH and MSHA, the United Mine Workers of
America (U.M.W.A.), as well as in the academic community
at large.

Since 1983, we have managed to provide adequate fund-
ing for the Generic Center as well as for the related Burcau
of Mines programs. I have been impressed with the work
being conducted by these entities and, as the chairman of the
House subcommittee with jurisdiction, will continue to lend
their efforts my full assistance for they represent a prudent
investment for the future,
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This symposium also represents a wis¢ and necessary in-
yestment of time and resources. The task at hand for those
of you gathered here today is not an casy one. It will be 20 or
30 years before the effects of the 1969 two-milligram dust
standard are known, And, although the U.S. standard is
probably the strictest in the world, its inherent safencss is not
entirely certain, When Congress mandated this standard, it
was based on the assumption of full and complete com-
pliance, and even with that, the British research of the early
1960s which served as the basis of the two milligram stan-
dard has never been confirmed by a long-term study. The in-
troduction and increased use of longwall mining techniques
has also added a new dimension to the ability to keep dust
jevels at acceptable limits.

As such, dust control depends on reliable monitoring and
improved suppression technologies. Continued research on
the effectiveness of the standard itself is also of crucial im-
portance. And for the sake of today’s victims of this crippling
disease, we must move forward with medical treatments. For
there should be no doubt that worker exposure to dust is the
most scrious and costly health-related problem facing the
mining industry.

All too often when we discuss matters relating to health
and safety we tend to dwell on numbers, percentages and
sanitized scientific terminology. In the Congress, for ex-
ample, we bicker over financing many of these programs and,
in fact, late in 1985 and earlier this year, negotiated endless-
ly over how much the industry-paid black lung excise tax
should be increased. This is a risk public officials and
academics alike face and I believe that in order to keep one’s

perspective, it is of the utmost importance to visit with the
victims of black lung as I have done on many occasions.

In this vein, and as this is the opening session of this sym-
posium on respirable dust, I would like to leave you with a
quote from a speech made by Dr. Lorin Kerr to the
UM.W.A. at their 1968 convention with the hope you will
keep it in the back of your mind during the activities of the
next three days. Dr. Kerr, the director emeritus of occupa-
tional health at the UM.W.A. and who is a member of the
planning committee for this symposium, with these words
placed into perspective what black lung means to its victim
and they are words I often revisit during debates in the Con-
gress relating to the federal black lung program:

"At work you are covered with dust. It's in your hair, your
clothes and your skin. The rims of your eyes are coated with it.
It gets between yourteeth andyou swallow it. You suck so much
of it in your lungs that until you die you never stop spitting up
coal dust. Some of you cough so hard that you wonder if you
have a lungleft. Slowly you noticeyou are getting short of breath
when you walk up a hill. On the job, you stop more often to
caich your breath. Finally, just walking across the room at
home is an effort because it makes you short of breath.”

Distinguished participants to this symposium, the eyes of
the Nation's disabled coal miners are on you today. For their
sake, and for the well-being of the curreat and future genera-
tions of coal miners, I wish you success in your most impor-
tant endeavor.
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MSHA’s Revised Quartz Enforcement

Program

THOMAS F. TOMB, PAUL S.
PAROBECK, and ANDREW J. GERO

Pittsburgh Heatth Technology Center, Mine
Safety and Health Administration

To control the health hazard associated with quartz in the
U.S. coal mining industry, Federal regulations require that
whenever the quartz content of the respirable dust in the
coal mine environment exceeds five percent, the applicable
respirable dust standard is reduced. This regulation, which
is applicable for both surface and underground mining
operations, has been in force since the promulgation of the
Coal Mine Safety and Health Act in 1969, On December 1,
1985, the Mine Safety and Health Administration (MSHA)
instituted a revised quartz policy relative to the
enforcement of this regulatory requirement.

Under the previous enforcement policy, reduced dust
standards were set based upon results of quartz analyses
performed only on MSHA inspection samples and were
determined from the results obtained from a single sample.
The new (or revised) policy allows coal mine operators the
opportunity to voluntarily submit samples for use in the
standard setting process. The system also provides a
mechanism for the reevaluation at approximate six month
intervals of mining operations which are on a reduced
standard.

This paper presents the background behind the
development of the new program and discusses fts
operating mechanics. Information describing the mining
community’s participation in the program is also given.

introduction

It has long been recognized that exposure to coal mine
dust can lead to the development of the disease known as
coal worker’s pneumoconiosis (CWP); defined by Morgan
and Seaton as "the accumulation of co%l dust in the lungs and
the tissues’ reaction to its presence."

In 1948 the Burean of Mines recommended limits of
dustiness for mining operations. The limit for dust contain-
ing more than five percent quartz was to be determined by
multiplying the particle concentration by the percent quartz;
the number determined was not to exceed five million par-
ticles per cubic foot of air. In setting this limit, recognition
was given to the fact that the toxicity of coal mine dust is de-
pendent on the quantity of quartz contained in the dust.

The increased hazard associated with exposure to coal
mine dust containing quartz was further recognized by the
U.S. Congress, when, as part of the Federal Coal Mine
Health and Safety Act of 1969, it required that a formula be
developed for determining the applicable respirable dust
standard whenever the quartz content of the respirable dust

was greater than five percent. Such a formula was developed
and is included in Parts 70,101, 71.101, and 90.101 of Title
30, Codc of Federal Regulations (CFR). These regulations
state that: "When the respirable dust in the mine atmosphere
of the active workings contains more than five percent
quartz, the operator shall continuousty maintain the average
concentration of respirable dust , , . at or below a concentra-
tion of respirable dust . . . computed by dividing the percent
of quartz into the number 10." :

In 1978 a review of MSHA's quartz analysis data showed
that approximately 40 percent of the underground respirable
dust samples analyzed contained greater than five percent
quartz; however, because of the analytical techniques used
at that time, only 25 percent of the dust samples submitted
for analysis were being analyzed. In 1981 a revised analytical
technique was implemented.'”) The new technique provided
the capability of analyzing ncarly all samples submitted for
quartz analysis. In December of 1984 there werc ap-
proximately 1800 underground and 800 surface coal mining
entities that were on a reduced standard because the quartz
content of the respirable dust exceeded five percent. Figure
1 shows the percentage of samples, by type of underground
mining operation, that had a quartz content greater than five
percent. Also shown on this figure is the percentage of
samples analyzed whose dust concentration exceeded the
applicable dust standard established from the quartz per-
centage determined. One significant point that should be
noted from these data is that 60 percent of the samples rep-
resentative of the continuous mining and roof bolting opera-
tions are above the applicable standard established from the
quartz content of those samples.
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Because of the large number of mining entities on a
reduced standard, the fact that many of the entities (more
than half) are not sampled after the standard is reduced and
ming operators were questioning adjustment of the standard
based on the analysis of a single respirable dust sample,
MSHA established a program to develop improved enforce-
ment procedures that would enhance the health protection
of the miner and the integrity of the protocol used to adjust
the respirable dust standard when the quartz content of the
dust exceeds five percent.

Quartz Enforcement Program Prior to
December 1985

The main thrust of MSHA's respirable dust enforcement
program is aimed at approving a mine operator’s dust con-
trol plan. Selected respirable dust samples collected during
the plan approval process are analyzed for quartz and, when
necessary, the applicable respirable dust standard is ad-
justed. MSHA’s policy calls for approving or reviewing a
mine operator’s dust control plan twice a year for under-
ground mining operations and once a year for surface min-
ing operations.

Those samples collected in underground coal mines
during a plan approval that are typically analyzed for quartz
content are the designated occupation (DO) samples
(samples collected on the occupation on a mining operation
that has the highest respirable dust exposure), all roof bolt-
er (RB) samples and samples collected from areas of a mine
where excessive respirable dust and/or quartz levels are
suspected. Designated work position (DWP) samples col-
lected at surface mining operations are the samples typical-
ly analyzed for quartz content; however, samples may be
collected on other occupations or operations suspected of
having excessive quartz and/or respirable dust levels.

TABLE |
Comparison of Occg‘pnlloml Quartz Determinations by
ype of Mining
DO* > DO > All Occupations

Type of All Occupations RB** REB > DO
Mining (%) (%) (%)
Continvous 41 68 61
Conventional 43 & 66
Longwall 57 NA NA
Auger 50 50 100

* {0 = Designated Occupation
** RB = Roof Bolter

Underground mine environments on a reduced standard
based on the analysis of DO samples are sampled bimonth-
ly by mine operators in accordance with the requirements of
Title 30, CFR Part 70. Normally, 30 samples per year are col-
lected in these environments. However, environments with
standards which were adjusted based on the analysis of
samples collected on the roof bolter or from some other non-
designated arca of the mine were not sampled again until the
dust control plan was reevalnated. In practice, the time span
for resampling of these environments ranged from six
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months to two years. Consequeatly, the environments of the
roof bolting operation, the underground mining operation
that had the highest incidence of exposure to quartz and typi-
cally the lowest respirable dust standard, were never
monitored for conformance with the reduced dust standard.
A similar situation existed for surface coal mine environ-
ments. Only those occupations assigned as DWP’s are re-
quired to be sampled by the mine operator (Title 30, CFR
Part 71). Unless those occupations placed on a reduced dust
standard are made DWP’s by MSHA cn- forcement person-
nel, no further sampling is conducted until the dust control
plan is recvaluated. DWP’s are sampled bimonthly by the
mine operator. A minimum of six samples are collected per
year.

Development of Revised Program

To achicve the goals of enhancing miner health protec-
tion through improved enforcement procedures and im-
proving the intcgrity of adjusting the respirable dust
standard when the quartz content of the dust exceeds five
percent, two investigations were conducted. The first inves-
tigation evaluated MSHAs policy of adjusting the respirable
dust standard for a mining opcraticn based on the quartz
percentage of the designated occupation, and the second
centered on quantifying the day-to-day variability associated
with the quartz percentage in the eavironments of under-
ground mining operations.

The first investigation consisted of analyzing all samples
collected by enforcement personnel during the approval of
a mine operator’s dust control plan, for quartz content. This
consisted of samples collected on the DO, RB and three or
more other occupations working on the mining operation
whose dust control plan was being evalvated.

The percentage of quartz determined for the DO sample
was then compared to the percentage of quartz determined
for: all the other occupation samples on the mining opera-
tion, all occupations except the roof bolter. A comparison of
these three determinations is shown on Table I. As the com-
parison shows, the quartz percentage of the DO sample is
equal to or greater than the quartz percentage of all occupa-
tions approximatcly 45 percent of the time, is cqual to or
greater than all occupations except the roof bolter ap-
proximately 70 percent of the time and is less than that of the
roof bolter sample approximately 63 percent of the time.

It was concluded from this investigation that: 1) adjusting
the respirable dust standard based on the quartz determina-
tion of a sample collected on the DO would provide protec-
tion for the majority of the personnel on a mining operation,
except for the roof bolter, and 2) that a separate standard
needed to be established for the environment of the roof
bolter occupation,

The second investigation consisted of analyzing mine
operator dust samples, submitted in fulfillment of regulatory
requirements (Title 30, CFR Part 70), for quartz content.
The samples analyzed were designated occupation samples
from mining operations that were on a reduced dust stan-
dard as of April 1983. Data were accumulated on 86 mining
operations, which represented approximately ten percent of
the operations on a reduced dust standard at that time. For
each operation there were five or more samples which rep-
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rescnted three or more bimonthly sampling periods. The
number of analyses necessary to cstimate the long-term
average quartz percentage for a given operation was deter-
mined by calculating the average quartz percentage using the
most recent groups of five, three, and two samples and then
comparing these respective averages to the averages deter-
mined from all the samples obtained on a given operation,
In addition, the last sample analyzed was compared to the
overall average.
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FIGURE 2. Difference between six-month average percentage and
percentage of last sampic.

Figure 2 shows the cumulative frequency distribution of
the differences between the quartz percentage determined
over the threc bimonthly sampling periods and the quartz
percentage of the last sample analyzed. As the data show, a
quartz determination based on a single sample is equivalent
to the long-term average approximately 20 percent of the
time, and is only within three percent approximately 72 per-
cent of the time, indicating that a quartz determination from
a single sample is not a good cstimator of the long-term
average quartz level of an operation.

Figure 3 shows the cumulative frequency distribution ob-
tained when the average of the last five samples is compared
to the long-term average. As these data show, the average
determined from the most recent five samples agrees close-
ly with the long-term average, i.e., the five sample average is
within one percent of the long term average 87 percent of the
time and within two percent 92 percent of the time.

Figure 4 shows the distribution obtained using the
average of the last three samples. As the data show, at a dif-
ference of two percent, the average of three samples
provides nearly as good an estimator of the long-term
average as using the average of five samples.

A comparison of the average of the last two samples to
the average of the last three samples is shown in Figure 5.
This comparison shows that these two averages are within

two percent 96 percent of the time, Based on these data, it
was concluded that a reasonable estima tegthclongterm
six months) average quartz percen an operation
f:ouldbeobn)aincdf;-‘g;thcmrageofmmplcsandthm
a high percentage of the time the average of the two most
recent samples reasonably agreed with the average of the
most recent three, These data were used to develop the sam-
pling scheme used in the revised quartz program to adjust
the dust standard of an operation.

Revised Quartz Program

In developing the revised quartz program, the following
objectives were given primary consideration:

1. Accounting for the day-to-day variability associated
with environmental quartz percentages.

2. Using samﬁles collected by mine ?Ecrators to
establish the dust standard when the percent quartz
in the mine environment exceeds five percent,

3. Providing for subsequent environmental monitoring
of occoé.lé)ations, or environments placed on a
reduced dust standard.

4, Reevaluating operations on a reduced dust standard
biannually.

All of these objectives were met in the program developed
and implementation of the program did not require the
promulgation of new regulations or changes to existing
regulations.

In the revised quartz program, samples collected during
the approval of a mine operator’s dust control plan are
similarly submitted for quartz analysis, iec., samples col-
lected on the DO, RB, DWP as well as those collected from
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FIGURE 3. Diffcrence between six-month average percentage and
average percentage of last five samples.
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areas where excessive respirable dust and/or quartz level are
suspected. If any of the samples submitted for quartz analysis
are found to contain more than five percent quartz, the mine
operator is notified that he has the option of collecting a
sample on the entity represented by that sample and submit-
ting it to MSHA for analysis. If the analysis of the sample
shows the quartz percentage to be within two percent (dif-
ference) of the MSHA sample, the quartz determinations
from the two samples are averaged. If the average is greater
than five percent, a new environmental dust standard is es-
tablished based on the average quartz value. However, if the
quartz determination of the operator’s optional sample dif-
fers from the MSHA sample by more than two percent (dif-
ference), the operator is given the option of collecting
another sample on the entity and submitting it for analysis.
The guartz determinations from all three samples are then
used to establish an average quartz percentage for the entity.
Ifthe average quartz percentage is greater than five percent,
the standard for the entity is accordingly adjusted. In any in-
stance where the mine operator does not elect to submit a
sample for analysis or the samples submitted do not contain
sufficient dust (greater than 0.5 milligrams) for analysis, the
standard established for the entity is based on the quartz per-
centage determined from the MSHA sample or, if a first op-
tional sample had been submitted, on the greater of the two
{MSHA or operator). In the revised program, any entity,
other than the DO, that is placéd on a reduced dust stand-
ard can be required to be assigned "designated area” (DA)
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FIGURE 4. Difference between six-month average percentage
average and average percentage of last three samples.

status. This requires the entity to be identified in the
operator’s Ventilation System and Methane and Dust Con-
trol Plan and to be sampled bimonthly by the mine operator.
The minc operator is required to collect five samples
bimonthly on the DO whether the dust standard has been
adjusted or not. The samples may be collected on consecu-
tive production shifts or on production shifts on consecutive

days. Requiring all entitics on a reduced standard (other
than the DO) to be made designated areas is considered a
major thrust at enhancing miner health protection becavse
subsequent monitoring of the entity is then required by the
mine operator.
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FIGURE 5. Difference between average percentage of last two
samples and average percentage of last three samples.

Six months after an entity has been placed on a reduced
dust standard, the data of samples submitted by mine
operators in accordance with regulatory requirements ( Title
30, CFR) are screened by a computer, Provided that the en-
ity is in compliance with its applicable dust standard, the
computer identifies the first sample submitted with sufficient
dust for analysis. This sample is then analyzed for quartz con-
tent. If the quartz percentage determined from that sample
is within two percent of the quartz percentage used to adjust
the standard, the quartz percentage used to adjust the stan-
dard and the quartz percentage determined from the
operator’s sample are averaged and the standard revised ac-
cordingly. If the quartz percentage from the operator’s
sample is not within two percent, the operator is given the
option of collecting and submitting a sample for analysis. The
environmental dust standard for the operation is then deter-
mined by averaging the quartz percentage used to establish
the existing standard, the quartz percentage determined
from the computer sclected sample and the quartz percent-
age of the optional sample submitted by the operator, If the
operator docs not elect to submit the optional sample or the
sample is voided because of insufficient weight, the prees-
tablished environmental standard remains in effect. The
standard is not automatically reevaluated again until another
six month period has lapsed.

Revised Quartz Program Status

Initiation of the revised quartz program commenced on
December 1, 1985, At the time of commencement ap-
proximately 360 samples were being analyzed per month; 38
percent of these were DO samples, 10 percent DWP
samples, 6 percent DA samples, 33 percent roof bolters, and
the remainder nondesignated entities or work positions. Of
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the samples analyzed, approximately 30 percent of the DO
samples, 50 percent of the roof bolter samples, and 50 per-

cent of the DWP sampies contained greater than five per- -

cent quartz. Based on these figures and the assumption that
100 percent of the mine operators would elect to submit a
sample for analysis when given the option and that 45 per-
cent of the time a third optional sample would be submitted
by the operator, it was estimated that approximately 18,000
quartz analyses would be performed a year.

At the present time, approximately 500 samples per
month are being analyzed. The percentage of samples being
analyzed in the respective categories previously discussed is
approximately the same, and the percentage of samples in
cach of the categories that have a quartz percentage greater
than five percent is also approximately the same, However,
mine operators are not electing to participate in the stand-
ard setting process at the level assumed (1009). Only 35 per-
cent of the operators who have been notified that they have
the option of submitting a sample for analysis have elected
to submit one. Of the optional samples submitted by mine
operators, approximately 25 percent could not be analyzed
because of insufficient weight gain { < 0.5 milligrams}).

Prior to commencement of the revised program, it was es-
timated that quartz determinations on two consecutive
samples would be within two percent (difference) 55 percent
of the time and the option to submit a third sample would
occur approximately 45 percent of the time. However, at the
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FIGURE 6. Comparison of dust standards established using an
average quartz value and the quartz value from a single MSHA
sample (data from revised quartz program.}
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FIGURE 7. Comparison of dust standards cstablished using an
average quartz value from three samples and the quartz value
from one sample (data from analyzing operator samples).

present time only 31 percent of the operators’ first optional
samples are within two percent of the MSHA sample, per-
mitting the option to submit a third sample 69 percent of the
time,

The effect of the revised program on the standard estab-
lished for a given operation was also assessed. Figure 6 shows
a comparison of dust standards established using the average
quartz value determined from the analysis of two or three
samples and the quartz value determined from the MSHA
sample that was greater than five percent. As thesé data
show, dust standards established from the average of two
samples (one MSHA and one operator) are equal to or
within ten percent of the standard determined from the
MSHA sample alone 51 percent of the time and are 10 to 20
percent higher 36 percent of the time. When three samples
are used (one MSHA and two operators) the standards es-
tablished exceced those established using the one MSHA
sample 83 percent of the time. Approximately one-half of
these standards are more than 1.5 times those established
from the one MSHA sample. Standards derived from the
single MSHA sample exceeded the standard derived from
using the average from three samples only 7.5 percent of the
time. This percentage is not significantly different from that
obtained from a similar analysis of operator data where
standards based on quartz detcrminations from a single
sample, with greater than five percent quartz, were com-
pared to the average determined from three samples (the
single sample determination being one of the three). A plot
of these data is shown in Figure 7. As the data show, ap-
proximately 73 percent of the time the standard derived from
the average quartz percentage is greater than that derived
from the single sample; with approximately 27 percent of
these exceeding 1.5 times those established from the single
sample.

As previously discussed, one of the major objectives of
the revised quartz program was to enhance miner health
protection through subsequent monitoring of occupations or
environments placed on a reduced dust standard, the oc-
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cupation of primary concern being the roof bolter. To date,
there have been 482 roof bolting operations placed on a
reduced dust standard (approximately 45% of all roof bol-
ter samples analyzed have greater than 5% quartz), At the
present time 243, or 50 percent, of these operations have
been established as a DA, thus requiring subsequent
monitoring by the operator.

In May of 1986, computer screening of operator
respirable dust samples from operations on a reduced dust
standard commenced. Nine samples had been identified and
analyzed by August, To date insufficient data have been
gathercd to comment on this aspect of the program.

Epilogue

MSHA'’s revised quartz enforcement program inherent-
ly contains the elements neccssary to achieve the objectives
of:

1. Taking into consideration the day-to-day variability
associated with quartz percentages when
establishing the respirable dust standard for a mine

environment,

2. Using the analysis of operators’ samples to establish
the respirable dust standard of an environment.

3. Subsequent monitoring of pelzsonncl or operations
placed on a reduced dust standard.

4, Reevaluation of t;ﬁcrations on a reduced dust
standard biannually. -
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However, a review of the revised program seven months
after its implementation indicates that several of these ob-
jectives have not been fully rcalized. Mine operators have
elected to submit optional dust samples for use in estab-
lishing an environmental dust standard only 35 percent of the
time, and the percentage of roof bolting operations that have
been placed on a reduced dust standard and assigned *desig-
nated area” status, is less than originally projected, Failure
of minc operators to participate in establishing the standard
has had no impact on individual health protection because
standards established based on the analysis of a single
sample are typically lower than those established from
averaging the results from several samples. However, not as-
signing roof bolting operations on a reduced dust standard
"designated area" status eliminates any requircment of the
operator to subscquently sample the operation to confirm
that the dust conceatration is being maintained at the ap-
plicable standard.
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A Workmg Hypothesis on How Silica and
Silica Surface may Cause Silicosis and

CWP

T.P. MELOY

Benedum Professor, Particie Analysis Center,
Waest Virginia University, Morgantown

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
equally 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, itisah csis and much work
remains to be done before 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
to develop the models for calculating the powerful electrical
effects 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 ing surface arcas on the earth, man,
during his long evolution from fish, had to evolve effective
defenscs 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-
gpificant amounts of nonnaturally occurring but egually
cytotoxic quartz and asbestos particles, the body has not had
to evolve an cifective defense mechanism, and thus
respirable mineral dusts containing these particles may harm
the lung. Our hypothesis is, therefore, that a few nonambicnt
minerals such as quartz, cause the bodies dust defensive sys-
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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 cventual removal of the
particle from the lung by macrophage — phagocytosis, and
when the aforc 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
believed 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.
Let one 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 particies. 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 macrophagc and remains in the lung,

Wallace et af ) mimicked experimentally the events that
take place in the jung by first coating respirable size kaolin
and quartz particles with lecithin, digesting this coating with
the Iytic enzymes of the macrophage, and then testing the
cytotoxicity of these treated kaolin and quartz particles. With
onc or two hours of enzyme exposure, most of the protective
coating remains on the kaolin particle with some modifica-
tion of the outer adsorbed layer. On the other hand, the Iytic
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
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lhataauscpulmonaryﬁbrods.'l‘histcst,arescamhmolnow,
may well become the standard laboratory test of monitoring
and predicting the quantitative pathogenicity of respirabie
mineral dusts, , Dr, is measuring longer
digestion time behavior of the dusts in the test systems to in-
vestigate the possible role of such interactions in the
pathogenisis of pneumoconiosis and to determine if the
phenomenon might provide a basis for more predictive
cytotaxic testing. Additional test parameters are also being
investigated.

Since the body evolved a simple effective protective
mechanism that covers a large variety of naturally occurring
respirable size mineral particles such as clays, oxides, car-
bonatcs, hydroxides, halides, silicates, borates, sulfides, sul-
fates and phosphates, why is this mechanism not effective
against the silica minerals: quartz, cristobalite and
tridymite? What is so unusual about these silica minerals.
Quartz, which is charactcristic of these silica minerals, has
four unusual properties: it is relatively inert chemically,
piezoclectric, 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 Iytic 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 electrical effects is brought
close to a cell’s membrane, it will rip that membrane apart,
Finally, quartz being piczoelectric can generate 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 electrical 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 would have a
quartz assay that would be very low compared to the num-
ber of quartz-coated particles present. Obviously, the num-
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 cytotoxic
because the test itself mimics the action of the body defense
so closely. Those particles 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.

16

Sub Programs

Ina hypothesis as sophisticated and promising as the one
presented 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
vitro" mimicking of the macrophage’s phagocytosis is as pos-
tulated, and we must also explore the envelope of the pul-
monary surfactants and Iytic 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 Effects

Becausc there is no extant method for measuring the
electrical affects near a sharp edge or corner, extending out
30to 50 A, these effects must be calculated. Since the Chap-
man Gouy and similar models were developed for flat or
gently curving surfaces and are not applicable near
¢dges and corners, an cntirely new model to describe the
electrical fields near these sharp features has been
developed. Until actual SEM measurcments 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 equa-
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 particies 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 gencrate
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
bounds on these electrical effects before getting the broader
solutions.

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 neutral molecules with a
charge separation in a unit 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 cell membranes. Part of the work done
above may be applicable to the clay edge problem, Once
again, one is working with discontinuous charge distribu-
tions and non-Newtonion fluid flow. Experimental measure-
ments do not appear to be feasible.
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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
component in the surfactant could adsorb onto 2 respirable
particle has been investigated by Wallace ef al.*”) Following
the surface adsorption on both the clay and quartz paﬁ'scles,
the cytotoxicity of both coated particles is neutralized,
presume that such coated particles in the lung are
phagocytized by pulmonary macrophage and subjected toan
enzymatic digestion process within the cell. These processes
are being modeled bz' "s‘n vitro" enzymatic digestion of
lecithin treated dusts.{” 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
tests 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 "in vitro" dust
test 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.
Inaddition, 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.

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-
tive 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
sharpoess 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
of specimen tilt, a goniometer, so that the edge of the par-
ticle will be parallel to the beam. Current SEM:s available to
us do not have the needed resolving power, brightness, or

extra angle of tilt. Probably a ficld emission SEM with a
resolving power of 15 A will be required.

Should the SEM availabie 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 Director and applying for the necessary time and
status to use their facilitics 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 will
probably be sufficient to show that the radius of curvature at
an edgeislessthan 15 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, and work is
being included in the Respirable Dust Center Program by
Dr. Seehra to determine the surface availability of quartz in
mixed composition minc 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.

Mcloy(z) has demonstrated that if the cleat surfaces are
mineralized with quartz, then in many mines there will be
enough quartz coated coal particlcv? gausc a fibrotic reac-
tion. From locked particle theory,"” % it is predicted that
only one coal particle in two to five hundred will show a
guartz 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 1 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
from the classical physics — not on traditional biological 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 ¢louds and
brother to the stones” and the law of physics that effect them
also effect us.
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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, University Park

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 engulfinent
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 icfleence 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
rumber of particles are generated, a portion of which be-
comes airborne to create dust. Dust can be aesthetically and
cavironmentally 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,
pneumoconiosis, etc.{) Several approaches to reduce dust
in piine environments are practiced throughout the mining
industry. These include decrease in generation of dust
through improvements in mine machinery, ventilation (in
which lower dust levels are achieved by dilution of con-
taminated air with clean air), and dust removal methods.
Water sprays are most commonly used to remove dust par-
ticles. Recently, scrubbers are reported to have been in-
stalled on mining machines to remove dust,*> which also
make use of water sprays to reduce dust.

Wetting agents, also known as surfactants, are often used
loincrease the effectiveness 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 effective dust suppres-

sant in both laboratory tests and underground trials )
Foams have been suggested as alternate to water sprays,(s)
but their use also depends upon us¢ 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 conscnsus exists regarding their overall effective-
ness. The following conclusions by various investigators il-
lustrate this observation:

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

"...use of wetting agents reduced the dust load:::z%of retumn air
by 30% compared with the use of water alone.

" . . wetting agents ineﬂ’ecri% when mining the high volatile
coal of the Fittsburgh seam. )

*... a noticeable reduction in visible airborne dust in face greas
resulted 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 {gceiﬁng renewed
interest is the use of chemical surfactants." 1

*. . . laboratory tests indicate that 10 to 15 percent more
respirable dust gan be coliected with wetting agents than with
water alone."1!

". .. we don’t know why some agents work and some don’s,
some coals are wettable and some aren’t.

"...no sign"({gcant correlations among the four wetting tests were
observed."!>

Capture of Dust Particles by Water Sprays

The main objectives of water sprays used for in-mine dust
removal are 1) 1o 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
scries of subprocesses which are:

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

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

rate a collision frequency X collision efficlency (1)

The collision frequency depends upon the following:

s Particle size and droplet size
s Aerodynamics of the system
e Number density of the particles and droplets

In case of water sprays, the droplet size is primarily deter-
mincd by the nozzle characteristics and pressure drop across
the chzzlc 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, all the fragments produced in mining do
notbecome airborne.™ The characteristics of in-mine dust
depends upon the nature of the mining method, coal scam,
production rate, air velocities, ctc.

The acrodynamics of the system are influenced by the
particle and droplet sizes and their relative velocities. Three
types of collision mechanisms can be envisaged, they are:

1. Inertial impaction
2. Flowline intcrception
3. Brownian diffusion,

Inertial impaction is the most common mode of collision
for particles greater than 3 to 5 um, whereas Brownian dif-
fusion is the predominant mode of collision for particles less
than approximately 0.3 um. Fiowlinc interception can be sig-
nificant when the dust particic must flow through a series of
collectors as in filtration,

The collision cfficiency, (i.e., the effectivencss 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 involve
both adhesion and engulfment processes, the wetting be-
havior of particles is an important consideration.

Three kinds of wetting phenomena are involved in cap-
ture and engulfment of particies: adhesional wetting, spread-
ing wetting and immersional wetting. Adhesional welting
refers to the process of formation of a three phase contact
between the dust particle, water droplet and air. Spreading
weiting refers to the movement of the Liquid/air interface
along the surface of the particle such that the solid/liquid in-
lerfacial area increases and the solid/air interfacial area
decreases. Immersional wetting refers to the process of
transfer of the particle from air into water. The free energy
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changcsforthethreewntﬁngproeessesmbcrcprescntcd
by the following relations:

Adhesion:  AGa = Ygi- Tea- N
Spreading: AGs = Y- Yea + M
= o8 @)
Immersion:  AGi = Yg - Tga
’ = . ')rLAGO‘le (4)
where 7sr, 7saand TLa are the surface free energies

of the solid/liquid, solid/air and liquid/air interfaces, and
O is the contact angle. The interfacial free energies and the
contact angle, and hence the conditions for wetting can be
altered through adsorption of surfactants. The free cnergies
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
negative). 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
Guis positive for all valucs of © except when & = 0, aneces-
sary condition for engulfment of particles is that ® = 0,
Thus, for wetting agents to be effective, lowering of both ¥
Lv and © are desired. Although the first condition, namely,
lowering of 7YLv, is generally recognized, the second con-
dition, namely, iowering of contact angle, is frequently over-
looked. Figure 2 shows that the contact angle of coallsh:%deg
dependant upon rank parameters such as fixed carbon,!
Therefore, dusts from mining of different coal types can be
cxpected to behave very differently when cxposed 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 several
different surfactants on the wetting behavior of coals of
various ranks,
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FIGURE 1. The free energies of spreading, immersional and
adhesional 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 effectiveness of water sprays can be greatly enhanced
if particles are imbibed (engulfed) by water droplets rather
than attached to the surface of the droplets. The foliowing
calculation, in which typical in-mine conditions are used, il-
lustrate this fact.

The total mass of respirable dust generated uz 3 typical
coal mine is about 3.5 gram/pound of coal mined(™ which
is equivalent to about 8.3 kilogram per minute of respirable
dust generated. Since the total dust generated, and not the
respirable fraction alone, will be seen by water sprays, on an
average of about 25 kilogram per minute dust will be exposed
to 15 galion per minute water spray. For an average droplet
diameter of 250 um, the surface area available for capture of
dust is 22.7 m*/sec. The surfacc area occupied by a layer of
dust particles in the same time period is 33.3 m* which im-
plics that a particic loading factor of 150 percent is needed,
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 droplet rather than just adher-
ing to the droplet surface. Kobrick&n has reported that the
cutters run dry evep 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 easily wetted by water alone can
be wetted by the addition of wetting agents to water, The ef-
fect 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 Technigue

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
mcasurements 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 cocfficient of variation
was about 0.08. Additional astaﬂs of the measurement tech-
nique are given elsewhere.">)

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
samplc was crushed and screencd to obtain a 250-150 um
fraction which was then used for the wetting tests. The
ethoxylated nonylphenol (Triton N-series) and octyl phenols
{Triton X-series) were obtained from Robm and Haas. The
ethoxylated dodecylphenol (T-Det DD9) was obtained from
Thomas Hayward Chemicals. Aerosol OT and Tween 80
were obtained from Fisher Scientific.

Results and Discussion

The initial wetting rates for the HV A-bituminous coal are
given as a function of the surfactant concentration in Figure
3. The hydrophilic group in 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-
onchain. In the range investigated, the wetting rate increases
linearly with the logarithm of concentration. The minimum
concentration at which wetting occurs is referred to as the
critical wetting concentration, Cer and it is cbtained by ex-
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-

" HVAb Cosl
O Triton N=101
& Triton X-100
o T-Det D09

INITIAL WETTING AATE, mg/sec

i 10 10 10 10
SURFACTANT CONCENTRATION, mole/liter

FIGURE 3. Initial wetting rates for a HVA bituminous coal for
several surfactants with varying hydrophobic groups,
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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
nonyl phenol in these cases and the hydrophilic chain length
was varied by changing the number of ethoxy groups. The
chain Jengths of the hydrophilic group and other properties
are included in Table 1. The results in Figure 4 show that the
concentration dependance 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 hydrophilic-lipophilic-balance {(HLB) is a number
describing the rcl?lgvc attractions of a surfactant molecule
for water and oil'" The HLB number for most nonionic
surfactants increases with increase in the percentage weight

TABLE |
Hydrophile-Lipophile Balance of Surfactants Used in
this Investigation
No. of ethoxy
Hydrophobic . groups

Surfactant group (-C2H50-) HLB.
Triton N-60  Nonylphenol 6 10.9
Triton N-1-  Nonylphenol 910 134
Triton N-111  Nonyiphenol it 138
Triton N-150 Nonylphenol 15 15.0
Triton X-100 Octylphenol 9-10 135
T-DetDD9  Dodecylphenol 9 120
Tween 80 Sorbitan monooleat 20 150
Acrosol OT  Dioctyl {anionic)

of the hydrophilic portion of the molecule. A higher HLB
number also indicates a higher water solubility, The initial
wetting rates of coal for a 0.1 wt% surfactant concentration
are plotted versus the HLB value in Figure 5, for ethoxylated
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
surfa 13 reduced. Similar observations were made by
Variali® on the effect of HLB on rheology of coal-water
slurries.

The initial wetting rates versus surfactant concentration
for three different surfactants 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.

L 4 f .
Rvab Coal

Y w- o Triton N-G0
n O Triton N-101
e aTriton N-111
. - e Triton N-150
[1Y]
(=
&
o -
-
-
-
-
Z -

g ' f

1 s o o

SURFACTANT CONCENTRATION, mole/liter
PIGURE 4. Initial wetting rates for a HV A bituminous coal for

various ethoxylated noayl phenols.

0 \ , , . .
o Surf.Conc. = 0.1 wtX
=
g -
uj
-
T ¥-

A

g
-t
E -
w
x
wd
S © Octyl Phenol a
= & Nonyl Phenol
=
-

u ] L] [] [] n

10 11 12 13 14 1%

HYDAOPHILE-LIPDPHILE-BALANCE (HLB)

FIGURE 5. Initial wetting rates for a HVA bituminous coal as a
function of the HLB number for a 0,1 wt% surfactant

concentrations.
50 ' [ 1
©°
HVAb Copal

0 - ¢ Triton N-101

& Aergsol-0T

o Tween 80
” -

INITIAL WETTING RATE. mg/sec

5
10 1
SURFACTANT CONCENTRATION, mole/liter
FIGURE 6. Initial wetting rates for a HVA bituminous coal as &

Function of surfactant concentration for Triton N-101,
Aerosol-OT and Tween 80,

22

18



Chander et al

Results which have been reported elsewhere321) ghow
that the initial wetting rates in the presence of surfactants are
a function of the coal type. When Triton N-101 is used asthe
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-
hesional wetting controls the capture of dust particles,
whereas spreading and immersional wetting control their
imbibition (engulfment),

Wetting of coal particles is shown to depend upon the coal
rank, surfactant type and concentration. At low concentra-
tions, a larger hydrophobic group gives a higher wetting rate
(cf. Figure 3) whereas at high concentrations, the surfactant
with a smaller hydrophobic group gives a higher wetting rate.
The effect of hydrophilic group 15 more complex and can be
discussed in terms of HLB. As the HL.B number increases
from 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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Electron Spin Resonance Detection of
Reactive Free Radicals in Fresh Coal Dust
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1t is well known that prevalence and severity of coal worker’s
poeumoconiosis (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 cffort to find biochemical clues for resolving this
apparent paradox, we have carried experiments to detect
difTerences 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 reactlvities of the organic free radicals
produced. The hall-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
fibrosis and eventually silicosis.

Introduction

The pathogenesis of coal workers’ pneumoconiosis
(CWT) has been an important topic of concern for decades,
but the mechanisim of CWP is still not understood, It is well
known, for example, that the prevalence and severity of CWP
differ markedly in different regions and mines despite com-
parable exposure’(l’z) but these observations can only par-
tiallybe expl%insgd by differences in mineral composition and
rank of coal™ Specifically, while cpidemioiogical studies
of coal miners indicate' "’ that the effectiveness of coal in

producing CWP correlates roughly with the rank (ie. %
carbon content) of coal, such ogrrclation has not been estab-
lished via biological studies.4)

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; 78) was prompted by the follow-
ing observations. Free radicals such as O3 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 sog-
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,
three recent papers indicate that mechanical crushing of
som?gciri)als leads to the formation of organic free  radi-
cals®11) In fact, Artmov and Rezaik surmised that the&g
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 radl%ﬂi in a dry lung tissue sample of an autop-
sied coal miner."“’ He concluded that the frec 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 earlier, our
own ESR studies of tissue from lungs of autopsied workers
who had worked in a variety 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 experiments:

1. We haw(; %alidated and extended the earlier
report* "’ by a detailed ESR spectroscopic analysis
of free radicals produced by fracturing of two
carefully selected U.S, coals under different
environmental conditions,

2, We have initiated 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
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FIGURE 1. (a) Effect of grinding (under nitrogen) on the ESR signal intensity from a PSOC-1192 (bituminous coal); (b) Decay of (free radical)

ESR signals after air exposure,

of CWP. TR? results of this study are reported
separately

4. We have examined the roc(liuction of free radicals in
quartz particles ground under nitrogen and in air
and measured thgcrradical decay.

Methodology

Electron spin resonance spectroscopy was used as a tech-
nique for the identification and reactivity studies of the free
radicals.(** The ESR measurements were made with an
IBM (model ER200D) ESR spectrometer operative in the
X-band (10 GHz) range, and equipped with an Aspect 2000
microcomputer for automatic data acquisition and process-
ing. As usual, the arca under the ESR signal was taken to be
proportional to the radical concentration. The two Pennsyl-
vania coals studied here (PSOC-867, an anthracite, and
PSOC 1192, a bituminuous coal) and their composition data
were obtained from the Pennsylvania State University coal
data bank. For each ESR study, about 0.200 g of raw coal
particles (a few millimeters in size) were outgassed for
scveral hours to a vacuum of about 10 mm Hg and then
crushed in a glove box under dry nitrogen atmosphere so as
Lo exclude oxygen reactions with the free radicals. The coat

particles 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
devcloHcd by Vallyathan at NIOSH, as described else-
where 1)

Results and Discussion
Coal Studies

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 ”ﬁlilfﬂty to ESR
signals from organic radicals in parent coals. Asiswell
known, the absolute value of area under an ESR peak is
proportional to the concentration of the species (radicals
here). Thus Figure 1(a) shows the effect of the extent of

GRINDING , MINS.
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{PSOC 867) coal crushed under nitorgen and exposed to air.
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crushing (as judged visually from the particle size) on the
radical concentration for the bituminous coal sample (PSQC
1192, 72% carbon content). Here finc size was found to cor-
respond roughlyto 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

—12G —

Tima after grinding in air
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FIGURE 4. Decay pattern of free radicals from the same anthracite
coal asin Figure 3 but crushed in air.

to air the free radicals produced in the anthracite coal
(PSOC 867) 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 quantitatively
for the bituminous and the anthracite samples, respectively.
While an accurate comparison of the radical decay rate
needs more controlled grinding procedures (whichwep =
to complete in the future}, the preliminary results presenicd
in Figures 2 and 3 clearly show that the decay rate and hence
the reactivity (with oxygen) of the free radicals produced in
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FIGURE 5. Time dependence of the decay of the free radieals in an
air-crushed anthracite coal (FSOC-867).

the anthracite coal is about 300 percent higher than that in
the bituminous sample. Ancther 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-

=<-QUARTZ

UNGROUND
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taining signi more 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
jeads to 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. '

Free Radicals in Fresh Quartz Dust

It is known that fracturing of quartz under ultra-high
vacuum (10°1° torr) 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 measurcments of
such radicals have begjn reported, especially as related to the
biological aan‘.:tivity.(1 Qur 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
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FIGURE 6. Typicat ESR spectra of quartz particies crushed in air.
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time 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 cxhibit 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
{ree radical specics, and kence the potential for cytotoxicity
via chemical reaction (bond formation) with the cell
membrane. Preliminary tests 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 canses a decrease in the amount of the free 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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Numerical Technique for Calculating the
Equivalent Aerodynamic Diameter of

Particles

VIRGIL A. MARPLE, ZHANG ZHIQUN
and BENJAMIN Y.H. LIU

Particle Technology Laboratory, University of
Minnesota, Minneapolis

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’
Pncumoconiosis (CWP) is one disease known to be caused
by coal mining related particles.

FIGURE 1. Determination of the asrodynamic diameter of an
irregularly shaped particle.

The location in the respiratory tract where the particles
are deposited is primarily a function of the equivalent
aerodynamic diameter (EAD) of the particle. The
equivalent acrodynamic diameter is the diameter of a spheri-
cal particle with a density of 1.0 gm/cm® with the same fall-
ing speed as the particle in question. For a spherical particle
the calculation is rather simple in that the equivaleat
aerodynamic diameter is simply the diameter of the particle
in question multiplied by the square root of the density of the
particle, For irregularly shaped particles, such as coal par-
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
aerodynamic size of this particle and, therefore, its deposi-
tion location in the respiratory tract would be nearly impos-
sible to estimate accurately.

The normal method for determining the aerodynamic
diameter of particles has been to experimentally measure the
size of the particles in a settling chamber or with an inertial
classifier such as an impactor, cyclone or a centrifuge, since
inertial classifiers have the property of classifying the Par;
ticles according to their aerodynamic diameters.
However, these devices can oaly give limited information on
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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, so 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 specific irregular 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-
regularly shaped particle, we have undertaken a program to
apply theoretical numerical methods to calculate the EAD
of any shape particle. In our laboratory we have, for some
time, been using numecrical methods to determi 3 the ﬂ?w
field of air within instryments such as impactors,® inlets,®
and virtual impactors.() Recently, this technique has been
expanded into the three-dimensional regime, and the ﬂca!;
fields and particle motion characteristics within cyclones'
and glove boxes have been studied. We have now begun to
use these numerical three-dimensional flow programs to
study the flow field around irregularly shaped particles to
determine their drag coefficients, falling speed, and thus,
their EAD,

Although it is quite casy to obtain answers from numeri-
cal programs, the routines may or may not be converging to
a correct answer. The technique must be extensively

FPRESSURE
FGRAVITY
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FIGURE 2. Numerical solution of drag acting on a sphere
contributed by pressure and shear (Dp = 10 um; Ug = 10 emy/s).
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TABLE|
Comparison of Drag Forces on Spheres Calculated by
Numericai Analysis, Fon, and Stokes Law, Fpg
Dp (um) Fpn/Fps Error %
20 1.035 3.5%
50 1.041 41%
10.0 1.015 1.5%

evaluated before one has confidence int, 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 coefficient has been determined analytically or ex-
perimentally. If the agreement is good between the numeri-
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 solutions in
two dimensions can provide the correct drag coefficients 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
been used extensively in recent years to obtain information
on flow fields. Although several techniques have been used
to solve the Navier-Stokes equations, they are all basically
the same in that the finite difference form of the ¢quation is
expressed 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-

ference equations are solved at the node points {intersection .

of the grid lines) of the grid. The solution is achieved by an
iterative relaxation procedure that determines the value of
the stream function and vorticity or the velocity vector com-

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
the work (%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 dimclgions, 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 prove the feasibility
and to provide confidence in the results,

.

TABLE Il

rison of Drag Force on a Cylinder in Cross Flow
lculated by NumerieaH\nelysis Fon, and by
Solution, FpL

Com&

Tomokita and Aoi
Dp (um) Fpn/FDL Error%
100 1.0245 245%

In the past we have used numerical anal
successfully analyze g}c performance of aergsol instrumelzg
such as impactors,'® virtual impactors ™ and inlets
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,

ysis techniques to

W

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 diamelter, it is now necessary 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 to which the features of the particle
are to be described.

Solution Technique as Applied to Particles

Since the object of the program is to determine the
aerodynamic diameter of a particle and since the
acrodynamic diameter 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
{alling speed of a particle. As shown in Figure 2, this problem
further reduces to one of determining at what speed the drag
lorce is equal to the gravitational 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 result-
ing from the fluid flowing past the surface of the particle. The
numerical technique used here 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 force 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

TABLE I
Comparison of Drag Forces, Shape Factors and Drag Coefﬁcientsdar Disks Calculated by Numerical Analysis and
by Oseen’s Solution

Re Fon/FDo Kno' Ky CDn Cpo

326x10°  1.058 0.898 0.849 6.11x 10° 6.25x 10°

6.52 x 10'-;* 1.05 0.891 0.849 328x%10° 3.125x 10°
130x10° 1045 0.887 0.849 1.63x10° 1.563 x 103
326x10° 102 0.865 0.849 6.37 x 10 6.25 x 107
1.30x107  1.015 0.861 0.849 158 x 10° 1.56 x 10°

Kn' = Shape Factor obtained from numerical study.
Ko’

CDn = Drag coefficient of disks obtained from numerical results.
CDo = Drag coeflicient of disks obtained from Oseen’s solution.
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= Shape factor obtained by taking the limit case of the shape factor from Oseen’s formula.
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FIGURE 5. Flow field streamlines past a straight chain of spheres
consisting of 1 to 5 spheres.

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
of 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 occupied by the particle is rather easy in
that the viscosity is simply set to 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-
dimensional analysis of the particles is performed. Due to
the fact that the particles will no longer be symmetrical, no
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symmetry axts 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 detcrmining the
drag force on a disk. However, in some cases it may be
preferable to use rectangular coordinates, 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 ¢oordinates 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 ease in defining the
shape of the particle.

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 sclected 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 wa? compared to the drag force
predicted by Stokes law.\”) The results of this analysis are
shown in Table I for particle diameters of 2, 5, and 10 un. In
general, it was found that the calculation of the drag force
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 IV

Comparison of Dynamic Shape Factor for Straight
Chain Aggregates of Uniform Spheres Calculated by

Numerical Analysis angggt;%med Experimentally by
Numerical Analysis Results
Experimental
No.of Dp= Dp= Dp= Dp= Results
Sphere 04um lum 4um 10um (Stober)
2 1148 1179 1.1225 1.1238 112
3 1213 1267 1320 1.340 1.27
4 1221 1296 1353 1378 132
5 1336 1411 1482 1513 145
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FIGURE 6. Dynamic shape factor of a straight chain of spheres, comparison of numerical results with experimental results,* </ Dp = Diameter
of primary sphere.

(cylinders) increases, the size of the steps will decrease and
more closely approximate the sphere.

For the case of cylinder in cross flow, which utilized rec-
tangular coordinates, only one case was analyzed (10 um
diameter) and compared to the analytical solution as %ﬁned
by. Tomokita and Aci'® and reported by White.!) The
result of this comparison is shown in Table I, There is good
agreement between the two techniques. The difference is
only approximately 2.5 percent. Again, the cylinder was
defined by about 40 node points.

The next configuration studied was the disk in cross flow
which again utilized cylindrical coordinates. The results of
this test were com{xarcd to that of Oseen’s solution? as
reported by Fuchs.'!) Oseen studied the flow around ellip-
soids, and in one limiling 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 I, the error in the drag forces increased with decreas-
ing Reynolds Number from approximately 1.5 percent at a
Reynolds Number of 0.13 to about 6 percent at 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 coeflicients 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-
}'_ors are estimates due Lo the inaccuracy in the numerical flow

1elds,

The final test of the numerical analysis technique was to
study spherical straight chain agglomerates. Figure 5 shows
the flow field around the chains containing from one to five
spheres. In this case the dynamic shape factor of the straight
chains was calculated and compared to those values
reported from experiments performed by Stobert!?) using a
centrifuge to determine the shape factor. The numerical
technique was performed on primary spheres of sizes 0.4, 1,
4, and 10 um diameter and compared with the experimental
results which used latex spheres of several particle 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 Figurc 6 that both experimental and numerical
generated dynamic shape factor versus number of particle
curves have "S" shapes. 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 technique 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
nearly the same and approximately equal to twice the drag
force on the intermediate spheres.

Optimum Grid Pattern

As has been indicated earlier in this paper, a particle can
be better defined by increasing the number of grid lines used
to define the particle contour. However, as the number of
grid lines increase, the number of node points over which the
Navier-Stokes equations must be solved rapidly increases
and soon becomes 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 problem. 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-
proximately 800 node points. As the number of node points
1s increased beyond 800, the increase in accuracy is only
slight. Also shown on the chart is the computer central
processing time, and this curve, although not as dramatic as
the error curve, does increase at a more rapid rate for the
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FIGURE 7. Drag distribution on a straight chain of spheres.

larger number of node points. For this reason, we have used
approximately 800 node points per problem definition.

In some cases it will be necessary to use more than 800
node points 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 particle. An example of this step
process is shown in Figure 9. At the top of Figure 9 is the in-

I
l

itial step where the particle is defined by only a few grid lines,
with most of the space reserved for the flow around the par-
ticle. The reason for having such a large space around the
particle is so that the boundary conditions can be assumed
to be unaffected by the presence of the particle. 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
lines is now enlarged, there can be more grid lines used to

CPU TIME
{sac)

NUMBER OF NODE POINTS

FIGURE B. The effect of grid resolution on the accuracy of numerical solutions of spheres and on the computer time.
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FIGURE 9. Grid lines used when shrinking calculation domain around 2 particle to increase resolution of the flow field.

define the outline of the particle and the boundary condi-
tions are now those resulting from the first step.

This process can be continued in a stepwise fashion until
sufficient definition of the particle contour has been ob-
tuined. In this manner, the flow around a very complex par-
ticle can be obtained and the number of node points kept on
the order of 800, which 1s found to be optimum in obtaining
an accurate answer at reasonable cost.

Conclusion

The two-dimensional numerical solution to the Navier-
Stokes equations provides drag forces for particles that are
in good agreement with those determined by other methods.
For example, these drag forces on spheres agrecd 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 determined by the Oseens solution. All
solutions agreed within about five percent, and only about
40 node points were used to define the particle contour,

The technique, as applied to straight chains of spherical
particles, also showed good agreement with cxperimental
values of the dynamic shape factor determined by ex-
perimental centrifuge analysis. Although the numerical
tcchnique predicted dynamic shape factors somewhat larger
than those determined experimentally, the dynamic shape
factor as a function of the number of particles in the chain
correlated well.
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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 node points. It
should, therefore, be possible to determine the drag force of
irregularly shaped particles using three-dimensional
numerical methods. For three-dimensional studies the com-
puter time will be much more than for two dimensions, but
information on the particle drag for these particles can be
obtained in detail that is not obtainable by any other means.
Itis believed that any particie shape can be digitized, defined
by a three-dimensional grid and analyzed to determine its
aerodynamicdiameter.
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The Burean of Mines conducted an underground
performance evaiuation on the MINIRAM. This new
compact light-scattering instrument measures relative
instantancous respirable dust concentrations by passively
allowing environmental air to flow through an open-ended
sensing chamber, A personal sampler adapter (utllizing a
10-mm nylone cyclone) that fits over the sensing chamber,
in combination with a persona! dust pump, also can be used
to actively measure relative instantaneous dust
concentrations and collect a gravimetric sample.

Tests to compare the MINIRAM (passively and actively)
with the RAM-1 and the personal gravimetric sampler were
conducted at two continuous miner sections and one
longwall section. Active sampling results indicate that the
seal (foam padding) on the MINIRAM personal sampler
adapter may not be adequate in all cases and might
eventually deteriorate making the MINIRAM's In-
stantaneous and gravimeiric measurements significantly
higher than those of the RAM-1 and the petrsonal sampler.
When a good seal exists between the MINIRAM’s sensing
chamber and personal sampler adapter, the instantaneous
and gravimetric measurements correspond well with those
of the RAM-1 and personal sampler. Passive sampling with
the MINIRAM yields values that are higher although well
correlated with the values obtained by active sampling nsing
the personal sampler adapter. The higher values are
probably due to water droplets and/or larger dust particles
entering the sensing chamber during passive sampling.

Introduction

Respirable dust monitoring of the underground mining
environment is vital for safeguarding the respiratory system
of mine workers. Improvements in the minc air quality are
achieved through identifying dust sources, developing effec-
tive dust controls, and ensuring that controls are utilized and
maintained, The essential tools for this purpose are dust
sampling instruments. Two types of instruments commonly
used are gravimetric and light-scattering. Gravimetric in-
struments use a suction pump to draw a constant volume flow
of the mine air through a physical classifier and collect the
respirable dust on a filter, The mass collected on the filter
for aknown time period, at a specified sampling flow volume,
gives the average dust concentration for that period. One im-
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portant advantage of gravimetric sampling is that a physical
mass is collected from a known volume of air, making this a
more absolute dust concentration measurement. However,
gravimetric samplers do not provide information about
specific instantaneous dust concentrations during the sam-
pling period, This limits their use for identifying dust sour-
ces and evaluating control technology to some short-term
gravimetric sampling strategies.

Usnally, light-scattering instruments operate by measur-
ing light scattered in a ncar forward direction by an aerosol
or dust. A light-cmitting diode operating in the near-infrared
region (approx. (.9 um wavelength) is commonly used as an
illumination source and a silicon photovoltaic-type diode is
used as a means of scattered light detection. The respirable
portion of the aerosol can be sampled either by a passive or
an active method. The passive method allows the mine air fo
flow freely through an open sensing chamber and the
respirable portion of the dust is approximated by detecting
the light scattered in a near forward angle range
{(MINIRAM's detection angle is 45-95 degrees). Problems
associated with passive sampling include water droplet
detection, some nonrespirable dust detectiobz‘:’.?d zero drift
due to dust fallout in the sensing chamber. The active
method mechanically draws a sample of the mine air through
arespirable dust classifier before it is measured in the sens-
ing chamber. These classifiers commonly use a gravitational
elutriation or a centrifugal method to remove nonrespirable
dust from the air. Also, most water droplets should be
removed by the classifier because they are usually in the non-
respirable size range. Active sampling, using physical clas-
sifiers, minimizes respirable dust measurement errors
caused by water droplets and nonrespirable dust, > Also,
some active sampling light scattering instruments have clean
air purged over the emitting and detecting optic surfaces to
eliminate zero drift.

An advantage of the light-scattering instrument is its
ability to measure relative dust concentrations continuously
(instantancously) throughout a mining process. This
capability enables the instrumen t)o identify the major dust
sources and processes in mining. S Also, dust controls used
during specific phases of the mining process can readily be
evaluated with this type of instrument. A disadvantage of the
light-scattering instrument is its dependence on the physical
characteristics of dust being mcasurc{] J)size distribution,
density, shape and surface properties).t*

A dust sampling instrument recently developed under a
Bureau of Mines contract that has both light scattering and
gravimetric me.asurcmenE capability is the MINIRAM per-
sonal monitor (Figure 1)."" This makes the instrument more
versatile and useful for a wide range of dust monitoring ap-
plications. The purpose of this paper is to present the results
of the MINIRAM performance in the mining environment
as compared to the personal sampler and Real-Time
Aerosol Monitor (RAM-1), These have been extensively
tested with good performance in the laboratory and under-




FIGURE 1. MINIRAM dust monitor (passive and active).

ground environments. 6%10 A brief description of the dust
sampling instruments compared is given in the Appendix.

Laboratory MINIRAM Calibration

Before any underground comparison tests between the
MINIRAM, RAM-1, and personal sampler were under-
taken, MINIRAMs were calibratcd against the Bureau’s
transfer standard RAM-1, using Pittsburgh coal dust. Pitts-
burgh coal, ground to —325 mesh was fed into a static dust
chamber with a TSI fluidized bed aerosol generator.
(Reference to specific products does not imply endorsement
by the Bureau of Mines. The RAM and MINIR AM:s located
outside the dust chamber were remotely connected to 10-
mm cyclones located inside the dust chamber, Table I shows
laboratory results of six MINIRAMSs at several stages of
calibration.

The first test conducted was the comparison of six
MINIRAMs, calibrated to Arizona Road Dust by the
manufacturer, to the Burcaw’s standard transfer RAM,
calibrated to Pittsburgh coal dust. Average MINIRAM
measurements were about 97 percent higher than the RAM
measurements and the coefficient of variation between the
MINTRAMs was 20.8 percent. MINIRAM:s were calibrated
by adjusting the potentiometer screw until the displayed
measurements are equivalent to the standard RAM. After
repeated calibration adjustments to finc tune the
MINTRAMs to the standard RAM, the MINIRAMS

measurements were slightly lower (2.5%) than the standard
AM and the coefficient of variation between MINIRAMs
was 5.0 percent. The relative calibration and precision of the
MINIRAMs after this stage of calibration were considered
as good as possible for underground testing.

Underground MINIRAM Tests

Initial underground comparison tests of the MINIRAMS,
RAM, and personal sampler were conducted on a con-
tinuous miner section and a longwall section for several days.
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FIGURE 2. Comparison of gravimetrie respirable dust
concentrations measured with personal samplers and active
sampling MINTRAMS,
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TABLEI
Results of MINIRAM Calibration Against Bureau Standard RAM

Average
Concentration Average Standard ‘

of transfer Calibration Concentration Deviation Coefficient
Test Standard Status of of six MINIRAMS of MINIRAMS of Variation
No. (RAM Units)a MINIRAM  (RAM Units) (RAM Units) of MINIRAM
1 3.0 Manufacture 71 1.60 20.8%
2 527 First Cal 501° 0.76 15.2%
3 515 Second Cal. 512 041 8.0%
4 6.22 Third Cal, 6.13 030 49%
5 579 Third Cal. 5.59 0.29 52%

aAm\l\t(un.itiniau.niform:v.clatiw:(linear)unitofme.a.sumtl:natclmI:u:cnl.ibl'medtoaarpeciﬁctypeofdu:it.Intl:ni.i:tm\ethcR.1‘\Mu11itis

equivslent to one mg/m3 of Pittsburgh coal dust.

bOn]ySLﬂNIRAMswre included in this average because one MINIRAM malfunctioned.

Two sampling locations were selected on each section. Two
personal samplers, a MINIRAM sampling actively and a
MINIRAM sampling passively were located on the con-
tinuous miner, just out by the boom hinge point, or at the
shearer midpoint. Two personal samplers, a MINIRAM
sampling actively and a RAM, were placed on the immediate
return side of the continuous miner or at the Jongwall tail-
gate, The dust sampling instruments were run for most of the
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FIGURE 3. The acrodynamic equivalent size distributions for a
personal sampler and an ow.rsamplmg MINIRAM on the
continuous mining machine.
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shift and all instantaneous data were collected from the
instrument’s analog output with a Metrosonics dl-331 data
logger.

Gravimetric measurements between the MINIRAMs and
personal samplers were treated by regression analysis and
the best fit line is shown in Figure 2. The MINIRAM
gravimetric measurements did not correspond well with the
personal samplers. In most instances the MINIRAM
seemed to oversample, but in extremely high dust concentra-
tions it scemed to undersample. Statistical analysis of the
regression model has shown that at a 95 percent confidence
level there was significant difference between gravimetric
measurements with the MINIRAM and with the personat
sampler (Table II).

Particle size distributions were determined by Coulter
counter analysis for several gravimetric samplers where dis-
crepancies were evident. Figures 3 and 4 show the
acrodynamic equivalent size distributions (determined from
mass distributions) between the personal sampler and an
oversampling MINIRAM on the continuous miner and at
the longwall tailgate, respectively, The MINIRAMs over-
sampled by 104 percent at the miner and 216 percent at the
tailgate. These graphs indicate that MINIRAMs were sam-
pling more dust throughout the entire size range. This over-
sampling is attributed (o poor sealing between the personal
sampler adapter and the MINIRAM’s sensing chamber,
which allows more airborne dust to bypass the cyclone and
deposit on the cassette filter.

Figure 5 shows the acrodynamic equivalent size distribu-
tions for the personal sampler and an undersampling MINI-
RAM at the miner return, when extremely high dust
concentrations were sampled. The MINIRAM under-
sampled by 38 percent, and noticeable nndersampling oc-
curred at sizes greater than 2.58 um. The instantaneous zero
drift of 1.33 was higher than normally observed for active
sampling (vsually less than 0.3), The higher zero drift sug-
gested that MINIRAM gravimetric undersampling was
probably caused by dust fallout in the sensing chamber, The
second day of sampling in the miner return, the MINIRAM
significantly undersampled again and the zero drift was 2.14.
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TABLE )l
Statistical Analysis Results for Underground Tests

Instruments *Regression
Compared Location  Equation Hypothesis  df 1.025 #Tstat Conclusion
MINIRAM Grav. Miner& Y =281+ HgBl=1 10 -2.228 -6.474 Reject
(Y) vs Personal  Return 057X HaBl =1 Null
Grav (X) Shearer r= 095 Hypothesis
Tailgate  sx = 2.10
MINIRAM Miner Y=049+ HguBl=1 30 -2.042 -18.558 Reject
Active (Y) 055X Hal = Null
vs. Miniram r =097 Hypothesis
Passive (X) Syx = 017
Shearer Y=135+ HaBl=1 17 -2.110 -8.572 Reject
045X HaB1=1 : Null
r = (.87 Hypothesis
Syqx = (.7
MINIRAM Miner Y=08+ HuBl=1 31 2.040 4623 Reject
Active (Y) . Return 122X Hy Bl =1 Null
vs. RAM-1 . r =098 Hypothesis
(X) Syx = 121
Tailgate Y =029+ He:Bl=1 33 2036 5172 Reject
) 167X Hy:B1 =1 Nult
r =091 Hypothesis
Syx = 093

*Statistical Model: Y = Bo + B1

Y — Dependent Variable Estimate from Model
81 — Slope Estimate of Model,

r — Correlation Coefficent

#Tstat = B1 - 31/SB1.

Bo — Intercept Estimate of Model.

81 — Population Slope.

$B1 — Standard Deviation of 1 Sampling Distribution,

Syx — Standard Deviation of Regression (Standard Error of Estimate).

— Degrces of Freedom.
1025 -

tudent’s t Critical Point at the 95% Confidence Level for a Two Tailed Test.

Instantaneous comparisons were made between a MINI-
RAM sampling passively vs, actively, and a MINIRAM sam-
pling actively vs. the RAM-1, The instantaneous
concentrations on data loggers were averged into cor-
responding 15-minute average dust concentrations, These
15-minute averages were analyzed using straight line regres-
sion models to compare instrument measurements, Since the
MINIRAM’s zero factor (see appendix) is not instrumental-
ly subtracted from its analog output, these regression models
have intercepts other than zero because the least squares line
is shifted by the zero factor(s) from the origin of the axis, This
will not affect the slope of regression lines for comparative
measurements between the instruments. The slope of the
regression lines indicates how well the instruments’ relative
measurcments correspond. For ideal correspondence be-
tween instruments, the slope is one,

Figures 6 and 7 show the least squares line for the MIN-
IRAM sampling passively vs. actively at the continuous
miner and shearer, The optional sun shield was used on the
MINIRAM sampling passively becausec the MINIRAM

measurcments can be overloaded by direct light from cap
lamps and machinery. The MINIRAMs sampling actively
during these tests were suspected of mine air leakage into
the sealed sensing chamber, because of gravimetric over-
sampling. These regression lines, with slopes significantly
different from one (Table IT), clearly show that the instan-
tancous values of passive sampling are significantly higher
than those obtained by sampling actively, The higher instan-
taneous measurements obtained when sampling passively
were probably duc to the instrument’s increased response to
water sprays and larger particles entering the open ended
sensing chamber, A higher zero drift was observed for pas-
sive sampling because of increased dust fallout on the optics
in the sensing chamber. Average zero drift at the miner was
0.27 (passively) and 0.04 (actively). At the shearer the
average zero drift was 1.63 (passively) and 0.57 (actively).
The higher zero drift experienced at the shearer for both pas-
sive and active sampling may have been caused by higher
dust concentrations and increased external water applica-
tion at the shearer,
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Figures 8 and 9 show the lcast squares line for the MINI-
RAM sampling actively vs. the RAM-1 at the continuous
miner return and tailgate. The MINIRAM sam-
pling in high dust concentrations at the miner return undet-
sampled the gravimetric dust concentration and had a higher
than normal zero drift. Its instantaneous measurements, as
compared to the RAM-1, were higher with a regression
slope significantly different from one (Table II). These
higher measurements obtained with the MINIRAM were
probably due to dust fallout over the optics in the sensing
chamber, increasing instantaneous dust measurements and
zero drift. The MINIRAM sampling at the longwall tailgate
was suspected of environment leakage into the scaled sens-
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personal sampler and oversampling MINIRAM at the longwall
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ing chamber because of gravimetric oversampling, Its instan-
tancous measutements, as compared to the RAM-1, were
higher, with a regression slope significantly different from
one {Table II). These higher MINIRAM values were
g;obablyduc to the extra dust leakage into the sensing cham-

T.

These underground tests have shown significant differen-
ces for MINIRAM, personal sampler and RAM-1 measure-
ments. Discrepancies between passive and active
MINIRAM sampling were expected, due to the classifica-
tion methods of respirable dust and water droplet inter-
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ference. However, significant differences between measure-
ments made with an active sampling MINIRAM and the
other instruments were not expected, and were attributed to
asealing problem between the personal sampler adapter and
the MINTRAM sensing chamber. Laboratory tests were con-
ducted to determine if there was a problem with the personal
sampler adapter seal, and if so, how to correct it.

MINIRAM Laboratory Tests

Gravimetric sampling tests were conducted in the
laboratory with a MINIRAM that undersampled in high dust
concentrations {MINIRAM No. 1) and with a MINIRAM

W s .

3 -

Cp 3-

T C

E2 2 {0494+ 055x -
g - r=0.97 -
= X Sy-x=0.I7 RAM units
q 1 ] [

€ 0 2 4 6 8
= MINIRAM WITH SUNSHIELD,

= RAM units

FIGURE 6. Comparison of instantaneous respirable dust
coticentrations measured with a passive sampling MINIRAM and
an active sampling MINIRAM that gravimetrically oversampled
at the continuous mining machine.
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that consistently oversampled (MINIRAM No. 2). These
tests were conducted in the return of the Bureau’s full scale
model mine facility. Dust concentrations during these tests
ranged from 20-60 mg/m3 for a sampling period of 30-66
minutes. The gravimetric samples of these two MINIR AMs
were compared to the average of three personal samplers
during a series of seal tests. For the first two tests, the
MINIRAM; were used in the same condition as in the un-
derground tests. The average results of these two tests are
shown in Figure 10 plot A, There was a negligible difference
between MINIRAM No. 1 and the personal samplers;
MINIRAM No. 2 continued to oversample significantly.
For the second set of tests, the scal around the personal
sampler adapter on MINIRAM No. 1 was disassembled and
rcassembled between tests toinspect the resilicnce or quality
of the foam scal with continued use. The foam seal was
noticeably compacted for this sct of tests. The personal
adapter on MINIRAM No. 2 was sealed with caulking in
probable arcas of seal leakage. The average results of these
two tests are shown in Figure 10 plot B. A negligible dif-
ference continued between MINIRAM No. 1 and personal
samplers; oversampling of MINIRAM No. 2 had decreased
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concentrations measured with a RAM-1 and an active sampling
that gravimetrically undersampled in the miner
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retorn.

During the-third set of tests, disassembly and reassemb-
ly of the personal sampler adapter of MINIRAM No. 1 con-
tinued between tests, Compaction of the seal was becoming
more pronounced. The seal of MINIRAM No. 2 was im-
proved by using 1/16" neoprene gaskets cut to fit between the
sensing chamber and the original foam seal. The average
results from these two tests are shown in Figure 10 plot C.
MINIRAM No. 1 now oversampled significantly with MINI-
RAM No. 2 had a negligible difference as compared to the
personal samplers.

These laboratory results indicated that the most common
oversampling discrepancies between the active sampling
MINIRAM, personal sampler, and RAM-1 werc caused by
a poor seal between the personal sampler adapter and
MINIRAM sensing chamber. The foam seal used on the per-
sonal sampling adapier seems to lose resilience and to com-
pact over time. A follow-up underground study was
conducted using the neoprene gaskets to test for improve-

ments in MINIRAM performance.
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concentrations measured with a RAM-1 and an active sampling

MINIRAM that gravimetrically oversampled at the loogwall

tailgate.

Although significant MINIRAM gravimetric undersam-
pling was observed in a few instances of very high dust con-
centrations (> 20 mglms) underground, this was not
observed with the same MINIRAM in similar dust con-
centrations during the laboratory tests. Two factors that
could have contributed to the presumed dust fallout in the
sensing chamber when very high dust concentrations were
measured underground, were the longer sampling periods
and the water-saturated air in the miner return, Gravimetric
undersampling with the MINIRAM may not pose any
problems in the majority of underground dust monitoring
applications, but the possibility of undersampling in high
dust concentrations (> 20 mg/m>) should not be over-
looked.

Foliow-up MINIRAM Underground Tests

Underground sampling was conducted on a continuois
miner section for several days, as was done previously.
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Neoptene gaskets were used between the scnsing cahmber
and foam seal of the personal sampler adapter of
MINIRAMs sampling actively. Again, comparative samples
were taken at the continuous mining machine and its return.
Similar analysis was conducted on the gravimetric and in-
stantaneous data.

Gravimetric results are shown with the best fit least
squares line in Figure 11, The regression model shows a
dramatic improvement in gravimetric correspondence be-
tween the MINIRAM and the personal sampler. No sig-
nificant difference was found between the instruments at the
95 percent confidence level (Table IH), No significant
amount of MINIRAM gravimetric oversampling and under-
sampling was observed. .

Particle size analysis (Coulter counter analysis) con-
ducted on typical corresponding gravimetric samples col-
lected by the MINIRAM and the personal sampler in the
miner return are shown in Figure 12, The graph shows a neg-
ligible difference between size distributions of respirable
dust collected with the MINIRAM and personal sampler.
This indicates that the MINIRAM’s personal sampler

5 ] 1 ] 1
o §=015+0.88x
o 4- r=097 _
‘u-.l"’ Syx=0.3- mg/m
2E
-
>2 -
E
2 -
3L
Z5 -
=

0 | 2 3 4 5
GRAVIMETRIC SAMPLES, mg/m3

FIGURE 11. Comparison of gravimetric respirable dust
concentrations measured with personal samplers and active
sampling MINIR AM: {follow-up underground iests).
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adapter collection characteristics are similar to the personal
sampler, provldcdagoodscalenstsbetwcenthcadaptcr
and the sensing chamber.

Figure 13 shows the least squares line for instantancous
MINIRAM sampling passively vs. activcly at the continuous
miner, The sun shield was again used on the MINIRAM
sampling passively and gravimetric measurements indicated
no oversampling with the MINIRAM sampling actively, The
results clearly show that passive values are still significantly
greater than active values (Table HI) due to dust size clas-
sification and/or water mist.

Active MINIRAM sampling vs. RAM-1 sampling at the
miner return is shown in Figure 14. The regression line shows
improved relative correspondence between the instruments.
The regression model for these measurements shows no sig-
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FIGURE 12. The acrodynamic equivalent size distributions for a
rsonal sampier and a in the miner return
follow-up underground tests).

nificant difference between two instantaneous instruments

(Table IIT), which seem to respond similarly to dust con-
centrations.

Conclusions

Performance tests indicate that the MINIRAM sampling
actively is capable of performing as well as the personal
sampler and RAM-1, provided a good scal is achieved be-
tween the personal sampler adapter and the sensing cham-




Respirable Dust

TABLE M

Statistical Analysis Resutts for Follow-up Underground Tests

Instruments *Regression
Compared Location Equation  Hvpothesisa df t.025 #stat Conclusion
MINIRAM Miner& Y =015+ HgBl=81 5§ 257 -1.262 Cannot
Grav. (Y) vs. Return 0.88 X Ha: 81 = 81 Reject
Personal r =097 Nuil
Grav, (X) Syx =030 Hypothesis
MINIRAM Miner Y=215+ HaBi=81 30 2042 -22.959 Reject
Active (Y) vs 037X Ha: 81 = B1 Null
MINIRAM r =093 Hypothesis
Passive (X) Syx =03
MINIRAM Miner Y=24+ HgBl=081 12 -2.179 -1.017 Cannot
Active (Y) vs. Return 089X Ha: B1 = B1 Reject
RAM-1 (X) r =092 Null

Sy.x = 0.26 Hypothcsis

**Statistical Model: Y = o + 81

Y - Dependent Variable Estimate from Model
Bt — Slope Estimate of Model.

r — Correlation Coefficent

#Tstat = 1- 1)S 1,

Bo — Intercept Estimate of Model.

B1 — Population Slope.

SB1 — Standard Deviation of 1 Sampling Distribution.

3}/.1: T Standard Deviation of Regression (Standard Error of Estimate}.
t

egrees of Freedom.

025 — Student’s t Critical Point at the 95% Confidence Level for a Two-Tailed Test,

ber. The active sampling MINIRAM provides an average
gravimetric concentration, an instantaneous time-weighted
average concentration and relative instantaneous dust levels
for the sampling period. These types of measurements made
by the same instrument is advantageous because the relative
instantaneous measurements can be adjusted (multiplied)
by a gravimetric-instantaneous factor to yield more accurate
instantaneous measurements. This factor is the ratio of the
average gravimetric concentration to the instantancous time
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FIGURE 13. Comparison of instantancous respirable dust
concentrations measured with a passive sampling MINIRAM and
ap active sampling MINIRAM at the continwous mining machine
(follow-up underground tests).

weighted average (obtained from MINIRAM electronic
memory). Active sampling with the MINIRAM will improve
the accuracy of instantaneous dust measerements made in
various types of dusts,

The MINIRAM sampling passively correlates well with
an active sampling MINIRAM, but its measurements are sig-
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nificantly higher. This is attributed to respirable dust size
classifiction and to water droplets. The instrument used pas-
sively should indicate significant dust sources and improve-
ments obtained with dust controls. However, respirable dust
concentrations and dust control efficiencies measured with
a passive sampling MINIRAM may not be truly represented
when significant amounts of water droplets are present in the
air and/or significant changes occur to the dust size distribu-
tion. Dust control with water sprays and scrubbers common-
Iy add water droplets into the environment and change the
dust size distribution. MINIRAM sampling actively can min-
imize these discrepancies and improve instantaneous ac-
curacy because the cyclone removes water droplets and
physically classifies respirable dust, and the instantancous
measurements can be adjusted by a gravimetric-instan-
taneous factor.

APPENDIX

Description of Dust Sampling Instruments
Perscnal sampler

This gravimetric instrument is used extensively in the
United States coal mining industry to determine average
worker dust exposure. It operates by drawing 2 Ipm of dusty
air through a 10-mm Dorr-Oliver Cyclone and collecting the
cyclone overflow on a 5 um preweighed cassettee filter. The
overflow of coal dust from the 10-mm cyclone operating at 2
Ipm closely approximates the respirable dust dcpositim} "ﬁ
Jungs as defined by U.S. Atomic Energy Commission \!!
This sampler has proved to be reasonably accu&ate) and
precise for measuring average dust concentration.*1°

Real-time aerosol monitor (RAM-1)

This is an instantanecus light scattering instrument
developed under a Bureau of Mines contract by GCA En-
vironmental Instruments.!’? The RAM-1 is an active light
scattering instrument that utilizes a 10-mm Dorr-Oliver
cyclone, sampling at a flow of 2 lpm to classify the respirable
dust measured in the sensing chamber. This instrument has
no internal averaging or recording capabilities and provides
output via liquid crystal display or analog output. Results of
laboratory tests indicate that the RAM-1's response is
Qr% linear and well correlated with mass concentra-
tion,"™"/ However, response depends on dust characteris-
tics, making calibration to the specific dust is necessary for
absolute measurements.

MINIRAM

This is a new passive instantancous instrument that was
developed 7g.ndv.:r a Burean of Mines contract by GCA
(Figure 1).() This instrument is significantly smaller than the
RAM and has internal averaging capabilities, It also has a
re-zero capability to account for zero drift due to dust fall-
out in the sensing chamber (all passive light scattering instru-
ments have zero drift because of dust fallout). The re-zero
function measures the amount of dust settled in the sensing
chamber when in a dust-free environment and stores this
number (zero factor) in memory. When the instrument is
used to measure dust concentrations, this zero factor is in-
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ternally subtracted from the displayed dust measurements,
it is not subtracted from the analog output.

Another feature of the MINTRAM is that it can be used
actively with a optional personal sampler adapter and a per-
sonal sampling pump (Figure 1). The personal adapter fits
over the open ended sensing chamber to seal the chamber
from the environment, The inlet side of the closed sensing
chamber has a 10-mm Dorr-Oliver cyclone for respirable
dust classification, the outlet side of the chamber has a cas-
sette filter to collect respirable dust for gravimetric measure-
ment of the respirable dust. The mine air is drawn through
the sensing chamber and onto the filter by a pump operating
at 2 lpm. The optical surfaces are not purged with clean air
to eliminate zero drift. The personal sampler adapter adds
flexibility to the MINIRAM''s capabilities, Using the MINI-
RAM actively has scveral advantages. One is that the
respirable dust is physically classified by a standardized
method rather than approximated by light scattering. Also,
the MINIRAM:s instantancous response to water droplets
from water sprays is minimized by cyclone captyre because
water droplets are usually nonrespirable is size. 24) Finally,
a gravimetric measurement is obtained by active MINIRAM
sampling.
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Measurements of Respirable Dust
Concentrations by Using Various Samplers
in Underground Coal Mines

C.Y. HWANG, Ph.D.

Cape Breton Coal Research Laboratory,
Canada Centre for Mineral and Energy
Technology (CANMET)

The specific etiological factors of coal workers’
pneumoconiosis have not yet been fully understood. The
prevention of this occupational disease depends upon
elimination .or suppression of airborme dust to which
miners are exposed.

The Canada Centre for Mineral and Energy Technology’s
(CANMET) research on respirable dust in underground
coal mines emphasizes the identification and control of dust
sources and the investigation of the mineralogical
composition of the airborne dust.

As part of the Centre’s ongoing research program,
measurements of respirable dust concentrations were made
by using various personal semplers and portable sampling
systems in two underground coal mines. The relationships
hetween concentrations measured by different samplers
and those determined by Casella Gravimetric Samplers
(CGS) Type 113A are described.

Dust concentrations determined by personal samplers
consisting of DuPont constant flow pumps (Model
P-2500A) fitted with Casella cyclones approached that
determined by the CGS. Personal samplers consisting of
MSA Fixt-Flo pumps {Model 1) fitted with Dorr-Oliver
nylon cyciones measured respirable concentration values
on an average at 46 percent for the one mine and 58 percent
for the other mine of the values determined by the CGS. The
end-of-shift average respirable dust concentrations
determined by a SIMSLIN 11 light-scattering system were
lower than those measured by the CGS (with an average
ratio 0.58 for the one mine and (.81 for the other mine),
while concentrations determined by weighing the filters
used in the SIMSLIN II were higher than those measured
by the CGS (with an average ratio 1.16 for the one mine and
1.19 for the other mine). Two Anderson Eight-Stage Marple
Personal Cascade Impactors which evaluated respirable
dust concentrations and respirable fractions of coal mine
dust were also used and preliminary results show that the
respirable dust concentration ratio of the cascade impactor
to the CGS varies from 0.69 to 1.03.

Precision and practical aspects of coal mine dust
measurement by using personal samplers and other
sampling systems are discussed. -

51

Introduction

The etiological factors of coal workers’ pneumoconiosis
have not been fully understood. Coal or quartz itself has long
been suspected to cause fibrosis of the lung in coal miners.

The prevention of this occupational disease depends
upon climination or suppression of airborne dust to which
miners are exposed. The Canada Centre for Mineral and
Energy Technology's (CANMET) research on respirable
dust in underground coal mines cmphasizes the identifica-
tion and control of dust sources and the investigation of the
mineralogical composition of the airborne dust.

Numerous respirable dust sampling systems or samplers
are commercially available for use to determine respirable
dust concentrations in underground coal mines. They are
differentiated by the use of particle size selectors, pumps,
and dust collectors or detectors. For the purpose of assess-
ing long-term dust exposure or evaluating the effectiveness
of a dust control technique, the results obtained by measure-
ments using different samplers must be reproducible and
comparable. This paper describes the relationships between
various sampling systems used for the CANMET'’s ongoing
dust research program.

Methods and Procedures

Eighteen shift-length tests were carried out in two
Canadian underground coal mines. One colliery (Mine A)
employed advancing longwall mining and the other colliery
(Minc B) used retreating longwall mining,

The dust samplers used are shown in Table 1. SIMSLIN
I1 is a light-scattering dust monitor with single laser diode as
a light source and scattered light collected between 12 and
20 degrees to the forward direction. It employs a parallcl
plate elutriator as particle size selector and its internal filter
can be used for gravimetric determination of respirable dust
concentration.

For gravimetric measurcments of respirable dust con-
centration, various types of membrane filters shown in Table
I were used, Substrates of greased film of Mylar disc were
also used in a Marple Cascade Impactor 298 as dust collect-
ing media.

The calibrated sampling systems were set up in an area at
the breathing zone height near the high side rib in the tail-
gate of a longwall section. The SIMSLIN II was factory
calibrated on coal dust and at the beginning of each dust
sampling its readout zeroed. This sampling location is 70 m
from the faceline. The Casella Gravimetric Samplers (CGS)
and SIMSLIN II were installed parallel to the tatlgate such
that the intake air to the sampler clutriators has the same
direction as the return air in the tailgate. Four to five per-
sonal samplers were also installed in upright positions close
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TABLE]
Types of Sampler and Sampling Flow Rates Used for Field Tests in Two Underground Coal Mines

Sampling Flow Rate
Sampler Type (lpm)
Casella Gravimetric Sampler Type 113A 25
Personal Sampling Systems:
DuPont Pump P2500A + Casella Cyclone T13026.2 1.9
MSA Fixt-Flo Pump Model I + Durr Oliver 10 mm Nylon Cyclone 2
Gilian Sampler HFS 113A + Caselia Cyclone T13026/2 1.9
Gilian Sampler HFS 113A + Marple Cascade Impactor (Model 298) 2
SIMSLIN II Dust Monitoring System 0.625

to the CGS. This meant that the inlets of the Casella cyclones
faced downward while the inlets to the Dorr-Oliver cyclones
faced towards the return airstrcam. An inlet visor and an
inlet cowl were used as parts of a Cascade Impactor Mode!
298. The shift average air velocity at this sampling location
in the tailgate of a longwall varies from test to test ranging
from 1.2 to 1.6 nv/s in Mine A and 2.0 to 2.6 m/s in Mine B,
Actual sampling time varied from 122 to 319 minutes
depending or the start and the end of coal cutting during a
shift. Nine tests were carried out during the period Decem-
ber 1984 to March 1985 in three wall sections of Mine A and
an additional nine tests in two wall sections of Mine B during
the period December 1985 to May 1986.

The end-of-shift average concentration readout of the
SIMSLIN II was recorded at the time when the system was
swilched off at each test. The dust laden filters and substrates
were kept within the samplers and brought back to the
laboratory for desication and for determination of mass by
using a CAHN Electrobalance C-29.

Results

Variability of Concentration Measurement Made by Casella
Gravimetric Samplers 1134

Two or three sets of the Casella Gravimetric Samplers
were used for each field test. The standard deviation and
percent variation, which is standard deviation expressed as
percentage of the average of concentrations measured by the
CGS, were evaluated for sach test and are shown in Figures
1 and?2, respectively. In both figures, the abscissa represents
the concentration values normalized to the maximum
average concentration determined during a given test. The
standard deviation showg in Figure 1 varies from test to test
ranging from 0.01 mg/m” at a normalized concentration of
0.61t00.34 mg/m3 at 0.41. The variation appears to be fixed
regardless of the normalized concentration and thus indi-
cates 2 systematic crror of measurement as high as (.34
mg/m”. The percent variation shown in Figure 2 varies from

TABLE Il
Membrane Fikers Used in Sampling Systems for Gravimetric Dust Measurements

Pore Diameter )
Filter Type Size (mm) Used in Sampler
Whatman Glass Fibre GF/A 1.6 47 SIMSLIN I1
Whatman Glass Fibre GF/A 16 55 Casella Gravimetric Sampler 113A
Whatman Glass Fibre 934AH 1.5 37 Casella Cyclone T13026
Millipore Membrane Filter 0.8 37 Casella Cyclone T13026
M\ggOB'?OO.(mixed cellulose
acetate and nitrate)
MSAPVCFWS-C 0.8 37 Dorr-Oliver 10 mm Nylon Cyclone
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0.1 percent at the normalized concentration of 0.61 to 103
percent at 0.23. For Mine A, this perceat variation appears
to decrease with increasing concentration but for Mine B it
increases slightly with increasing concentration,

The average CGS concentration in a test will be used to
calculate the relative dust concentrations measured in this
test by the other dust sampling systems.

Relative Respirable Dust Concentrations Determined by
Personal Samplers

For a field test, different types of personal sampling sys-
tems and filters were used for respirable dust concentration
measurements and for a given personal sampler, the ratio of
concentration measured by this personal sampler to the
average concentration determined by CGS was evaluated.
These ratios were then grouped and summarized for the two
mines in Table III. The respirable dust concentration values
determined by the Casella cyclones used with various con-
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FIGURE 1. Standard deviation of concentrations measared by
&aglla Gravimetric Samplers 113A for each test in Mine A or
ine B,

stant flow pumps, shown in Table I, approaches those
measured by CGS which used elutriators as particle size
sclectors. However, the averaged ratios shown in Table 111
are less than 1,00 for Mine A and greater than 1.00 for Mine
B. The ratio measured in Mine A by using a personal sam-
pling system with a Casella cyclone, varicd more as com-
paredto the ratio measured in Mine B by using the same type
of personal sampling system. The Dorr-Oliver nylon
cyclones used with the MSA pumps measured the con-
centration values on an average at 46 percent for Mine A and
58 percent for Mine B of the values determined by CGS.

Measurement of Respirable Dust by SIMSLIN II

The end-of-shift average respirable dust concentrations
determined by a SIMSLIN I light-scattering system were
lower than those measured by CGS (with an average ratio
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FIGURE 2. Percent variation of concentrations measured by Casella
Gravimetric Samplers 113A for each test in Mine A or Mine B.

0.58 for Mine A and (.81 for Mine B), while the concentra-
tions determined by weighing the filters used in the
SIMSLIN were higher than those measured by the CGS
(with an average ratio 1.16 for Mine A and 1.19 for Mine B).
The linear relationships between the SIMSLIN's concentra-
tions determined by light-scattering or gravimetric techni-
que and those measured by the CGS are depicted by Figures
3 and 4. In Figure 3 the regression line (with a correlation
coefficient R = 0.83 and a standard error of estimate § =
0.92 mg/m"”) of the concentration determined by CGS on that
determined by the SIMSLIN light-scattering system in Mine
A has greater slope than the regression line (with R = 0.89
andS = 1.28 mg/m?‘) determined in Mine B. In Figure 4, the

A L

2 / LINE OF EQUALITY

-
- 9

CCS CONCENTRATION (-;!-3)
”» L-

SIMSLIN COMCENTRATION
{light scattering, mg/w’}

FIGURE 3. Regression line of the average concentration
determined by CGS on that determined by the SIMSLIN
light-scattering system in Mine A or Mine B,
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TABLE HI

Average of Ratios of Concentration Measured

by a Personal Sampling System to the Average Concentration

Determined by the Casella Gravimetric Samplers $113A

MINE A MINE B
it Rato.  Devation  Raer Ry Dewae Mmool
DCM/MRE 0.96 0.12 10 101 0.03 5
DCG/MRE 0.90 012 7 1.02 0.03 5
MCM/MRE 0954 0.12 5 - - -
MCG/MRE 0.89 0.13 2 - - -
GCM/MRE - - - 1.05 0.05 4
GCG/MRE - - - 105 0.04 4
MNP/MRE 0.46 0.03 4 0.58 0.04 6

* MRE = Casclla Gravimetric Sampler Type 113A.

DCM = DuPont Pump + Casella Cyelone + Millipore. (MP} Membrane Filter (37 mm dia., 0.8 um pore),

MCM = MSA Pump + Casélla Cyclone + MP Membrane Filter.

DCG = DuPont Pump + Casella Cyclone + Glass Fibre (GF). Filter (37 mm dia., 1.5 um pore).

MCG = MSA Pump + Casclla Cyelone + GF Filter.

MNP = MSA Pump' + Nylon Cyclone + PVC Filter (37 mm dia., 0.8 um pore).

GCM = Gilian Pump + Casella Cyclone + MF Membrane Filter.
GCG = Gilian Pump + Casella Cyclone + GF Filter.

regression line (with a correlation coefficient R = 0.73 and
a standard error of estimate § = 1,15 mg/m’) of the con-
centration determined by CGS on that determined
gravimetrically by the SIMSLIN 11 in Mine A also has greater
slope than the regression line (with R = 0.93 and S = 1.07
mg/m>) determined in Mine B,

Respirable Dust Measurements by Using Marple Personal
Cascade Impactors

The Cascade Impactors Model 298 has eight stages of
dust collection by inertial impaction onto radially-slotted cir-
cular substrates. Dust particles which escape impaction are
finally collected by a 34 mm backup filter. At the nominal
flow rate of 2 liters per minute (Ipm) drawn by a Gilian
(Model HFS 113A) pump, the cut points of the impactor
Stages No, 1to No. 8 are 21, 15, 10, 6, 3.5, 2, 0.9, and 0.5 um,
respectively. Two cascade impactors (i.e. M1 and M2),
pumped by one of the two Gilian constant flow samplers
were used for each of the six field tests in the same wall sec-
tion of Mine B. The size distributions (expressed as percent
by mass) derived from side-by-side sampling are similar and
shown in Figures 5, 6 and 7, In these figures, all the distribu-
tion curves have peaks on Stage No. 5 with 3.5 um cut point.
The inconsistent results of size distribution derived from
side-by-side sampling are shown in Figures 8, 9 and 10. The

inconsistency is likely due to the spillage of dust samples col-
lected on the substrate of Stage No. 5 of the impactor M2
(Figure 8) or to the dust spillage that occurred in Stages No.
3 and 4 of the impactor M1 (Figure 9) and to the external
contamination of dust samples on the substrates of the first
stages of both impactors after the completion of dust sam-
pling (Figures 9 and 10). When the dust collected on the sub-
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FIGURE 4. Re. ion line of the average eoncentration
determined by CGS on that determined gravimetrically by the
SIMSLIN Il in Mine A or Mine B,
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FIGURE 5. Size distributions of airbome dust in Mine B (Test 1) as determined by M1 and M2,
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FIGURE 6. Size distributions of airbome dust in Mine B (Test 2) as determined by M1 and M2,
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FIGURE 7. Size distributions of airbome dust in Mine B (Test 3) as determined by M1 and M2.
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FIGURE 8. Size distributions of airborne dust in Mine B (Test 4) as determined by M1 and M2.
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FIGURE 9. Size distributions of airborne dust in Mine B (Test 5) as determined by M1 and M2.
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FIGURE 10. Size distributions of airborne dust in Mine B (Test 6) as determined by M1 and M2.
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FIGURE 11. Size distributions of airborne dust in Mine B (Tests 1-6) determined by impactors M1 and M2 (calculated by using dust collected on

Stages No. 2 to No. B).

strates of the first stage (with cut point of 21 um) and back-
up filter was not used in calculating the size distributions of
the sampling systems using the cascade impactors and all the
size distributions were plotted on a graph {Figure 11), all but
one of the distributions are shown to be similar with charac-
teristic peaks at 3.5 um cut point. The impactor M1 colects
on average a lesser proportion of dust on Stages No. 3 and
No. 4 but more on the Stages No. 6 and No 7.

Toevaluate respirable dust concentrations and respirable
fractions, the mass determined for Stages No. S through No.
8 and for the backup filter (i.e. dust particles less than 6 um
in acrodynamic equivalent diameter for spheres of unit
mass) were summed as respirable portion. The relative
respirable dust concentrations determined by the impactors
M1 and M2 are plotted in Figure 12 against the average CGS
concentration normalized to the maximum value. The rela-
tive concentration decreased from 1.03 to 0.81 determined
by M1 and from 1,04 to 0.69 by M2 as the normalized average
CGS concentration increases from 0.4 to 1.0. In the two tests
when the normalized CGS concentrations were 0.71 and 1.0,
differences in relative concentrations determined by M1 and
M2 were more than twice as great than those determined in
the other tests.

Respirable fraction is the ratio of respirable mass to total
mass of dust collected by a given sampler and in the case of
a sampler using Cascade Impactor Model 298 as its size
selector, the total mass is the sum of the mass determined
gravimetrically for all the eight stages plus the mass of dust
collected on the backup filter, The respirable fractions (ex-
pressed as percentages) are shown in Figure 13 in which in-
consistency (equal or greater than the 8 percent point)
between the fractions determined by the impactors M1 and
M2 occurred during the tests when the normalized CGS con-
centrations were 0.81 and 1.0,

Discussion

The results reported in this paper are based on the limited
number of shiflt-length field tests in two underground coal
mines. The ratio (or relative respirable concentration) of
respirable concentrations determined by a given personal
sampler to those determined by CGS varies with the normal-
ized average CGS concentration. The relative concentration
determined by a personal sampling system which consists of
a constant flow pump and a Casella cyclone or a Dorr-Oliver
cyclone appears to increase with increasing dust levels in
mines measured by CGS. This increase might be due to the
difference in the nature of airborne dust in the two mines
which employ different coal mining techniques. This in-
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FIGURE 12. The rzlative respirable dust concentrations determined
in Mine B by cascade impactors M1 and M2.
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FIGURE 13. The respirable fraction

reent) determined in Mine
B by cascade impactors M1 and M2,

crease might also be due to the difference in particle selec-
tion characteristics between the personal samplers and the
CGS, the improved technical aspects of dust measurements
such as filter handling/weighing, laboratory environmental
control of humidity and temperature, and the care and use
of samplers during the entire dust sampling work. A slight
increase in the relative dust concentration has been found in
the reported Pittsburgh Technical Support Center’s Dust
Group (PTSCDG) data comparing modified MSA personal
samplers with CGS over the concentration range of 2.5 to
13.5 mg/m>. (D

The linear relationships between the data obtained by the
SIMSLIN II and that obtained side-by-side by CGS in the
two mines (Figures 3 and 4) are different and thus indicate
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that the results of the respirable dust concentration
measurements are site specific, This specificity has alsobeen
rr:portcd.(2 Inthe case of the measurcment by the SIMSLIN
light-scattering technique, the nature of dust particles (espe-
cially size and mineralogical composition) may play an im-
portant role in the difference resulting from the
measurements made in the two mines. -

The results obtained by using the two cascade impactors
as size selectors for dust sampling in a wall section of Mine
B are preliminary and have indicated a decrease in the
respirable dust levels determined by the cascade impactors
relative to the CGS as the measured level of the dust cloud
increases (Figure 12). If the efficiency of particle selection
in the elutriators of the CGS does not change in a denser dust
cloud, this decrease in the relative respirable concentration
might be explained by the increasing probability of particle
interaction in the initial stages (i.e. No. 1 to No. 4) by col-
lision and/or aggregation m this denser dust cloud. This
would result in a greater portion of the particles being
deposited in the initial stages.
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Theoretical and Experimental Studies on
Dust Transport in Mine Airways: A

Comparative Analysis
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Introduction

The behavior of dust clouds in mine atmospheres has
been a subject of longstanding interest due to both health
and safety reasons. Pioncering studies in Germany and
SMRE focussed on ambient dust concentration, principally
aimed at determining optimnm velocities for effective dilu-
tion. A summary of studies related to this area is provided
by Hall ) Efforts to understand dust deposition from the
explosi?n hazard point of view led to experiments ia return
airways'>® followed by experiments in longwalls.®) Con-
certed efforts, cither experimental or theoretical, were not
made until recently to relate ambient concentration with
dust deposition in mines, In 1974 Hwang et a1® developed
a computer model to predict dust concentration which con-
sidered deposition-concentration relationships, Also, ex-
perimental studies involving concurrent dust deposition and
ambient conc%ltration were conducted in the U.S. by
Courtney et ol in operating mines, Efforts to relate %hcory
with experi ejntal results have been made by Owen® and
Hwang et :11?5 for dust deposition. There has been limited
work, however, to determine the application of the theorics
and assumptions from aero? | sciences for modeling dust
flows in mine atmospheres."”’ This is the objective of the
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work currently underway in the Generic Technology Center
on Respirable Dust since 1983 under a project titled,
"Prediction of Ambient Dust Concentration in Ming Atmo-
spheres.” The scope of the project activities include:

L Development of a mathematical model to predict
dust deposition 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.

Mathematical Modeling

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

1. Dust deposition along the length of an airway,

2. Ambient concentration at various points in a mine
airway. '
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FIGURE 1. Schematic of dust flow in a mine airway.



3, Size distribution of dust at various points in the

airway.

The modet takes into account a number of factors affect-
ing dust transport, including source dust characteristics
(amount, size distribution, density), airway characteristics
(size, shape, length, friction factor), airflow characteristics
(velocity, viscosity, tempera&\bse, dispersion) and coagula-
tion of dust in mine airways,

Since the size-dependent behavior of dust in mine airways
is the major difference between dust flows and gas flows,
considerable attention was focussed on those mechanisms
which arc size-dependent. In fact, the principal part of
modeling was devoted to modeling the dust deposition
phenomenon. The threc 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
floor, 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 Hing a dispersion coefficient developed by
Skubunov.'V 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 numcrical 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 each class. The overall behavior of the dust
cloud is obtained as the sum effect of the individual size clas-
ses. The ambient concentration was calculated from a mass-
balance of the convection-diffusion equation describing the
concentration change. Sensitivity analysis of the model

Highwall

Cantre] bullding

FIGURE 2. Plan view of Lake Lynn Laboratory underground

workings.
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TABLE1
Salient Details of Controlled Experiments

Experiment Dust Type Velocity, m/s
Experiment 1 Semi-anthracite 0.838
Experiment 2 Bituminous 0.838
Experiment 3 Semi-anthracite 1.855
Experiment 4 Bituminous 1.855
Experiment 5 Semi-anthracite 1525
Experiment 6 Bituminous 1525

parameters was performed to identify the relative impor-
tance of various factors in the model.

Experimental Work

To complement the theoretical work and to compare the
model prediction with actual behavior, a set of experiments
were conducted at the Lake Lynn Laboratory Mine of the
U.S. Bureau of Mines (Figures 2 and 3). Six tests using two
types of dust at three diffc{%slt velocities for each coal type
were performed (Table I).{!

Ambient concentration and floor deposition of dust were
measured for the period dust was dispersed. The experimen-
tal data were analyzed to yield the following information: 1)
variations in ambient concentration (both total and
respirable size range) along the length of the airway, 2) varia-
tions in deposition of the dust (both total and respirable size
range) along the length of the airway, 3) changes in the size
distribution of the airborne dust as the cloud travels in the
airway, 4) variations in dust concentration across the airway
at three different stations, 5) variations in dust deposition
across the airway at different stations, 6) relationship be-
tween the average cross-sectional concentration and the
concentration in the center of the airway, and 7) relationship
between the average deposition in an airway cross section
and the deposition in the center.

Comparative Analysis

The experimental data and results provided not only a
better understanding of spatial and temporal behavior of
dust in mine airways but also a comprehensive set for cvalua-
tion of the mathematical model of dust flows.

For the purposes of the comparative analyses, the model
was used to predict the ambient concentration and dust
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 its 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 3. Schematic of the airway showing the location of the sampling points (Experiment 6).

failed to get mixed in the air and settled just beneath the
source. Approximately eighteen 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 the friction coefficient. The friction coefficient was
determined using an altimeter survey. The dispersion coef-
ficient used in the model is obtained from the work of
Skubunov(u) 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 experimental
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
difference is taken into account b multiplying
centerline concentration obtainccr from experiments
by a factor . 0.75.

2. Similarly, floor deposition data showed an increased
deposition in the center of the airway than at the
sides. Experiment and station specific factors were
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FIGURE 4. Comparison of mode] predicted ambient concentration with expenimental data (Experiment 1).

used to relate centerline to average readings. At
stations where such factors could 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 following.

While every effort was made to ensure isokinetic
samplins of dust, deviation from isokinetic sampling
occurred for some experiments and stations. All the
ambient concentration data were adjusted to
account for deviations from isokinetic sampling
using ]Hﬂccdurcs described by Belyaev ané)

Levin.

Concentration {mg/m?)
2
1

4. In the experiments, dust was dispersed at four points,
each in the 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-

Experiment 2
totel concentration (expt.)

respirable conc. {expt.)

total concentrotion (model)
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FIGURE 5. Comparisen of model predicted ambient concentration with experimental data (Experiment 2).
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FIGURE 6. Comparison of model predicted ambient concentration with experimental data (Experiment 3),
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FIGURE 7. Comparison of model predicted ambient concentration with ¢xperimental data (Bxperiment 4).
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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
for 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 mys, 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. There-
after one notices an exponential decline in model output,
tracking the experimental data points to approximately 300
meters, Thereafter, the experimental points tend to be flat
while the model output continues its decline. Comparison of
model output and experimental data for experiments 3 and
5 shows the experimental data to be consistently lower than
model predicted values.

Ambient Respirable Concentration

In the model, respirable dust is assumed to be made up
of particles less than or equal to 5 u. Therefore, for compara-
tive purposes, the amount of dust in the 5 u and below ran-
ges in the total dust from the experiment is considered
respirable dust. The respirable concentrations are also
shown in Figures 4 through 9. The experimental results and
model outputs are in better agreement closer to the source
than away from the source. In fact, in all the experiments, the
respirable concentration becomes asymptotic whereas the
model continues to show a decline in concentration. Also,
the observed 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, good agreement is obtained between model out-

put and experimental data testifying to the appropriatencss
of the deposition equations used in the model. Deposition
data in the respirable range is also in close agreement with
model output, barring the first two points.

Discussion

Several points with respect to the model and experimen-
tal results are to be stressed. The model uses a single disper-
sion coeflicient for all particles sizes, This may not
necessarily be the case since smaller particles tend to follow
the airstream more closely than larger particles and hence
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 Jejgs affected by flow fluctuations. Hodkinson and
Leach! present data that show considerable difference be-
tween theoretically predicted dispersion coefficients 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 ambient
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
coefficients 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
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FIGURE 10. Comparison of model predicted floor deposition with experimental data (Experiment 1).
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FIGURE 15. Comparison of model predicted floor deposition with experimental data (Experiment 6).

and positive influence of gravity respectively in dislodging
the adhering particles,

A preliminary examination of the ambient concentration
and deposition data reveals that for cach size class as
measured by the Microtrac Small Particle Analyzer, the
deposition rate, i.¢., deposition (mg/m®/sec) to ambient con-
centration (mg/mg), for all sizes is highest at the first station
and decreases nonlinearly with decreasing concentration. In
the model, deposition rate for a particular size is assumed a
constant for a set of experimental parameters.

Summary and Conclusions

This paper has presented the results of a study into the
spatial and temporal behavior of dust in mine airways using
both theoretical and experimental studies. A mathematical
model was developed to predict the ambient concentration
and deposition in a mine airway as a function of the charac-
teristics of the dust source mine airway and airflow. Six ex-
periments were designed and conducted in a mine airway to
study dust transport and deposition phenomena as well as to
generate 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 flow.

3. At distances farther from the source the prediction is

better for the total size range than for the Tespirable
size range.

4. The model appears to predict respirable
Concentration closer to 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 particle be-
havior in mine airways, particularly in the respirable size
range, needs to be further examined.
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introduction

As a consequence of the increased usage of diesel
powered equipment in underground coal and noncoal
mines, there is greater interest in finding an instrument or
measurement technique to quantify the contribution of
diesel particles to the overall respirable aerosol concentra-
tion. The use of mobile, diese] powered mining equipment
is widespread in noncoal mines and is being increasingly
employed in coal mines. The exhaust from these diesel en-
gines contains particies which, along with the nondiesel par-
ticles, become the acrosol to which the miners are exposed.
Since the diesel particles are rather small, typic'?l]y 85 per-
cent to 95 percent submicrometer diamcter,(l ) they can
contribute significantly to the quantity of respirable matter,
This contribution can be as high as 60 percent to 90 p?r%ent
of the respirable mass to which workers are exposed.\™

One procedure for reducing the quantity of respirable
particles to which miners are exposed is to control the emis-
sions at the source, However, what is not readily known is
the contribution of the diesel particles to the overall
respirable aerosol. Thus, a sampling method or instrument
which selectively measures the quantity of diesel particles in
the respirable size range is needed.

The University of Minnesota, under contract to the
Bureau of Mincs, has investigated the feasibility of using the
microorifice uniform deposit impactor (MOUDI) to
measure the size distribution of aerosols containing various
mixtures of coal and diesel acrosols. The objective of the
work was to determing if the relative mass concentration of
diesel particles in an airborne mixture of coal dust and diesel
particles could be determined on the basis of the size dis-
tribution of the two aerosols. In general, the mass of dicsel
particles is in the submicrometer size range while that of the
coal lie in the larger size ranges.

With the MOUDI the particle distribution is determined
with the diesel and coal particles separated on the basis of
their aerodynamic equivalent diameters. This parameter is
important from the standpoint of human health effects.

This study involved measurements conducted in both the
Jaboratory and in several underground coal mines. The
primary emphasize of the laboratory tests were to ascertain
if the diesel particles could be scparated from the coal,
regardless of mass fraction of . he diesel particles in the total

aerosol mixture. The field tests were aimed at verification of
the laboratory findings.

Microorifice Uniform Deposit Impactor

The MOUDI is a versatile cascade impactor designed to
collect size fractionated samples of particles. This impactor
is essentially the same as a conventional cascade impactor
with the exception of two unique features. These are small
pozzle diameters and a rotation featurc which allows for a
uniform particle deposit to be obtained. As a result of the
small nozzle diameters, very small particles can be collected.
Cutsizes as small as 0,024 um have been obtained. The two
unique features, microorifices and the uniform deposit, have
been developed and patented by this laboratory.

FIGURE 1. Microorifice uniform deposit impactor (MOUDI).
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FIGURE 2. Calibration data for several stages of the MOUDL

A seven-stage version with particle cutsizes ranging from
0.10 to 10 um is shown in Figure 1. The details of the impac-
tor design parameters are presented in Table I. Typical ef-
ficiency curves for several of the impactor stages are shown
in Figure 2. The flow rate through this impactor is 30 liter
per minute (Ipm). At the lowest cutsize, 2000 nozzles of ap-
proxim Scly 50 um diameter are utilized. Marple and
Rubow*” describe, in more detail, the impactor and the par-
ticle calibration. Marple ef a/'®) and Marple and Rubow%)
describe an earlier version of the impactor.

Animportant feature of thisimpactor is that it can be used
to obtain a uniform deposit of particles upon the impaction
surface by rotating the nozzles relative to the impaction
plates. A uniform deposit reduces the problem of particle
bounce and, at any degree of loading, increases the accuracy
by increasing the ratio of particle mass collected to the sub-
stratc mass.

As shown in Figure 1, the gears on alternate stages of the
impactor allow the stages to be rotated to obtain the uniform
deposit. A special rotation device has been developed for
this purpose. The impaction stages, which do not have gears,
have rings with hooks so that they cannot rotate.

In operation, the drive shaft with four spur gears is turned
by an electric motor. These spur gears mesh with the four
gears on the alternate stages of the cascade impactor and
rotate these stages relative to the four stationary stages.
Since each stage contains a nozzle plate plus the impaction
plate for the stage above, as shown in Figure 3, the rotation

of every other stage rotates every impaction plate relative to
its impaction plate. By properly placing the nozzles at radial
distances about the center of rotation of these stages, a
uniform deposit is obtained on the impaction plate,

The rotation of the microorifice impactor is not necessary
in order to obtain a size distribution. The impactor can be
used in a conventional nonrotating manner, the same as any
cascade impactor, and the mass of particles on the substrate
analyzed gravimetrically or analyzed by other techniques
dictated by the test program.

TABLE |
MOUDI Design and Operating Parameters

Number of Nozzie Cutsize
Stage Nozzles Diameter (um)  {em)
1 3 8650 10.00
2 10 3410 490
3 10 2170 260
4 10 1170 1.00
5 80 467 0.70
6 900 69 0.23
7 2000 56 0.10
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FIGURE 3. Schematic diagram of typical impactor stage.

Laboratory Experiments

The objective of the laboratory studies was to determine
the feasibility of using the MOUDI to separate the diescl
particulates and coal dust fractions from a mixed aerosol. A
special test apparatus was constructed and tests were per-
formed over a wide range of diesel and coal mixtures.

The test setup used in the combined diesel/coal aerosol
experiments is shown in Figure 4. The system consists of four
primary components, namely, a Caterpilier Type 3304 NA
diesel engine, a TSI Model 3400 Fluidized Bed Aerosol
Generator, a dilution system, and the aerosol sampler.
Diesel exhaust, at a flow rate of 16 lpm, was exiracted from
the engine exhaust manifold and combined with the coal dust
aerosol. The coal dust was generated with the fluidized bed
aerosol generator at a flow rate of 9 lpm. For cach engine
operating condition, the ratio of the diesel to coal aerosol
concentration was adjusted by varying the coal dust con-
centration. The combined aerosol was then injected into a
7.6¢cm diameter, dilution tunnel. Room air, at a flow rate of
800 lpm, was drawn into the tunnel and through a flow meter,
a charcoal bed filter and a HEPA filter prior to the

Diesel Aerosol

Caterpi]ler_\

os°
Diesel 7yt

cP“
Neutralizer

Fluidized Bed
Aeresol Gepervator

l Exhaust Qut

Absalute Filter

diesel/coal aerosol injection point. The diesel exhaust, coal
dust and dilution air were turbulently mixed in the dilution
tunnel where the aerosol dilution ratio was 33 to 1. A sample
of the diesel/coal acrosol was isokinetically drawn from the
tunnel at a flow rate of 30 lpm. The size distribution of this
sample was obtained using the MOUDI.

With this system, the diesel aerosol concentration, at a
given engine operating condition, is kept constant while the
concentration of the coal dust aerosol varied to obtain dif-
ferent diesel particulate to coal dust mixture ratios. The
diesel particle mass concentration was typically 3 mg/m”,
Classified coal dust containing no particles greater than 10
um was used as the feed material in the fluidized bed dust
generator,® This coal dust was selected in an attempt to
simulate the respirable fraction of a coal dust aerosol,

The MOUDI was used to measure the size distributions
of the diesel/coal aerosol mixtures. For these laboratory
tests, a six-stage version was used. The cutsizes of the stages
were (.12,0.18,0.7,1.0, 2.5, and 4.9 um. For the size distribu-
tion analysis, additional interval boundaries of 0.05 and 15
um were assumed for the smallest size of the diesel particles
and the largest size of the coal dust particles. Modal analysis

Charcoal Filter

Fileer
ﬁ _—_—
\ ‘ Pump
HOURL
—
@@ Fresh Air

FIGURE 4. Schematic diagram of test setup used in the diesel/coal acrosol experiments.
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was then used to obtain the lognormal size distribution of
these aerosols.

A series of five typical mass size distributions are
presented in Figure 5. Distributions are presented for pure
coal and diesel aerosols plus three diesel/coal aerosol mix-
tures. For the pure coal acrosol experiments, diesel particu-
lates were removed in a filter placed upstream of the point
of mixing. Thus, the equivalent flow conditions were main-
tained to minimize differences in particle loss.

The histograms in the graphs represent the experimental
data. The lognormal size distribution curves were obtained
by using "DISFIT," a size distribution fitting program, The
mass medium diameter (MMD) and geometric standard
deviation (og) for each mode are presented above the graph.
DG2 and DG3 are the MMD:s for the submicrometer and
supcrmicrometer modes respectively. SG2 and SG3 are the
corresponding og’s. The measured MMD and og for the
diesel acrosol were found to range from 0.13 to 0.16 um and
1.66 to 1.73, respectively. For the coal dust, the MMD and
og were found to vary from 2.3 to 3.1 um and from 1.710 2.2,
respectively.

The data in Figure 5 were obtained with the diesel engine
operating conditions of half load at 1400 RPM. The mass
fraction of material less than 0.7 um was 5 percent and 71

Mine 1: Diesel

Mine 2: Diesel

percent for the pure coal and diesel acrosols, respectively.
For the combined aerosol tests, mass fractions less than 0.7
um were 78 percent, 26 percent, and 6.5 percent. Regardiess
of the diesel/coal aerosol mix, the data shows two distinct
modes with 2 minimum occurring in the 1.7 to 1.0 um size

range.

Field Studies

Tests were performed in three underground coal mines.
Two utilized diesel powered equipment while the third ex-
clusively used electric power. The third mine was included
as a control to obtain the submicrometer size distribution of
coal and rock dust without the presence of diesel particles.
The three mines are identified as 1, 2, and 3 with mines 1 and
2 utilizing diesel powered equipment. The two diesel mines
are located in the western U.S. while mine 3 was an eastern
mine.

Schematic diagrams of the test sections in each of the
three mines are presented in Figure 6. Each diagram shows
the location of the working faces, feeder breaker, beltway,
and pathway of mine ventilation airflow. All three test sec-
tions were in the continuous mine sections of developments
for future longwall operations.

Mine 3: Electric
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FIGURE 6. Schematic diagram of the test sections in the three mines.
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FIGURE ?. Typical particle size distributions measured at several locations in mine 2, a mine using diesel powered equipment,

The sampling sites in all three mines are also shown in
Figure 6. Four sites were used, namely the intake (I), the
primary return (R), along the beltway (B), and adjacent to
the main haulage way (H). The beltway sites were located 30
m from of the feeder breaker. In mines 1 and 3 the beltway
was located in the secondary return. The beltway was in the
sccondary intake for mine 2. Sampling in the return was per-
formed with and without rock dusting occurring at the face.

Tests were performed in a wide variety of mining condi-
(ions in order to obtain a wide variation in the diesel aerosol
fraction and overall acrosol mass concentrations. In par-
ticular, samples were obtained in the return airway to deter-
mine if the diesel aerosol mode would be obscured by a very
high fraction of coal or rock dust. Duplicate tests were con-
ducted to determine the variability in the acrosol size dis-
tribution.

Two types of experiments were conducted. The first util-
ized the MOUDI to obtain the overall size distribution of the
dicsel and dust aerosols. The second involved collecting
aerosol sample for neutron activation analysis.

Size Distribution Results

The measured size distributions were analyzed using a
lognormal size distribution fitting program. Each mode of
the resulting bimodal size distribution was analyzed using
DISFIT, a size distribution fitting program, to obtain the
MMD and og of the mode.

Typical size distributions measured in mine 2, a diesel
powercd mine, are presented in Figure 7. Data are shown
for sampling sites in the primary intake and return, along the
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beltway, and in the main haulage way. The overall mass con-
ccntrati(mg for these four tests were 0.40, 127.0, 1.93, and
1.68 mg/m”, The ratio of the mass of material less than 0.7
um to the total mass was 30 percent, 1.2 percent, 4.7 percent,
and 45 percent, respectively. The extremely high concentra-
tion in the return was obtained during a rock dusting opera-
tion, These results show that, regardless of the sampling
location, the mass concentration, or ratio of sub 0.7 um mass
to total mass, there is a clear separation between the two
modes. The minimum exists in the 0.7 to 1.0 um size range.

Typical size distributions measured in mine 3 are
presented in Figure 8. This mine exclusively utilized electric
powered equipment. Data are presented for sampling sites
located in the intake, the return and along the beltway. These
size distributions show that essentially no minc generated
aerosol is in the sub 0.7 um size range. The aerosol in this
size range measured in the intake is most likely the back-
ground acrosol found in the outdoor air used for mine ven-
tilation.

A composite graph showing typical size distributions as
measured near the beltway and haulage way is presented in
Figure 9. A typical size distribution from each of the three
mines is also presented. The coarse particle modes, i.¢e., the
coal dust mode, are nearlyidentical for the three mines. Fur-
thermore, the diesel particle modes are nearly identical. The
size distribution from the electric mine clearly shows the ab-
sence of any mode in the submicrometer particle size range.

These results show that, regardless of the fraction of
diesel exhaust in the aerosol, the aerosol size distribution is
bimodal. Furthermore, the diesel mode is clearly separated
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from the dust particle mode, with the minimum between the
two modes occwrring in the 0.7 to 1.0 um size range.

Neutron Activation Results

Chemical mass balance (CMB) model source apportion-
ment analysis is being developed for application to the min-
ing environment by Dr. Bruce Cantrell (_)f th_c Twin Cities
Rescarch Center (TCRC). This analysis will serve as a
reference analysis method to validate the findings of the
MOUDI measurements, i.c., diesel and coal dust can be
separated on the basis of particle size, The CMB requires
measurements of the chemical and elemental components of
both source and aerosol materials. These measurcments
were provided by instrumental neutron activation analysis.

The second set of experiments involved collecting size
fractionated particle samples for elemental analysis. For
cach test two samples were obtained. The first consisted of
respirable particles greater than 0.7 um and the other par-
ticles less than 0.7 um. Quantitative clemental analysis was
then performed on each sample using neutron activation
analysis. The objective of these tests was to determine the
fraction of coal, rock dust and diesel particle in the particle
size fractions less than and greater than 0.7 um.

The sampler consisted of a respirable impactor®1? fol.
lowed by two 0.7 um cutsize MOUDI stages and an afterfil-
ter. The particle cutsize was (.7 v for both stages. The
second stage was used to collect those particles larger than
0.7 um which may not be collected on the first stage. Thus,
two samples were obtained, one consisting of respirable par-
ticles greater than 0.7 um and the other consisting of par-
ticles less than 0.7 um,

In addition to the aerosol samples, samples of the coal,
rock dust and diesel fuel were also submitted for analysis.

Preliminary results of the neutron analysis support the
{indings of the MOUDI measurements. Typically, lass than
1 percent of the material less than 0.7 um is coal or rock dust
and less than 1 percent of the respirable material greater
than 0.7 um is diesel particulates. The results from these
three field trips will be reported by the TCRC in a separate
publication,

Summary

The MOUDI has been successfully shown to separate
coal and diesel acrosols. A clear separation between the two
modes cxists in the 0.7 to 1.0 um size range with a saddle
point in the vicinity of 0.8 um. This primary finding is sup-
ported by test results from both laboratory and field sam-
* pling. In both cases the aerosol size distribution was found
to be bimodal with the MMD of the diesel {(accumulation)
mode at approximately 0.15 um and the MMD of the dust
(coarse) particle mode at about 2.5 um for the laboratory
acrosols and 10 um obtained in the mine. Distinct separation
of the two modes was found to be independent of the rela-
tive concentration ratio of the diesel particles in the total
aerosol. The separation was also found to be independent of
the sampling site in the mine.
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Fracture Mode and Loading Rate
Influences 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, University Park

Researchers 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 techniques for reduction and better control of coal
dust problems in mines, Presently, it is belleved that the
mode of fracture propagation which can range from pure
tensile to pure shear or any mixed mode in between and the
loading or displacement rate can influence the amount of
respirable size fragments that are generated on new
{racture surfaces during the fracture propagation process
Theessence 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 I
(tensile mode) to nearly pure Mode I1 (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 possible to create new fracture
surfaces via the different fracture modes and under varions
loading conditions.

These new fracture surfaces are examined with a scanning
electron 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, particulariy the
fracture mode and the loading rate, Mode I loading and
higher loading rates seem to generate more structural
damage and respirable size fragment formation that Mode
lloading st 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
[ormation. Such understanding may lead to methads 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.

81

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
in a project to uaderstand the fundamental mechanics of finc
fragment formation in coal. This project is part of a com-
prebensive 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 Mincs
(USBM) and various Europcan rescarch organizations have
conducted investigations into the mechanics of coal cutting
for many years. These studics of airborne respirable dust
(ARD) formation have concentrated on cmpirical studies of
the various cutting parameters and their effect on ARD for-
mation. The paral:nete&s,2 tudy include depth of cut, cutting

speed and bit spaci Other studies investigated the ef-
fect of symmetric and ic bit v%?ar and various bit
geometries and designs. Rocpke®) summarized the

principals of proper coal cutting to minimize dust formation
by recommending to "cut at maximum depth (maximum ad-
vance ratc) at all 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 continnous mining
machine whi(gtn inherently cannot meet these design recom-
mendations.

It is recognized that respirable size dust particles arc
formed and/or liberated by a fracture process. One extreme-
ly interesting and uscful study performed very early in the
USBM dust rescarch effort determined the amount of
respirable dust of 0.9 to l&micromcter size adhering to the
surfaces of various coals.'”) They found that the number of
particles ranged from 10! to 1 particles per pound or
from 20 to 60 x 10° particles per square centimeter of frac-
ture surface. These numbers are evidently independent of
the average fragment size. Fortunately, much less than one
pcrcen(t of the respirable particles formed ever become air-
borne (D

In a recent stlédy sponsored by the National Academy of
Sciences (NAS)( ) these observations and empirical correla-
tions raised certain key questions regarding the mechanical
events 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
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FIGURE 1. Basic coal cutting modet. (1)

fracture, 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 zone around
the wedge tip. In another indentation type model, a Mohr-
Coul?mb failure criteria is applied along an assumed failure
path. 19 The cutting force is determined when the failure
criteria is exceeded.

Only one model successfully analyzes rock cutting use'ng
fracture mecharics concepts. Saouma and Kleinosky,!
model the action of a drag bit cutter with a special purpose
finite element program that simulates mixed mode crack
propagation based on linear elastic fracture mechanics, The
problem analyzed is shown in Figure 1. This model is iden-
tical to one used by the USBM for coal cutting.® The cut-
ter moves across the rock where a chip was previously
removed until it engages the rock ahead of it. A new crack is
propagated under mixed mode loading conditions until a
new chip is removed.

The cutting model ysed by the USBM and analyzed by
Saouma and Kleinosky'*"? serves as a basis for postulates of
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fundameatal mechanisms for ARD production. The basis
for these postulates is recent work by rescarchers at the
Southwest Research Institute!” and additional modifica-
tions at The Pennsylvania State University, The fundamen-
tal mechanisms for dust production may include;

1. Crushing, 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 differing elasgc modali.

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.

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
important 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 duil
and worn bits does not effect the specific ARD. Assuming
that dull and worn bits increase the amount of crushing,

TESTING
MACHINE

LOAD
CELL

STEEL CHAIN

MIXED MODE
LOADING PLATES

GLUED-ON GRIPS

LOADING PINS

TEST SPECIMEN
WITH NOTCH

TESTING
MACHINE

FIGURE 2. Mixed mode fracture toughness test fixture,
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grindiog and scraping, one should expect higher specific
AR(?.,; present research thus focuses on the energy dissipa-
ﬁonmcchanismsthatoccurinthc&acturcproocssmn.e
during a crack propagation event and the various mechani-
cal properties that influcnce 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, itrarely 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-
cation may occur. The material on ecither 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
appcafﬁt)lcc as scen under a scanning clectron micro-

scope.

Experimental Methods

The present experimental work aims to provide the neces-
sary mechanical properties data to quantify the energy dis-
sipation processcs that occur during coal cutting and which
may lead to unwanted ARD production. Of central impor-
tance are fracture toughness measurements in coal as a
parameter controlling unstable crack growth and fracture
velocity measurements. The last aspect is a novel concept
based on the observation that crack bifurcation occurs above
some critical velocity. This leads to the hypothesis that when
crack bifurcation does occur, fine fragments of coal material
are gencrated which leads to increased dust formation,

Relative to other mat%r; , few studies exist, on the frac-
ture toughness of rock® and even less on coal. Con-
sidcrable controversy remains regarding test proccdur%
and the fracture strength for various coals. Table I¢
presents a compilation of the existing Mode I fracture tough-
ness measurements of coal by various researchers in the

TABLE|
Summary of Coal Fracture Toughness Test Results

Specimen
Source Coal Type
Advani et al{15) Pittsburgh SEND.3PB
Waynesburg SEND-3PB
Bedstone SEND-3PB
Poweil et at(16) Pittsburgh SEND-3PB
Pittsburgh SEND-3PB
Bhagat(ln Lower Freepont SEND-3PB
Redstone SEND-3PB
Waynesburg SEND-3PB
Sewickley SEND-3PB

Szendi-Horvath(18) Black CokingCoal ~ DMC

Black Steaming Coal DMC

Semi-Anthracite DMC

Black Coking Coal SEND-3PB
Bassim and Hsu(1%) Cosl A SEND-3PB
Kiepaczko et al(?0) Coal A WLCT

Coal B WLCT

Coal A WLCT-dynamic
Bieni Tﬂu and Bone Coal DMC
Mark Kitt Mine SEND4PB

Coal DMC

Kitt Mine

Anthracite DMC

Rushton Mine SEND-4PB

DMC

Standard
Specimen Deviation No. of
Size KICMPa m of Mean Tests
15emx38cm 0.0281 B6% 2
x1%cm 0.156 3% 3
(L0348 60% [
15emx38cem 0.0629 3% 15
x19em 0.0472 3% 25
Wemx38em 0.0283 5% 10
x1%cm 00474 2% 20
ni21 48% 5
067 19% 9
161038 cm 0.219 13% 12
0.435 12% 6
0.132 1% 6
4toTem 0.321 11% 12
uptoBem 0,020 to 0.225 - 11
3Bx38cem 0.154 25% 4
x32em 0.181 % 3
2.014 11% 4
1.6cm 0.220 25% 11
upto 3cm long 0.346 17% k]
16cm 0.150 19% 4
1.6¢cm 0.296 32% 11
up to 3 cm long 0.172 2% 4
1.6cm 0.032 2
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U.S., Canada, Australia, and at Penn State. The fracture
toughncss for coal can range over an order of magnitude for
different coals and the standard deviation for individual
coals can reach 30 to 50 percent. The primary reason for the
variability is the highly asisotropic, non-homogeneous, and
discontinuous nature of coal. Because of its nature, only the
strongest, most durable coal samples are ever tested which
tends to produce very suspect fracture toughness test data.

Existing data for the fracture toughness of coal is for
Mode I only. From a general review of the rock mechanics
literature, relatively little tcsg \iwork has been completed
under mixed mode conditions¥) and only relatively recent-
ly has such testing become important in other materials such
as mctals and ceramics. Since the coal cutting mechanism is
indeed one of mixed mode crack growth, it was necessary to
design, analyze, and calibrate a special mixed mode testing
rig in order to study the crack growth mechanism and its ef-
fect on fine fragment formation. A schematic of the test fix-
ture is shown in Figure 2. It can subject a 0.1 meter,
pre-notched test specimen to pure mode I loading, a nearly
pure mode II loading or various mixed mode loadings.
Figure 3 shows three plaster of paris test specimens that were
fractured in the test rig for calibration purposes. The
specimen in the front was fractured by a mode I loading, the
onc in the rear by a mode II loading, and the onc 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-
creascd is as expected from theoretical considerations.

In conjunction with the fracturc toughness testing, deter-
mination of related coal material properties is essential. The
properties include the unconfined compressive strength, the
direct tensile strength, the point load index, the Schmidt

FIGURE 3. Calibration specimens fractures by mixed mode test rig.

hardness, the NCB indenter hardness and the Young’s
Modulus and Poisson’s Ratio. Determination of these coal
material properties enables more complete characterization
of the various coals and also provides useful cross checks and
correlations for the fracture mechanics properties.

Table IT shows the design of the mechanical properties
test program presently underway. The program is basically
designed to supply input data to the models of fracture
process zone size and the relationship between crack tip
stress intensity and new fracture surface appearance as seen
with the scanning election microscope. Tests are conducted
under various mixed mode loading conditions at different

TABLE Il
Mechanical Properties Tests for Each Coal Seam

Perpendicular
to Bedding Perpendicular  Perpendicular

Test Type Planes to Face Cleat  to Butt Cleat Total
Mixed Mode Fracture Toughness Tests

slow load rate 7 7 7 21
middle load rate 7 7 7 21
fast load rate 7 7 7 21
Tensile Strength Tests 5 5 5 15
Unconfined Compressive Strength Tests 5 5 5 15
Dynamic Moduli Tests 10 10 10 30
Point Load Index Tests 10 10 10 30
Schmidt Hardness Tests 10 10 10 30
NCB Indenter Tests 10 10 10 30
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MODE | - SLOW RATE MODE | - FAST RATE

FIGURE 4. SEM micrographs of coal fracture surfaces along the face cleat at 1000x — Scale 0.820 Cm = 10 micros.
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loading rates and at different 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-
cessful. In order to obtain better, more meaningful cross cor-
relations between tests, specimens for a mixed mode test,
compressive strength test, tensile strength test, and the other
tests 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
successfully prepare fracture toughness test specimens from
over 75 percent of the coal lumps collected in the field. This
leads to laboratory fracture toughness data that is indecd
more representative of the in site coal,

To demonstrate the effect of fracture mode and loading
rate on the formation of respirable size fragments on new
fracturc surfaces, a small number of pre-notched cubes of
Pittsburgh coal were fractured by dominantly Mode I or
dominantly Mode I1 loading conditions at both slow and fast
loading rates. Fracture was also propagated in various direc-
tions either parallel to the bedding planes, the face cleat or
the butt cleat. The newly created fracture surfaces are then
cxamined under the scanning electron microscope at 1000X
magnification,

Under the SEM, respirable size fragments on the fracture
surfaces appear quite 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 I cracks under fast loading conditions.
3. Mode IT cracks under slow loading conditions.
4. Mode II 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 formations occurs under slow loading

conditions in Mode I,
2. Increasing the loading rate or changing the loading
ode II can increase the

condition from mode I to M
structural damage and fine fragment formation,

Conclusion

Ascientificrationale and an approach to mvestigating 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-
creased structural damage to the new fracture surface and
crack bifurce' 50 which leads to larger amounts of fine frag-
ment formatiun. Since the coal cutting process is best con-
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sidered as a mixed mode crack

propagation probiem, 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. Prcliminary SEM studies
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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Correlation of Fragment Size Distribution
and Fracture Surface in Coal Cutting
Under Various Conditions
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This paper presents an analysis of fragment size
distribution and characterstics of fracture surface in coal
cutting using a rotary coal cutting simulator, Coal cutting
by a drum type continuous miner was simulated in the
Iaboratory. A serles of tests along both the face and butt
cleat direction of coal under different operating and in-sit
conditions were performed. In each experiment the cut
surface was photographed microscopically and the coal
cuttings were collected and sized. Data were used to show
how and to what extent various parameters effect size
distribution of the coal cutting and how this correlates with
the characteristics of the fracture surface. This study
resulted in establishing a number of distinct correlations
between the size distribution and fracture surface. These
correlations were primarily based on the degree of
interaction between adjacent bits and the amount of bit-coal
interaction taking place on the cutting path, Some of the
major results of this study are as follows.

Zones of bit-coal interactions proved vital toward
understanding the effect the conical bit has on the
fragmentation process. This in turn led to the identification
of areas which are responsible for the production of fines
and generation of respirable dust.

The various parameters employed in the coal cutting
experiments which showed a strong effect on the coal
fragment size distribution were: bit type, bit spacing, depth
of cut, in-situ stresses, and cleat orientation. Bit angles and
cutting head velocity exhibited the least effect and no
correlation was established.

From this study it is obvious that the key to achleving
eflicient coal fragmentation is to limit the degree of bit-coal
interaction that takes place throughout the bit path while
causing maximum interaction between adjacent bits.
Accomplishing this not only increases the percentage of
large fragments produced but limits the amount of
secondary crushing that takes place in the bit path thus
resulting in decreasing fines and consequently, the amount
of respirable dust generated.

Introduction

Over 2000 continuous mining machines (introduced in
the 1950s) equipped with conical bits or point attach bits ac-
count for well over half of the United States’ production from

underground coal mines. Today, competition in the coal in-
dustry has increased, due mainly to coal market conditions
and legal restrictions, thus placing an emphasis upon ia-
creasing production, efficiency and health/safety of the
workers. Mine operators are always interested in finding the
most efficient performance of continuous mining machinery
to produce the largest amount of size of coal at the lowest
cost. An increase of fine material sent to the cleaning plant
can seriously overload the plant tc() Ehc extent that plant ef-
ficiencies deteriorate significantly. () Also, the difficulty and
expense of cleaning very small particles often cannot be done
economically and thus, thousands of tons of coal are sent to
the refuse pile because of costly or ineffective cleaning
facilitics, It has been said "the efficient extraction of coal or
rock implics breakage into a size r?ﬁge that contains a min-
imum quantity of very smail sizes."*/ All known fragmenta-
tion thca ies concur that morc fragmentation requires more
energy." So, the importance of reducing fines is already evi-
dent from an outlook upon efficiency. Now, let's consider
another viewpoint, dust generation.

The Federal Coal Mine Health and Safety Act of 1969,
with revisions in 1977, was enacted to insure more healthful
and safer working conditions for miners, The Act of 1969 es-
tablished initially the respirable dust standard for coal min-
ing operation as 3.0 mg/ma' The 1969 Act further reduced
this standard to 2.0 mg/m3 in 1973. The impact of respirable
dust on miners health and economy of the coal industry is
obvious. Since 1970 the federal government has paid over
$11.7billion to more than 470,000 miners with black lung dis-
eases and their survivors () Also, the coal mining industry
considers respirable dust to be the greatest obstacle to
achieving the full-production potential of current mining
cquipment. The following was stated: "it has been concluded
that the amount of dust produced is approximately in
proportion to the degree of fragmentation and to reduce the
production of respirable dgst, the fragmentation process
must be better understood."®) Accordingly, it is most impor-
tant to develop extraction technology that reduces the
production and release of particles in the small size, even
though only a small fraction of the fine particles produced
by coal cutting become airborne. By better understanding
the coal fragmentation process and how various parameters
effect this process, it may be possible to reduce unwanted
fines and respirable dust gencration. This may be ac-
complished by shifting the size distribution to a higher per-
centage of larger fragments, thus reducing the percentage of
fines. If the top sizes of coal are low, it is generally true that
the ;()ortion of extremely small sizes is correspondingly
high.*) By reducing the amount of fines, this will tend to shift
the size distribution, improving cutting efficiency, thus
reducing bit and machine related costs and those associated
with handling, and cleaning those unwanted fines. This will
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also aid in decrcasing the amount of respirable dust
at

gcr::c;nsidcrable effort hasbeen expended in the last 30 years
on laboratory experiments and in the minc investigations of
the cutting process applied to coal and rock cutting
machines. Most of the carly work by many authors lz&s been
summarized by Rad and provides a good reference.™ From
these studies, inconsistencies and discrepancies were
revealed. Some of the most basic studies done try to under-
stand the fracturing process involveg illa indentation of arigid
wedge or bit into a brittle matqrial. ) } Wlth the_ continuing
development of more sophisticated mining equipment, the
need to understand the fragmentation process was becom-
ing more important. This led to the undertaking of many
more research projects to evaluate the effect of operating, in
sifu and geologic parameters on the cutting process in hopes
of aiding in the design of more efficient mining machinery,
reducing dust generation and improving the overall frag-
mentation process.

There are three basic types of research which have been
done toevaluate the effects of various parameters in coal cut-
ting. The three types are: 1) linear cutting in the laboratory
using single or multiple bits; 2) rotary laboratory or in the
mine cutting using single or multiple bits; and 3} in the mine
tests on actual production eguipment. Investigators for the
U.S. Burcau of Mines have done and are currently doing ex-
teasive work in all three areas. In the Bureau of Mines
Research Plan for Coal Mine Health and Safety during fis-
cal years 19}?-1983, the most important study area was frag-
mentation.”™” A detailed review of the above three types of
rcsc?{{;)h and the work done prior to 1980 is given some place
else,'” " due to relevant interest of this paper emphasis will
be on rotary type coal cutting,

Recent review of research on the measurement and con-
trol ?)f respirable dust prior to 1980 concluded the follow-
ng ©) "It has long been recognized that deep cutting coal
mining machines produce larger fragments and less
respirable coal mine dust than do machines that take only
shallow cuts. Apart from this general observation, however,
significantly diverse experience exists on the effects of cut-
ting speed and cutting-pick or bit design, This situation is
clear evidence that the mechanics of fragmentation are not
understood adequately. It has been concluded that those dis-
parities reflect the incomplete nature of many cxperiments.
It has been also concluded that such questions and similar
questions related to cutting speed, pick design, and other
cutting parameters as well as dust generation, can only be
answered by cutting experiment in which more attention is
give to the actual process of fragmentation.” No tests were
available that completely evaluated the point-attack bit so
broadly accepted by the U.S. mining industry; in fact most
published cutting research has been done using chisel-type
tools. Most of the past work with r?ﬁuy cutting machines was
done in the area of rock cutting.!%) However, to better un-
derstand the process of rotary cutting and the factors that ef-
fect the fragmentation of coal and dust generation process a
unique rotary coal cutting simulator was designed and

‘developed at West Virginia University.(*>) Correlation of the
fragment size distribution and characteristics of fracture sur-
face in coal cutting under various parameters is a part of the
rescarch program entitled "An Experimental and Analytical
Approach to Study the Mechanisms of Respirable Dust
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Generation and Entrainment in Underground Coal Mining”
sponsored by the U.S. Bureau of Mines through the Generic
Center for Respirable Dust to be presented here. It is
believed that a major source of respirable dust is the inten-
sely %mghed material produced at the tip of the cutting
t0ol.® Therefore this paper emphasizes microscopic
analysis. Using microscopic photographs to better analyze
the area of bit-coal interaction (bit path analysis) for better
understanding the effect of the conical bit on the coal frag-
mentation process in relation to areas that contribute to the
production of fines and generation of dust.

Background

A continuous mining machine removes coal from the
seam by a fracturing process consisting of forcing a conical
bit into the coal face. In the removal of coal and rock from
the face, tensile and/or shear failure is induced by the cut-
ting machine, through the compressive action of the bit as it
is forced into the coal. This compressive stress, which is
transmitted primarily through the carbide tip, produces a
high degree of crushing or pulverizing of the material at the
bit tip which leads to the generation of a very fine dust. This
compressive stress initiates fracture propagation into an
area where the combination of tensile or shear stress fields
and existing cracks creates the most favorable conditions for
fracturing; thus failure of the material results and a chip or
fragment is produced. As the strength of the coal or rock in-
creases, so does the compressive stress required to initiate
failure; the fragments are released more explosively from the
face, causing greater dispersion oflshe crushed material and
hence higher entrainment, 361415}

The major portion of the primary dust generated occurs
in the crushed zone around the tip of the tool, This portion
of primary dust generation does not vary with depth, but docs
vary with bit geometry.') The total dust will increase with
the depth of cut, but the increase is small compared to that
produced in the crushed zone an% will vary as the fracture
length to the free surface varies. However, under deeper
cut more material is broken per bit and the amount of dust
produced becomes a smaller proportion of the total produce
removed.\ ™ Investigators are in complete agreement with
the fact that the amount of fines and airborne dust is direct-
ly proportiong] to the amount of specific energy used in cut-
ting the coal.'“12) Increasing the depth of the cut reduces
the specific energy used to fragment the coal, If the broken
coal is not cleared from the cutting element, the material will
become subjected to secondary degradiation by the bit in the
bit path, Also, if insufficient interaction occurs between ad-
jacent bits the coal boundary between them may be left in-
tact. If this occurs excessive crushing and grinding action will
be present between the bit body and the coal surface caus-
ing dust generation and entrainment. It is very important to
break the coal boundary and remove the chips bounded
before energy is wasted grinding and regirindi% il;e chips,
fragments and the sides of the bit path.3~144.5) By in-
creasing the depth of cut the spacing can be increased and
still maintain breakage of the coal boundary. The optimum
S%a((‘zr%lt& )depth of cut ratio falls in the range of 0.5 to

The crescent-shaped cutting action is a significant part of
the dust problem. When the top cutters start to recover coal,
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all the broken coal must be transported through the remain-
ing arc of the drum. The transport of already recovered coal
through the cutting zone of the rotary head makes it also a
rotary grinder. The potential effect on dust generation by this
secondary grinding may be a;)least as much as that produced
by primary fragmentation.!

Any time fractures through the coal dust is produced.
However, the amount of dust which is produced along frac-
ture lines is very small as compared to that gencrated by the
cutting tool. By breaking off larger fragments this will reduce
the total surface ara ﬁroduocd and thus the dust created
along fracture lines.(*!)

Another area where dust is generated during the cutting
process is that of crushing action by the drum and bit blocks.
This regrinding or rubbing action can arise from several
sources. First, if the cut material is not removed from this
area it may be forced into the cutting head causing regrind-
ing of the material. Another cause is if the coal is not broken
between bit paths the bit blocks may come into contact with
the solid coal generating dust. Any time the coal is not
removed from the cutting arca there will be excessive frag-
mentation in one form or another in this area. Due to the mo-
;1;];10 :;:fe.fﬁg f'&)hc ad, dust is more likely to become

Experimental Program.

The overall objectives of this research program are to
study the mechanisms of respirable dust generation and

entrainment in underground coal cutting by continuous
miner and how these mechanistns will be affected by impor-
tant factors such as operating parameters, coal properties
and in-situ stresses. However, this paper deals with the
analysis associated with bit-coal interaction and coal cutti
size distribution as affected by the above mentioned factors,
Therefore, a number of monitoring facilities and experimen-
tal procedurcs will be described here which may not be
directly related or esscntial to carry out the scgment of re-
scarch which is the subject of this paper.

Laboratory Facilities

A thorough discussion of coal cutting and monitor:l%
facilities used in the current studies is given elsewhere (12
Therefore, only a brief outline of the facilities will be dis-
cussed here,

The main component of the testing facilities is an
automated rotary coal cutting simulator (ARCCS) as shown
in Figure 1, The ARCCS was designed with the capability to
study the different machine and in situ parameters that in-
fluence the fragmentation of coal and the resuolting dust
generation. The ARCCS operates under simulated mining
conditions with equivalent in sity horizontal and vertical
stresses applicd to a coal block of 18 in. x 15 in. x 6 in, (45.7
¢m x 38.1 cm x 15.2 em) located in a specifically designed
confining chamber {Figure 1a). The cutting drum (8 inches
in diameter and 12 inches wide) has the capability of rotat-
ing from 1 to 50 rpm and can be stopped after a predeter-
mined number of revolutions or a certain depth of cut. The

FIGURE 1. Test and monitoring equipment facitities (a) automated rotary coal cutting simulator, (b) programmable control and monitoring unit,
(c) somic testing unit, (d) acoustic emission, (¢) microscope and the attached camera unit, {f) cascade impactors, (g) hood and sir current

generating unit and (h) data acquisition and recording unit.
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bits can be mouated on the drum at four different angles 15,
30, 45, and 60 degrees and spacings of 1.5 in. (3.81 cm) to 3
in. (7.62 cm). A maximum of scven bits can be mounted on
the drum in a echelon pattern. The ARCCS can be control-
lcd manually or automatically through the use of a program-
mable control unit (Figure 1b). Figure 1 also shows some of
the testing and monitoring facilities used in this research.
They are sonic testing unit (Figure 1c) to measure fracture
extension, acoustic emission (A_E.) monitoring unit (Figure
1d) to measure fracture propagation and fracturing charac-
teristics, microscope and attached camera unit (Figure 1c)
for analysis of fractured surface, 6-stage cascade impactors
(Figure 1f) for collecting airborne dust, hood and air
generating unit (Figurc 1g), and data acquisition and record-
ing unit (Figure 1h). In addition to this, linear variable dif-
ferential transformers {1.VDTs), pressure transducers, flow
meters, flow controls and drem rpm indicator were some of
the other monitoring devices. LVDTSs were used to monitor
the displacement of the coal block as well as the depth of cut.
Pressurc transducers were used to monitor the changes in
pressure both due to the thrust and due to the intermittent
cutting nature of the rotary cutting. Flow controls were used
to run the drum at a particular rpm and to provide a specific
rate of advance. U.S. sieve series/ASTM specification E-11-
61 was used in conjunction with the Ro-Tap Testing sieve
shaker to size the fragments (settled) from 0.742 in, (1.885
cm) to—0.0015 in. (~0.0038 cm) or -400 mcsh (~37 microns),
Allen Bradley Sonic Sifter, model L3P, Series A was used to
size the product from 37 microns to —10 microns,

Experimental Procedure

Large blocks of coal were obtained from a surface mine
in the Waynesburg coal scam. The coal blocks were then cut
in the laboratory to an approximate dimension of 16 in. x 13
in. x 6 in. (40.0 cm x 33.0 cm x 15.2 cm) with respect to the
intended cutting direction (i.c., against face or butt cleat),
The specimen was molded into plaster of paris mixture to a
perfect dimension of 18 in. x 15 in. x 6 in (45.7 cm x 35.6 cm
x 15.2 cm) which was essential to avoid stress concentrations
in the specimen when confining pressures were applied. The
molded specimens were allowed to dry a week before test-
ing. The molded specimen was placed in the confining cham-
ber, the test conditions were set, and thein sif and operating
parameters were marked on the mold at the top of the
specimen., Using the following nomenclature: #41-test num-
ber, II-bit type, 7-number of bits, 30-bit attack angle, 1.5-bit
spacing (inches), 1/32-depth of cut per revolution (inches),
23-cutting head velocity (rpm), F-face cleat (B-butt clcat),
Sv and Sp — equivalent vertical and horizoatal in sife
stresses (confining pressures). Note if Sv and Sh are not
specified, the confining pressures are negligible. A sonic test
was done by which the stress wave trave! time through the
coal sample was recorded. Then predetermined confining
pressures (equivalent in situ stresses) were applied to the
coal block. Some of the tests were done without any sig-
nificant confining pressures; however, a small amount of
pressures were used to keep the specimen in the confining
chamber. The confining pressures were applicd through the
use of two sets of hydraulic jacks consisting of two jacks in a
sct (one set for horizontal pressure and one set for vertical
pressure)} each connected in parallel to a hand pump. A 1.0
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inch (2.54 cm) thick steel plate was positioned between the
sample and hydraulic jacks in order to distribute the pres-
sure uniformly over the whole surface of the specimen.
Before the test, the operating parameters such as velocity of
the cutting drum and advance rate were adjusted to
predetermined values. Then bit blocks of specific attack
anglc were mounted at a particular spacing and pattern.
Conical bits of a specific make were inserted into the bit
block and kept in position by a screw in a way as to allow
symmetric bit wear. An acoustic emission transducer was
mounted on top of the specimen on the mold. Then a canvas
was hooked to the main frame of the machine and a plastic
sheet was spread onit to collect the coal fragments after each
experiment. Six-stage cascade impactors were preparcd (ac-
cording to the instruction manual provided by Andersen
Samplers, Inc.). A set of four impactors were thea mounted
on the speciafly designed arms at fixed positions with respect
to the rotating drum. The number of rotations by the cutting
head was sct in the counter unit in the control module and
then the machine was started to execute the program in con-
tinuous or counter mode. The counting of the number of
rotations started when the hydraulic pressure was increased,
due to the cutting process, or when the cutting head traveled
to a preset distance measured mechanically and by the
LVDT. After the executive of the predetermined number of
rotations, the cutting head retreated and stopped. After cach
experiment the canvas was unhooked and the coal fragments
were collected in the Ziploc bags and the vacuum bag with
the help of a vacuum cleaner, This product was sieved into
different sizes. A standard square root of 2 series was used
from 0.742 in. (1.885 cm) to 0.187 in (0.475 cm), then the
screens were used alternativey, meaning that the previous
screen size was divided by square root of 2 to get the net size.
From 0.187 in. (0.475 cm) to 0.0029 in. (0.0074 cm) every
other sieve size was used or a ratio of 2 between screen sizes.
The —0.0029 in. (-0.0074 cm) sizes were screened with the
square root of 2 series again. This method of screcning was
used to reduce the number of screens, thus reducing the
amount of fines lost in the 0.187 in. (0.475 cm) to 0.0029 in.
(0.0074 ¢m) range. This method also distributes ir-
regularitics at both ends of the size range. After the screen-
ing was completed, the material retained on each screen size
was weighed. Then the percent of weight retained on each
screen was plotted on three cycle, semi-log graph paper at

TABLE!
Physical Properties of Waynesburg Coal

Properties
Moisture (%) - 0.0-15
Ash (%) - 13.5-13.7
Sulfur (%) - 2.03-2,06
Rank - hbBv*
HGI** - 50.43
Specific gravity - 1.42

* High Volatile B Bituminous

** Hardgrove Grindability
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TABLE U
Mechanical Properties of Waynesburg Coal

Cleat/Bedding Compressive Young's
Plane Strength Modulus
Orientation psi (kPa) psi (kPa)
Face Cleat 3239 51x10°
4736) (73x10%
Butt Cleat 3459 47x10°
(489.1) (6.8x10Y
Bedding Plane 4912 46x10°
(707.4) (6.6x10%

the corresponding opening size, In general, there are two
dips that appear in the size distribution curve that are due to
the transition from screens in the square root of 2 series to
those of the 2 series and back. The dips occur because the
screens that start the change in a series receives more
material than it would have in a straight series, The bump oc-
curring at the 0.0015 in. (0.0038 cm) or 400 mesh size is
natural and is characteristic of the material and not related
Lo screening. The sizing from 400 mesh (37 microns) to —10
microns was done by the sonic sifter. All the sized products
were then weighted up to 0.1 gm by Sartorius Type 2351,
mcchanical balance with analog readout and the percent
weights retained were then calculated.

Following the completion of the tests, the tested coal
block was removed from the confining chamber. It was
photographed using a Nikon 35 mm camera and awdliary
lights to give overall pictures of the fractured surface of each
test specimen. The bit paths were then photographed using
a camera attached to an optical microscope. The pictures
were taken of the center bit path approximately 1 inch from
the bit entry, middle of the coal block, and 1 inch from the
bit exit. In general, these picturcs were takea using 0.66 and
1.5 zoom settings, given a total magnification of 3.5 and 8
times, respectively, In some instances more detailed pictures
of the bit path and the particles trapped in this arca where
taken in order to understand what happens in the zone of
bit-coal interaction. These pictures were used to help
categorize and correlate the fracture surface characteristics
with the size distribution and other parameters involved in
the coal cutting process.

Results and Discussion

Most of the coal used in this study is part of the Waynes-
"burg coal seam. Presently, only limited tests have been com-
plcted on the Pittsburgh coal seam. The physical and
mcchanical propertics of the Waynesburg coal were deter-
mined in the laboratory and are presented in Tables I and 11
However, the properties of the Pittsburgh coal seam are not

Indirect Direct
Tensile Shear
Poisson’s Strength Strength
Ratio psi (kPa) psi (kPa)
0.25 154 204
(222) (294)
031 205 180
(29.5) (259
032 146 180
(2L0) (1L5)

available at the present time. There have been a total of 43
individual tests com]gl%od and detailed analysis has been
presented elsewhere.!! However, only brief analysis of the
results will be discussed here. It should be noted that due to
the extended scope of the study and invoivement of a large
number of parameters/factors a limited number of tests have
been documented under a specific set of parameters. There-
fore, if the results may not be clear it is probably due to the
inhomogeneous nature of the coal. To compare the size dis-
tribution results of different tests, it is first necessary to
define the size limits used in this study. Two types of particle
analysis were made. The first type includes the settled par-
ticles and the second type is airborne particles. In the first
type, large fragments are defined as fragments greater than
0.0937 in, (0.238 cm), finc fragments between 0.0937 in.
(0.238 cm) and 0.0015 in. (0.0038 cm) or 400 mesh, and dust

FIGURE 2. lllustrates facilities used in microscopic photography of
the fractured surface of the tested specimen,



s defined as the material below 0015 in (0.038 cm). In the
sccond type particle size distributions were made based on
the standard sizes associated with cascade impactor.

mpapcrdcalswiththeannlysisoftheappearanogof
gracture surface after a test has been completed. An optical
microscope was used (Figure 2) toinvestigate the area of the
bit path and to determine what happens m_tl:c area of con-
mdbetweenthcbitandcoalfromthcmulhngtraccsleﬁon
the fracture surface by the bit. The four different types of
conical or point attack bits used in this study are shown in
Figure 3a. The corresponding manufacturer’s specifications
giving bit dimensions and angle of carbide tip (degrec of
sharpness) are shown in Figure 3b. The bit types are known
as: pencil bit with medium carbide tip, Type II; plumbob with
large carbide tip, Type IN1; sharp/slender bit with fins to aid
in bit rotation and sharp carbide tip, Type IV; plumbob bit
with medium carbide tip, Type V. Tests conducted to
cvaluate the effects of bit spacing, depth of cut, bit angle,
drum velocity confining pressure, and face/butt cleat direc-
tion of cutting were all done using the Type IV bits.

A
.Am'q.
2
: ]
RERE
| 1::.:‘-.#!
| '
1] i
|
b
.i_,| . i L ——
B = Rimm

Khair and Devilder

Bit Path Analysis

In analysis of zone of bit-coal interaction, it was found that
there are two extreme cases. Test #10 and Test #41 are typi-
caltests that represent Case 1 and Case 2, respectively shown
in Figure 4. In Case 1 fracture surface shows only interaction
of the carbide tip and the coal surface as evident by a shiny
line in the center of the bit path. However, the Case 2 frac-
ture surface involves not only interaction of the carbide tip
but also that of part of the bit body and the coal surface. The
zone of interaction of the carbide tip and coal surface was
formed to have the same general characteristics in all tests,
although, the size and shape were found to vary with bit type.

To characterize interaction of bit-coal, it is necessary to
define the zones of the bit which correspond to distinct zones
in the bit path. Figure 5 illustrates three distinct Zones 1,2,
and 3, which correspond to the carbide tip, transition be-
tween the carbide tip and the bit body (appears as an offset
or gap), and the bit body, respectively. The corresponding
zones in the center of the bit path are indicated in Figure 6
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FIG‘LJ:tE 3. Dlustrates four types of bits: (a) I, ‘B;;cil bit with medium carbide tip; Type ITI, plumbob bit with large carbide tip; Type IV,

nder bit with fins and sharp carbide tip;
specifications showing bit dimensions and angle of carbidc tip.
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V, plumbacb bit with medium carbide tip. (b) corresponding manufacturers’
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FIGURE 4. lllustrates two types of fractured surfaces: A — Case 1, B — Case 2(a — photographs of typical test representing each case, b —

general cross-section corresponding to each case).

while for the top {one inch from the bit entry) in the same bit
path are shown in Figure 7. Within these three zones, there
are three notable microscopic fractures (denoted by A, B,
and C). Feature (A) representing the shiny or black areas,
Feature (B) the light brown areas, and Feature (C) areas of
solid intact coal which have not been scared by bit action.
Feature (A) is formed as the bit passes through the bit path
causing excessive crushing or grinding of loose and/or intact
material between the bit and the solid coal surface along the
bit path, Frictional heat generated by the abrasive action be-
tween the bit (body and carbide tip) and coal surface tend
to liquify part of the crushed material causing it to fuse
together leaving a shiny almost metallic looking surface with
small microscopic ridges on its surface (Figure 8a), These
ridges ran parallel to the direction of the bit travel. This shiny
surface tended to break in a platy fashion. Along the
breakage, small dust size particles of irregular shape were
produced. Further, breakage of the platy particles resulted
in a production of very fine dust size particles thus giving the
area shown in Figure 8b. Further analysis indicated that
beneath this shiny surface at Zone 1 a pocket of crushed
material was trapped. The size, shape and depth of this pock-
¢t varied with the size/shape of the carbide tip with typical
depth of approximately between 1/64 and 1/16 of an inch. It
was noticed that the shiny surface and associated crushed
material appeared to be charged (or became active by a
chemical of electro static means) because it was attracted to
the metal tool and any other metallic object (knife, tweezer),
Crushing of these materials resulted in very small dust size
particles of irregular shape which were attracted to each
other and grouped in small clusters, agglomerated (see cen-
ter of Figure 8b). It should be noted that the material in
Figure 8b is from the side of the bit path and appears similar
and exhibits the same characteristics of that in the center of
the path (Figure 8a). However, in general the shiny material

on the sides of the bit path did not have quite as much
crushed material bencath it. Speaking in relative terms, this
suggests that more crushed material was produced by the
carbide tip as opposed to the bit body. This can primarily be
attributed to the high compressive stresses imposed ject
(knife, tweezer). Crushing of these materials resulted in very
small dust smaterial is slightly compacted and deposited
(Figure 7b). Note the large platy particles are from the black
arcas and the finer particles are from the brown areas. The
intermittent shiny and dark areas (Feature (C)) represent
freshly exposed intact coal.

-

BIT BODY

CARBIDE TIP

FIGURE 5. Shows the three zones of the bit which correspond to
three distinct zones of the bit path.



FIGURE 6. Mi i¢ pictures of the center
path (1,2.3) and the three features within t

: hese zones (A,B
disturbing the shiny surface taken with a 1

-5 zoom setting.

Any or all of these features may be presented in any one
zone. However, Zone 1 mainly consisted of a shiny or black
surface that was produced from frictional contact with the
carbide tip, also some brown deposits of crushed material
may be present. Zone 2 consisted of freshly exposed intact
coal and brown deposits of crushed material depending on
the gap (offset) between the bit body and carbide tip. In
general, the larger the gap (Zone 2) resulted in a clean frac-
ture with little or no crushed material. Zone 3 consisted
generally of all these features, The extent of each zone was
largely dependent upon the degree of fracturing and the
amount of frictional contact between the bit and solid coal.
The particles deposited in the brown areas appear much
larger than those produced by breakage of the black or shiny
arcas.
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bit path taken in the middie of the coal block (test #41), (a) Indicates the three zones of the bit
,C) taken with a .66 zoom setting, (b) shows the same material created upon

Effect of Bit Type

A series of tests were conducted, using seven bits
mounted in an echelon pattern, to evaluate the effects of the
four bit types. The test parameters used were: 30 degree at-
tack angle, 1.5 inches bit spacing, 1/32 inches depth of cut
per revolution, 25 rpm drum velocity, negligible confining
pressure and cutting was made along the face cleat. Obser-
vation of the fracture surface indicated that all four tests
were representative of Case 2. That is, there were traces left
on the fractured surface by all three zones of the bit. The
height of the coal boundary left between the bit path fell in
the range of 0.75 to 1 inch for the specimen which were cut
using bit Type I11, V, and IT and 1 to 1.5 inches using bit Type
IV.1n general, bit type seems to have no significant effect on



Respirable Dust

thcdegrccofbreakagcoftheboundarybetwunthebit
paths. Although it was observed that for each bit type frac-
turing may initiate at different points in the bit path break-
ing material away from the bit as it proceeds through the
coal. This tends to widen the groove but has littie effect on
the overall breakage of the coal boundary,

Figure 9 shows the corresponding microscopic
photographs of the specimen using the above four types of
bit, It is obvious that Zone 1 is the largest using Type III bit
with the large carbide tip (Figure 9a). Zone 1 is virtually the
same size using Type V and Type Il bits with a medium car-
bide tip, shown in Figures 9b and 9¢, respectively, The smal-
lest of Zone 1 was produced using bit Type IV with sharp
carbide tip (Figure 9d). The relative size and shape of the
pocket of crushed material using different types of bit is il-
lustrated in Figure 10. The depth of the crushed material
shown in Figure 10 varied from approximately 1/64 to 1/16
of aninch, The intermittent brown areas in Zone 1 in essence

did not change the general shape of the pocket of crushed
material but where these arcas occurred, the pocket wag
slightly deeper than indicated in Figure 10. The Type I bit
by far trapped the most crushed material, due to the blunt.
ness of the carbide tip. This material was of uniform thick-
ness throughout Zone I tapering off at the edges. Type IV
bit trapped the least material because of the sharpness of the
carbide tip. The trapped material was very shallow
throughout Zone 1, whereas, Type V and Type 11 bits fell
somewhere in between, trapping most of the crushed
material at the edge of Zone 1 (due to offset of carbide tip
and bit body). There was little material trapped directly
under the carbide tip. Zone 2 is by far the largest for the Type
I bit because of the large offset between the bit body and
carbide tip. This offset provided a relief for fractures to
propagate from Zone 1 to Zone 3, leaving a freshly exposed
ridge of intact coal which was not scarred by bit action
(Figure 9c), whercas, Zone 2 for Types V and IV bits ap-

FIGURE 7. Mi
after lightly brushing the surface.

ic pictures of Zone 3. (a) Indicates the three features (A,B,C) in Zone 3 taken with a .66 zoom setting; (b) shows Zone 3
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peared as small thin ridges of exposed coal with intermittent
dust pockets, brown areas (Figures 9b and 9d). The transi-
tion between the bit body and carbide tip is gradual com-
pared to Type 1! (small gap) leaving a small ridge across
Zone 2. For the Type III bit, there is a small line which runs
between Zone 1 and Zone 3 and represents the very small
gap between the bit body and carbide tip (Figure 9a). Zone
Zin Figure 9a is mostly filled affected by the degree of bit-
coal interaction in Zone 1, by the carbide tipof bit, a smooth
transition occurs between the bit body and carbide tip. Zone
3 consisted of a small band of shiny platy material with inter-
mittent areas of compacted fines. The amount of crushed
material trapped behind the areas of frictional contact (shiny
areas) was less than that associated with Zone 1 for all bit
types. Type II bit had by far the least amount of bit coal in-
teraction in Zone 3 as compared to the other bits. Zone 3

 Microscopic pictures of the shiny surface and related material. {a) cal piece of material removed from the area of contact with
the carbide tip (Zone 1) and resulting pocket of crushed material heneath it;

(Zone 3) note the clustering of the very fine material, magnified 11 times.

) typical piece of material removed from the side of the bit path

was much wider meaning more interaction, larger arca of
contact, occurred for the Type V bit as compared to Type I1.
The Type Il and IV bits by far showed the most bit-coal in-
teraction in Zone 3. In the case of the Type III bit, Zone 3
extends beyond that captured in the microscopic
photograph (Figure 9a) and is made up equally of black and
brown areas. In other words, almost half of the total area has
been subjected to frictional contact producing black areas,
whereas, for the Type IV, Zone 3 was slightly wider as would
have been expected because it had the highest coal bound-
ary left between the bit path and almost entirely consisted of
areas of frictional contact, black (shiny areas) with few areas
of deposited fines (Figure 9d).

An attempt was made to correlate bit-coal interaction
with product size distribution. The results/correlation were
obviously within certain ranges, however, in some ranges
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they became less conclusive, Figure 11 shows the fragment
size distribution associated with the four bit types for Case 2
fracture surface. The fine range of the size distn:ibution
(-0.007 inches) is affected by the degree of bit-coal interac-
tion in Zone 1, by the carbide tip. the Type III bit being the
most blunt of the four bits produced the most crushed
material in Zone 1, part of which is trapped by bit action and
the remaining undoubtedly released during cutting, This

et of crushed material which was produced by cach pass
of the bit will be released upon the next cutting cycle. Thus,
the Type IIL bit produced the highest percentage of material

f— EHiNY SURFACE
TYPE 11l %
CAYSHED MATERLAL

SHINY  SURFACE

@aun!n WATERIAL
SMINY SURFACE
TYPE 1 \E
CRUSHED MATERIAL
:ﬂﬂﬂ" BURKACE

CRUSHEDR MATERIAL

TYPE ¥

TYPE I¥

FIGURE 10. Shows the relative size and shape of the pocket of
crushed material in Zone 1 for each bit type (not to scale)

in the fine range (-0.007 inches) of the size distribution. Next,
the Type V and Il bits which have the same size carbide tip
produced virtually the same amount of crushed material in
Zone 1, resulting roughly in the same percentage of fine
material (-0.007 inches), whereas, the Type IV bit being
sharper produced the least amount of crushed material in
Zone 1 and reflected in the size distribution by having the
lowest percentage of material in the fine range (~0.007 in-
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FIGURE 11. Opening size vs. pereent of weight retained as a
function of bit type when cutting against the face cleat
{representative of the Case 2 fracture surface).

ches). The size distribution from 0.09 to 0.007 inches is af-
fected by the degree of bit-coal interaction in Zone 2 and
Zone 3. The larger area of frictional contact resulted in ex-
cessive crushing and grinding of loose material in the bit path
as well as that of intact coal. For this reason, Type IV bit
produced the highest percentage of fine materialin the range
of 0.09 to 0.007 inches of size distribution, In contrast, the
Type IT bit had the least amount of fractional contact. Also,
because fracturing occurred across Zone 2 (ridge remains
due to offset to bit tip and bit body), the bit did not trap
broken material. However, these ridges may be subjected to
secondary crushing by the bit body in subscquent cycles and
will reflect the production of dust size particles. Figure 11
shows that the Type II bit produced the lowest percentage
of fines in the range of 0.09 to 0.007 inches. Zone 3 for the
Type III bit was large but only partially had areas of friction-
al contact, thus accounting for a slightly higher percentage
of fines than Type V bit for which Zone 3 was much narrower
and had correspondingly less total area of frictional contact.
To further evaluate the effect of bit type on fragment size dis-
tribution another series of experiments are presented here.
The test parameters used were: four bits mounted in an
echelon patter, 30 degree attack angle, 1.5 inches bit spac-
ing, 1/5 inch depth of cut per revolution, 15 rpm drum

TYPE A

g 901

FIGURE 12. Opening size vs. percent of weight retained as a function of bit type when cutting against the face cleat {representative of the Case 1

fracture surface).
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FIGURE 13. Mesh size versus percent of weight retained as a
funetion of bit type, dust size distribution from 37 microns (400
mesh) to -10 microns.

velocity, 512 psi vertical and 300 psi horizontal confining
pressures and tested along the face cleats. The fractured sur-
face of the tested specimen were representative of Case 1,
indicating breakage occuring between bit paths and only the
resulting trace left by the carbide tip (Zone 1) remains on
the fractured surface. Furthermore Zone 1 had the same
general size/shape and characteristics associated with it as
in the previous tests. The size distribution of these experi-
ments is presented in Figure 12. Figure 12 shows that the
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FIGURE 14. Particle size distribution of the respirable coal dust

sampled by caseade impactors, while cutting coal with differcnt
types of bits.

Type IV bit produced the Icast percentage of fines and that
the Type II bit produced the most, The Type IV bit had the
sharpest carbide tip and produced the smallest frictional
contactin Zone 1, whereas, the Type ITI bit having the largest
carbide tip produced the largest frictional contact in Zone
1. Size distribution for the Type V and II bits fel} between
that of the Type Il and IV bits mainly due to the size and
shape of their carbide tips and associated frictional contact
in Zone 1.

It is difficult to identify any correlation in the large range
{+0.0937 in.) size distribution. Mainly, due to the bit
having no significant affect on breakage of the boundary be-
tween bit paths. Similarly on the dust range (-0.015 in.) there
is no obvious correlation. The size distribution graph be-
tween 40 to 10 microns crossing each other at approximate-
ly 27 microns and has a natural dip at 20 microns (Figure 13).
Between 20 and 12 micron sizes, bit Type IV produced the

TABLE
Respirable Mass Fraction Sampled by Impactors While
Cutting with Different Bit Types (Face Cleat)
Particle Size (um)
Bit Type Concentration 10.0x 6.0 6.0x06
A. Weight* (mg) 7.69 10.61
1t N. Weight + (mg) 835 1153
Percent 42.00 58.00
A, Weight* {mg) 861 11.28
v B. Weight + (mg) 861 1128
Percent 43.30 56.70
A, Weight* (mg) 2.95 945
v B. Weight + (mg) 472 1517
Percent 23.70 76.30
* Actual weight sampled.

+ Normalized with the highest weight in series.

highest percentage, but Type I second, bit Type V third and
bit Type III the lowest. Furthermore the size distribution
curves for bit Types V and II shows similar characteristics
with crossing each other at 27 and 12 micron size, similar cur-
ves for Type V and II with only crossing cach other at 27
micronsize, Thisirregularity could be due to the characteris-
tics of coal and bit-coal interaction and possibly may have
been affected by the sieving process where further breakage
of the fragments may have resulted in various production of
dust size particles. An important feature to note in Figure 13
is the sharp decline in size distribution curve for bit TypelV
between 20 and 10 micron sizes, where the percentage
weight retained at 10 microns is the lowest for bit Type IV
than others indicating possibly the least production of
respirable size dust,

Particle size distribution of the entrained dust sampled by
6-stage cascade impactors was plotted on log-probability
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FIGURE 15. (a) Photograph of the coal tlock of test #3 after cutting against the face cleat; (b) microscopic photograph taken approximately 1.5

inches from the entrance of the center bit with .66 zoom setting.

graphs (Figure 14). Most distribution functions like this re-
quire two parameters, one that identifies the location or cen-
ter of the distribution and the other that characterizes the
width or spread of the distribution. Location of center of the
distribution here is identified by mass median diameter
(MMD). MMD is defined as the diameter for which half the
mass if contributed by particles larger than the MMD and
half by particles smaller than the MMD. The geometric
standard deviation (GSD) is a measure of the spread of the
particle size distribution. It is defined as the ratio of MMD
and the particle size at 16 percentile. If GSD = 1, all the par-
ticles are of thg same size, i.e., the entrained dust is
"monodisperse.” ") The MMD and GSD for bit Type V are
5.4 and 3.55, respectively. They are considerably different
when compared to the bit Types IIT and IV for which the
MMDs and GSDs are consistent between 9.2 and 9.4 and

2.16 and 2.38, respectively, Table III shows the weight and
percent of respirable size mass divided into 10.0 x 6.0
microns and 6.0 x 6.6 microns, Table Il confirms with the
MMDs and GSDs where in the bit Type V produced 76.3
percent of the mass in the 6.0 x 0.6 micron size range while
bit Types IIl and TV produced only 58.0 and 56.7 percent in
the same size range respectively. At 10.0 x 6.0 micron size
range the order of highest production reversed resulting in
23.7, 43.30, and 42.00 percent for bit Types V, IV, and 111,
respectively.

In analysis of bit coal interaction for these experiments,
as it was described before, largest of Zone 1 and least of
Zone 3 occurred by bit Type ITI opposed to the bit Type IV,
and bit Type I'V and bit Type V showed characteristics some-
what in between the two. This bit-coal interaction reflected
in size distribution curves shown in Figures 11-13. Geometri-
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cally bit Type V has somewhat common characteristics with
both types of bits Il and IV. Its plumbob shape, small head
and large base make the bit body sharper than the Type I
bit which has the largest of all three, This small carbide tip
caused a rough surface feature on the bit and left a large gap
around the carbide tip as the extension of the head {body)
of the type V bit. This gap provided a trap zone for the
crushed material and left ridges (Zone 2) in the bith path
(Figure 10), which was further subjected to crushing and
grinding in subsequent cutting cycle resulting in production
of higher respirable dust sizes (Figure 14 and Table III). It
was mentioned before, breakage of ridges and fine particles
(shiny surface, black area, and algormerated crushed
material) produced dust size particles, therefore any bit type
which produces rough surfaces and large percentage of fine
particles, excessive fractured surface area, will also produce
the larger percentage of respirable size dust. From Figures
11-14 it could be concluded that the bit which has a carbide
shape and tip-head arrangement of bit Type IV and the body
of bit Type V is more effective in less production of fine and
respirable dust size particles. A sharp and larger carbide tip
for bit Type V would have given a smooth transition between
the tip and body of the bit. This would improve the cutting
cfficiency of the bit by having least bit-coal interaction and
resulting in less regrinding and fractional contact at all three
zones, thus producing less respirable dust,

Effects of Bit Spacing

A series of experiments were run to study the effect of bit
spacing on fragment size distribution and to see how this may
relate to the overall and microscopic appearance of the frac-
ture surface. The tests were conducted using 1.5 and 3 inch
spacing. The appearance of the coal blocks after cutting for
1.5inch spacing resembled Figure 4 and for a typical test with
3 inch spacing is shown in Figure 15a. Despite varying the
cutting head velocity, bit type, bit attack angle and confining
pressures within the depths of cut used in this study, the
boundary walls between the bit paths remained intact with

#11

DM
R S

% WEIGHT RETAIN

%

TR
1.0

LA T I R |
a1

PProvar o
61

|
y : B.001
OPENING BIZE. INCHES

FIGURE 16. ning siz¢ ve. percent of weight retained as &
ff::eclion o?gveo di%ferent bit spacings when cutting against the
cleat.

the least interaction between each bit. The fractured surface
represented the extreme end of Case 2 indicating a high de-
gree of bit-coal interaction and frictional contact as shown
in Figure 15b. For the reasons mentioned above, the 3 inch
spacing produced, percentage wise, far lcss large size and
more fine size particles than did the 1.5 inch spacing as
shown in Figure 16,

Effect of Depth of Cut and Cleat Orientation

A scries of experiments have been performend both along
the face and butt cleat direction keeping the other
parameters constant while chaning the depth of cut. Four
tests representing general characteristics of this series of ex-
periments are selected for discussion here. Tests #11 and
#35were performed along the face cleat, while #21 and #40
was performed along the butt cleat. Test #11 represents a
1/4 inch depth of cut per revolution with five bits mounted
in an echelon pattern (Figure 17a). Test #35 represents a
1/32inch depth of cut per revolution with seven bits mounted
in an echelon pattern (Figure 18a). Test #11 indicates the
breakage of the boundary wall between the adjacent bit

FIGURE 17. (2) Photograph of the coal block of test #11 after cutting along the face cleat; (b) microscopic photograph taken of the center bit

path in the middle of the coal block with a .66 zoom setting.
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paths. The height of the boundary lift is in the range of 0 to
172 inche (average of 1/4 inch) measured from the center of
the bit path and the fractured surface here represents case
1. However, test #35 indicates a much lesser degree of in-
teraction between the adjacent bit paths leaving a much
larger boundary between them as shown in Figure 18a. The
height of the boundary is in the range of 1 to 1.5 inches
(averaging a 1.25 inches) and the fractured surface repre-
sents Case 2. In deep cut (Test #11) only a small trace of the
carbide tip on the fractured surface lift (Figure 17a) and in-
dicating less bit-coal interaction as shown in Figure 17b.
However, shall depth of cut caused excessive bit-coal inter-
action and frictional contact as shown in Figure 18b.
Fracture initiates at the zone of highest stress concentrate
or where the stress exceeds first the strength of material. In
coal cutting fracture initiates under the bit tip. This feature
continues to propagate as long as the above conditions are
met or the fracture reaches to a free surface. Generally the
depth or length of crack depends on the magnitude of stress
at the time of fracture initiation. Increasing the depth of cut

requires a higher stress level and causes more complete in-
teraction between the bit paths; coal is broken away from the
test specimen so the bit is not enclosed by the bit groove
which causes the production of fines as shown in Figure 19,
When the depth of cut is increased, the cracks, whick were
produced from the compressive stresses induced on the coal
by the bit, must propagate further to a free surface to aliow
breakage, thus causing larger fragments to be formed and
more coal broken per pass. Not only were larger fragments
produced with a deeper depth of cut per revolution but there
was less contact between the carbide tip and coal surface in
removing the same volume of material versus that of a shal-
low cut, thus reducing the amount of crushed material
produced at the bit tip for the same volume of coal removed.
When the depth of cut is decrcased, the cracks have much
less distance to travel to reach a free surface producing
smaller fragments and allowing the boundary wall to be built
up between the bit paths.

The fractured surfaces for the specimens tested along the
butt cleats (tests #21 and #40) was much rougher and broke

FIGURE 18. (a) Photagraph of the coal biock of test #35 after cutting against the

center bit path near the middle of the coal block with a .66 zoom setting.

face cleat; (b) microscopic photograph of teat #35 taken of the
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irregularly. The figurc associated with these tests is not in-
cluded here due to limited space. The cutting resistance
along the butt cleat was much higher than those tested along
the face cleat under the same set of paramcters. This higher
resistance attributed toa 5.2 percent higher compressive and
33 percent higher tensile strength of coal in the butt cleat
direction (See Table IT). This in turn led to different failure
characteristics in the butt cleat direction especially at deeper
cuts, For example the average height of the bo wall
between the bit path for test #21 along the butt clcat was 3/4
inch which was much greater than that of test #11 along the
face cleat direction (averaging 1/4 inch) for the depth of cut
of 1/4 inch. This resulted in more bit-coal interaction and
caused more frictional contact between the coal and bit for
the case of cutting along the butt cleat. Comparing the same
depth of cut, along the face and butt cleat, percentage-wise
more larger size fragments and fewer fines arc produced
when cutting along the face clcat (Figure 19). However, this
difference become negligible when depth of cut was reduced
(i.e, 1/32 inch) especially at the lower end of the fine size
(dust). The latter claim was substantiated by the analysis of
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FIGURE 19. Opening size vs. percent of weight retained as a
function of two different depths of cut per revolution and cleat
directions.

respirable dust collected by cascade impactors as shown in
Figure 20. In Figure 20, respirable dust in both experiments
having the same mass median diameter (MMD = 9.4) with
less difference between their spread of the particle size dis-
tribution, GSD of 2.38 and 2.16 for face and buti cleat respec-
tively. One of the reasons for this lack of difference in
particle size distribution, when testing along face cleat ver-
sus buttcleat at very shallow depth of cut probably the
characteristics of coal itself, Under shallow depth of cut, cut-
ting stress will be very low, fracture length will be small, con-
scquently coal will break along its natural imperfection
which is rather constant for these specimens (because of
being all prepared from the same block of coal) and has not
been affected by the cutting direction.

Effects of Cutting Head Velocity

During coal cutting the velocity of cutting head is not
uniform rather it is cyclic due to the intermittent nature of
the fracturing process. When cutting head exerts peak
dynamic force on the coal its velocity reduces to its lowest
value and meanwhile causes fracture initiation and propaga-
tion. During fracture propagation resistance offered by the
coal is low and also due to the back up pressure the cutting
head accelerates and its velocity reaches its peak value, In
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FIGURE 20. Particle size distribution of respirabie coal dust
sampled by cascade impactors while cutting coal with different
cleat orientations.

this period of the cycle the cutting head grades the cutting
path. Higher peak dynamic stress causes longer/deeper frac-
ture; however, it also incrcases the length of the grading sur-
face. The higher the velocity of cutting head and resistance
offered by the coal,the higher peak stress and more fiuctua-
tion is observed in the velocity of the caismg head, conse-
quently increasing the grading period.(* The higher the
cutting velocity the higher the required cutting force is ob-
served as shown on in Figure 21. However, the specific ener-
gy might be the same because under a higher rpm the bit
spends little time cutting coal, Analysis of both IiCroscopic
and overall appearance of the fractured surface for this
series of tests showed no significant differences due to

changing drum velocity. However, change in rpm of drum
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FIGURE 21. Resuitant foree vs. depth of cut as a function of rpm
(face cicat direction).
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has been reflected on fragment size distributions as shown
in Figure 22a-b. The higher rpm produced a higher percent-
age of large and a lower percentage of fine size material,
There is an exception where the size distribution curve for
15 rpm experiment lics between 35 and 25 rpm in range of
20-10 microns (Figure 22b). This could be due to the charac-
teristics of coal or due to the limited number of iests with or-

thotropic and nonhomogeneous material. Analysis of
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FIGURE 22. Mesh size versus percent of weight retained as a
function of cutting head speed (rpm) for face cleat orientation,
(a} fragment size distribution from 1.885 em (0,742 in.) to 9.0038
cm (0.0015 in.) or 400 mesh and (b) dust size distribution from 37
microns (400 mesh) to —10 microns.

respirable dust for this experiment indicated similar results
with less differences in production of respirable dust as
shown in Table IV, However, the aerodynamic particle size
is smaller for 35 rpm cutting head speed than 25 rpm as
shown in Figure 23.

Increasing the cutting head velocity under a constant
depth of cut imposed more energy on the coal during
dynamic loading (fracturing) producing more large and

TABLE IV

Respirable Mass Fraction Sampied by iImpactors While
Cutting at Different Drum Speeds (Face Cleat)

Particle Size (um)
Drum
RPM Concentration 100x6.0 60x06
A. Weight” (mg) 8.61 1128
25 N. Weight + (mg) 8.7 11.47
Percent 433 56.70
A. Weight* (mg) 8.99 11.24
35 B. Weight + (mg) 8.99 1124
Percent 44.40 55.60

* Actual weight sampled.
+ Nonmnalized with the highest weight in series.

deep fractures in the coal resulting in more large and less
fine fragments. The higher velocity will also tend to enhance
crack propagation allowing a greater distance to be traveled
before reaching a free surface, thus detaching a larger frag-
ment. Increasing the velocity will increase the kinetic cner-
gy of the fragmented material which will help in removal
from the bit path and reduce secondary degradation (reduc-
ing fines) but will undoubtedly increase dust entrainment.
That is to say, it increases the airborne dust in expense of set-
tled dust. Also coal is "weaker under a higher rate of load-
ing (impact? making it easier to fracture, thus giving larger
fragments."®) The only drawback for higher speed would be
increasing grading period of cutting process and secondary
fracturing of the crushed material due to high impact result-
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FIGURE 23. Particie size distribution of respirable coal dust
sampled by cascade impactors while cutting coal with different
cutting head speeds (rpm).
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7/
/

¢~ CUTTING SURFACE

FIGURE 24, Itlustrates the cutting surface and the area of contact
between the cut surface and bits mounted st various attack angles
on the cutting head.

ing in smaller size particles. Even though the total airborne
dust might be less under the high speed cutting bit the total
number of dust particles might be high as it is shown by the
GSD of 2.79 for 35 rpm as compared to 2.38 for 25 rpm. This
substantiates the possibility of increasing airborne dust in ex-
pense of settled dust under higher drum speed.

Effects of Bit Attack Angle

The point of contact for bits along the cutting path chan-
ges from entry to exit for any attack angle. At the entry of the
cutting path the front portion of the bit tip will make contact
mostly with the coal, at the center of the path almost the tip
of the bit tip (depending on the angle of attack) and at the
exit position the back of the bit tip as shown in Figure 24,
However, the tip of the bit is semispherical where its curva-
ture slightly changes from the tip to the sides which might af-

! .
A

L=

fect the required force to cut the coal. Figure 25 shows the
resultant forces (resultant of cutting and thrust forces) for
the depth of cut for the four types of attack angles. Figure 25
shows that a 30 degree bit attack angle required the least
force to cut the coal for a given depth of cut where a 15 de-
grec attack angle required the highest. The fragment size dis-
tribution for these tests are shown in Figure 26. From Figure
26 it is obvious that a 30 degree attack angle is producing
more large and less fines compared to the other three,
However, the trend based on force requirement for a depth
of cut for the other attack angles are not exhibited on frag-
ment size distribution. This suggests that directional proper-
ties of coal highly influence the cutting force and fragment
size distribution. That is to say coal breaks easily and
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FIGURE 25. Resultant force vs. depth of cut as & function of bit
attz;ck angle (facc cleat direction) (11b = 045 kg 1in. = 2.54
cm).

produces larger size fragments when it has been cut at a cer-
tain angle. Analysis of the fractured surface indicated no sig-
nificant apparent differences for the different bit attack
angles and the bit traces were very similar. Even though the
30 degree attack angle which produced substantially more
large fragments, it was expected that there may be more in-
teraction between the bit paths but this was not evident. In
fact, all four tests showed almost the same degree of inter-
action, leaving a very small boundary between the paths.
However, the 30 degrec attack angle may break off larger

0 "0t

2 - L (TEST #a)

by — 30 <

o (TEST # 1) .

:- [ - . ‘\ —_—

] \ . B (TEST #)

:5“‘1‘ J '.ﬂ‘l

= :‘; /M‘..

# O 11 ¥ )
5 N -~y

L T O T A T
10 o

OPENING SIZE, INCHES

N -

LI 20 I A I | § {
0.01 0.001

FIGURE 26. Opening size vs. percent of weight retained as a function of four different bit attack angles when cutting against the face cleat.
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fragments during the cutting process which may not always
be evident by the appearance of the fracture surface after
culting,

Effect of Confining Pressure

A serics of tests were performed both along the face and
butt cleat directions at various equivalent in-sifu stresses.
The fractured surface definitely has a different appearance
than that of the unconfined situation. Along the face cleats
the fracturc surface was very rough and irregular in ap-
pearance as though the coal provided a very high cutting
resistance. This was clearly indicated in resultant force re-
quired to cut a specific depth as shown in Figure 27. The
higher the equivalent in-situ stresses (horizontal stress = 1/3
vertical stress) the higher required cutting forces, Under the
confining pressure, no longer was the splitting type fracture
prominent between adjacent bit paths as was seen under no
confining pressure. In a constrained situation, the fracture
secmed 10 propagate in an angular almost unpredictable
fashion seeking the path of least resistance giving a very
rough appearance of the fractured surface. Increasing com-
pressive strength of coal due to confining pressure makes it
rauch more difficult for fractures to propagate directly to ad-
jacent bit paths breaking the wall boundary of bit paths. In-
stcad the confining pressures closes the joints causing the
coal toact like a solid continuous material. When cutting the
coal, crater shaped grooves were formed and ridges were left
between them. In both directions (face and butt cleat), the
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FIGURE 28. Opening size vs. percent of weight retained as a
function of in-situ stresses and cleat directions (30 attack angle).

coal offered more resistance to cutting, giving a rougher frac-
turcd surfaces. Microscopic photographs of these tests indi-
cated that, in general, the only trace left by the bit was that
due to the carbide tip, no excessive contact was evident. The
trace left by the carbide tip was more intermittent than those
tested without ing pressures. Larger gaps occurred
between traces (shiny lincs) left by the carbide tip through
the bit path and are indicative of the harder cutting and ir-
regular fracturing. Furthermore, fractures propagated in a
step-like manner toward the coal face deviated by the con-
fining pressure before breaking across the wall boundary of
the bit path in an irregular fashion,

The effect of confining pressures on size distribution for
the tests done (using 30 attack angle) is less conclusive as
shown in Figure 28. Increasing the confining pressure in the
butt cleat direction resulted in a slight decrease in the per-
centage of fines and increased the percentage of large frag-
ments in the upper end of the size distribution. However, it
is not quite clear what effect the increasing pressure has on
size distribution, when cutting along the face cleat. In a
similar test conducted along the face cleat but at the other
three attack angles (15, 45, 60), it was found that the confin-
ing pressure decreased the percentage of large fragments
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FIGURE 29. Opening size vs. percent of weight retained as a
function of in situ stresses #nd cleat directions (30° attack angle).
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and increased the percentage of fines as shown in Figure 29.
In general, confining pressure has the opposite effect while
cutting along the face cleat than those of butt cleat. A pos-
sible explanation may be that the confining pressure may
make the coal either easier or harder to cut, depending on
the inherent characteristics of the coal in the face and butt
cleat directions.

Effect of Coal Properties

A limited number of tests have been carried out on the
Pittsburgh coal seam and for comparison an exampie is
presented here. The apparent feature of the tested specimen
is shown in Figure 30. The fractured surface represents Case
2indicating higher bit-coal interaction and frictional contact
resulting in production of more percentage of fines and Jess
of large fragments as exhibited in Figure 31a-b. The analysis
of airborne dust, collected by cascade impactor, indicated
that smaller acrodynamic particles with higher particle size
spread (MMD = 9.0, GSD = 2.77) were produced when
coal specimen of Pittshurgh seam was tested under similar
tests carried out on the Waynesburg scam. A comparisn be-
tween the two coal seams in the dust size range is presented
in Figure 32 as well as in Table V. Table V shows 61.70 per-
cent of respirable mass having particle sizc in the range of
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FIGURE 30. Photograph of the test specimen prepared from Pittsburgh ooal seam (TV-7.30-15-1/32.25.F).

6.0 x 0.6 microns for the Pittsburgh seam as compared to
56.70 percent for the Waynesburg seam.,
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Conclusions

Only a limited number of tests have been performed at a
specific condition on the two types of coal to evaluate the cf-
fect of various parameters on coal cutting. However, the
results of this study have yielded many distinct conclusions
which can by summarized as follows:

The depth of cut and bit spacing scem to have by far the
most affect on the breakage of the coal boundary between
the bit paths. The resuits indicate that increasing the cutting
head speed increased the percentage of large sized frag-
ments and reduced the percentage of fine material
produced. Of the four attach angles tested, the 30 degree,
clearly gave the highest percentage of large material and the
fewest fines. The effect of in sit stresses seems to depend
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FIGURE 32. Particle size distribution of respirable dust sampled by
cascade impactors while cutting two different coals,
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cutting direction as well as the physical and mechani-
g:lthc i of the coal, thus confining pressure may shift
the size distribution depending upon other factors. Under
{he same testing conditions cutting along the butt cleat
roduccd more fincs and less large fragments as opposed to
the face cleat. Also, under the same testing conditions bit
appears to only have an offset on the percentage of fines
and amount of dust produccd in the area of the bit path. It
is evident that each coal has its own fragmentau_on charac-
teristics, thus reflecting its product size distributions. More
fincs and dust were produced in cutting Pittsburgh coal than
Waynesburg coal. _ .
For most of the parameters studied, an apparent relation-
ship between the size distribution and the fraclun?d surfac.c
characteristics exist. These parameters include: bit type, bit

TABLE V

Respirable Mass Fraction Sampled by Impactors While
Cutting Different Types of Coals {Face Cleat)

Particle Size (um)

Coal Type  Concentration 100x6.0 60x0.6

A. Weight* (mg) 861 11.28
Waynesburg N. Weight + (mg) 11.12 14.57
Percent 43.30 56.70

A. Weight* (mg) 9.83 15.86
B. Weight + (mg) 9.83 15.86
Percent 3830 6170
* Actual weight sampled.

+ Normalized with the highest weight in series.

Pittsburg

spacing, depth of cut, in situ stresses (confining pressure),
cleat orientation and coal type the only exceptions being bit
attack angle and fracture surface, one can tell how the frag-
mentation process has taken place with respect to the size
distribution and resulting dust generation,

Itappears that the key to achieving efficient coal fragmen-
tation is to limit the degree of bit-coal interaction that takes
place in the bit path while causing maximum breakage of the
coal boundary (wall) between the paths. By increasing the
degrec of breakage of the coal boundary, it not only increases
the percentage of large fragments produced but limits the
amount of secondary crushing that takes place in the bit path
which results in decreasing fines and consequently the
amount of dust, Cutting bits having proper (carbide tip and
body) shape, size and geometry (stream lined shape) will en-
hance further reduction of dust.
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This paper outlines some of the work associated with a
resesrch study into the relationship between the
characteristics of coal mine dust and the incidence of coal
workers’ pneumoconiosis (CWP). The project invelves
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
clemental 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
clemental 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)
method are outlined.

The PIXE method was applied to both the airborne coal
mine dust and channel samples collected from seven
continnous 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 Ymin
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
vartation 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
itsimplications 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 significance of coal mine dust in the development of
coal workers’ pneumoconiosis has long been recognized. As
a result, various medical and environmental studies 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 coalfield to coalfield, 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
ooal and the mineral and elemental characteristics of the
coal and the surrounding geologic sediments.

Although many epidemiological studies indicate that a
significant positive corrclation exists between the incidence
of CWP and the rank of coal mined, many researchers feel
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
representativencss 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’ lungs
have showed the possible association of the clemental com-
position of coal to the development of CWP, Concentration
of some clements have been found to vary significantlyin dif-
ferent ooalﬁclds.( ) Additionally, other studies have also
related the significant differences in elemental %Jmpositions
with the incidence and progression of CcwWP. ") This led to
a study by the authors onthe elemental composition and rank
of coal in three Pennsylvania coalfields. The results showed
that elemental composition varied significantly with rank
and that a successful discriminant analysis was possible using
the c!Smcntal compositions as a basis for the discrimina-
tion.!

The primary objective of this paper is to carry the study
of elemental characteristics one step further by the sys-
tematic study of airborne coal mine dusts in continuous
miner sections. The overall study involves determining the
elemental, mineralogical, and physical characteristics of the
dust but only the clemental compositions of the dust will be
analyzed here. The work involves analysis of the elemental
composition of the dust as a function of its size, its location
in the mining section and its association with the materials
being mined. The ultimate purpose for this work is to iden-
tify dust characteristics that are worthy of further study by
medical personnel.
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Sample Collection

In asscssing 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 aerosol chamber for proper sampling
times as a function of dust concentration and in a simulated
mine tunnel to determine whether isokinetic inlets were
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 sout-
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 each return air-
way of the two machines, one 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 miner. 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 equipment. As a result, 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 miner location. These
were used to correlate the coal and airborne dust properties.
More com?letc details on the sampling scheme can be found
elsewhere.)

The Elemental Analysis Method

Among the variety of elemental analysis methods, only a
few are applicable to the clemental characterization of coal
mine dust. An optical method, emission spectroscopy, has
been used for the anaicvﬁi.? ?f heavy metals in coal dust found
in miners’ lung tissue, (111 Spark source mass spectroscopy
and the neutron activation method have been applied to
respirable foal mine dust samples gathered from a mine at-
mosphere.(1413) Finally, the atomic absorption method has
been used with applicat_};on both to coal mine dust and to coal
dust in Jung tissue.(111514)

In selecting an elemental analysis method for airborne
coal mine dust collected by cascade impactors, the most
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 usually 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 each
stage is divided into six or twelve submasses. Therefore, the

analytical method must be capable of performing multi-cle-
ment analysis on an extremely 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 appliczi 10 énnosphcric samples collected by cas-
cade impactors.' ™™ This method, proton-induced x-ray
emission (PIXE) spectroscopy, uses a proton beam for ex-
citation of the atoms of a sample prepared as a thin layer
(usnally 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 (%ay yield are known
or can be experimentally determined (! Therefore, it is an
absolute method that does not require standard samples,
The PIXE method can also be applied to thick samples if
theyare in standard peliet form s aliat compensation for the
absorbed x-rays can be made, 1 Therefore, the PIXE
method was applicable to channel samples if the sample was
crushed, biended, 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
capable of generating a proton beam of up to 5/8-inch
diameter. As a result, the beam is capable of irradiating only
onc dust submass at a time. In analyzing substrates from a
multi-stage impactor, the large number of substrates and
submasses involved can result in very large analysis costs. As
aresult, the investigators decided to limit the number of sub-
strates to which the ¢lemental analysis procedure was ap-
plied. In choosing selected substrates, it was decided to
utilize substrates that arc 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 (0.9to 2 wmn) 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-
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 clements (Mg, Al Si,
P, §, 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
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than 50 percent. Submass-to-submass variation of the trace
clements was much higher with numerous CVs above 100

rcent. However, most of the trace elements with Cvs
grecater than 100 percent had extremely low concentrations,
usuallyless than 1 ppm by weight. This clearly leads to higher
variations because some elements will be recorded as non-
existent if their concentrations fall below the detcction.hqnit.
As in the major elements, 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 result
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.

Results of Field Studies

Data for the elemental composition studics 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

TABLE | _
Effects of Size on the Major Element Composition

Elements? Comparison(®

Sampling Locatlon: Ci (intake of continuous miner)

StagefMean(3)

S 53> 37 5/55.676,3/ 41.517,7/9.513
S 35> 7 3/ 16.850, 5/ 13288, 7/ 6.102
Ca 35>57 3/ 83.128, 5/46.313, 7/ 5333
Ti ) 35> 7 3 22745/ 1.567,7 0202
Fe 3> 57 3/36.981,’ 5/14.616, 7/ 2.533
MONOVA Test
Wilks’ Lambda = 0.036 F 128,366] = 168 Pr > F = 0.0001
Pillai’s Trace = 2.526 F(128448) = 1.61 Pr > F = 0.0002

Sampling Location: CR {(immediate return of continuous miner)
Al 35557 3/ 52.123, 5/ 30.384, 7/ 10.208
Si 3%>5%7 3/92.256, 5/ 47.916, 7/ 14.394
P 7553 7 2.090,5/ 11363/ 1.000
S 3>57 3/16.538,5/ 9.247.7/ 6.545
K 3>57 3/ 8939, 5/ 5608 7/ 3593
Ca 3557 3/31.507, 5/19325. 7/ 6.108
Ti 3>5%7 3/ 4391, 5/ 22997/ 0.496
Fe 35> 7 3/19.223, 5/ 14.696, 7/ 3.040
Wilks’ Lambda = 0.183 F(18,92) = 684 Pr > F = 0.0001
Pillai’s Trace = 0.987 F(18,94) = 500 Pr > F = 00001

Sampling Location: R! (intake of the roof boltar)
Al 53> 7 5/ 66.296, 3/ 58.844, 7/ 17.022
Si 5357 5/120.350, 3/116.320, 7/ 22.400
S 3>5>7 3/ 21693, 5/ 12.183. 7/ 5.302
Ca 35> 57 3/ 31.078,5/ 21.500,7/ 4815
Wilks’ Lambda = 0.106 F(18,26) = 299 Pr > F = 0.0055
Pillai’s Trace = 1.267 F{ 18, 28) = 2.69 Pr > F = 0.0093

Sampling Location: RR (immediate return of the roof bolter)
%F 35> 57 3/ 2.947,5/ 1.517.7/ 0.574

\ 3I>5%7 3/ 61.936, 5/ 41.807, 7/ 15.187

Si 3>5>7 3/113.760, 5/ 73.146, 3/ 22.070
S 3>57 3/19.137,5/ 8242, % 6.397
K 3>57 3/14.989, 5/ 9.953, 7/ 3323
Ca 35357 3/43.562, 5/ 20,357, 7/ 5.590
Ti 3557 3/ 4,041°5/ 2,802, %/ 0,799
Fe 35 > 7 3/36.894, 5/ 24,86, 7/ 6.639
Wilks' Lambda = 0.101 F{ls, 50; = 595 Pr > F = 0.0001
Pillai’s Trace = 1.269 F(18,52) = 502 Pr > F = 0.0001
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TABLE | (Continueci)

Elements) Comparison®

Stage/Mcan(®

Sampling Location: 2X (two crosscuts outby the face operations)

M 35>357 3/ 1.673,5/ 11997 0294
AP 35>7 3/47.591,5/36.000,7/ 9310
Si 35>7 3/ 80.187, 5/ 58.695, 3/ 13.814
s 3>57 3/30.219, 5/ 18.7114, 7/ 7.595
K 35>7 3/10.292, 5/ 8322 7 1945
Ca 3>57 42,408, 5/14.579,7/ 5182
Ti 35=>7 3 5.626,5/ 4.009,7/ 0.600
Wilks’ Lambda = 0.089 F( 18, 38} = 496 Pr > F = 0.0001

Pillai’s Trace = 1.370 F{18,40) = 4.83 Pr > F = 0.0001

Sampling Location: 4X (four crosscuts outby the face operations)

Al 53>7 5/35.579,3/31.965,7/ 8.143
Si 53 >7 5/ 57216, 3/ 54.495, 7/ 11.305
S 35>7 3/19.045,5/17.081, 3/ 6.877
K 53 >7 3/ 1.710,3/ 7.249,7/ 1.546
Ca 3 >57 3/37.649, 5/17.557, 7/ 4.436
Ti 35>7 3.234,5/ 29837/ 0.410
Fe 35>57 3/52.753, 5/ 26.702, 7/ 2.749
Wilks’ Lambda = 0.010 Fé 18, 2;6} = 12.57 Pr > F = 0.0001

Pillai’s Trace = 1.329 F(18,28) = 3.08 Pr > F = 0.0037

Notes:

m Only the clements showing significant size effects at an alpha risk of 5 percent by ANOVA are listed.

@ Comparisons are based upon the multiple F-test, REGW. Stages connected by a comma indicate no significant difference between them.

3y The unit for the mean values is 102 x percent by weight.

using single-split ventilation 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-
fined 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 Compositions

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-
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-
tivariate analysis of variance (MANOVA) procedure was
applied to test the significance of the differences in the over-
all elemental compositions of the dust samples in the three
size fractions. In all of these statistical tests, the trace ele-
ments were analyzed separately from the major elements,

Tables I and II contain the clements that showed a sig-
nificant size dependency at an alpha value (level of sig-
nificance) of 5 percent and the results of the cquality tests by
the multiple F-test at each of the sampling locations. Also in-

cluded are results of the MANOVA for significance of the -

differences in the centroids of the 9 major element and the
21 trace elements for the three different 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 ¢clements; 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 elements 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
miner and bolter operations, these two elements show their
highest concentrations on the third stage, while no sig-
nificant 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,
S, 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
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major elements showing size dependency can be seen in the
returas of the miner and bolter operations compared 1o that
in their intakes. Concentrations of many of the major cle-
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
clement that shows its highest concentration on the scventh
stage.

In Table II, where trace element statistical results are
shown, the MANOVA test results indicate no significant di-
ference in the overall trace element compositions in the in-
take airways of the miner and bolter operations. However,
the trace element compositions showed significant size de-

pendency 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

the immediate return of the miner shows the most significant
size dependencies in the trace elemeat compositions as well
asthclargcstnumberofclementsshovﬁngsiudcpendcncy.
In general, the samples associated with the bolter indicate
the weakest size effects among the trace elements, 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 size only in the
immediatereturnofthcminemperaﬁon.lnthcsizedcpend-
encies shown for the trace clements, all had lower concentrs-
tions in the fincr size ranges.

ANOVA Tests for Locational Variability of the Total Weight Fractions of the Major and Trace elernents and Organic

TABLE Ili
Component
Variables Comparison)
On the Third Stage (10-15 um)
Major Elements no difference
Trace Elements IN > the other jocations
Organic Fraction no difference
On the Fifth Stage (3.5-6 um)
Major Elements IN,RI > RI RR
2X, CL 4X,
Trace Elements IN > the other locations
Organic Fraction CR,4X. CLR
2X, lem, mR‘
On the Seventh Stage (0.9-2 um)
Major Elecments RR, R 2x
J CRX TR
Trace Elements No difference

Organic Fraction

Notes:

CL IN, 4X, 2X,
CR 2X, CR, R RR

Location/Mean®

IN/35.261 2X/ 13,183
4X/11.180 CI/ 8830
RR/ 4.795 Rl/ 4673
CR/ 4337

IN/510.370 RI/304.400

RR/182.710 2X/180.500
CI/172.370 4X/167.110

CR/131.120

RR/62.349 RV} 62.075
CR/47.205 2x/45.551
4X/37.579 IN/33.538
Cl/33270

Cl/ 99,649 IN/99.645
4X/99.610 2X/99.527
CR/99.511 RI/99.365
RR/99.360

1 Comparisons are made based upon the muitiple F-test, REGW. Locations connected by a comma indicate no significant difference between

them.

@ The unit is 102 x percent by weight except in the crganic component; percent by weight for the organic component.
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It should be mentioned that all the elements below Na in
he periods table are not analyzed by the PIXE method.
Most of the undetected material will be the organic com-

nents of the coal which are predominantly composed of
PP 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 frgc-
tjonin this paper. As shown in Table I11, 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 sizc ranges,

Lee and Mutmansky

One additiona! comment concerning the elemental com-
position and its relationship to the size is the general trend
observed, The concentrations of most of the elements
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-
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 scem that the size dependency of elemental com-

TABLE IV
MANOVA Tests for Locational Variation of the Major Element Composition
Elements® Comparisonm Location/Mean®
On the Third Stage (10-15 um)
P IN > the other locations IN/36.921 CIf 2.200 RR/ 2.110
RY/ 1.666 4X/ 1.650 2X{/ 1.563
CR/ 1.000
S ) IN > the other locations IN/140.880 2X/30.220 RY/ 21.690
RR/ 19,140 4X/ 19050 CI/ 16.850
CR/ 16.54
K RIRR%:YECR> RI/17.182 RR/ 14.989 2X/ 10,292
RR, 2X, CR, 4X > CR/ 8938 4X/ 7.248 CI/ 4.673
2X,CR,4X, CL,IN IN/ 0.894
MANOVA Test
Wilks' Lambda = 0.122 FE54, 300} = 284 Prob > F = 0.0001
Pillai’s Trace = 1.632 F(54,378) = 262 Prob > F = 0.0001
On the Fifth S$tage (3,56 um)
Mg RI,CLRR,2 Rl/ 3.694 CI/ 2.693 RR/ 1.517
4X, CR cf,Rx'zx 2X/ 1.199 4X/ 0.939 CR/ 0.532
2X,4X,CR,1 IN/ 0.000
Si IN,RL RR R] IN/130.290 RI/120.350 RR/72.140
RR,2X%, 4%, Cl CR 2X/ 58.700 4X/ 57220 CV/ 55.680
CR/ 47,920
P IN > the other locations IN/ 22672 CI/ 2815 4x/ 1.346
RI/ 1 2X/ 1,124 CR/ 111
RR/ 8.240
S IN > the other locations IN/129.400 2X/ 18,710 4X/ 17.080
Ci/ 13.290 RIf12.180 CR/ 9.250

K RLRR > RR,2
4X, CI, fr:r, %
Ca IN, CI CLRI
RR, CR, 4X, 2x
Fo RE 13 &
RR,CR,CI
Wilks’ Lambda = 0.048 F (54,300) = 4.52
Pillai’s Trace = 1.878 F f54, 378; =319

RI/18.939 RR/ 9.953 2X/ 8322
4X/ 7.710 CI/ 7.000 IN/ 6.239
CR/ 5.608

IN/78.123 Cl/46.313 RI/ 21,509
RR/ 20.357 CR/19.325 4X/17.557
2X/14.579

IN/78.334
4X/ 26702
Cl/ 14.616

Prob > F =
Prob > F =

R/ 54.023 2X/37.764

A RR/ 24,860 CR/ 14.696
0.0001
0.0001
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TABLE IV (Continued)
Elements(1) Comparison(2) Location/Mean(3)
On tne Seventn Stage {0.Y-2 um) -

2X, 4X, CL IN IN/ 3.751

Si RL RR > RR, CR RI/ 22399 RR/22.072 CR/ 14394
z)§4x CI, IN 2X/13.814 4X/11.305 CI/ 9.513
IN/ 7.768

r ST B B 153 B 49
xc Clf 2533 '

MANOVA Test

Wilks’ Lambda = 0.234 Fi ,300; = 1.83 Prob > F = (0009

Pillai’s Trace = 1,131 F (54,378) = 1.63 Prob > F = 0.0053

Notes:

(1) This column contains the eiements showing significant locational variability at an alpha risk of 5 percent by ANOVA
(2) Compuarisons are made based upon the multiple F.test, REGW. All the locations connected by commas indicate no significant difference

berween them.
(3) The unjt for the means is 102 x percent by weight.

positions observed in this studyis due to the lack of sensitivity
of the PIXE method or bias related to the sample weight.

Variation With Section Location

In assessing the variation in elemental composition with
the section location, a similar suite of statistical procedures
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 separatcly on the dust samples from the three dif-
ferent size [ractions,

As shown in Tabie IV, the major element compositions in
all three size ranges show significant differences among the
seven 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 lowest 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-
centrations near the roof bolter operation. In addition, Ca
shows a significant locational variation in this size range with
the most enriched values occurring in the intake air, Because
Ca occurs in abundance in rock dust, this occurrence may be
due to rock dust being reentrained in the intake air stream.
In the finest size range from 0.9 to 2 um, Al and Si show much
higher concentrations near 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 IV, locational variation of the total weight percent-

ages of the 9 major clemcnts are not statistically significant
in the 10 to 15 um range; however, the differences become
significant in the finer size ranges. In general, the pattern that
exists is that the higher weight percentage of the major ele-
ments arc associated with the bolter operation in the minus
6 um range of dust size.

Table V1 indicates significant locational variation of the
averall compositions of the trace elements in all three size
ranges. In the size range of 10 to 15 um, V, Zn and Sr are the
trace clements 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, Cl,
As and Rbindicate significant locational variation. Rb shows
higher concentrations near 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 clement 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 values 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
VII, in the size range below 6 um, sampling locations near
the miner operation contain significantly higher organic
fractions compared 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 materials being cut on the elemental charac-
teristics of airborne coal mine dust can be studied by measur-
ing the similarity in characteristics between them. The
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TABLE V
Stepwise Discriminant Analysis for Locational Variability of the Major and Trace Elements

SelectedV F Wilk’s Prob > Wilk’s
Step Elements Statistic Prob > F Lambda IL.ambda
-—'-"'—-_.__
For the Major Elements
On the Third Stage (10-15 um)
1 P 5363 0.0001 0.672 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
5 Ca 3.186 0.0086 0.193 0.0000
On the Fifth Stage (3.5 - 6 um)
1 K 3.679 0.0033 0475 0.0000
2 Si 5628 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
5 Ca 2047 0.0197 0.083 0.0000
On the Seventh Stage (0.9 - 2 um)
1 Si 6.691 0.0001 0622 0.0000
2 kllg 2.320 0.0432 0.512 0.0000
3 2.195 0.0548 0.425 0.0000
For the Trace Elements
On the Third Stage (10-15 um)
1 Sr 2834 0.0163 0.594 0.0004
2 Vv 3.508 0.0046 0.447 0.0000
3 Zn 2656 0.0232 0.357 0.0000
4 As 1.933 0.0894 0.300 0.0000
5 Mn 1.893 0.0965 0253 0.0000
6 Ni 3.615 0.0040 0.186 .0000
On the Fifth Stage (3.5 - 6 um)
1 Cl 3617 0.0037 0.753 0.0037
2 As 2922 0.0138 0.593 0.03004
3 Rb 2.802 0.0175 0.469 0.0000
On the Seventh Stage (0.9 - 2 um)
1 As 381 0.0025 0.743 0.0025
2 Mo 2.311 0.0171 0.590 0.0004
3 Mn 2.384 0.0385 0.482 0.0001
4 Br 2.746 0.019 0,382 0.0000
5 Cr 2.478 0.0326 0.308 0.0000
] Cu 1.927 0.0906 0.259 0.0000

Note: The stlected elements denote the final selection of elements excluding all the removed elements at an alpha risk of 15 percent.

similarity can be quantified through the coefficient of
proportional similarity which is the cosine of the angle be-
tween the two vectors of the overall elemental compositions
in the n-space of the n compositions being considered. For
cxample, the elemental composition of the dust samples in
cach size fraction from the impactor in the immediate return
of the miner can be compared with that of the channel
samples taken at the working face. If numerous types of
geologic material (bottom rock, coal, rock parting, bony
coal, roof rock) are separately sampled, then the elemental
characteristics of cach geologic material may be tested for
similarity with the airborne dust. Only a summary of the find-
Ings are discussed in this section. A detailed description of

the study and analyses of the results will be available in
another paper being prepared by the authors.

As a gencral conclusion, it can be said that the major cle-
ment compositions of the dust samples from the immediate
return of the miner operation are very closely associated with
the coal seam, regardless of the size range of airborne dust
samples and presence of noncoal bands in the coal seam.
This relationship has been observed in the samples from all
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 particles
in all three size ranges show high similarities with the coal
bands in the seam. In other cases, their close association is
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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 rclationship is also observed in other
occasions; noncoal bands show much higher similaritics with

Respirable Dust

dust samples in the fine size range and, in the coarser size

ranges, coal bands indicate higher similarities. These dis-
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

TABLE W

any information con
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

cerning these characteristics, further ex-

Summary and Conclusions

The size dependency of the major and trace elements in
airborne coal mine dust was shown to be significant at almost

MANOVA Tests for Locational Variation of the Trace Element Composltion

Elements®V

On the Third Stage (10-15 um)
Ci

Vv

Sr

MANOVA Test
Wilks’ Lambda = (.089
Pillai's Trace = 1.899

On the Fifth Stage (3.5 - 6 um)

cl

96, 29:
F (96, 336

Comparison(z)

IN > the other locations

2X,RRRICR
RR, R,
S5 RRRLCR,

no difference

IN > the other locations

= 1.64
= 162

IN > the other locations

Mn IN, RL RR > RI
RR, 2X, 4X, CI, CR
Cu IN, 2X, CL RI
4X %-xix CL Ry,
4X, CR, RR
As 2X > the other locations
Rb RI, 2X, RR, 4
o, ’% i CR
Cl,
Zr IN, 2X x, RI,
4X RR, CR, CI
MANOVA Tests on the Fifth Stage
Wilks’ Lambda = 0,037 F (96, 295} =242
Pillai’s Trace = 2,400 F (96, 336) = 233

120

Prob >
Prob =

Prob
Prob

vV

Location/Mcan®

IN/ 15602 2%/ 2.892 CR/ 2433
Cl/ 2.162 4X/ 1.766 RR/ 1.656
Rl 1.399

2X/ 0434 RR/ 0,148 R1/ 0.141
CR/ 0.137 CI/ 0.042 4X/ 0.048
IN/ 0,000

2Z/ 0678 CI/ 0.533 RIf 0.297
IN/ 0.295 4X/ 0.292 RR/ 0240
CR/ 0.140

IN/17.120 4X/ 6.852 Cl/ 3.942
2X/ 3801 RI/ 1533 RR/ 1271
CR/ 0.669

2X/ 0,700 CI7 0 44 4X/ 0.360
CR/ 0.248 RR/ 0.213 RI/ 0.154
IN/ 0.014

F = 0.0009

F = 0.0010

IN/ 12,402 RI/ 2.458 4X/ 2,304
2X/ 1.685 CI/ 1.666 RR/ 1528
CR/ 1.298

IN/ 0.793 R/ 0.565 RR/ 0.281
2X/! 0.247 4X/ 029 CIf 0.152
CR/ 0.114

IN/ 0.788 2X; 0.442 CI/ 0357
RI/ 0321 4X/ 0.246 CR/ 0.143
RR/ 0.108

2X/ 0.040 CI/ 0.010 RR/ 0.006
4X/ 0.006 R/ 0.005 CR/ 0.004
IN/ 0.000

RI/ 0,328 2X/ 0.187 RR/ (0.120
4X/ 0.109 CR/ 0.068 CI/ 0.035
IN/ 0.007

IN; 0.497 2X/ 0.209 R1/0.183
4X/! 0.141 RR/ 0.121 CR/ 0.066
Cl/ 0.033

F = 0.0001

F = 0.0001
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TABLE V1 {Continued)
ap—
B cments) Comparison?) Location/Mean(®
5 ihe Seventh Stage (0.9 - 2 um) |
no difference RR/ 0.084 R1/0.049 IN/ 0.047
MN CR/ 0,045 CI/ 0025 2X/ 0.028
4X/0.022
Zn 2X, IN, CI, RR 2X/0.944 IN/ 0.922 CI/ 0.826
4X, CR > 'CL RR RR/0.722 4X/ 0.622 CR/ 0.602
4X, CR, RI R1/0.505
As 72X, 4X > 4X,IN, 2X/ 0.025 4X/70.011 IN/ 0.009
RR, CL RI, CR RR/ 0.007 CI/ 0.004 RY/ 0.003
CR/ 0.002
Br CR,IN,RR, 2 CR/ 0.022 IN/ 0.021 RR/ 0.021
CLRI > IN, RR, 2X/0.018 CI/0.017 RI/ 0.005
2X CIL RI, 4X 4X/ 0.005
Mo In, 2X, RR, CI, IN/ 0.033 2X/ 0.024 RR/ 0.015
Rl > 2X RR,CI, CI/ 0.013 RI/ 0.003 CR/ 0.003
RI, CR, 4X 4X/0.000
MANOVA Test
Wilks'Lambda = 0.096 F{%,ZS'S} = 1.58Prob > F = 0,002
Pillai’s Trace = 1,798 F(96,336) = 1.50Prob > F = 0.0049
MNotes:

(3 This column contains the elements showing significant locational variability at an alpha risk of 5 percent by ANOVA.

{

between them,

) Ihe mean is in unit of 102 x % by weight,

all locations in underground coal mine sections utilizing con-
linuous miners. In general, the size effects were more sig-
nificant near the miner operation and the immediate return
of the face operation indicated higher size dependency than
the immediate intake.

The elemental compositions of airborne coal mine dust
varied significantly among the various sampling locations.
However, the clements showing significant focational varia-
tion were different in the different size ranges analyzed.
Most of the elements with significant locational variability
were found to be enriched near the bolter operation. The or-
ganic fraction of airborne coal mine dust was higher in the
[ine size range of 0.9 to 2 um and near the miner operation.

Concentrations of almost all elements detected by the
PIXE method were relatively higher in the coarser size ran-
ges. Statistical tests indicated that this result was not due to
bias in the analytical procedure. It is thought that this result
15 a function of the size of the salts and minerals that are the
source of the trace elements,

The major clement composition of airborne coal mine
dust generated from the face was shown to be very stmilar to
that of the coal seam. However, characterization of the
mineral components and study of the occurrence mode of
Lhe trace elements are necessary to explain the discrepancies
I the relationship of the trace element composition between
the airborne coal mine dust and materials being cut a dif-
ferent sections.

2 Comparisons are made based upon the multiple F-test, REGW. All the locations connected by comma indicate no significant diference

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 mineralogj- -
cal and morphological characteristics as well. However, this
study has proven that airborne coal mine dust is certainly not
a homogencous material. 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,
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The purpose of this paper is to disclose analytical,
statistical, 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
state 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
elements, and mineral 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 societics is now protected
from harmful exposure to respirable coal mine dust. A vast
amount of research culminated in the exposure-response
model of Jacobsen, ef al, \? 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
level 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 ¢xposure, 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 only 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
cell-dust particle level.

A look at past and present research is helpful in deter-
mining the properties of respirable coal mine dust warrant-
ing characterization. Studying the cytotoxicity of respirable
coal dusts, Reisner and Robgck correlated cell damage posi-
tively with mineral content, ) Earlier, Leiteritz, Bauer, and
Bruckman concluded that the incidence of CWP 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 s'(‘ﬁ
gested that mineral matter may be a protective factor 7,
whereas Davis, Ottery, and LeRoux found that the scverity
of CWP increased in miners wit& the occurrence of quartz
and clay mineral enrichment.®) A review of research
throughout Europe indicates significant activity z,g
mineralogical characterization of respirable coal dusts'
An interesting finding in France revealed that not a single
case of CWP has occurred in a mine located in the Provence
coalficld where a high level 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-
plicated 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 southern 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 seams 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 quartz is not the only cause of progrgg-
sion from CWP to progressive massive fibrosis.\>”
Mutmansky emphasized that attention should also be placed
on the potential rclationﬁ}ip between trace elements in
respirable dust and CWP.\*¥? Stein and Corn suggested that
more research is needed into the physical and chemical
propertics of coal mine dusts and the dcpendcnc? ?f these
properties 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
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 nceded 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 achieved. It is evident that mineral composi-
tion, trace clement existence, and mineral particle size dis-
tributions are all aspects warranting closer scrutiny. It is
important to note, however, as did Sharkey, Kessler, and
Friedel, that there exists a great degree of deviation in the
compogsition of respirable dust from parent material
mined {12 This applies both to mineral and trace element
constituents. Therefore, the mechanics of dust generation
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ans and the utilization of dust control methods
:ludstube dmbe«d concurrently to explore the reasons for

quch variability in composition.
pescription of Longwall Panels

The longwall panel operating in the Pittsburgh seam, fo-
cated in Northern West Virginia, had a 167.6 m (550 ft) long
facc 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
of rock, which frequently fell from exposed roof. An average
mining height of 1.98 m (78 in) was maintained, with an
average of 0.20 m (8 in) of floor mined. Normal practice was
tocut from the tailgate to the headgate with the leading drum
raised and the tail drum lowered, cutting bottom. After
reaching the headgate, the shearer was reversed and both
drums lowered for 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)
100.093 m/s (18.3 fpm) while cutting, depending on physical
conditions. Varying roof conditions were observed, with as
much as 0.91 m (3 ft) of drawslate falling from the roof over
a distance of forty shields. 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) to 2286 t (2520 st) per shift with an average cutting
time 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 "flood" spray on the tailgate end. Ad-
ditionally, sixtcen 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
headgate end of the shearer were directed against the air
flow causing roll back of dust over the shearer operators,

Fresh air was provided to the face via the track heading
and a parallel intake entry, The air was split at the headgate
with 2.36 m®/s {5000 cfm) routed down the belt entry and the
remaining 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)
and8.03 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
flowing 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
equipped with a high-speed plow. The plowsliced off a 101.6
mm (4 in) cut of coal each 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
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the first panel, workers were stationed on the panel and
remained there for the entire shift. Production during the
sampling period ranged from 816 ¢ (900 st) to 2380 ¢ (262_4
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
face. A minimum volume of 4.58 m*/s (9,700 cfm) of air was
observed on the panel. No ventilating check curtains were
used on the panel yaless methane became a problem.
Airflow was non-homotropol on this face relative to coal
travel.

Methodology
Dust Sampling Procedures

Respirable dust samples which met the criteria required
of coal operators f% 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 Ipm. 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 samples 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) shieldman. 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
0.5um mean pore size, werc used for sampling, These filters
were checked routinely by the Mine Safety and Health Ad-
ministration (MSHA) for accuracy of weighings, but addi-
tional checks were made to ensure that deviations remained
less than 0.1 mg. A Sartorius, Type 246280020, semi-
automatic, electronic analytical balance with digital readout
was used for weighing samples to the nearest 0.01 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 areas, tram speed of the cutting
machine, the type of cutting, and the cross-sectional area and
air velocity at sampling locations. Ventilation arrangcments,
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 from the first panel and twenty-one samples
from the second panel were designated for mineral and
elemental composition analysis and mineral particle sizing
using available scanning electron microscopes (SEM's). The
samples were selected from shifts which had varying condi-
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FIGURE 1. X.ray diffraction tracc generated by a
microphotodensitometer.

tions of roof in order to describe the variability in the various
respirable dust characteristics being analyzed.

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 (energy
dispersive x-ray analysis).

The mineralogy of a particle was determined by compar-
ing the EDX spectrum obtained for major and minor ele-
ments (Si, Al, K, §, Ca, Fe) with the known standard
elemental spectra of minerals. The electron beam accelerat-
ing voltage used for mineral 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 field was
"spotted” and bombarded for identification. Following iden-
tification, particle size (Feret's diameter) 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
pancls 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 respirable dust samples, however, by mounting the dust,
along with a minimum amount of Apiezon-L substrate, onto
a thin glass splinc 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-
ray generator. The aligned, rotating sample is bombarded
with copper radiation for 4 to 18 hours to obtain a good film
pattern. The exposure 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 matcrials in the sample. From a list of d-spacings
for common minerals in coal dust, the mineralogy 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 cach line on the film
(Figure 1). The height of a peak is directly proportional to
the darkness of the corresponding line,

TABLE )

Percent Composition of Respirable Mineral Dust by
Pane! Based on Particle Count Using SEM/EDS

Mineral

Panel Calcite Illite Quartz Kaolinite Pyrite
1

Pittsburgh 207 55.8
Seam

(N = 2682)

8.7 20 6.0

2

Beckiey
Seam

(N = 400)

413 293 85 8.0 0.5
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Location  Calcite Ilite Quartz Kaolinite Pyrite
—

Intake 543 130 143 03 07
Headgate 507 250 70 20 23
1/2 Face 107 707 73 0.7 43
3/4 Face 82 715 102 18 62
Tailgate 65 T2 18 18 38
Shearer 105 580 68 1.5 158
Shicldman 250 520 6.0 6.7 4.7

The mineralogy of a respirable dust sample can be es-
timated scmi-quanti}gtively 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
of coal dust, is subtracted out. The raw intensities are then
multiplied by weighting factors determined by Renton. The
weighting factors compensate for differences in erystallinity
of minerals. The weighting factor used for illite, for example,
is large since illite is poorly crystalline relative to other
minerals in West Virginia coals and does not diffract X-rays
efficiently. 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-
ground 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 respirable dust samples was determined using
an encrgy dispersive X-ray analysis system interfaced with a
scanning electron microscope. This procedure facilitated
simultaneous mineral 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
also 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
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twenty-one) have been completed for the second panel. To
date, seven samples have been characterized by both
SEM/EDS and XRD,

Table I shows the average mineralogy of respirable
mineral dust by panel based on SEM/EDS analysis of 2682
particles for panel 1 and 400 particles, thus far, for panel 2,
The mineral 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 scam and more pyrite detected in the
Pittsburgh seam. Illite 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 composition 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
bylocation. A fitted, multiple linear regression model for the
variation of illite content by location yielded the equation:

| = —8.45 + 37.61X - 3.99%2

where:
Lis percent illite at face 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 mode! 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 + 4.20%2

where:
C is percent calcite at face location X.

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 statistically 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 Pyrite
Head Intake 63.0 200 8.0 50 0
1/4 Face 40.0 330 100 10.0 1.0
172 Face 250 460 100 10.0 1.0
Tail Intake 610 180 6.0 7.0 0
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FIGURE 2. XRD versus EDS results for illite.

No general 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 latter 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
determinations for minerals that arc present in small per-
centages. Hundreds of particles would have to be analyzed
for each sample to determine accurate percentages for such
quantitics, The important point here is that quartz, kaolinite,
and pyrite do exist in small amounts, whereas illite and cal-
cite exist in much larger amounts.

Table III provides mineralogical results to date for the
second panel. However, only 100 particles for each location
have been analyzed to date, with scventeen samples pending
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FIGURE 3. XRD versus EDS results for calcite.

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 models,
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 pancl 2 than it was for
pancl 1,

Comparison of Table Il 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 4. XRD versus ED'S results for kaolinite.

reveals that a high correlation (r = 0.86) exists between il-
lite content determinations by the different methods, with
either XRD slightly overestimating 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
cither 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,

Correlation results are very good considering 1) weight
percentages are compared with number percentages, and 2)
sources for error in the two analytical 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 vielding
good correlations. Estimation of the background and the use
of unadjusted weighting factors in XRD analysis appear ade-
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FIGURE 5. XRD versus EDS results for pyite.

quate for gross determination of mineralogy, except in the
case of quartz. Classification of clay minerals as either tllite
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 content by XRD
depends onthe crystalline structure of pyrite, which has been
seen to vary considerably. Defects in the crystal structure of
some pyrites may explain the non-existence of this mineral
in 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
contamination in a particle. Only 28 percent of the quartz
particles analyzed in panel 1 were possibly uncontaminated
by other elements. In contrast, over 68 percent of the quartz
particles in panel 2 were potentially uncontaminated.
However, the answer to the problem may lic in the use of a
weighting factor that is too low since most of the data indi-
cate that the XRD method underestimates quartz content
relative to SEM/EDS.

Trace Elements

During SEM/EDS analysis of dust samples for mineral-
ogy, elements which showed a peak encrgy level above the
gold background but were not primary in determining the

TABLE IV

Percent Trace Element Occurrence by Panel Based on
Particle-by-Particle SEM/EDS Analysis

Element

Panel Cl Ct Mg Mn Na Ti
1 53 45 161 28 24 78
2 1.0 50 53 35 05 40

Andre et al

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 panel. 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 major or minor constituents of other
mincrals.

Table I'V indicates that chlorine and magnesium occur
more frequently in panel 1 than they do in panel 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 V

Percent Trace Element Occurrence by Location Within
Panel 1 Based on P::iaele-by-Mi Particle SEM/EDS
8

Element

Location cl Ct Mg Mn Na Ti

Intake 157 53 180 23 63 33
Headgate 37 27 113 57 33 87
1/2 Face 03 47 150 20 20 87
3/4 Face 43 58 190 10 10 93
Tailgate 18 30 215 33 08 65
Shearer 62 45 157 27 22 92

Shieldman 50 67 133 37 13 87

Table V breaks 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 headgate to tailgate
along the face, much like the trend for illite in the mineralogi-
cal analysis. No other relationships are 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 VI.

Mineral Farticle Size

As mentioned previously, Feret’s diameter was recorded
for each mineral particle analyzed under SEM to determine
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TABLE VI

Percent Trace Element Occurrence by Location Within
Panel 2 Based on P:nrtaic’:lyes-i:y-Pamde SEM/EDS

Element
Location Cl Ct Mg Ma N Ti
Head Intake 1.0 40 70 20 10 390
1/4 Face 10 40 50 30 0 4.0
12 Face 0 60 60 40 0 7.0

Tail Intake 2.0 60 30 50 10 20

size distributions for minerals and to detect differences in
mineral particle size by location. Table VII reveals the
results of mineral particle sizing by location on panel 1. A
minimum of 300 particles were sized for cach location. An
analysis-of-variance (ANOVA) performed on diameter
means by location (three means per location) indicated that
the mean mineral particle size at the tailgate is significantly
smaller than those for all other locations, Results, using
Fisher’s least significant difference test following a sig-
nificant F-test, are presented in Table VII by grouping. It is
important to note that no difference in mineral particle size
was detected by date, especially since physical conditions on
the panel changed. It is also significant to note that the mean
particle size obtained for the shieldman reflects the fact that
he spends two-thirds of his time in intake air rather than on
the face.

TABLE VI

Variation of Mineral Particle Size (Feret's Diameter) by
Location on Panel 1

Mean Feret's Least Significant
Location Diameter (um)  Difference Test Group
Tailgate 117 A
‘172 Face 1.55 B
Shearer 1.56 B
3/4 Face | 1.66 B
Headgat 167 B
Shieldman 1.75 B
Intake 1.82 B

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 smaller 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
mineral particle size (for 400 particles) is 1.36 um, which is
smaller than the average for panel 1 (1.58 umy),

TABLE VIl

Variation of Mineral Particle Size (Feret's Diameter) by
Mineral Type of Pane! 1

Mineral

Location Quartz.  Illite Calcite  Pyrite

Intake 1.40 217 1.4 -
Headgate 128 153 1% 1.72#
172 Face 139 1.54 1.74 134
3/4 Face 161 1.64 161 130
Tailgate 0.97 122 128 1.01
Shearer 1.56 155 169 123
Shieldman 1.18 l.o4 177 1.50
Average 138 153 165 129

*Only one sample of three had greater than 3 particles.

Conclusions

Determination of variations in mineralogical and clemen-
tal composition of respirable coal mine dusts and in mineral
particle size by worker locations on production panels and
across different coal seams may cventually lead to dis-
coverics 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
sections 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-
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in mincralogy by coal seam and by worker location on a
oduction panel can be detected using analysis-of-variance
p;chniqucss and relationships between the percentage of an
o ting mineral and worker location can be developed.
ﬁl:ny of the differences and relationships can be explained
phenomena observed in mines, Some variations, for ex-
ample, can be explained by physical conditions, panel con-
figurations, cquipment arrangements, or work practices.
Along with mineralogical results, information relative to
the existence of trace clements in respirable dust and
mineral particle size dflla can be obtained frqm SEM/EDS
analyses. Differences in th.e occurrence o_f dxff_crent trace
clements 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-
ckley scam, and mineral particles at the tailgate location on
a longwall panel were found to be significantly smaller than
particles at other locations. Also, quartz and pyrite particles
were smaller than illite and calcite particles in the longwall
panel operating in the Pittsburgh seam.
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the Metabolism of Arachidonic Acid by

Alveolar Macrophages

LAURENCE M. DEMERS, Ph.D.,
MATTHEW ROSE, Ph.D. and GERALD
L. BARTLETT, M.D,, Ph.D.

The Department of Pathology, The Milton S.
Hershey Medical Center, The Pennsylvania
state University, Hershey, Pennsylvania
17033

The pulmonary alveolar macrophage is a major defensive
cell which counteracts the invasive properties of bacteria
and particles when these substances invade the pulmonary
environment. Pulmonary exposure to coal dust particles is
believed to activate these macrophages to release a host of
chemical mediators which can nentralize or contribute to
the harmful effects of these dust particles. Our 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 pulmonary 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 E2 and thromboxane A2 and
release significant amounts of the lipoxygenase proqucts,
5-HETE and LTB4. In the presence of 1 x 10 .1 x 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 PGE2, TXB; and
LTB4 in a 4 hour time course study. In contrast,
macrophages from the guinea pig in response to coal dust
had little change in TXB: release, only a slight inhibition in
PGE2 production and an initial stimulation in LTB; release
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 LTB4
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 PGE2, TXB>, LTBA.

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/ml),
there is a significant reduction in mediator release
by rat alveolar macrophages. In contrast, guinea
pig cells appesar to augment their production of
lenkotriene LTB4 in response to coal dust exposure.

4. Electron microscopy of the coal dust exposed
macrophages reveals intense phagocytosis and
internalization of coal dust particles by these cells
in culture.

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’ pneumoconicsis (CWP) is assoctated with

a build vp of black d??osits in the lung from chronic ex-
posure to coal dustV) CWP presents with few clinical
symptoms itself but if left unattended leads to a progressive,
complicated respiratory discase 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 is 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 sterile environment in the
lower respiratory tract. Bacteria,* fungi gnd viruses®) as
well as non-infectious forcign particles®®! are normally
neutralized by the alveolar macrophage through
phagocytosis preventing entry into the systemic circulation.
With activation, the alveolar macrophage exhibits an in-
crease in metabolic activity including increased oxygen con-
sumption, rgPid glucose utilization, increased superoxide
production(®’ and the release of several important chemical
mediators which affect the functional role of the alveolar
macrophage as well 55 other cells and tissues in the pul-
monary environment, )

Several metabolites of arachidonic acid are formed by the
alveolar macrophage when activated and released as
mediators of the inflammatory response.

Arachidonic acid is a 20 carbon fatty acid stored in most
celis as phospholipid and released when the cells become ac-
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tivated. In the alveolar macrophage, at least 5wo distinct me-
tabolic pathways for arachidonic acid exist* (Figure 1), A
cyclooxygenase enzyme system catalyzes the formation of
prostaglandins and thromboxane from released arachidonic
acid. Leukotrienes and hydroxy fatty acids are formed by a
second major pathway catalyzed by a lipoxygenase enzyme.
These metabolites produced a variety of effects in the lungs
and can impact sign%ﬁcantly on both normal and abnormal
pulmonary function. %! Chronic release of these metabo-
lites in the lungs are associated with damage to the lung and
if left unchaflenged 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.(® Although little information is available
regarding coal dust effects on alveolar macrophage
arachidonic acid metabolism, there is evidence to sho i)n-
tense phagocytosis of coal dust particles by these cells.(12

Our present study was designed to investigate the inter-
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.

LTB, LTC; — LTD, — LTE,

LTA,
5-HPETE

5,9,11,12,15 HPETE

F,

Lipoxygenase
ARACHIDONIC ACID

Cyclooxygenase
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FIGURE 1. Metabolic pathways of amchidonic acid.
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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 a5 described in

+ Materials and methods, a) Arachidonic acid only, b) Rat alveolar
macrophages, ¢) Guinea pig alveolar macrophages.

Materials and Methods

Cell Culture of Alveolar Macrophages
Rat and guinea pig lmag.'_macmp ages were obtained by
pulmonary lavage with Ca“* and Mg® ™ -free phosphate buf-

fered saline containing 0.1 percent (w/v) ethylene-
diaminetetraacetic acid. The lungs were lavaged 3x cach with
an 8 ml volume of lavage fluid. The resulting cell suspension
was centrifuged at 600 xg for 10 minutes and the cell pellet
washed with Medium 199. The cells were resuspended in 2
mls Medium 199 and enumerated by counting in a
hemocytometer. Viability was assessed J)y trypan blue ex-
clusion. The cells were diluted to 0.5 x 10%ml and 2 ml 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 CO;3 in air). The medium

136




Demers et al

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 ¢ arachidonic acid (New
England Nuclear, 400,000 cpm/well) was added.

Analysis of Metabolites of Arachidonic Acid

Analysis of "C-Labeiled Metabolites by High
performance liquid chromatography

At the end of each incubation, mediom was collected and
acidified by the addition of .01 M citric acid (25 ul/ml).
Radiolabelled metabolites were extracted by shaking for 10
minutes with an equal volume of cyclohexane:ethylacetate
(1:1v/v) in silanised glass extraction tubes, Phase separation
was achicved 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
metabolites were separated on a Waters C18 radial com-
pression cartridge using 2 solvent systems. Solvent system 1
consisted of HPLC Soivent A pumped isocratically for 26
minutes at 3 mls/min. This was followed by solveat system 2

Comnl
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FIGURE 3. Stimulation of lipoxygenase pathways by calcium
icnophore. a) Baseline conversion of arachidonic acid by rat
u’:gl[?hages. b) Stimulation of lipoxygenase products {TB4 and
HETE by calcium i ore (10 ug/ml). Cells were p as
previosly described and jncubated for 4 hours with arachidonic
acid in the presence or absence of calcium jonophore.,

which consisted of a lincar gradieat over 60 minutes for 100
percent Solvent A to 22 percent Solvent A and 78 percent
Solvent B (acetonitrile:water 95:5 viv, pH 3.0 with phos-
phoric acid) flow 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 E3, prostaglandin F> and thromboxane B;

were determined by radioh{ltgunoassay as previously
described from this laboratory.**) Culture medium from the
alveolar macrophage cultures were analyzed by RIA follow-
ing a cyclohexane:ethyl acetate extraction step.

Leukotriene B4 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 used in these studies including the calcium
ionophore A23187 and nordihydroguaiarctic acid (NDGA)
were obtained from the sigma Chemical Company.

Results

Metabolism of “C-Arachidonic Acid by Alveolar
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 Bz (TXB:z), PGFz
PGE2, and bydroxyheptadecatricnoic acid (HHT).
Lipoxygenase products identified included LTB4, 15-
bydroxyeicosatetracnoic acid (15-HETE) and 5-hydroxy-
eicosatetracnoic 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 4C-
arachidonic acid for four hours.

As shown in Figure 3, exposure of these cclls to a known
lipoxygenase stimulant such as the calcium ionophore (10
ug/ml) augmented the release of HETE products and LTB4
into the medium. Although not shown, the addition of the
lipoxygenase inhibitor NDGA (10°M) was effective in
reducing the formation of HETE products to 20 percent of
the control response. Addition of various preparations of
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 5. Time course of rclease 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/ml).
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Quanritation of Arachidonic Acid Metabolites

In time coursc experiments, it was observed that the
presence of coal dust (MP3-3, 100 ug/ml) appeared to inhibit
1he release of thromboxane from incubated rat aiveolar mac-
rophages. Interestingly, the atveolar macrophages from the
guinea pig were only slightly affected by the coal dust
preparations (Figure 5). It was also noted that guinea pig al-
vcolar macrophages released in quantity substantially more
(hromboxane (approximately 10-fold) than did the rat al-
veolar macrophages.

The release of PGE; into the medium when assessed
quantitatively was not markedly affected by the presence of
MP3-3 (100 ug/ml) during early periods of exposure but did
appear to be compromised by 3 1/2 hours (Figure 6). It was
also observed that guinea pig cells released more PGE; than
did the rat celis.

Changes in lipoxygenase product formation were affected
differently by the coal dust exposure. As shown in Figure 7,
although the release of LTB4 from the rat alveolar macro-
phage appeared to be suppressed by the presence of coal
dust (MP3, 100 ug/ml), the release of this lipoxygenase
product by guinea pig alveolar macrophages appeared to be
stimutated at earlier time points reaching a plateau as shown
in Figure 7

The effects of different concentrations of coal dust on the
arachidonic acid metabolites is shown in Figure 8. Products
of the cyclooxygenase pathway were suppressed by high con-
centrations of coal dust MP3-3 whereas LTBy release was
suppressed more at the lower concentrations,

In Figure 9 are depicted the effects of different coal dust
maiter on PGE2 and TXB; production by these cells. As
nolcd previously, coal dust such as the MP3-3 produced a
modest suppression of both these products. The effects of
Iimestone, however, was more pronounced in suppressing

TXB; release when compared to PGE; release by these
cells,
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FIGURE 6. Time course of release of PGE2 by rat and guinea pig
alveolar macrophages in the presence and absence of coal dust
MP3-3 (100 ug/ml).
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FIGURE 7. Time course of release of LTB4 by rat and guinea pig
alveolar macrophages in the presence and absence of coal dust
MP3-3 (100 ug/ml).

Electron Microscopy

Electron micrographs were prepared of the cells exposed
to coal dust. Figure 10is a representative figure revealing the
internalization of the coal dust particles by the alveolar mac-
rophage in culture.

Discussion

The aims of the experiments described were to determine
whether alveolar macrophages could react in vitro with coal
dust particles and whether this interaction has any effect on
arachidonic acid metabolism.

We observed that alveolar macrophages from both rats
and guinea pigs are able to metabolize arachidonic acid to a
variety of lipoxygenase and cyclooxygenase products and
that the pathways can be altered by known modulators of
arachidonic acid metabolism. It was also evident that al-
veolar macrophages from rats and guinea pigs have differ-
ing capacities to produce arachidonic acid metabolites.

It was postulated that the interaction 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 stimulation of arachidonic acid
metabolism after exposure to coal dust. Any alterations ob-
served tended to be of an inhibitory nature. The alveolar
macrophages of guinea pigs did not appear to be as sensitive
to the effects of coal dust preparations at the levels tested.

Although fibrous particles such as asbestos may stimylate
arachidonic acid metablism as do othgr non-infectious par-
ticles such as carbonyl iron particles,® not all phagocytosed
particles may be as effective. It has been observed that
phagocytosis of latex particles has no cff?ct on prostaglan-
din synthesis in pulmonary macrophages.(” The interaction
of 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
effective clearance of dust particles and a build up of
molecules. Unknown physical or chemical properties of

various coal dusts could lcalg to taxic effects on cells which
have ingested the partices, %) causing cell death and release
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 evidence to suggest
that in coal miners there may bg inter-individual suscep-
tibility to altered lung function™®? and that different ranks
of coal are ass?l%gatcd with a different prevalence of
pncumoconiosis.

The pathogenic events which could lead to CWP and
PMF and altered 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 different
particulate mix of coal dust in any one mine, it may well be
that a combination of factors may synergize the pathologic
response. Studies arc 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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As a part of our study ol 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 (L¥). 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 initial observations.
Rat 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,
guinea pig cells were more respousive 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, efther with or without PAMs, but their
leachates were active: 867 leachate was inhibitory and RF
leachate was stimulatory. Dust 1361, elther 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 PAMSs 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 guinea 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
elfects of soluble mediators (leachates or products of
activated PAMs) frequently did not correspond with the
direct dustcell or PAM-fibroblast effects. These results
suggest that the nature of the dust-lung interaction at the
level of cells and molecules is exceedingly complex. These

ohservations need to be confirmed and extended to
determine what characteristics of the dusts determine the
nature of the cellular 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 degenerative 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, nonclastic
organ, Even when fibrosis is minimal, it exerts traction on
surrounding delicate alveolar walls, contributing to the em-
physema 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. Likewise, preven-
tion of CWP would be facilitated if the characteristics of
dusts that trigger the fibrotic process could be identified,
leading to the recognition of which dusts are most likely to
cause serious disease. 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 componeat 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
generally quiescent. They undergo division only rarely, so
they synthesize DNA at alowrate. When the lung is 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
pneumoconiosis 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 different compounds that
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;pulate various s of the inflammatory, repair and im-
;521: proczssesﬁgﬁn particular, it has been shown that
PAMSs exposed to asbestos realeogse more fibroblast growth
factor than do control PAMs, g imilar studies have been
pcrformed with other :;lgents,(u'1 but not with well-charac-
terized coal dusts. Likewise, many sul(l:h s;ud.it:]?l hlavc tzscd

ACTO] es from parts of the body other than the lung (i.c.,
}Irlom tlf:;‘;ritoncalpcaﬁty)g}ls'l% an lllﬂg used fibroblasts
gither from other sites, such as skin Q18 ) from estab-
lished, heterologous cell lines in culture. 1) The overall pur-
pose of this study is to test the hypothesis that exposure of
PAM:s 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.

Macrophages

PAMs were obtained by bronchial lavage of adult female
rats or guinea 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 different
guinea pigs were not pooled. The cell suspensions wer
centrifuged at 400 g for 15 min, and resuspended at 2 x 1
cells/mlin Dulbecco’s Minimal Essential Medium (DMEM)
containing fetal calf serum (FCS), 1 percent for cocultures
or 0.5 percent for supernatant production.

Supernatants and Leachates

Products of stimulated ﬁ}uinca pig PAMs were prepared
as described by Lemaire. (™ Briefly, PAMs were added to
the 24 mm diﬁamcter wells of 12-well cluster plates at the rate
of 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 m! of dust
suspension was added to cach well containing 10° newly
plated PAMs, 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' S percent CO3 for 24 hours. At the
end 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-
[erent 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 PAM:s 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

rcmo)ved 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 State 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 Freeport, 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, Fennsylvania 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
Joe Parenty (Pittsburgh, Bituminous), and distributed by the
Generic Technology Center.

Dusts aliquots were preweighed and autoclaved dry.
Under aseptic conditions they were 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,
thenresuspended 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° cells/ml in DMEM with 20 percent
FCS. The cell suspension was added to the wells of 96-well
cluster plates, usually 20,000 cells per well. Radioactive
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 scintillation counter. Other
conditions {concentrations, times, etc.) are described with
cach experiment. Results were recorded as counts per
minute (CPM)/well, and values for triplicate wells are
reported in the tables as mean CPM/well + /- the standard
error of the mean (SEM) in thousands (i.e., x 10'3). Differen-
ces between experimental and control values were tested for
statistical significance using the Student’s (-Test.
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TABLE |
Growth of Rat LF* Exposed to Dusts in Culture With or Without Cocuttured PAMs (CPMwell x 10°)

Concentration

<nira LF Only LF + PAMs Concentration  LF Only LF + PAMs
4] 1] oif Dust ’
(Log, gm/ml) Mean +/- SEM** Mean +/- SEM*** (Log, gm/ml) Mean +/- SEM** Mean +/- SEM***
-8 9.1 +/-17 71 +/-11
o s Eim muo
2 3 -2, +/-
%0 2220 282083 5 130 +/-18 121 +/-08
-9 20 +/-0.5 22 +/-02 4 71 +/-04- 70 +/-02
g 19 +/-02 %.g +/- 8.3 PSOC-1361
6 %g ii_ 8:% 19 I:: 0? 0 94 +/-0.8 B8 +/-19
-5 1.7 +/-03 22 +/-0.5 -10 116 +/-0.7 117 4+/-1.7
4 20 +/-03 23 +/-0.1 5 lo4 I:j 03 8 10
PSOC-867 :g ﬂ:-{ +§- 8Z§+ + %g +/- %32
0 202 +/-34 193 +/-3.6 B/ S +/-
-10 251 +/-36 26 +/-17 3 1284/ 14 129 +r-11
-9 215 +/-22 21.1 +/-31 % +/-0. 9 +/-0.
-8 214 +/-08 233 +/-0.8 CMD-RF
4 Ry MR LY 0 102414 108 +/-17
-5 331 +/-4.0 347 +/-2.4 -10 85 +/-14 9.7 +/-10
-4 223 +/-08 21 +/-16 H a7 AW 39 18
Psoce :  Bun mue
. : 6 +/-1. +/-1
% 53 1108 73 4103 S 136 +-15 114 +/-06
-9 72 +/-08 81 +/-09 -4 9.0 +/-14 89 +/-0.5
Notes:

“ 20,000 LF seedcd/weli in DMEM with 0.5 percent FCS; 5000 PAMs and/or dusts added after overnight incubation. I uCifwell 3H-TdR. added 2
hour, ¢clls harvested 48 hours after addition of dusts. FPAMs only, 198 +/- 13 CPM/well. Triplicate wells for each condition.

** + = stimulation, - = inhibition of growth compared to control wells (0 gm/mi dust), (t-Test): one symbol, p < 0.05; two symbols, p < 0.02,
*** Growth of LF in the presence of PAMs was not different from growth of LF slone.

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
effect ongrowth of rat LF, without the intervention of PAMs.
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/ml), Rat LF were incubated in DMEM with 0.5 percent
for 48 hourg, either alone or in the presence of dust suspen-
sions (101" to 107 gm/ml). The cells were labelled con-
tinnously during the experiment with *H-TdR. The results
of this assay for the five dust samples are shown in the left
column of Table L. In the experiment testing MP3-3, growth
of fibroblasts in alf 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, only (1192) had a significantly
inhibitory effect on the cells, and that was only at the highest
dosc 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.,

Effects of Dust-Exposed PAMs on Growth of Cocultured Rat
LF

The next experiments were done 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, plus 5000 PAMSs
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 value 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 significantly dif-
ferent from growth 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 activity
of the PAMs,

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
(hat 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 cffect on fibroblast growth at any of the
lower concentrations. The other three dusts each stimulated
fibroblast 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 were stimulatory from a low concentration of 10
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 differ 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
guinca pigs and rats differ in their susceptibility to either
toxic or stimulatory effects of coal dusts for LF.

Effects of Dust-Exposed FAMs 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 ¢ach experiment described in the pre-
vious paragraph, replicate wells were incubated with LF and
dusts as described, plus 5000 PAMSs per well that were added
at the time of dust exposure. The results are in the right
column of Table II. 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

TABLE Il
Growth of Guinea Pig LF* Exposed to Dusts in Cufture With or Without Cocultured PAMs (CPM/well x 10°)

Concentrtation LF Only LF + PAMs
of Dusi

{Log, gm/ml) Mean +/- SEM** Mean +/- SEM***
MP3-3

0 203 +/- 20 266 +/-0.8+

-10 251 +/- 20 26.0 +/-2.5

-9 306 +/- 40 315 +/-54

-8 33.0 +/- 28+ 290 +/-11

-7 377 +/- 444 258 +/-24

-6 212 +/- 1.0+ 260 +/-12

-5 308 +/ 04+ ++ 362 +/-25

-4 166 +/- 1.2 200 +/-09
PS0OC-867

0 653 +/-113 743 +/-39

-10 783 +/- 6.8 75.5 +/-3.7

-9 65.2 +/-143 68.5 +/-123

-8 632 +/- 44 649 +/- 136

-7 T +/- 99 764 +/-4.6

- 65.2 +/- 6.5 792 +/-59

-5 512 +/ 4.0 516 +/-45

-4 321 +/- 0.8- 316 +/-30
PSOC-1192

0 457 +/~ 21 587 +/-15

-10 488 +/- 03 665 +/- 144 +++

9 525 +/- 59 502 +/-6.7

-8 63.6 +/- 6.0+ 544 +/-7.1

-7 56.1 +/- 20+ 18 +/-32++
Notes:

Concentration LF Only LF + PAMs
Dust

L4
(Log, gmyml)Mean +/- SEM** Mean +/- SEM***

-6 703 +/- 60++ 649 +/-17

-5 598 +/- 57 62.7 +/-63

-4 266 +/- 19.. 325 +/-11
PSOC-1361

0 213 +/- 1.0 420 +/-214+++

-10 3504/ 01+++ S511+/-37++

-9 3224/ 05++ 552 4/-23++++

-8 515+, 61++ 681 +/-02

-7 617 +/- 61++ 658 +/-24

-6 626 +/~ 40++ 660 +/-57

-5 459 +/- 06+4+++750 +/-01++++

-4 225+/- 28 286 +/-2.1
CMD-RF

0 60.1 +/- 53 455 +/-7.4

-10 60.0 +/- 4.5 516 +/- 1.7

-9 60.5 +/- 41 441 +/-6.1

-8 557 +/- 26 490 +/-53

-7 662 +/- 2.1 576 +/-73

-6 516 +/- 0.7 783 +/-12.8

-5 587 +/- 43 522 +/-08

-4 354 +/- 20~ 335 +/-21

* 20,000 LF sgeded/well in DMEM with 0.5 percent FCS; 5000 PAMs and/or dusts added after overnight incubation.

1 uCijwell
condition.

-TdR added 2 hour, cells harvested 48 hours after addition of dusts. Triplicate wells for each

**.+ = stimulation, - = inhibition of growth compared to control wells (0 gm/ml dust) (t-Test): one symbol,
P < 0.05; two symbols, p < 0.02; three symbols, p < 01; four symbols, p < 0.001.

*** 4 = stimulation, - = 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.
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stimulatory effect on growth of LF in the absence of dusts,
Three dusts (MP3-3, 867 and RF) did not cause the PAMs
to cxert any growth regulatory effect at any dust concentra-
tion. PAMs 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 IT, 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 either
inhibit or stimulate growth of guinea pig LF. After overnight
incubation of 20,000 guinea pig fibroblasts/well, the medium
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 IT1.
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
leachates from 867 had significant inhibitory effects on
fibroblast growth across the whole spectrum of concentra-
tions tested. We conclude 1) that some dusts (MP3-3 and
1192} do not contain aqueous extractable components that
alter growth of guinca 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 guinea 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
effects of dust-exposed PAMs are mediated by soluble
products secreted by the PAMs into the culture medium,
They were performed as part of cach 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 III. 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 value
is 10 be compared with the adjacent leachate control to
determine to what extent the products of dust-exposed
PAMs altered growth, as distinct from effects of the
leachate. 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

lcachate. 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 onc of the dusts (RF)
did not activate PAMs to secrete 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 PAMSs do not correspond to the

growth regulatory effects of cocultured, dust-exposed
PAMs.

Discussion

The experiments reported here have not yet been
repeated for confirmation, so the conclusions drawn are, of
necessity, 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 substantially
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 evalvation of
these (or subsequent) data using the analysis of variance test
with the Newman-Keuls and Dunnette tests. Because results
of multiple-comparison assays were tested with a pair-wise
statistic, statements about the significance of inhibitory or
stimulatory effects reflected an assessment of the pattern of
effects over a range 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
stimulate the growth of fibroblasts. The results of Table III
confirm that, atleast for the onc anthracite sample we tested,
the hypothesis is true. Supcrnatants of PAMs exposed to
dust 867 caused up to a \wo-fold increase in the rate of
proliferation of LF. However that conclusion is not gencral-
ly applicable since in the same series of experiments, super-
natants of PAMSs 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 sirilar whether as-
sessed with cell-free PAM culture supernatants or with
PAMSs growing in direct contact with the LF. However, our
results showed that results of the two assays were not qualita-
tively similar. In two instances, dust-stimulation of PAM-LF
cocultures had no effect on LF growth while the super-
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TABLE il
Growth of Guinea Pig LF* Exposed in Culture to Dust Loa or to Supernatants of Dust-exposed PAMs
" (CPM/well X 1&
" Dustin LF + LF + Dust in LF + LF +
ecultur Supernatants Preculture Leachates Supernatants
ffog, gm/inl) Mean + SEM** Mean + SEM*** (Log, gnvml) Mean + SEM**  Mean + SEM***
MP3-3 8 115 +/- 09 8.6 +/-0.4-
0 116 +/- 0.7 93 +/-03. -7 133 +/- 11 94 +/-08
-10 121 +/- 05 102 +/-06 6 152 +/- 15 151 +/-21
9 119 +/- 0.7 83 +/-05- -5 166 +/- 09 113 +/-04—
3 gg Iﬁ 04 13.9’ i;-g 1 4 117 +/- 08 102 +/-09
5 147 +/- 06+ 76 +/-03— PSOC-1361
-5 151 +/- 11 84 +/-07— 0 529 +/- 13 382 +/-07—
4 130 +/- 18 99 +/-07 -10 462 +/- 15. 366 +/-10-
o0 T ST Ry
0 450 +/- 17 437 +/-19 -7 T3 +/- 49++ T3 +/-15
-10 308 +/- 19— 389 +/-15+ ¥ 731 +/- 46++ 555 +/-14-
9 271 +/- 20— 371 +/-15++ -5 752 +/- 16+ +++512 +/- 19—
8 255 +/- 34~ 318 +/-22+ 4 345 +/- 17—~ 266 +/-04-
7 EITgE permee Oew
4 +/- 3 2 48 0 810 +/- 09 817 +/-77
-5 284 +/- 46 446 +/-06+ -10 853 +/-101 865 +/-113
-4 200 +/- 33—~ 446 +/-31+++ 9 853 +/- 22 870 +/-11.1
PsOC-1is2 3 1069 1/ 1pess BB 114k
- . - A0+ ++ - 4,
0 141 +/- 12 1L1 +/-03 6 999 +/- 47++ 816 +/-134
-10 121 44 20 10.1 +/-10 .5 1039 +/- 66+ 883 +/-69
9 122 +/- 04 8.5 +/- 04—~ 4 961 +/- 1.5+ +++89.5 +/-89
Notes:

* 20,000 fibroblasts seeded/well in DMEM with 0.5 percent FCS; leachates or supernatants sdded after overnight incubation. Labelied with 1
vg/well 3H-TdR 24 hours after addition of dusts. Triplicate wells for each condition.

** + = stimulation, - = jshibition of growth compared to control wells (0 gn/mt dust) (1-Test): one symbol, p < 0.05; two symbols, p < 0.02;

three symbols, p < 0.01; four symbols, p < 0.001.

“+* + m gtimulation, - = inhibition of growth compared 10 the adjacent leachate control (1-Test): one symbol, p < 0.05; two symbols, p < 0.02;

three symboks, p < 0.01; four symbols, p < 0.001.

natants of PAMs stimulated by those dusts were inhibitory
and stimulatory respectively. Further, two dusts that had
stimulatory effects in PAM-LF cocultures induced produc-
tion by PAMSs of inhibitory supernatants. At this carly stage
of the studyit is not evident how the cocultured PAMs affect
LF growth other than by their secreted products. Presumab-
ly the dust-stimulated PAMs in LF-coculture secrete into the
shared medium the same kinds and same amouats of
products that they secrete into medium when they are cul-
tured without LF, So, the proliferative rate that was observed
must be the net result of the of rat LF '

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 direct contact with LF (in the absence
of PAMs), and for onc dust that stimulation could be
repeated 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, cffects on LF proliferation, inde-
pendent of PAMs.

It should be mentioned that the nature of the dust effects
(stimulatory/inhibitory) and their pattern may reflect not
only the character 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
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might alter their reactivity in small or large ways. Likewise,
this system is only one of a variety of experimental conditions
that can be used to asscss 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 specics difference in responses to coal dusts that
we have observed. Both rats and guinea pigs have been used
extensively to study lung diseascs 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
PAM:s of other species. Rat and guinea pig macrophages
from the lung, from the peritoneum and from inflammatory
exudates were stimulated with tetradecanoyl phorbol
acetate. 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
cvidence we have decided to usc 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-
formed using human cells.

The major conclusion to be drawn from this work is that,
even at this preliminary stage of investigation, there are clear
differences in the ways in which different coal dusts affect
PAMs and LF of the guinea pig. The response patterns are
complex, and for reasons stated above it is not possible to
identify any particular pattern as "good” or "bad.” However,
the existence of these intersample differences means that it
will soon be possible to design experiments to identify which
chemical or physical characteristics of the dusts are respon-
sible for the various kinds of responses, and how those
responses arc mediated at the cellular and molecular level,

Acknowledgment

This research has been supported by the Department of
the Interior’s Mineral Institute program administered by the
Bureau of Mincs through the Generic Mineral Technology
Center for Respirable Dust under grant number G1135142,

References

L. Koretzky, G.A., J.A. Elias, S.1. Kay et al:
Spontaneous Production of Interleukin-1 by Human
Alveolar Macrophages. Clin. Immunol.
Immunopathol. 29:443-450 (1983).

2. Hunninghake, G.W.; Release of Interleukin-1 by
Alveolar Macrophages of Patients with Active
Pulmonar;zSarcoidosis.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 Alveclar 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: Superoxide
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, §., 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 lonophore. 4m.
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. 4m. Rev. Respir.
Dis. 131:714-718 (1985),

9. Kampschmidt, R.F., M.L. Worthington I1I and M.L
Mesecher: Release of Interleukin-1 (IL-1) and
IL-1-like Factors from Rabbit Macrophages 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),

11. Burreli, R. and M. Anderson: The Induction of
Fibrogenesis by Silica-treated Alveolar
Macrophages. Environ. Res. 6:389-394 (1973).

12. Nourse, L.D,, P.N. Nourse, H. Botes and H.M.
Schwartz: The Effects of Macrophages Isolated
from the Lungs of Guinea Pigs lgusted with Silica on
Collagen Biosynthesis by Guinea Pig Fibroblasts in
Cell Calture, Environ. Res. 9:115-127 (1975).

13, Lugane, E.M., J.H. Dauber, J.A, Elias et al: The
Regulation of Lung Fibroblast Proliferation by
Alveolar Macrophages in Experimental Silicosis.
Am. Rev. Resp. Dis. 129:767-771 (1984),

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},

15, Harington, J.S., M. Ritchie, P.C. King and K.
Miller: The in-vitro Effects of Silica-treated Hamster
Macrophages on Collagen Production by Hamster
Fibrobrasts..f. Path. 109:21-37 (1971).

16. Aalto, M. and A.G. Heppleston: Fibrogenesis
Mineral Fibres: An in-vitro Study of the Roles of the
Macrophage and Fibre Length, Brit. J. Exp. Path.
65:91-99 (1984).

17, Hart, P.H.,, L.W. Powell, W.G.E. Cooksley and J.W.
Halliday: Mononuclear Cell Factors that Inhibit
Fibroblast Collagen Synthesis. L. In vitro Conditions
Determining Their Production and Expression,

148



Bartlett and Pedersen

Scand. J. Immunol. 18:41-49 (1983). Clin. Lab. Invest. 39:205-213 (1979).

18. Aalto, M., H. Turakainen and E. Kulonen: Effect of 19. Bartlett, G.L. and A.B, Pedersen: Unpublished
5i02-liberated Macrophage Factor on Protein observations (1985),

Synthesis in Connective Tissue in vitro. Scand. J.

149



Respirable Dust

Measurement of Superoxide Release from
Single Pulmonary Alveolar Macrophages

Exposed to Dusts
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Departments of Chemical Engineering and
Anatomy, West Virginia University,
Morgantown, West Virginia

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 gquartz. Release was
determined by measuring the reduction of nitroblue
tetrazolium (NBT) to a diformazan precipitate at $50 nm
from video-recorded images of individual cells, /n 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/ml
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
from 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 for
chronic exposure remains to be elucidated.

introduction

Pulmonary alveolar macrophages (PAM) protect the
lungs by phagocytizing foreign debris and bacteria. 1) This
process involves ingestion as well as destruction of foreign
matter. Phagocytosis usually is accompanied by a respiratory
burst which increases cellular oxygen consumption leading
to the release of highly reactive oxygen metabolites. D These
agents have been implicated in the killing of bacteria by
phagocytes, but they have also been shown to be toxic and
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 metaholites themselves,

The initial oxygen metabolite released is thought to be su-
peroxide anion (S0) goduccd from the reduction of oxygen
by NADPH oxidase.'?) Superoxide can readily dismutate to
form hydrogen pg‘goxide and subsequently, other an-
timicrobial agents (4 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 vitre to respirable quartz, or in
vitro to kaolin dusts. NBT reduction to a diformazan per-
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 usin‘g
the tracheal lavage method developed by Myrvik et all
Briefly, the diaphragm was severed, the animal exsan-
guinated, and a 15 guage needie inserted through an incision
in the trachea. Lavage fluid (145 mM NaCl, 5 mM KCJ, 1.9
mM NaH>P04, 9.35 mM NaHPOg4, 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 KCI, 1.5 mM CaCl;, 10
mM Na-Hepes [N-2-hydroxyethyl piperazine-N’-2-ethane
sulfonic acid] and 5 mM glucose) at pH 7.4 angd 4°C. Follow-
ing a second wash, PAM were resuspended in approximate-
ly6 ml of Hepes-buffered medium and placed in an ice-water
bath,

Nitroblue tetrazolium (NBT) was added to the Hepes-
buffered medium 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 (2-5x 10° cells), was added. A layer of paraffin oil
(37°C) was placed on top of the aqueous layer to reduce
evaporation.
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TABLE1
oan (+ /- SE) Total Diformazan Produced (max) and Initial Rate of Diformazan Production (R) for PAM
The Mean 8 Exposed /n vitro o Either Respirable Quartr or Kaolin Dust
F_ - " - -
Total Diformazan Production Diformazan Production Rate
(fmoles) (10-3 fmoles/sec)
Quartz Kaolin Quartz Kaolin
P
CON* 153 +/- 16 11.7 +/-10 245 +/-23 105 +/-08
LOW 9.5 +/- 1.5** 10.2 +/-1.5 168 +/- 1.7** 105 +/-1.4
HIGH 130 +/-16 81 +/-09 186 +/-2.1** 106 +/-14

—

* CON = control; LOW = 0,26 mg/ml; HIGH = 0.05 mg/ml.
sep < 005
a = 18 cells in each ease.

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-it-
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 a 3/4-inch Sony (mode! V05600) videocasseite
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
dctermined by play back of videorecorded images through
an IPM (modeli 204A) video photometric analyzer, The
analyzer generates two windows which act as phototransis-
tors 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 cach 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
cach cell were calculated using the Beer-Lambert Law. The
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,
cxhibited a time delay followed by an exponeatial-like in-
crease to an asymptotic maximum value (max}. Therefore,
the data were fit to the following first-order equation:

M = max[1- exp(~ (t - ta)/T)]
where;
t = time

4 = 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 baseline. T was
determined by fitting the data to the log linearized form of
this equation. The maximum (initial) rate of diformazan
production, R, was calculated from the derivative of the
cquation at time tq; that is, as max/T.

The effects of in vitro cxposure to respirable quartz and
kaolin on superoxide releasc 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 cither the high or low dust concentrations as well as
a control dish containing no dust.

The effects of in vivo ure 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
31 days post-exposure, at which time animals were removed
for analysis of superoxide production. At each analysis
period PAM were obtained from two and two con-
trol animals. This appraoach permitted analysis of the effects
of cxposure and post-cxposure time.

Experiments 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,

Resuits

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 (Table
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TABLE

The Mean (+ /- SE) Total DHormazan 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 +/-0.5
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 +/-13
193 +/-26
196 +/-25

231 +/-29

* CON = control; 3, 10, 31 days post-sxposure; n given in parcntheses as number of cells.

"*p < 0.05.

1). In vitro exposnre to either the low or high dose of kaolin
did not significantly change cither max or R.
Invivo exposure of all animals (including animals

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 I 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
to 31 days post-exposure,

Discussion

Supcroxide release may play an important role in silicosis
and other respiratory diseases. I vitro assays on large num-
bers of cells in culture nsing 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
re?ylting in silicosis while kaolin is relatively inert biological-
ly.>) Therefore, these cellular assays do not correlate with
the in vivo effects of quartz and kaolin. It has been
hypothesized that the difference between assay results and
in vivo data may be duf:5 to dust interaction with pulmonary
surfactant in the lung. ) In this study, in vitro exposure of
PAM to quartz resulted in decreased production of difor-
mazan while in vitro exposure to kaolin did not significantly
effect PAM compared to control. These results correlate
with in vivo 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-
tion.

The low dose of guartz resulted in less diformazan
production compared to the high dosc in the in vitro experi-
ments. The reason for this difference is at present unknown
and further studies are needed to elucidate this discrepan-

Interestingly, in vivo exposure to quartz resulted in in-
creased production of diformazan rather than the decreased
production observed i vitro, This difference may be due to
a change in cellular function from the in vivo to the in vitro
environment. 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,
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 capabilities.

Further support is the significant increase in production
of diformazan observed in PAM analyzed three days follwo-
ing in vive exposure comparcd 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-exposcd PAM analyzed three days
post-exposure exhibited a wider range than the control and
16- and 31-day post-exposure groups. Heterogeneity has
been reported 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 quartz exposure two populations of PAM
were present: 1) cells injured by initial or long-term dust con-
tact, resulting in decreased 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 vivo exposure
to PAM to respirable coal dusts are currently in progress.
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The Effect of Lecithin Surfactant and
Phospholipase Enzyme Treatment on Some
Cytotoxic Properties of Respirable Quartz

and Kaolin Dusts
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Two 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
cytotoxicity 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
to 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 systerm
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 ogcupa-
tional exposures and by animal model studies.("”) 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
clay and quartz dusis ?re comparably cytotoxic to pulmonary
macrophages in vitro (&)

Simulating dust interaction in the lung, quartz and kaolin
dusts have becn assayed for their cytotoxicity both in their
native state and after incubation with an emulsion of dipal-
mitoyl gl(%grophosphorylcholine (DPL), called dipalmitoy!
lecithin."™"’ Lecithins are a major component of pulmonary
surfactants which stabilize the surface 1%Sopf:,rties of the
hypophase coating of pulmonary alveoli. ') This surfactant
adsorbs to kaolin and to quartz from emulsion in physiologic
saline. Adsorlgtion isotherms for these dusts have been
measured.!!>1%) The cytotoxicity é’f bgth dusts is suppressed
by such DPL adsorption at 37 C&%12) 54 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 surfa?c %rstallinity and coat-
ings on this lysis have been studied.!3*) QOyr 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 serum protein from phagocytized silica has
been observed. !9 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 phagocytosis
by pulmonary macrophages. We have been exploring this
hypothesis by in vitro studies using dipalmitoyl 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 tomonitor the cytotoxicity of the quartz and
kaolin dggts treated in different experimental
protocols. 8712

In this report we provide quantitative data showing sup-
pression of hemolytic potential of quartz and kaolin dusts as
a function of DPL dosc. 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 mineral particle
with pulmonary surfactant and macrophages, the adequacy
of the selected parameters to model the complex in vivo
situation must be 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
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attempt is then made to maintain their viability in culture for
a sufficient period of time to detect macrophage attrition due
to the surfactant treated dusts at levels above those for nega-
tive controls, i.c., macrophages which have not been chal-
Jenged with dust. We discuss the method using preliminary
data for rabbit pulmonary macrophages challenged with
DPL treated and untreated quartz.

Materials and Methods

Alpha quartz used is at least 98.5 percent pure as deter-
mined by x-ray energy spectrometric analysis. It has a
specific surface area of 3.97 m“/g as determined by nitrogcn
adsorption. Kaolin used is at least 96 percent pure, contains
ng crystalline silica, and has a specific surface area of 13.25
m/g.
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FIGURE 1. Hemolyti¢ potential of quartz versus dipalmitoyl lecithin treatment. Erythrocyte hemolysis values are given as

value for untreated quartz. Open triangles connected

emulsion and the mixtures incubated for one hour at 37 Cin
a shaking water bath. Dusts were then centrifuged for ten
minutes at 990 g and resuspended in calcium and magnesium
free Dulbecco’s phosphate-buffered saline (PBS).
Commercially supplied Phospholipase A2 was obtained
from: porcine pancreas (Sigma) or from Crofalus adaman-
teus venom (Cooper Biomedical), as indicated. Phos-
pholipase C from Clostridium perfringens was obtained from
Sigma. Enzymes were dissolved in phosphate-buffered
saline (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
20 mM CaCly, desired amounts of the enzyme solutign
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

’ T
éD B0 100

reentages of the

by line scgments show the diminution as a function of DPL added to the system. Line

segments are connccted between average values; and the bars show the ranges measured. The solid triangle scatter graph shows values from
additional measurements where abscissa values are the amounts of lecithin actually adsorbed as measured by clution from the particles.

Erythrocytes were obtained for hemolysis assay from a
sheep maintained on a fixed diet. Pulmonary macrophages
were obtained by lavage of rats or rabbits, as indicated, using
Hank’s Balanced Salt Solution (HBSS). Cells were washed
lwice and resuspended in HBSS.

Commercially obtained L-alpha-dipalmitoyl
glycérophosphorylcholine (DPL) {Calbiochem) was
ultrasonically dispersed in 0.165 M sodium chloride to
produce emulsions of the desired DPL concentration. Dry
quartz or kaolin dust at the ratio of mass of dust to mass and
concentration of DPL desired were dispersed into DPL

enzymatic digestion, and then resuspended in PBS alone.
For 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 (%glsorbed 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-
say(vf% by the erythrocyte hemolysis assay of Harington ef
al.*""/ Suspensions of erythrocytes (2% by yolume) and 1.0
mg dust per ml were incubated in PBS at 37 C for one hour,
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values the amounts of lecithin added. The solid triangle scatter graph shows the potentials versus DPL eluted from the particles.

After 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%%g)was determined by the method of Reeves and

Fimignari; beta-N-acet}!l )glucosaminidase by the method
of Lockart and Kcn.uedy;( T and beta-glucuronidase by the
method of Sellinger et al.¢

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 ch.romatograghy,
and phosphate quantitating by the method of Bartlett.(!)

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 mcasurements. 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 in
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 uvg/ml. Approximately 4 x 10° cells were placed in in-
diyidual culture wells, permitted to stabilize for 24 hours at
37C, 5% COy, and 90% relative humidity, and then chal-
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-acetyl glucosaminidase release,

Results

Hemolytic potentials of DPL-treated quartz are shown
with respect to untreated quartz in Figure 1. The highest
abscissa value is around 50 mg lecithin per )gram quartz, in
concert with adsorption isotherm values.\**’ The hemolytic
strength of quartz is reduced by adsorbed lecithin, reaching
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background levels between 20 and 30 mg/g adsorbed
lecithin, Figure 2 similarly quantitates the hemolytic poten-
tial 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
canbe due to a combination of functionally available particle

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 untreated quartz levels between 44 and 72 hours,
Parallel samples were cluted 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 applied enzyme activity and time of
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FIGURE $. Adsorption isotherm for lysolecithin adsorption on kaolin and on quartz from saline at 37C. Ordinate values are mass specific
adsorption as measured from initial and final concentration of lysolecithin in solution.

surface activity and to adsorbed ly(solfcilhin produced by the
enzymatic digestion of lecithin. (%12 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
reached are limited by the measurement conditions; that s,
all the erythrocytes have been lysed. The hemolytic poten-
tials above the untreated dust levels are presumed to 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 5
presents the 37°C adsorption isotherm for lysolecithin on
quartz and kaolin in physiologic saline; the corresponding

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 scen, 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 region
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-
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nificantly greater than that of untreated kaolin. Somewhere
between 20 and 44 hours these potentials drop to values
below that of native kaolin. At 72 hours, the potential is rising
back toward the native dust levels. Figure 11 shows the
amounts of DPL remaining on the kaolin as a function of en-
zyme activity and of time of digestion. This is measured by
clution, chromatography, and phosphate analysis as for the
quartz. 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
retained in general out to 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-
Lion times are seen to 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 effects of one hour digestions with 300 activity
equivalents of phospholipase A2, from Crotalus adamantens
venom, and mixtures of it with equal activities 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 after double lipase treatment
is partially reduced from levels manifesting some combined
effects of surface and lysolecithin to values consistent with
activity due principally to exposed surface activity.
Developmeat is underway in our lab on a system to chal-
lenge pulmonary macrophages in vito with dusts treated
with pulmonary surfactant, radiolabeled comporents of pul-
monary surfactant, or proposed prophylactic agents, The at-
tempt will then be to maintain the cells in culture long
tnough 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 arc 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 nutrient media. The bottom line shows the attri-
tion of cells treated identically except that they have not been
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
the DPL treatment also slows uptake of quartz by the cells,
The high attrition rates in this experiment do not permit un-
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equivocal 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-
licle may suppress prompt cytotoxic damage to alveolar mac-
rophages and epithelial cells in the lung, Dipalmitoyl
lecithin, 2 major component of pulmonary surfactant, sup-
presses the in vitro hemolytic potential of both quartz and
kaolin, and also suppreses their potential to cause major
damage to pulmonary macrophages in vitro as measured by
cytosolic and lysosomal enzyme release. Comparison of es-
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FIGURE 15. Release of cytosalic enzyme versus time followin

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 a
tion or from conformational differences in adsorbed DPL
which provide different levels of steric hinderance to the
lipase action. Phospholipase activity i (1ffccted 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 effective interaction of
alumina surface hydroxyls with the cster bonds to the

0 quartz

o quartz + dipalmitoyl lecithin
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€ quartz dust challenge for rabbit pulmonary macrophages in culture. Data is shown

for macrophages not challenged with quartz, challenged with untreated quartz, or chalienged with lecithin treated quartz.

timated amounts of surfactant in a healthy lung and DPL ad-
sorption data indicate in vivo pulmonary surfactant levels are
adequate to provide a defense against the prompt Iytic ef-
[eets of silicate or aluminosilicate dusts at typical occupa-
tional exposure levels."" " Instillation of quartz and kaolin in
animal lungs does not produce prompt permanent
damage;**“’ acute but transient inﬂammatorﬁ cellular
response in vivo which is observed for both dusts®? indicate
some non-mineral specific effect of respired dusts. The ef-
fect or lack of effect of surfactant on dust induced release of
antigenic factors by pulmonary macrophages has not been
investigated.

Phospholipase A2 enzymatic digestion in vitro of DPL-
coated quartz or kaolin can remove all or most of the ad-
sorbed DPL over the period of a few days for the enzymatic

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 charged sur-
face sites, with an isoelectric point around pH 1.5;'*that 1s,
part of the adsorption of DPL to quartz may be attributed to
electrostatic interaction between the choline group at the tip
of the DPL and the dissociated silanol groups on the quartz
surface ‘%) Kaolin has a structure of alternate layers of silica
tetrahedra and alumina octahedra. Hydroxyl groups on the
surfaﬁc 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-
talic interaction between the alumina octahedra positively
charged surface sites and the negatively charged phosphate
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moiety of DPL. The phosphate-glycerol bond is hydrolyzed
under the enzymatic action of Phospholipase C and the ad-
jacent ester linkage of glycerol to a fatty acid acyl group is
hydrolyzed by the action of Phospholipase A2, An adsorbed
phospholipid conformation in which phosphate groups are
directed toward alumina surface groups of aluminosilicate
dust might hinder enzymatic hydrolysis of the target ester
linkages.

Lysolecithin is adsorbed to a more limited extent than
DPL by both quartz and kaolin in single compound adsorp-
tion isotherm measurements. Adsorption of lysolecithin at
intermediate stages of the phospholipase A2 digestion of
DPL on dusts may be due in part to lysolecithin association
with adsorbed DPL. Lysolecithin on quartz and kaolin
decrecases as DPL is digested away. We have not determined
yet the degree of mineral adsorption of hydrolysis produced
fatty acids or their contribution to cytotoxicity suppression.
In the phagolysosome of a pulmonary macrophage, a num-
ber of enzymes would act upon a surfactant coated particle,
Our limited experiments with phospholipase A2 and C in
combination indicate that the mixed activity can significant-
ly diminish the lysolecithin contribution to the hemolytic
potential compared to the single enzyme treatment result.
To provide a useful basis for analysis of physiologic effects,
these in vitro digestion studics must be extended to use
lavaged surfactants, full lysosomal enzyme applied at acidic
conditions representative of the phagolysosomal interior,
and representative relative amounts of surfactant, enzyme
activity, and dusts. We are currently measuring the DPL-
digesting activity of full lysosomal enzyme, which we obtain
by density gradient centrifugation methods® from rat liver
bomogenatc.

Complementary to these in vitro digestion experiments,
the long-term macrophage challenge system is an attempt to
obtain time course information on the suppression of dust
cytotoxic properties after challenge and phagocytosis of sur-
{actant treated dusts. If macrophages can be maintained vi-
able in culture long enough to unequivocally distinguish dust
induced effects, then the possible correlation of induced ef-
fects with the fate of the initial coating of labeled surfactant
will be tested. Comparing the time course for retoxification
of kaolin with that of quartz should indicate whether or not
these interactions are significant in distinguishing the
pathogenicity of respirable quartz dust.
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HEALTH EFFECTS —
INHALATION STUDIES



Effect of Silica Inhalation on Pulmonary
Alveolar Macrophages (PAM) and
Microsomal Cytochrome P4350 Activities

D%IA‘ES A RABQVSKYA
JU

CASTRANOVAEE and R.C LANTZC

Apivision of Respiratory Disease Studies,
EIIOSH Morgantown, West Virginia 26505

partmeet of Physiclogy, West Virginia
University; “Department o Anatomy, West
Virginia University

Rats were exposed to either filtered air (controls) or filtered
air containing 20 mg/m~ a quartz (Min-U-Sil 10, 95% of
particles < 5um), 16 hours per day, five days per week, for
four weeks, Within five days following termination of the
exposure, various functional or morphological parameters
were examined by determining number of lavaged PAM,
mean PAM volume, PAM viability, PAM purity, PAM
oxygen metabolism (both resting and zymosan-stimulated),
PAM surface properties and whole lung microsomal
EPhase and ECase activities (constitutive and inducible).
Mean cell volume of PAM was significanrly increased in
quartz versus control aunimals. Scanning electron
microscopic examination of PAM alse indicated significant
alteration in surface morphology, i.e,, less spreading of
aiveolar macrophages when attached to a surface was noted
after exposure to o quartz. In addition, non-significant
decreases in PAM number and constitutive ECase were
nuted after silica exposure. All other parameters were
unaffected by exposure. These results indicate that
although ¢ quartz may cause some focal alteration in a
limited number of PAM and in microsomal P450 activities,
the percentage of cells and the amount of enzyme involved
immediately following a four week exposure was not
sufficiently large to significantly affect the average cellular
function of the entire population of lavaged PAM or whole
lung P450 dependent enzyme activities.

Introduction

Pulmonary alveolar macrophages (PAM) are free lung
cells located on the surface of the small alrways and the al-
veoli ) These cells play an important role in phagucytom%
thus, cleansing the lung of airborne bacteria and partlclcs )
Upon contact with foreign particles, alveolar macrophages
rclease superoxide anion (Oz”) which may bg_:gwolved in the
detoxification of these foreign substances.*®) The release
of superoxide anion, as well as other reactive species, can be
monitored by measurement of chemiluminescence.( () Ex.

posure to silica may result in hypersecretion of reactive
species or loss of membranc integrity and thus release of
lyso?Emg.l enzymes which may lead to damage of lung tis-
sue. %19 1n addition, particle-induced activation of alveolar
macrophggcs can result in secretion of fibrogenic fac-
tors.{ Therefore, characterization of the responses of
alveolar macrophages to silica exposure could be essential
to an understanding of the development of silicosis.

Phagocytosis of inhaled particulates by alveolar macro-
phages may also affect pulmonary defense mechanisms as-
sociated with nonphagocytic cells. Such a defense
mechanism would be the active metabolic detoxication sys-
tem associated with the microsomal cytochrome P430 }Jath-
way in alveolar type IT and bronchiolar Clara cells. (%) The
cytochrome P450 pathway is responsible for the metabolism
of foreign substances (xenobiotics) to less toxic materials. 4
In the lung, as in other tissues, this pathway is sensitive to en-
vironmental contaminants. Such sensitivity may be ex-
pressed as an induction of P450-dependent enzyme
activity'>*® and is often specific for the inducing agent. For
example, phenobarbital induces activities associated with
constitutive activities, whercas B-naphthofla Fg?c (BNF) in-
duces activities that metabolize xenobiotics.!

Phagocyte-derived factors or mediators have been shown
to influence cytochrome P450-dependent activity. For ex-
ample, activation of liver macrophages by particulates
resulted in the release of factor(sz hat decreased
cytochrome P450 activity in hepatocytes.\""’ Similarly, when
mice and rats were injected with a supernatant liguid from
endotoxin-treated peritoneal macrgBhagcs, the hepatic
cytochrome P450 content decreased “ Hence, exposure of
the lung to substances which alter macrophage function may
affect the ability of the lung to detoxify foreign organic
material. For example, silica-induced changes in macro-
phage function may result in the reduced capacity of the lung
to detoxify organic substances associated with diesel fumes
which may be found in the coal mine environment.

As discussed above, exposure to various toxicants can ad-
versely affect the phagocytic and secretory activity of al-
veolar macrophages as well as subsequent detoxication of
organic compounds through the cytochrome P450 pathway.
Thus, an understanding of functional alterations in alveolar
macrophages and in microsomal P450 activity following
toxicant inhalation is important to understanding the
development of pneumoconiosis and the susceptibility to
pulmonary disease. In the study described herein, function-
alalterationsin alveolar macrophages and in the microsomal
P450 enzyme activities, ethoxyphenaxazone (EPh’ase) and
ethoxycoumarin deethylase (EC’ase), were tested following
exposure of male Sprague-Dawley rats to a toxic substance
{a quartz) known to cause fibrosis.
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Methods

Exposure System

Rats were exposed to silica in the West Virginia Univer-
sity inhalation facility. The facility consists of two 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 humidity.
Animals were selected at random and piaced in either the
control chamber, which reccived only the filtered air, or the
exposure chamber, which received silica in additioa to fil-
tered air. Silica (Min-U-Sil 10,95% of particles < 5 um) was
acrosolized using a TSI 9310 fluidized bed acrosol generator
and animals were exposed to 20 mg/m” of silica 16 hours per
day, five days per week for four weeks. Within five days fol-
lowing the termination of the exposure functional and mor-
phological parameters were examined.

Isolation of Macrophages and Functional Studies

Alve%lar macrophages were obtained by pulmonary
lavage (%) Bricfly, male Sprague-Dawley rats, either filtered
air control or silica-exposed, were anesthetized with sodium
pentobarbital and exsanguinated by cutting the renal artery.
The trachca was cannulated and the lungs lavaged 12 times
with a total of 80 m of ice-cold, Ca®t and Mg® ™ -free phos-
phate-buffered medium (145 mM NaCl, 5 mM KCl, 1.9 mM
NaHzPQq, 9.35 mM Na;HPQq4, and 5.5 mM glucose;
PH = 7.4). Cells were separated from lavage fluid by
centrifugation at 500 g for five minutes at 2°C. Then the ceil
pellet was washed twice by alternate centrifugation and
resuspension in HEPES-buffered medium (140 mM NaCi,
5 mM KCL 10 mM Na HEPES, 1 mM CaCy, and 5.5 mM
glucose; pH = 7.4).

count, mean cell volume, and purity of alveolar mac-
rophages obtained by lavage werc determined with an
clectronic cell counter (Coulter Counter Model ZB)
cquipped with a cell sizing attachment (Channelyzer IT)
(Coulter Electronics, Inc., Hialeah, FL). The percent of al-
veolar macrophages in the samples was calculated as the
number of cells with a cellular volume identifiable as that of
an alveolar macrophage divided by the total number of cells
in the sample,

Membrane integrity of alveolar macrophages was deter-
mined by trypan-blue exclusion. () Alveolar macrophages
(1.2-1.6 x 10" cells) were suspended in HEPES-buffered
medium containing 0.4 percent trypan blue. After four
minutes, the cells were observed under a light microscope
and the fraction of cells excluding blue dye determined.

Superoxide anion relcase was determined by mc&%gring
superoxide-dependent reduction of cytochrome C'“*) Al
veolar macrophages (8 x 10° cells) were preincubated in
HEPES-buffered solution for 15 minutes at 37°C. At zero
time, cells were suspended in HEPES-buffered medium
(final 5 ml) containing 0.12 mM cytochrome C. Then a zero-
lime sample was taken, centrifuged at 6000 g for one minute
at 2°C, and the optical density of the supernatant measured
at 550 nm with a spectrophotometer. Twenty minutes later a
second sample was taken and optical density measured. Su-
peroxide release was proportional to the difference in opti-
cal density measurements over this time period. Resting
superoxide release was cytochrome C reduction in the ab-

sence of particles while zymosan-stimulated superoxi
release was cytochrome C reduction following the addition
of zymosan (6 mg/ml) to the ccll suspension at zero time, ie.,
just prior to taking the first sample.

Chemiluminescence (CL) was measured as counts per
minute in the tritium channel of a liquid sd&;illation counter
operated in the gut-of coincidence mode.'” Alveolar mac-
rophages (4 x 10° cells) were suspended in 5 ml of HEPES-
buffered medium and preincubated at 37°C for 15 minutes.
After preincubation, CL measurements were made at five-
minute intervals, CL was expressed as the total number of
counts over a 30 minute time period. Resting CL, measured
in the absence of particles, was enhanced with Tuminol
(10'6 M) Zymosan-stimulated CL was measured without
luminol after the addition of zymosan (6 mg/ml) at zero time.

Scanning Electron Microscope

Monolayers of lavaged alveolar macrophages were
prepared using 15 mm plastic tissue culture cover slips (Lux
Scientific) placed in the flat bottom wells (1.7 x 1.6 cm) of
Linbro Multi-well Tissuc Culture plates. One milliliter of cell
suspension containing approximately 1 x 10° ceils was
pipetted into cach of six wells for cach exposure group. The
cells were incubated at 37°C in S percent CO; for two hours
to allow adherence and spreading of the cells onto the cover
slips and then rinsed two times with phosphate buffer to
remove non-adherent cells,

The macrophage monolayers were fixed in 2 percent
glutaraldehyde-phosphate-buffered fixative (pH 72 +/-
0.1), followed by 2 percent tannic acid for 1/2 hour and then
postfixcd with 2 percent osmium tetroxide (OsOa). The cells
were dehydrated through a graded series, 10 to 100 percent
ethanol with 10 perceat gradations and then transferred
through graded concentrations of amyl acetate-ethanol solu-
tions to 100 percent amyl acetate for critical point drying. A
Denton DCP-1 critical point drying apparatus using liquid
CO; was used for drying the cell monolayers. After drying,

the cover slips with adhering cells were glued to pure carb- -

on planchets and mounted on aluminum SEM studs and
coated with gold/palladium (200A) or carbon. A Polaron
ES5100 serics II sputter coater or a Polaron E6100 vacuum
evaporator was used for coating the samples.

Scanning clectron microscopic (SEM) examination of the
macrophage monolayer was performed using an ETEC
Autoscan SEM operating at 20KV and using secondary im-
aging (SEI).

Measurement of Cytochrome P450 Enzymes

Four trcatment regimens were used for each cnzyme
analysis. They were 1) Filtered-air (FA)-controls, corn-
o0il(CO)-injected, 2) FA, BNF-injected, 3) silica-exposed,
CO-injected, and 4) silica-exposed, BNF-injected. BNF in
CO was administered i.p., one time, at 80 mg/kg rat. Control
animals received an equivalent amount of CO. Forty-eight
hours after injection, the animals were sacrificed by
phenobarbital injection, The excised lungs were perfused
with physiological saline, and microsomes were prepa&g
from the lung homogenate by differential centrifugation.

The two cytochrome P450-dependent monooxygenase
activitics used in this study were ethyoxyphenoxazone
deethylase (EPh’ase), also referred to as ethoxyresorufin
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TABLE |
Properties of Alveolar Macrophages Lavaged from Rats after a Four-week Exposure to Silica*

Cell Count

(AM/rat)
trol 7.05 ( +/- 0.83) x 10
gfinm 6.14E+!- 037)x10°

* Values are means + /- SEM of three experiments.
+» Significantly different from control (p « 0.05).

deethylase (ERasc), and ethoxycoumarin deethylase
(EC'ase). EPh’asc was assayed in a direct fluorometric pro-
cedure that mcasurfs the formation of the highly fluorescent
product, resorufin. 25) ECase measured by the proce-
dure of Greenlee and Poland®” in which the fluorescent
product, hydroxycoumarin, was separated from the reaction
contents by an extraction step. The cofactor NADPH re-
quired in the EPh’ase and EC’ase assays, was supplied by a
generating system consisting of NADP ™~ , MgCa, glu%%e-tﬁ-
phosphate and glucose-6-phosphate dehydrogenase.

Data are expressed as specific activity (nmoles produced
per minute per mg protein) and the values presented are
averages obtained from three experimental groups. Induc-
tion values were obtained by dividing the specific activity of
EPh’ase or EC’ase for BNF-treated rats by the activity found

Cell Volume Puﬂ
(um3) (% AM)
L1521 +/-4 2 +/-9
1746 +/- 22*+* 68 +/-13

in CO-treated rats for the silica or filtered air gr(%l)ps. Protein
was determined by the method of Lowry ef al.

Statistical analysis

Statistical differences between experimental groups were
determined using analysi.?ag)f variance with P < 0.05 being
considered as significant.

Results

The effects of inhalation of silica on the physical proper-
ties of alveolar macrophages obtained by pulmonary lavage
are given in Table I. Exposure to silica did not affect the
purity of alveolar macrophages in the lavage fluid. Silica ex-
posure did tend to decrease the number of alveolar macro-

TABLE Il
Functional Parameters of Rat Alveolar Macrophages after Four Weeks Exposure to Silica®

TryPan-blue Exclusion
(% cells excluding dye)
Control Silica 93 +/-1
88 +/-4
Superoxide Release®
% of control)
Resting Zymosan-Stimulated
Silica 111 +/-32 95 +/-15
Chemiluminescence®
(% of control)
Resting Zymosan-Stimulated
Silica 132 +/-35 103 +/-12

A Values are means +/- SEM of three experiments.

B In control cells, zymosan increased superoxide release by 11 fold.

CIn control cells, chemiluminescence was enhanced with luminol. Zymosan-stimulated chemiluminescence was measured without Juminol.
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FIGURE 1. A and B are low and high power scanning electron micrographs of alveotar macrophages tavaged from rat:  .posed to filtered air, C

and D are low and high power scanning electron micrographs of afveolar macrophages lavaged from rats exposed o 20 mg/m3 of silica for 16
hr/day, 5 day/week for 4 weeks.
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phages obtained by pulmonary lavage. However, statistical
analysis revealed that this trend was not statistically sig-

oificant. In contrast, a statistically significant increase in . p
mean cellular volume of alveolar macrophages was noted

following inhalation of silica.

Table II lists the effect of inhalation of silica on various
functional parameters of alveolar macrophages. Exposure to
silica by inhalation did not alter the ability of alveolar mac-
rophages to exclude trypan-blue dye. Therefore, membrane
integrity of these phagocytes was unaffected by exposure. In
addition, silica exposure did not affect the secretion of su-
peroxide anion, or the generation of chemiluminescence
either at rest or in response to zymosar particles, These data
indicate no evidence of hyperactivity or loss of function of
alveolar macrophages from silica cxposed rats. However,
scanning electron microscopy demonstrated some loss of
surface activity following exposure to silica (Figure 1A-D).
Following silica inhalation, alveolar macrophages exhibited

silica on these pulmonary phagocytes. One theory proposes
that si{i&g causes lytic damage to alveolar macro-

(031 Such would release lysosomal en-
zymes which would damage alveolar epithelial cells. Another
theory proposcs that sifica-cxposed alveolar macrophages
are hyperactive, i.e., secreting excessive qu ngs es of
lysosomal enzymes and reactive forms of oxygen. Such
hypersecretion would also result in lung damage. To test
these hypotheses, we measured the membrane integrity and
secretory activity of glveolar macrophages after inhalation
exposure to 20 mg/m” silica for four weeks (Table IT). We
found no evidence for lytic activity of silica inhalation, i.e.,
exposure did not result in any change in the ability of alveolar
macrophages to exclude trypan-blue dye. Also we found no
significant hypersecretion of reactive species either at rest
or upon cxposire Lo zymosan particles, Jackson ef a™ also
found little decrease in viability of macrophages exposed to
silica in vitro. However, they found that silica decreased the
ability of alveolar macrophages to secrete supcroxide in

TABLE Il
Etffect ot Slica Exposure on Induction of Cytochrome P450-dependent Enzyme ActivltyA

Specifi Inducts Specif Taducsign
eciii nduction 1 ndu
E.xposuch A%tivit;‘c Valued Ar:’;%cvitgc Value
FA-CO 0.019 +/-0.007 0.330 +/-0.036

160 +/-5.7 12 +/-06
- BNF 0.280 +/- 0.100 0.410 +/- 0,190
Si -CO 0.019 +/- 0.006 0.190 +/- 0,019

140 +/-29 21 +/-03
-BNF 0250 +/- 0.046 0.400 +/-0.092

Avalues are means +/- SEM of three cxperiments.

BA.fter the rats were exposed to silica (Si) or filtered-air (FA), they were then injected with B-naphthoflavone (BNF) or corn oil (CO). Details

may be found in Methods.

CSpeciﬁc activity in nmoles/min/mg protein.

D’I‘he induction values are averages of individual values obtained from each group.

less spreading and less surface ruffling, i.e., many exposed
cells appeared rounded with fewer membrane projections.
In addition, silica-exposed cells appeared larger than con-
irol alveolar macrophages.

The results of the analysis of the two cytochrome P450-
dependent enzyme activities are summarized in Table III.
EPh’ase activity, in its constitutive as well as induced state,
was unaltered by exposure to silica. EC’ase, on the other
hand, appeared to exhibit an increased induction value fol-
lowing sifica exposure, and the increase was due to a
decreased level of activity of the constitutive form. Statistical
analysis revealed, however, the trend so described cannot be
considered statistically significant.

Discussion

Inhalation of silica should result in phagocytosis and thus
accumulation of silica within alveolar macrophages. There-
fore, several models for silicosis center around the effects of

response to stimulation. A closer examination of our data
reveals a similar trend. That is, although silica caused no sig-
nificant change in mean values for either superoxide release
or chemiluminescence, in two out of three experiments a
decrease in secretory activity was noted.

Our data indicated that the yield and purity of alveolar
macrophages was not affected by silica inhalation (Table ).
These data contrast with reports that silica exposure in-
creased the y'tggds,gf alveolar macrophages and leukocytes
from the lung.""”~*"? However, exposure in these studies was
via intratracheal instillation and the cellular response varied
widely depending on time after exposure.

The data with electronic cell sizing (Table I) and scanning
electron microscopy (Figure 1) indicate that alveolar mac-
rophages enlarged as a result of exposure to silica Thsgjse
data agree with results from intratracheal cxposure.(?‘s'

Scanning electron microscopY indicates that alveolar
macrophages exhibited decreased cellular spreading and
surface ruffling following inhalation exposure to silica
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(Figure 1). Such surface features have been related to
decreased phagocytic activi ‘Bf alveolar macrophages.(38-
39) In agrecment, Beck et have reported a decrease in
the phagocytotic ability of alveolar macrophages %er in-
tratracheal exposure to silica while Martin et @/*% ha
reported & decrease in the chemotactic activity of alveolar
macrophages after inhalation of quartz.

We also evaluated the in vivo effect of silica exposure on
normal metabolic detoxication reactions catalyzed by two
cytochrome P450-dependent enzymes, EPh’ase and EC’ase,
in pulmonary tissue. Lung EPh'ase is associated with the
xcnobi&%c metabolizing, nonconstitutive class of ac-
tivities,'” whereas EC'ase activity appears to represent a
mixed class of monooxygenase activities. The enzyme from
untreated rat lung responds to in vitro jnhibitors as a con-
stitutive, phenobarbital-induced, form.*!? Data from our
laboratory (unpublished) suggest not only that lung EC’asc
from untreated rats is the constitutive form but the activity
from BNF-treated rats is the xenobiotic metabolizing form.
Thus, in the current study, we are monitoring the BNF-as-
sociated increase in lung xenobiotic metabolizing enzymes
and a change in enzyme form.

It is important to recognize that it is not necessary to as-
sume a direct effect of silica on P450-mediated metabolism.
An cffect could be mediated by factors released from
phagocytes which are activated in response to silica ex-
posure. In liver, cytochrome P450-dependent reactions in
hcpatzgcytcs are modulated by particle-stimulated Kupffer
cells'® and the extraocllalgr contents of endotoxin-treated
peritoneal macrophages.®!) Alterations in normally occur-
ring ccllular or extracellular phospholipid ﬂfo have conse-
quences for cytochrome P450 activi}}r.( Since silica
exposure induces pulmonary lipidosis,*¥ such a mode of ac-
lion may be important in silica-exposed lungs,

Studies on the relationship between silica exposure and
microsomal P450-mediated reactions have taken many
directions. During their study on mcmbran& uptake of
benzo(a)pyrene (BaP), Lakowicz and Bevan™® observed
silica enhanced uptake of the particlc—boun(q ssomponnd. In
an in vitro study, Kandaswami and O’Brien'* found no ef-
fect of silica on the liver microsomal metabolism of BaP. In
the study described herein, we investigated the in vivo effect
of exposure to silica by inhalation on the levels of two
cytochrome P450-dependent enzyme activities. The results
suggest the constitutive level of lung EC'asc may have
diminished following the four-week exposure. The extent of
decrecase, however, was too small to be statistically sig-
nificant with the number of animals available for the study.
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Morphometric examination of lung alterations following
exposure to toxic and pathogenic substances is invaluable
jn detecting subtle changes which might otherwise be
overlooked. Results, from evaluation of initial structural
alterations, support and guide subsequent non-
morphological  techniques and, when coupled
appropriately, 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,
extent, 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/m’ silica
(Min-U-8il 10,95% of particles < 5um,n = 24) for 16 hours
per day, five days per week, for two weeks. Animals were
returned to the animal quarters prior to subsequent tissue
processing at 1, 4, and 12 weeks following exposure. This
schedule was designed to allow time for the development of
fibrosis. Lungs were fixed by intratracheal perfusion of 1/2
strength Karnovsky's fixative at a pressure of 20 em K20
and 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.

Introduction

Silicais 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 githcr following intratracheal instillation or inhala-
tion. !4 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 lung
following inhalation of silica. Use of these techniques per-
mits objective evaluation of structural alteration, permits
statistical testing of differences between control and
animals, allows structural data to be correlated with other
biochemical and physiological data, and can be a sensitive
method for detection of subtle differences in structural al-
teration.

Materlals and Methods

Animals

Male Syrian golden hamsters (90-110 g body weight ob-
tained from Engle Laboratories, Farmersburg, IN) were
used throughout the study, When not in the inhalation cham-
bers, animals were housed in the WVU Basic Science animal
quarters, given food and water ad lib and maintained on a 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
Hazelton HIC-1000 chambers. Both chambers received air
(10 Vmin) which had been filtered, cooled, dehumidified,
and reheated and humidified to 70°F, 45 percent relative
humidty. Animals were selected 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 particles < 5
um) was aerosolized using a TSI 9310 fluidized bed aerosol
generator and animals were exposed to 30 mg/m” of silica 16
hours per day, five days per week for two weeks, At one week
{N = 7), four weeks (N = 7) and 12 weeks (N = 8) follow-
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 fung. Note cellular

accumulation in atveoli. Silica treated animal 12 weeks
postexposure. H & E stained paraffin section. XBO.

General Morphologic Methods

All animals were anesthetized bya single i.p. injection (0.6
ml/100 g body weight) of 1.0 percent agueous 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 airway. 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-
er, pH 7.4) into the lungs was initated. This fixative was
selected since it has been shown to be satisfactory for light
and electron microscopy. Lungs were inflated against a con-
stant pressure of 20 cmm H20 for one hour at which time the
trachea was ligated and lungs, heart and other components
of the mediastinum were removed, immersed in fixative and
stored at 4°C overnight. Total lung volume (via fluid dis-
placement) and weights of right (apical, middle, caudal and
infracardiac lobes) and left (left lobe) lungs of each animal
were recorded,

After fixation, each lobe was dissected free and sliced
along the axis of the mgjor intrapulmonary airway from the
hilus to the periphery.’ Slices were taken from each lobe
for routine light microscopy (LM) (paraffin embedment and
staining of 5 um sections, taken at 1 mm intervals, with
hematoxylin and cosin, Slices from right caudal and left lung
lobes of cach animal were used for high resolution ligh&
microscopy (HRLM). These were gently minces into 1 mm
pieces, rinsed in phosphate buffer as above, postfixed in
Os04 for one hour, dehydrated in graded ethanol solutions,
passced 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
lueg lobe level % since approximately 100 pieces from in-
dividual lobes were mixed in vials of fixative prior to removal
of ten pieces for HRLM.

Morphometric Procedures

S%\dard point counting techniques as deseribed for the
lung'* were used. Point counting of all light microscopic
material was performed directly from glass slides using 5
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 vesscls and airways as well as
distal lung (respiratory bronchiole, alveolar ducts, sacs and
alveoli) in 10 ficlds/animal. The second level of analysis was
HRILM 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 septal tissue were
used to estimate Vy of cach. Surface density of alveolar
epithelium was estimated by counting intercepts of test lines
with the epithelial surface.

Arithmetic mean barrier thickness of alveolar septa 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 surfacc density of alveolar
epithclial cells.

Statistics

Statistical differences between experim&?tal groups were
determined 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.

FIGURE 2. High resolution light micrograph of hamster distal lung.
Cellular accumulation in alveoli and apparent thickening of
alveolar septa are present. Silica treated animal 12 weeks
%exposure. Toluidine blue stained epon embedded tissue.
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TABLE!

Effect of Silica Exposure on Hamster Lung

Time After Silica Exposure

Parameter Control 1 week 4 weeks 12 weeks

" Total lung volume (cm’) 499 +/-0.19 436 4017 A9 +/-016 584 +/-030°
Large airways (cm’) 046 +/-0.05 030 +/-002 049 +/-007 039 +/-005
Large blood vessels (cm’) 039 +/-0.03 036 +/-003 049 +/-003 044 +/-005
Distal lung (cm®) 414 +/-0.18 370 +/-016 381 +/-020 501 +/-025°
Distal lung airspace {cm®) 360 +/-0.13 314 4/-015 325 +/-019 415 +/-020°
Alveolar septa (cm’) 0.54 +/- 0.07 055 +/-004 056 +/-003 086 +/-009"
Alveolar mean linear intercept (um) 555 +/- 26 551 +/-2.5 5713 +/-23 506 +/-29
Septal thickness (um) 1.99 +/-0.15 045 +/-015° 247 +/-007 255 +/-019°

Values are mean +/- SEM

4gignificantly different from all other groups (® < 0.05).

bSipiﬁcmtly different from control (p < 0.05).

Light microscopic morphometric data are presented in
Table L 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 exposure, no sig-
nificant differences were seen between any of the controls
and therefore all control animal values were placed ina
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 scptal thickening and/or em-
physema, alveolar mean linear intercept (the average dis-
1ance 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-
texposure 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
determinations of the site and extent of alteration cannot be
obtained by these methods. 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
nonmorphological techniques and, when coupled ap-
propriately, can lead to a better understanding of the
pathogenesis of a discase. Morphometry is a technique
which can be used to determine, quantitatively, the site, ex-
tent, development and progression of a discase 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 ef a
reported that inhalation of silica lead to increases in lung
volume as early as four months postexposure. They did not
however, present data as to the exact cause 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 scen 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
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-
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creases in alveolar number in response t{) toxic inhalants has
been reported previously by Hyde et o/ X

Increases in septal thickness at all time points following
the termination of exposure may be an indication of either
mnterstitial 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 cxamination of the electron
microscopic levels. Data obtained at that level of investiga-
tion should enhance the understanding of the cellular and
tissue responses following silica inhalation.

Acknowledgment

This research has been supported by the Department of
the Interior’s Mineral Institute program administered bythe
Bureau of Mines through the Generic Mineral Technology
Center for Respirable Dust under grant number G1135142,

References

1. Martin, J.C., H. Daniel andt;.f IggougftzntT Short-
and Long-term Experimental Study of the oxicity
of Coal-mine Dust and Some of Its Constitucats,
Inhaled Particles IV, pp. 361-372. British
Occupational Hygiene Society, London (1977).

2. Dauber, J.H., M.D, Rossman, G.G. Pietra et al:
Experimental Silicosis: Morghologic and
Biochemical Abnormalities Produced by

Intratracheal Instillation of Quartz into Guinea Pig
Lungs. Am. J. Pathol. 101:595-612 (1980).

3. Martin, T.R,, E.Y. Chi, D.S. Covert et al:
Comparative Effects of Inhaled Volcanic Ash and
?uart)z in Rats. Am. Rev. Resp. Dis. 128:144-152

1583).

4. Wehner, AP, G.E. Dagle and M.L. Clark: Lung
Changes in Rats Inhaling Volcanic Ash for One
Year. Am. Rev. Resp. Dis, 128:926-932 (1983},

5. Dungworth, D.L., LW, Schwartz and W, Tyler:
Morphological Methods of Evaluation of Pulmonary
Toxicity in Animals. 4nn. Rev. Pharmacol, Toxicol.
16:381-400 (1976).

6. Rohr, ;l., M. Oberholzer, G. glartsch ?nd M., Keller:
Morphometry in Experimental Pathology: Methods,
Bascline Data and Applications. Int. Rqegvj.rExp.
Pathol. 15:233-325 (1976).

7. Weibel, E.R.: Stereological Methods: Practical
Methods for Bio!o{;:‘? Morphometry. Academic
Press, New York, NY (1979).

8. Winer, B.).: Statistical Principles in @Jeﬁmenral
Design. McGraw-Hill, New York, (1971).

9. Hyde, D.M,, M.Y, Stovall, A.Y. Kyhos and D.A.,
Samuelson: Estimation of Alveolar and Alveolar
Duct Number and Size in Nitrogen Dioxide-Induced
Emphysema. Acta. Stereol. 2:159-162 (1983),

180




Noninvasive Magnetopneumographic
Studies of Lung Dust Retention and
Clearance in Coal Miners

ALLAN P. FREEDMAN, M.D,, FA.C.P.,,
F.C.C.P. " and STEPHEN E.
ROBINSON, Ph.D.

Apirector of Pulmonary Laboratories,
Presbyterian-University of Pennsylvania-
yledical Center, Philadelphia, Pennsylvania;

Senior Scientist, Biomagnetic Technologies,
Inc., San Diego, California

Coal mine dust has ferrimagnetic properties. In 2289
samples of respirable coal mine dust, we found a
concentration of ferrimagnetic mineral (FM) equivalent to
0.45 percent (og = 1.1) magnetite,

Magnetopneumography (MPG), a noninvasive technique
for the amount and  distribution of
ferrimagnetic mineral dust in the lungs, was used to study
53 recently retired underground coal workers. No
correlation of lung dust with years underground was found,
though we did find an inverse relationship of lung dust
burden to smoking history, suggesting reduced alveolar
deposition in cigarette smokers,

Twenty-six retired miners were restudied at an interval of
one year and 13 measured again at two years. At one year,
seven showed no clearance of FM lung dust. The clearance
T 172 for 19 others was 63 +/- 66 months (range 9 - 134),
There was no correlation of T 1/2 with work history, time
retived, age, pulmonary function, or degree of X-ray
abnormality. Those with cough, phlegm or dyspnea had
slowing of clearance of mine dust from deeper lung regions.
At two years, seven miners had no detectable clearance, and
T 1/2 for six others was 115 +/- 93 months (range 45 - 262
months). These values are similar to animal and autopsy
human studies and may suggest a cytotoxic role of coal mine
dust in slowing alveolar clearance,

Introduction

Magnetopneumography (MPG) noninvasively measures
the relatively small net remanent magnetic field due to the
alignment of the individual dipolar magnetic momen&of fer-
fimagnetic particles by a bricf DC magnetization. Mag-
netite (FeO Fe203) and maghaemite ( 7 -Fe;03) are
thought to be the predominant ferrimagnetic minerals (FM)
present in coal mine dust.(? None of the body’s endogenous
organic iron compounds bas ferrimagnetic properties.
Therefore, it is safe to assume that all measured FM in the
body originates from exogenous sources, primarily inhala-
tion of environmental dust particles. Total lung dust content
can be derived from measurements of ferrimagnetic dust,

when the average fraction of magnetic mincral in the
respirable dust of a given occupation is known.,

The retention of large amounts of mincral dust in the lung
may be associated with lung discase, termed
poeumoconiosis. Although lung damage can be medically
assessed, actual lung dust content could not be noninvasive-
ly measured before the advent of MPG. MPG has been used
for assessing the retention of occupationally acquired lung
dust in welders, coal miners, foundry workers, and
others. > MPG assessment of asbez&i accumutation in the
lung has met with variable success.\"®) Additionally, MPG
has beean used to estimate the clearance half time of welding
fume from cross section?; human studies and to directly
measure it in a rat model. %)

Our initial MPG studies found 3 of 14 active bituminous
underground coal miners and 11 of 21 retired disabled
miners to have elevation of FM compared to 20 rural control
subjccts.(g) We were also able to discern the accumulation
of dust present in the central lymphatic structures. A second
cross sectional study showed that 17 of 71 underground
bituminous miners (60 active and 11 retired) had FM levels
in the lungs greater than 22 of 23 control subjccts.(“) No cor-
relation with years mining underground, job category or
cigarette smoking history was found, Few of the miners had
X-ray changes of pneumoconiosis. Also, there is no way of
quantitating their past dust exposure.

We now report measurcment of the thoracic burden of
FM and its clearance in a larger group of retired coal miners.
Analysis of the FM contribution to coal mine dust wiil also
be presented,

Methods
Coal Mine Dust

Two thousand, two hundred and cighty nine (2289) coal
mine respirabie dust filter samples weighing over 0.5 mg
were randomly chosen from all dust samples collected by the
Mining Safety and Health Administration over a one-month
period in Pennsylvania and West Virginia, The dust laden
filter was dissected out and mounted on a nonmagnetic
medium. Measurement of FM was carried out on these
samples and on similar samples with known concentrations
of magnetite. Results were expressed as percent equivalent
magnctite. Comparison of groups was performed with a two-
tailed test of significance.

Retired Underground Coal Miners

Coal miners were screened to eliminate those with sig-
nificant exposure to welding fume or other ferrimagnetic
dusts. A detailed occupational and smoking history as well
as an informed consent were obtained from each subject.
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The 53 recently retired miners had a 33 + /- 9 years under-
ground work history and had been retired for an average of
6 +/- 4 months, Although 30 had some degrece of
preumoconiotic abnormality, only five were greater than
category 1. Their smoking history averaged 14 + /- 25-pack
years, Spearman’s rank correlation and Student’s t test were
used to assess statistical significance of observation,

Magnetopneumographic Measurements

MPG measurements were made over the posterior chest
on agrid of 3x3 points using a 7 cm grid interval. The spinous
process of the 7th cervical vertebra was used as a fixed
anatomic reference for the scan, A localized-ficld MPG
technique previously described was employed. ({%!D The
rcmanent magnetic field was measured using a 4.4 cm
diameter second order SQUID gradiometer of 8 cm
baseline. The SQUID, in conjunction with an 11.2 ¢m
diameter water-cooled electromagnet generating 135 milli-
Tesla DC at the skin, had a measured sensitivity of 713 pico-
Tesla/mgfliter. This was based on phantom lung and chest
wall models. Partial magnetic erasures were employed to as-
certain the distribution of ferrimagnetic mineral within the
lung and thereby permit distinction between superficial and
deeper concentrations, The values for remanent magnetic
ficld of the nine Jocations were used to derive mean values
for total lung and the contributions of outer, middle and
deep lung compartments.

Clearance Calculation

For purposes of clearance calculation, day zero was con-
sidered to be the day of retirement. The second measure-
ment of total lung FM was performed either 390 or 430 days
after the first and the third measurement was performed 820

days after the first. Twenty six of the 53 initial subjects had a

second measurement and 13 had a third measurement per-
formed,

Results
Coal Mine Dust

As can be seen from Figure 1, 2289 coal mine respirable
dust samples had a mean FM content expressed as
equivalent magnetite of 045% +/- 0.90% (mean +/- s.d.).
Geometric mean of FM content was (.22 percent with the
geometric standard deviation of 1.20. No significant dif-
ference was seen in FM content between Pennsylvania and
West Virginia samples.

There was a significant difference in FM content when
classificd according to job category, as could be seen in
Table 1. Percent equivalent magnetite of dust breathed by
underground face workers was 0.29 percent, of underground
nonface workers was 0.71 percent, of transportation workers
was 2.31 percent, and of surface occupations was 0.83 per-
cent. A similar distribution was seen when analyzed by
sample type with percent magnetite of high risk samples 0.24
percent, of intake air 0.61 percent, of face 0.36 percent, of
nonface 0.98 percent, and of surface air 0.82 percent.
Mechanics, track men and motormen have the highest per-
cent FM in surrounding air, but these are workers likely to
be exposed to welding fumes which are highly ferrimagnetic.

Magnetopneumographic Measurements

The mean value of the remanent field ranged from 9 to
279 picoTesla (pT) witha mean of 48 + /- 53 pT. This is much
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highcrthanthem +/- 19 pT obtained from similar measure-
meats of 28 urban dwellers studied by us.

No corrlation was found with years underground mini-
ng bistory, despitc an attempt to correct MPG measure-
ments for clearance during time retired using mean
clearance half time for the group studied serially. A negative
correlation was found with pack-years (the product of
average packs per day smoked mulnphedbyyearssmokmg
history) of p < 0.01. There was no corrclation with cigaret-
tes smoked per day or with total years of cigarette smoking,
There was no correlation of remanent field measurements
with symptoms of cough, sputum production, wheczing or
shortness of breath, However, there was a significant nega-
tive correlation (p < 0.05) with symptoms of sinus disease.

There was a positive correlation between the forced vital
capacity expressed as a percent of predicted and the
remancnt field measurements reaching a significance of
p < 0.05. No correlation was seen with the forced expiratory
volume in one second expresscd as a percentage of the
forced vital capacity or with the maximal voluntary ventila-
tion. There was no correlation of the remanent field
measurements with pneumoconiotic category of the chest X-

ray (Table II),
Clearance Calculations

Of the 26 retired miners restudied at an interval of one
yeat, seven showed no clearance of lung dust. The clearance
T 1/2 for 19 others was 63 +/- 66 months (range 9 to 134),
There was no correlation of T 1/2 with work history, time
retired, age, pulmonary function or degree of X-ray abnor-
mality. As can be scen in Table IT, the clearance tended to
be slower from both superficial and deep lung regions than
for the mid lung regions. The T 1/2 from the deep lung was
significantly correlated with degree of wheezing,

At two years, Bminerswcremcasuredagainandscve_n
miners showed no detectable clearance. The T 1/2 for the six
others was 115 +/- 93 months (range 45 to 262).

Discussion
Coal Mine Dust

Sincc MPG measures the FM fraction of lung dust, ex-
trapolation of MPG measurcments to quantitation of total
lung dust requires accurate knowledge of lung dust composi-
tion. From Table 1, it is evident that the FM fraction of
respirable coal mine dust is fairly constant within job
categorics. In a monitoring program, sampling of the dust in
the working environment wouid ideally proceed in tandem
with MPG measurements of the worker.

The higher ferrimagnetic activity of dust from nonface
sites and the further increase at transportation sites probab-
ly reflects contamination with rock strata and welding fume.
Since welding fume may contain up to 30 percent FM, its
presence in the lmﬁ)will overshadow the contribution to FM
of coal mine dust.\'’ Additionally, workers may be exposed
to pure magnetite at tipple sites using magnctite for gradient
scparation of coal.

A final consideration is the in vive stability of the FM frac-

tion of mine dust. Though iron oxides are relatively in-
soluble, () there is inferential data suggesting its slow
sotubilization.!3) Unpublished data from cur laboratory

regarding measurements on dust extracted from autopsied
coal workers’ lungs snggest that the contribution of FM may
decline with time,

Magnetopneumographic Measurements of Lung FM

Approximately 25 percent of the retired underground
coal miners had FM levels outside the 95 percent confidence

TABLE)
Ferrimagnetic Mineral Content by Job Classification

% Magnetite
All Samples (2289) 045
West VA 1673) 0.44
Pe 616) 0.49
Face Workers  (1707) 0.29
Non-Face 329) 0.71
Transport 733 231
Surface 139) 0.83
Supervisory 40) 0.80
High Risk 978) 0.24
Intake Air 16) 061
Face 711 0.36
Non-Face 424; 098
Surface 141 0.82

S.D Geom, Mean Geom. S.D.
0.90 0.22 1.22
0.91 0.20 1.20
0.87 025 1.10
0.39 0.18 091
1,15 033 1.32
2.46 0.61 2.85
1.52 0.26 184
1.29 043 1.05
0.28 Q.16 0.89
0.98 0.28 1.26
0.48 .23 0.88
1.59 0.37 164
1.5 0.26 1.83

- can be seen that the magnetite content of respirable coal mine dust is lowest st the face and highest in transportation, with non-face and surface

locations having intermediate magnetite
the constancy of magnetite within dust

tevels. Because of the non-gaussian distribution of the data, the geometric 3.D. is the best measure of
samples from a given job category within the mine.
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TABLE B
Retiring Bituminous Coal Miners Study

Code Remanent Years Time Chest Smoki
Name Field Under Retired X-Ray** Pack-Years
Delbow 29 pT 16 6 Mths 1 0
Xirhen 235 33 9 Mths 2 0
Rayjoh 169 3 Mths 2 2
Ewagle 143 39 11 Mths 3 0
Waltyoul 108 36 6 Mths 2 0
Josbaluh 102 29 6 Mths 0 0
Wi e 88 35 13 Mths 8 3
Samyoul 82 12 6 Miths 0 0
Gerray 74 42 3 Mths 3 5
lerorga 64 0 5 Mths 1 0
Orlafava 62 40 1 Mth 5 15
Mo 55 4 Mths 3 2
Juljesso 54 42 3 Mths 1 1
Jogorohy 52 33 21 Mths 1 2
oh 51 26 8 Mths 2 0
Robkrich 48 44 6 Mths 3 23
Mikmcke 48 42 9 Mths 0
Paulpetr 48 10 0 Mths 1 1
Henrknig 40 47 3 Mths 3 0
Noacha 40 33 0 Mths 4 6
Jamdevin 39 29 1 Mth 8 0
Koplou 39 41 7 Mths 1 17
Rudmilov 38 44 6 Mths 1 10
Stebasey 37 1 Mth 2 10
Frangord 36 35 9 Mths 2 46
Bormik 30 49 2 Mths 6 0
Donashou 29 28 8 Mths 3 0
Vancross 28 13 12 Mths 0 24
Charstre 27 33 6 Mths 11
Simmic 26 42 4 0
Charburk 26 21 3 Mths 1 0
ramayan 25 11 17 Mths 0
Blyken 24 21 0 Mths 2 105
Robcarls 22 15 6 Mths 3 132
Shifor 22 37 3 Mths 5 23
Hajmik 22 32 1 Mth 3 28
Benmik 22 38 7 Mths 2 8
Mckjoh 21 30 7 Miths 0 4
Stevepov 21 41 1 Mth 3 19
Mongeo 21 40 5 Mths 0 28
Donatch 20 40 5 Mths 3 45
Strsta 19 25 7 Mths 2 0
Sharus 17 26 7 Mths 0 13
Richmoro 17 42 0 Mths 2 12
cageo 16 5 7 Mths 0 9
Giopet 16 32 8 Mths ] 3
Sheste 15 34 7 Mths 2 0
Robebrod 15 31 4 Mths 3 0
Elliharr 12 33 6 Mths i 10
Chersene 1 36 6 Mths 0 49
Rotjac 10 38 7 Mths 2 11
Andrmcke 9 37 5 Mths 0 9
Johnshab 9 35 2 Mths 26

* Urban control subjects were 20 +/- 19 pT; n = 28,

** Based on a scale of ILO category 1/1 = 3,

interval for urban controls. This is similar to two previously The failure of lung FM to be predicted by years under-
reported groups of workers that we have studied.®*® This ground mining is not surprising. Not only do coal miners have
may be a falsely low prevalence of elevated thoracic FM, as | a wide range of past dust exposure levels, but there are in-
rural dwellers would probably have less FM in their lungs | dividual differences in deposition efficiency and dust
than our urban controls. clearance kinetics, (11415
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The lack of correlation of lung FM with ILO category of
pneumoconiosis is unexpected in view of reported autopsy
studies.*) However, only five of the miners in our study had
greater than category 1 abnormality, so the spectrum of coal
workers’ pneumoconiosis is not adequately represented.

The marked inverse relationship of lung FM to smoking
history is most interesting, Decreased alveolar deposition of
dust in bronchitic subjects is well known and is thought tob.e
duc to airway narrowing and consequent increased ldgpom-
tion in the bronchial trec proximal to the alveoli.(1”) This
would then represent a sign of airway damage from cigarette
smoking, though indices of airway obstruction
(FEVY/FVC% and maximal voluntary ventilation) were not
related to lung FM. There was also no relationship seen of
lung FM to subjective symptoms of cough, sputum produc-
tion or wheezing, though there was correlation with the
presence of symptoms of paranasal sinus disease.

Finally, pulmonary function tests were not predictive of
FM in the lung, except for the correlation of FM with forced
vital capacity as a percent of predicted. The reason for this
isunclear, though it may relate to reduction in deposition ef-
ficiency of dust in damaged lungs.

Clearance of Lung FM

Lung FM clearance T 1/2 over the first year of obscrva-
tion was 63 +/- 66 months in 19 miners, with sevea others
having no discernible clearance. This is longer than valucs
from human studies after a single exposure to dust, but we
are looking at the final steps of alveolar clcar?nce fgr dust
acquired during the years before retirement 111819 Qyr
data ar(c consistent with calculations based on autopg
studies, 221) and animal data on coal dust clearance.
Morrow raised the question of coal mine dust being cytotoxic
and impairing its own, clearance, but our data in a rat model
do not bear this out.(*

The lung FM clearance T 1/2 based on two years of ob-
servation was 115 +/- 93 months in six miners, with seven
others having no discernible clearance. This apparent slow-
ing of clearance l%ﬁ the hypothesized very long phases of al-
veolar clearance.™) The lack of correlation of clearance T
172 with work history and X-ray abnormality is not unex-
pected, as there is little physiol?ﬁic dcrangement in simple
coal workers’ pneumoconiosis.!? Its lack of correlation
with cigarette smoking history, respiratory symptoms and
pulmonary function tests does not fit with the reported ef-

fect of airw struction causing slowing alveolar
clearanoe.h’lf&‘?g?

Compartmental Analysis of FM Clearance

As can be secn in Table III, clearance from superficial
and deep lung regions was siower than from the middle of
the lung. This is consistent with the known pattern of dust
clearance to subpleural and central lymphatic tissue an(q Nas
seen in our laboratory studies of magnetite clearance.(!!

Conclusions
L. FM is consistently present in coal mine dust and its

concentration is predictable within job categroies.

2. MPG is capable of noninvasively measuring
accumulation of lung FM in coal miners, many of
whom have higher levels than control subjects.

TABLE it
Compartmental Clsarance at 1 Year
Superficial Lung 43 +/- 43 months (n = 12)
Middic Lung 23 +/- 9 months (n = 8)
Deep Lung 44 +/- 39 months (n = 13)

3. MPG is capable of measuring the clearance of lung
FM from g:al workers.

4. MPG is therefore suitable for the noninvasive
monitoring of coal mine dust accumulation of the
lung and its clearance.
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In recent years there has been increasing interest in the
discase mechanism and clinical treatment of silicosis,
poneumoconiosis, and silico-pneumoconiosis of miners in
China. A lot of in vivo and in vitro bio-ass