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““FOREWORD

L

This volume conlalns publicallons resuliing from respirable dust research performed In
(he Generic Mineral Technology Center for Respirable Dust by facully, stafl and graduale
sludents al The Pennsylvania State Unlversily, West Virginia Universily, Universily of
Minnesola, and Massachusells Institule of Technology. These publications have
appeared in sclentific journals, proceedings of the national and international

symposiums and meelings. Compiele cllations of (he publications can be found tn the -

text. The Generic Mineral Technology Center for Respirable Dust is funded by Lhe U.S.
Bureau of Mines through the Mining and Mineral Resources Research Insliluie Program,
The opiniotts and conclusions expressed In {he papers are those of (he authors alone and
do not represent (he opinions of the Generic Mineral Technology Cenler for Respirable
Dust, the Mining and Mineral Resources Research lustitule Program or the U.S. Bureau of
Mines. Citation of manufacturers’ names tn the papers were made for general
information purposes, and do nol Imply endorsement of the producls by (he authors,

All of the publications In this volume are on rescarch that has been supported by the
Department of the Interlor's Mineral Instilule program administered by the Bureau of

‘Mines through the Generic Mineral Technology Center for Respirable Dus{ under
- allotment grant number G1135142 or G1175142, . D ,

In addlifon lo these papers, a dusl conference was organized by the Center and held at
West Virginia Universily in October 1984. The conference was co-sponsored by ACGIH,
MSIIA, NIOSII and USBM. Proceedings from (his conference are avallable in the

publicalion, Coal Mine Dust Conference, 1984. The generic cenler mainiaing a reference

center thal serves as a clearinghouse for lechnical information for the generic area and
supplies reports on generic center accomplishinenls, :

The supporl from (he Unlled Slates Congress for the Generlc Mineral Technology Cenler
for Respirgble Dust Is gratefully acknowledged. We also acknowledge and appreclale (he
support and inpuls from USBM, NIOSII, MSHA, the Research Advisory Councl], and Lhe
Commiiltee on Mining and Mineral Resources Research which have significanlly
conlribuled to {he activilles of (he Generic Mineral Technology Center for Respirable

- Respectfully submitied,

Robert L. Frantz

Co-Director, Generle Mineral
Technology Center for Respirable Dust
Co-Editor . 5

R. V. Ramanl

Co-Direcior, Generic Mineral
Technology Cenler for Respirable Dust
Co-Edlilor




THE RESPIRABLE DUST CENTER
Excerpted From The - '

1988 UPDATE TO T1IE NATIONAL PLAN
FOR
RESEARCH IN MINING AND MINERAL RESEARCH

Report to: December 15, 1987

The Secretary of the Interlor

The President of the Untled States

The President of the Senate

The Speaker of the House of Representatives

- Section 9{e} of Public L.aw 98-409 of A: 1gitst 29, 1984, (98 Slat. 1536 et seq)
mandates (hat the Cotumiliee on Mining and Mineral Resotirces Research submit an
annual update (o the Natlonal Plan for Research in Mining and Mineral Resources;
“lproving Research and Educaiton In Mineral Science and Technology through
Governmeunt-(Federal, State and Local), Industry, and University Coaperalion,”

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

Respirable Dust (centered at Pennsylvania Siale U. and Wesi Virginla U., wilth ailiates
at U. of Mlnnesota and Massachusetls Institute of Technology): brings togelher expertis
concerned with pariicles caustng pofentlally disabling or fatal discases, including
pneumoconiosis ("black lung"), silicosts, and ashestosts, e lalter of deep concern not
Just to workers tn the mineral seclor of the econonty bul also to the general populace,

.................... 7 .

ndustry Naticnal Science
' Foundation

Ca

Don L, Warner Walcer R, Hibbard, Jr.

- R laz l Ma} @f‘“}é‘i‘.‘&ﬁ‘

University Administ:acor Rationsl Academy of Cculogiea.l
Sciances Survey
Z/’éfzﬂ/ M esen
/dos . Crovley C. Calhoun, Jr, ka D, Morg V
University Administrator tionzl Acadewy of Engineering (Buresu of Mine

Edvard 8. Fr s Orma Lewvie, Jr,
Mining Indust Conservarion Commniry
7 COCBAIR Water & Sciencs
U.5. Dapartment of
tha Interior
viti _ COCHAIR

{4&3‘7/ aeg
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THE RESPIRABLE DUST CENTER
The Generic Mineral Technology Center for Respirable Dust

SUTE OF SAMPLING AND DUST SUITE OF
CHARACTERIZED GENERATION METHODS MEDICAL TESTS
DUST SAMPLES
1. Anthracite Dust/Lung Interaction 1. Rats
(Low Volatile)
2. Bituminous Particle Characterization 2. Guinea Pigs
(Medium Volatile)
3. Bituminous Mine Workers. Mining Svstem. 3. Dogs
{High Volatile) Seam Geology Dust Relationshin
4. Fireclay Respirable Dust Dilution. 4. Non-Human
Trangport and Deposition Primates
5. Sflica Control of Dust Generation 5. Black Lung
Patients
6. Rockdust 6. Healthy
People
SIZE, CHEMICAL AND
MINEROLOGICAL ANALYSIS :
§
Statement of Goal .

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




CHARACTERIZING FRACTURE TYPES IN ROCK/COAL SUBJECTED TO QUASI-STATIC
INDENTATION USING ACOUSTIC EMISSION TECHNIQUE

A. Wahab Khair

Associate Professor
Mining Engineering Department
West Virginia University
Morgantowm, WV 26506

INTRODUCTION

Geologic materials emit transient noises when stressed /1/. The rate
and pattern of these transient noises or acoustic emissious (A.E. hereafter)
depend on the stages of deformation of the material /2/. It has been demon- -
strated that rock/coal fracture processes under stress consist of three distine-.
tive stages--crack initiation, propagation and ultimate fracture—-and that
coalescence of numerous cracks leads to ultimate failure rather than the
propagation of a single crack /2,3/., This paper presents an analvsis of

fracture formation in rock/coal specimens subjected to straight wedge indentors
using A.E. technique,

EXPERIMENTAL STUDY

The effect of specimen geometry, wedge indentor angle, confining pressure,
and material anisotropy on fracture type (tension, extension, and shear crack),
fracture length, and fracture intensity were studied. Two types of material
mainly Berea sandstone and Coal Berg Mn. 2 cral were used in this study. Prior
to the experiment the mechanical properties of both sandstouwe and coal were
determined using rectangular specimen (Figures 1 a) in standard compression tests
and are given in Table 1. In this study cylindrical and rectangular specimens

Table 1. Mechanical Properties of the
Rock/Coal Materials

it (1 psi = 6.89 KPa)
a
? N Raterial Lomureitive Stromgth Toung' £ Modwlus Poivsens Patin
} (osi) £20% £51)
) T, T L A S . 1 3
’ finck 0 100 %l g4 P4 2.1) @07 Q.07 D%
Cal B M Mo0 088 116 050 0.3 6.2 B.s)

5
3
P 8. 0M y dmdichtes the directiont srrorsdiculer to the Wedding, face
€1eat o and butt clest planst, rospectively,

Fig. 1. Instrumented specimens.

were first prepared to proper dimensions of 2 in. x 1.5 in. and 3 in., x 1.5 1in.
x 1.5 in. (5.08 cm % 3.81 em and 7.62 cm x 3.8l em x 3.81 cem), respectively and

then instrumented with SR-4 strain gages as shown in Figure 1, Tﬁe instrumented
specimins were then tested undar four distinct load boundary conditions as

jllustrated in Figure 2. During a typical experiment the instrumented specimen
was placed In a specially designed loading jig (Figure 3) where a predetermined

Presented at the Second International Conference on
Acoustic Emission, Morgantown, W. Va.. 1985.
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LOAD

CONE
Wl L FHIT T TETIIF 7 irvii
Fig. 2. Test specimens and load Fig. 3. Confining chamber and failed
boundary conditions. specimen,

lateral pressure was applied mechanically to the specimen by adjusting the inner
plate of the confining chamber via screw while monitoring strains in the
specimen. Using rock/coal elastic constants and measured strains, a predeter-
mined lateral pressure was applied to the specimen. Then a vertical load was
applied by the straight edge of a wedge indentor attached to the upper platen

of the universal loading machine via ball and socket arrangement (Figure 4).

The arrangement allowed uniform application of load in a straight line manner on
the surface of the specimen. During the rest a aumber of parameters namely
strains, load and A.E. rates were recordad (Figures 5a-b).

wEOAL AndLd W
L

Spharical 1

cppac Platar
weage lnaeat
A.E. Tranadu
Speciman

botcom Flace

Load Call

!:"““
{
i
i

..

Fig. 4. Experimental setup. Fig. 5. a. Force-strain curve;
b, Load-A.E. race curve,

Results

Figure 5a illustrates deformation characteristics {strains-load history)
of specimen during test where gage Gl located act the edge of the specimen close
to the wedge indentor and gage G3 indicates strain ar the center of the speci-
men (Figure lb-c)}. Figure 5b indicates fracture formatien in the specimen as
. depicted by the A.E. rate (load is 2000 lb/division (907 kg/division), a.E,
rate 999 counts/0.25 sec. at 68 db, chart speed is 4 cm/min). Fracrure
initiation and extension are exhibited by the higher rate of A.E, By adjusring
the offset due o the super imposition of recorder's pens, the higher rate of
A.E. coincides with drop in magnitude of load, juwlicarting fracture propagation.

1




CHARACTERIZING FRACTURE TYPES IN COAL/ROCK

The larger the fracture the larger the drop in load level ceon be observed and
that coincides with the higher rate of A,E. Rock/coal chip formation were
assoclated with crack development in the specimen and the sizes of these chips
were directly proportional to the sizes of the eracks, and therefore to the rate
of A.E. A higher A.E. activity at a lower rate was indicative of micro-size
crack development in. the test specimen lead to the formation of fine particles
(crushed material). These facts were substantiated by visual observations

and photegraphs of the tested specimen.

The results of tests on cylindrical specimen indicated that the mode of
failure in the specimen is affected by the load boundary condition. Under flat
wedge (B = 90°) it is called diametrical compression test (Brazilian test) where
failure of the specimen predicted by the elastic theory initiates from the center
of the specimen due to the development of high tensile stress and fracture
_propagates toward the edges (loading platens). The magnitude of tensile stress
is maximum at the center and decreases toward the edges. This fact has been
substantiated by the magnitude of the strain in the specimen as depicted by the
strain gages (Figure 6A-a). Fracture formation in the specimen is characterized
with less activity and lower rate of A.E. prior to failure (Figure 6A-b).
Decreasing the wedge angle (B '= 60°, 45°, 20°) changes load boundary condition,
consequently changing the mode of failure in the specimen from pure tension to
mixed-mode tension-extension. Figure 6B-a illustrates deformation history of a
cylindrical specimen under 20° wedge indentor. Gage {Gl) in Figure 6B-a
indicated compressive strain at early stage of loading and increasing hipher
tensile strain rate prior to failure and contrary to the behavior exhibited inm
Figure 6A-a., However, magnitude of tensile strain was highest at the center of
the specimen, indicating tension and at the edge (under the indentor) was exten-
sion. A.E. pattern exhibited higher activity prior teo the failure of the
specimen indicative of localized crushing of the specimen due to high stress
concentration under the wedge indentor (Figure 6B-b).
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Fig. 6. Force-strain (a) and Load-A.E. Fig. 7.
rate curve (b); A - Brazilian '
Test; B - Indentation Test.

Failed specimens (a. B = 20°,
b. 8 = 60°) and Load-A.E,
rate curves (¢c. 8 = 20°9,

d, B8 = 60°).
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The result. of the tests on rectangular specimen of Berea sandstone indicated
that the cypa of fracture formation (intensity and sizes) and moda of failure in
the specimen 1s a fuaction of wedge indentor angle {8) and lateral confining
pressure. At zero lateral confining pressure failure of the specimen under
indentacion loads (g = 20°, 45°, and 60°) were in extension mode and character-
ized by a major fracture preceeding high A.E. activity (Figure 7a-d). However,
A.E. activity was higher using smaller wedge angle (8 = 20°) than the larger one
(8 = 60®), This fact is probably associated with micro~crack formation due to
high stress concentration under 20° wedge, while under larger wedge (8 = 60°)
surface crushing of the specimen may occur., Increasing lateral confining
pressure altered mode of fallure in the specimen, and consequently affected the
type of fractures. Generally ar lower confining pressure failure of the
specimen was characterized by a single major crack more or less parallel to the
direction of the indentation load and failure mode was in extension. As the
lateral confining pressure increased minor and major fractures preceded failure
of rock and resulted in rock chip formation (Figure 8a-h). The chip formation
caused by tension cracks while failure of the specimen were in shear mode. The
magnitude of chip formation Iin the tested specimen decreased prior to failure
as wedge indentor angle B increased. This fact is evident if comparison between
failed specimens and their associated A,.E. rate characteristics were made
(see Figures 8, c¢—d and g-h).

The effect of anisotropic properties of material on fracture formation was
analyzed by testing coal specimens where the.indentation load and confining
pressure were applied perpendicular to the face/butt cleats and the strains were
measured on the bedding planes of the specimen. Some typical measured parameters
and associated tested specimens are presented in Figures 9A-B. Fracture formaction
in the tested coal specimen was similar to rock specimen at zero lateral confining
pressure and fallure in the specimen were in extension mode. However, the rate
of A.E. during fracture formation was higher than in the case of rock specimens
(Figures 9A a-b). This fact could be due o the existence of micro-crack,
discontinuities and flaws within the coal specimens, lower rate of loading and
higher gain set (70 db). Chart speed in this experiment was kept at 16 cm/hour.
The presence of cracks, flaws, material idhomogenuity and stress concentration
within the specimen were identified using holograpby /4/. The existence of these
- mlcro-cracks has affected the strain distribution within the specimen especially
undey higher confining pressures, where erratic behavior is exhibited by the
strain gages (Figures 9A c-e). The coal specimens were instrumented with five
strain gages where G2 was positioned at the edge of the specimen under the wedge
indentor and Gl at the side of G2 and G3, G4 and G5 were below G2, All gages
were perpendicular to the direction of indentation load except G5 which was
parallel (Figure ld}. The effect of wedge angle (8) on fracture férmation in
tested coal specimen was similar to those results described in the case of rock
specimens. Wedge indentor with larger angle (B) produced larger crush zone in
the specimen during fracture formation, which was accompanied by higher A.E,
activity prior to the failure of the specimen (Figure 9A c-e). Failure charac-
teriscics of coal specimen under indentation load and lateral confining pressures
were different than the rock specimens tested. Failure of coal specimens was
accompanied with less minor cracks and more of crushing and the mode of failure
was extension. At high lateral confining pressures failure of the.specimen .
preceded higher degree of crushing and it was in extension wode (Figures 94 e-f),
however the failure plane was perpendicular to the direction of indentation load,
along the bedding plane. Type of fracture, intensity, and length of fractures
are obvious from the cbservation of failed specimen (Figure 9B a-f). The

characteristics associated with these fractures are well demongtrated by the
A.E. rate and patterns as illustrated in Figures 94 a-f.
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CONCLUSIONS

The results of tests indicated that A.E. technique is a very useful method
to characterize fracture formation, type, intensity and failure modes in
rock/coal specimens subjected to different load boundary conditions, Very high
.rate of A.E, indi¢ated major crack formation whereas high A.E. acciviry
indicated the intensity of fracture formation resulting in production of chip or
larger fragment sizes. A lower A.E. rate accompanied by high activity indicated
localized crushing of the specimen which lead to the production of fine size
particles,
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Corr‘alalion of fragmenl: iiz.e.diatributionat‘u'ld fracture surface in coal cutting under
various conditions )

A. WAHAB KHAIR and W. M. DEVILDER
Depariment of Mining Engineering, ‘Wesi Virginia University, Morgantown, WV. 286506

ABSTRACT - ' : S L

This paper presenis an analysia of fragment size distribution and characleristics
of fracture surface in coal cutting using a rotary coal cutting simulator. Coal
cutting by a drum type continuous miner was simulated in Lthe laboratory. A smeries
of tesis along both the face and butt cleat direction of coal under differsnt
operating and in-silu conditions were performed. In each experimeni the cul
surface was photographed microscopically and the coal cuttings were collected and
gized. Data were used to show how and io what extent various parametiers effect
size distribution of the coal cutting and how thia correlates with the characteristics
of the fracture surface. This study resulted in establishing a number of distinct
correlations between the size distribution and fraciure surface. These correlations
were primarily based on the degree of interaction between adjacent bila and the
amount of bit-coal interaction taking place on the cutting path. Some of the major
resulte of this study are as follows: < -

Zones of bit-coal interactions proved vital toward understanding the effecl. the
conical bit has on the fragmentation prccess. This in turn led to the identification

of areas which are responaible for the production of fines and generation of
respirable dust. :

The various parametsrs employed in the coal cuiting experiments which showed =
strong effect on the coal fragment size distribution werse: bit type, bit spacing,
depth of cut, in-situ atressee, and cleat orientation. Bit angle and cutting head
velocity exhibited the least effect and no correlation was eatabligshed.

From this study it is obvious that the key to achieving efficient coal fragmeniation
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 limite the amount of
gsecondary crushing that takes place in the bit path thus resulting in decreasing
fines and consequently, the amount of respirable dust generated. '

INTRODUCTION

Over 2,000 continuous mining machinee (introduced in the 1950’s) equipped with
conical bits or point attach bits account for well over half of the United States’
production from underground coal mines. Today, competition in the coal industry
has increased, due mainly to coal market conditions and legal restrictions, thus
placing an emphasis upon increasing productlion, efficiancy mnd health/safety of the
workers. Mine operatora are always interested in finding the most sfficient

_ performance of continuous mining machinery to produce the largesi amouni of size of

coal at the lowest cost. An increass of fine waterial sent to the cleaning plant can
seriously overload the plant io the exient that plant efficiencies detsriorate
significantly (1). Aleo, the difficulty and expense of cleaning very small particles
ofien cannot be done economicaily and thus, thousande of tone of coal are sent to
the refuse pile because of costly or ineffective cleaning facilit:»s. It has been said,
“the efficient exiraction of coal or rock implies breakage into a size range that
containa a minimum quantity of very small sizes" (2), All known fragmentation
theories concur thal more fragmentation requires more energy (3). So, the
importance of reducing fines is already evident from an outlook upen efficisncy.
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Now, let's eénuider anolher view poini, dust ..ganer_a_tiun. o

The Federal Coal Mine Heallth nnd Safely Act of 1869, with revisions in 1977, was
enacted to insure more healthful and safer working conditions for miners. The Act
of 1969 eal.ablished initially the respirable dusi etandard for coal minins operation as
3.0 mg/m3. The 1969 Act further reduced this standard Lo 2.0 mg/m? in 1973. The
impact of respirable dust on minera health and economy of the cosl industry ia
obvioua., Since 1970 the federal government has paid over $11.7 billlon to more than
470,000 wminers with black lung diseases and their survivors (4). Also, tha coal
mining industry considers respireble dust to be the greatest obstacle Lo schieving
the full-production potential of current mining equipment. The following was
slaled: “it has been concluded Lhat Lthe smount of dueil produced is approximately
in proportion to the degree of fragmentation and to reduce the produclion of
respirable dusi, the fragmentation process mual be beilar understood” (5).
Accordingly, it is moat important io develop extraction technology that reduces Lhe
production and release of particles in the small mize, even though only a small
fraction of the fine particles produced by coal cutting become airborne.

By better understanding the coal [ragmentation process and how various
parameters effect thia process, il may be poasible Lo reduce unwanted fines and
respirable dust generation. This may be accomplished by ehifling the size
diatribution to a higher percentage of larger fragmenta, thus reducing the
percenlage of fines. If the lop sizes of coal are low, il is generally true that the
portion of extremely small mizes i correspondingly high (2). By reducing the
amouni of fines, this will lend Lo ahift Lhe size disiribuiion, improving cutting
efticlency, thus reducing bit and mechine related costs and those asssociated with
handling, and cleaning Lhose unwanted fines. Thia will also aid in decreasing the
amount of respirable dust generated.

Considerable effort has been expended in the laat 30 years on Jaboratory
experiments and in the mine investigations of the cutting process applied to coal and
rock culting machines. Most of Lhe early work by many authors has been
summarized by Rad and provides a good reference {6). From these studies,
inconsiatlencies and discrepancies were revealsd. Some of Lhe moal basic studies
done try to understand Lthe fracturing process involved in indentation of a rigid
wedge or bit into a brittle material (7,8,9,10). With the continuing developmeni of
more sophisticated mining equipment, the need Lo understand the fragmentation
process was becoming more jmportant. This led Lo the undertaking of many more
research projectas Lo evajuate the effect of operating, in-situ and geclogic parameters
on the culling process in hopes of aiding in the design of more efficient mining
machinery, reducing duel generation end improving the overall fragmentation process.

Thera are thres bagic Lypea of research which have been dons to evaluats the
effects of various parameters in coal cuiling. The Lhree types are: 1) linear
cutling in the laboralory using single or multiple bits; 2) rolary Iaboratory or in the
mine cutting using single or multiple bita; and 3) in the mine Lesis on actual
production equipment.. Investignlore for the U.S. Buresu of Minea have done and
are currently doing extensive work in all three areas. In the Bureau of Mines
Research Plan for Coal Mine Health and Safely during fiscal years 1979-83, the most
important study area was fragmentation (5), A detniled review of the above three
types of research and the work done prior to 1980 is given some place else {11),
due to relevant inlerest of this paper emphnsis will be on rolary Lype coal cutting.

Recent review of research on the measurement and control of respirable dust prior
to 1980 concluded the following (5): "It hes long beon recognized that deep cutling
coal mining machines produce larger fragmenis snd lese respirable coal mine dusi
than do machines thst tmke only ahallow cutn. Apart from thia general observation,
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‘however, significantly diverse experience exisls on the effects of cutling speed and
cutling-pick or bit design. This situation is clear evidence that the mechanics of -
fragmentiation are nol understood adequnately. It has been coricluded that these .
disparities reflect the incomplete nature of many experiments. It has been sleo -
concluded that such gquestiions and similar questions relaled to culting mspeed, pick
design, and other cutlting parameters as well as dust generation, can only be
answered by cutting experiment in which more atlenlion is given to the actual
process of fragmentation.” No tests were nvnilable that complelely evaluated the
point-pltack bil so broadly accepled by Lhe U.S. mining industiry: in facl most
published cutting resnsnrch has been dons unming chisel-type tools. Most of the paat
work with rotary cutting mnchines wna done in the area of rock cutting (12). . '
However, in. bettar undearstand the process of rotary culting and the factors that
effecl the fragmeniation of conl and dust generalion process a unique rotary cosal
cutling mimulator was designed and developed at West Virginin University (13).
Correlation of the fragmen! wmize dimtribution and characteristice of fracture surfnce
in coal cutting under varinus parametera is a part of the research program entitled
"An Experimenta]l and Analylical Approach to Study the Mechanisma of Respirabie
Dust Geueration and Entrainment in Underground Coal Mining" sponsored by the U.S.
Bureau of Mines through the Generic Cenler for Respirable Dusat to be presenled
here. It is believed that a mnjor source of respirable dust is the intensely crushed
malerial produced al the Lip of Lhe culling tool (5,14)., Therelore Lhis paper
emphasizes microscopic analyais. Using microscopic phutographs to betler analyze
the area of bit-coal interaclion {bit path annlysir) for beller understanding the
effect of the conical bit on the coal fragmentation process in reiation to areas Lhat
coniribule to the production of fines and generstion of dust.

BACKGROUND

A conlinuous mining machine removes conl from the seam by m {racturing process
conniating of forcing a conical bil into the coal face. In the removal of coal and
rock from the face, lensile and/or shear fmilure in induced by the cuilting machine,
through the compressive action of the bit as it is forced into the coal., This
compressaive stresns, which is transmitled primnrily through the carbide tip, produces
a high degree of crushing or pulverizing of the material at the bit tip which leads
lo the generation of a very fine dustl. This compressaive stress initiates fraclure.
propagation into an area where tha combination of tensile or shear stress fields and
existing cracks creales the moel favorable conditions for fracturing; thus failure of
the material resulta snd s chip or fragment is produced. As the strength of the
coal or rock increeses, so does lhe compressive stress required to initiate failure;
the fragmenta are relensed more asxplosaively from the face, causing greater '
dispersion of the crushed materinl and hence higher entrainment (3,5,8,14,15).

The major portion of the primary dus{ generated occurs in the crushed zone .
around the Lip of the lool. Thie portion of primary dust generation doesn’t vary
with depth, but does vary with bit geometry (16). The total dust will increase with
the depth of cul, but Lhe incrense is small compared to that produced in the
crushed zone and will vary as the fraclure length to the frec surface varies (17).
However, under deeper cul more mnterial ig broken per bit and the amount of dust
produced becomes a smaller proportion of the total product removed (18),
Investigatore are in complele agreement with Lhe fact thal Lthe amount of fines and
airborne dust is directly proportional to the smount of mpecific energy used in

cutting the coml (2,19,20,21,22). Increasing the depth of the cut reduces the specific
energy used lo fragment the coal.

k.
o
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If the broken coal in not cleared from the cutling element, the material will become
subjected Lo secondary degradiation by the bil in the bit path. Also, if insufficient
interaction occurs betlween ndjacent bits the coal boundary between them may be left
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intact. If this occure excessive crushing and grinding action will be present
belween the bil body and the casl surfoce cauwing dust goeunearation and
enirainment. It ie verm importent Lo break the coel boundary and remove the chips
bounded before ensrgy ls waated grinding and rogrinding the chipe, fragments and
the midea of the bit palh {3,5,14,21,23). By increnging the deplh of cul Lthe spacing
can be increased and siiil maintain brenkage of the coal boundary. Thae optimum
apacing to deplh of cut ratio falls in Lhe range of 0.5 lo 0.3 {2,3,21,24).

The creacent-shaped culting action is a eignificant part of the dust problem,
When the top culters starl Lo recover conl, all Lthe broiten conl must be tranaported
through the remaining arc of the drum. The transporl of already recovered coal
through the :culting zone of the rolary hend makes it slso a rolary grinder. The
potential effect on dust generalion by Lhis secondary grinding may be at least as
much as that produced by primary fragmentation {17).

Any time fractures propagate through the coal dust is produced. [lowever, Lthe
amouni of dust which is produced along fraclure lines ig very small as compared to
thal generaled by Lhe culting lool. By breaking off larger fragmente Lhis will

reduce the total surface area produced and thua the dust creatled along fracture
lines (3,21),

Another area where dust is Eeneraled during the culting proceasg is that of
crushing action by the drum and bil blocks. This regrinding or rubbing action can
arise from several gources, Firet, if the cul mateginl is nat removed from Lhis area
it may be forced into the cutling head cousing regrinding of the materinl. Anolher
cause is if the coal jsn’t broken between bil pathe the bit blocks may come into
contact with the solid cosl generatling dust. Any lime the coal isn’t removed from
the culting mrea Lhere will be excessive frogmentation in one form or anolher in thia

area. Due to Lhe motion of cutter head, dust {s more likely to become airborne
(14,21,25),

EXPERIMENTAL PROGRAM

The overall abjeclives of Lhia research program are to study the mechenisms of
respirable dust generstion and enirainment in underground coal cutting by
continuous miner and how these mechanjiems will be affected by important factors
such as operating parameters, coal properties and in-sity stresees. lowever, this
paper desle with Lhe mnalysie aseccialed with bit-coal interaction and coal cutling
size distribution as affected by the above menlioned faclore. Therefore, a number
of moniloring facilities and experimental procedures will be described here which

may not be directly related or easenlial to carry out the segment of research which
ja Lthe subject of this papar.

Laboratory Facilities

A thorough discuseion of coal culting and monitoring facilities used in the current

studies 1a given elsewhere {13,26). Therefors, only a brief outline of Lhe facilities
will be discuased here,

The wain component of the tesling fncilitier is an automated rotary coal cutting
simulator (ARCCS) as shown in Figure 1, The ARCCS was deaigned with the
capnbility to study the different machine and in-gitu parametlers that influence the
fragmentation of coal and the resulting dusL generation.  The ARCCS operates under
simulated mining conditions with equivalent in-situ horizontal and vertical sireazes
applied Lo a coal block of 18 in. x 15 in. x 6 in. (45.7 ¢m x 38.1 cm x 15.2 cm)
located in a specifically designed . confining chamber (Fig. 1a). The cutting drum (8
inches in diameter and 12 inches wide} has the capability of rotating from 1 o 50
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however, significantly diverse experience exists on the effecis of cutling speed and ,
cutting-pick or bit design. This situation is clear evidence Lhat the mechanice of : . . .

fragmentation are nol understood mdequately. It has besn corncluded that these .
disparilies reflect the incomplete nature of many experiments. IiL has been also
concluded that such questions and similar queations related to culting epeed, pick
design, and other cutting paramotera as well as dust generation, can only be
answered by culting experiment in which more atienlion ia given to the actual -
process of tragrmentation.” No leats were available that completely svaluated the
point-atiack bit so broadly accepled by Lhe U.S. mining industry; in fact most
published cutling research has been done using chissi-type tools. Most of the past
work with rolary cutling machines war done in the arem of rock culting (12).
However, to- better understand the process of rotary cutting and the factors that
effeclt Lthe fragmentalion of coal and dust grneralion procese a unique rotary coal
cutting simulator was designed and developed al Wesl Virginia University (13).
Correlation of the fragment size distribution and characieristics of fracture surface
in coal culting undear various paramsters in & part of the research program entitled
“An Experimental and Analylical Approach to Study the Mechanisms of Respirable
Dusat Generalion and Entrainment in Underground Coal Mining" sponmsored by the U.S.
Bureau of Mines through the Generic Cenler for Respirable Dusl to be presented
here. It is beliaved Lhal a major source of respirable dust is the intensely crushed
malerial produced at the tip of Lthe cutling ool {5,14). Therefore this paper _
emphasizea microscopic annlysia. Using microscopic pholographe to better analyze
the area of bil-coal inleraction (bil path analysin) for better understanding Lhe
effect of the conical bit on Lhe coal Iragmentation process in relation to areas that
contribule to the production of fines and generation of dust.

BACKGROUND

A conlinuous mining machine removes coal from Lhe seam by a fracturing procewss
consisting of forcing a conical bit into the coal face. In the removal of coal and
rock {rom the face, tensile and/or shear failure in induced by the cuiting machine,
through the compressive action of the bit as it is forced into the coal, This
compressive slresa, which is transmitled primarily through the carbide tip, produces
a high degree of crushing or pulverizing of the material at the bit tip which leads
lo the generation of a very fine dust. This compressive stress initiatles fraclure
propagalion into an area where the combination of tensile or shear stress fields and .
exiating cracks creales the mosi favorable conditions for fracturing; thue failure of
the malerial results and a chip or fragment ia produced. As the strength of the
coal or rock increases, so does Lhe compressive streas required to initiate fallure;
the fragments mre relensed more explonively from the face, causing greater
dispersion of Lthe crushed materinl and hence higher entrainment {3,5,6,14,15).

The major portion of the primary dust generated occurs in the crushed zone
around the Llip of the tool. This portion of primary dust generation doesn’t vary
with depth, but does vary with bit geomelry (16). The total dust will increase with
the depth of cut, but the increase is small compared to that produced in the
crushed zone and will vary as the fracture length to the free surface varies (17).
However, under deeper cul more mnlerial is broken per bil and Lhe amount of dust
produced becomes a smaller proportion of Lhe total product removed (18).
Investigalore are in complele ngreement with the fact that the amounl of fines and
airborne dusti is directly proportional to the amount of specific energy used in
cutling the coal (2,19,20,21,22). Incressing the depth of Lthe cut reduceq the specific
energy used to [ragment Lthe coal.

1t Lthe broken coal is nol cleared from Lhe cutting elemeni, the mailerial will become
subjected to secondary degradiation by the bil in the bit path. Also, if insufficient
interaction occurs between adjacenl bits Lhe coal boundary between them may be left
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intact. If this occurs excessive crushing and grinding aclion will be present
between the bil body and the coal eurfuce causing dust generation and
entrainment. Ii i@ verm imporiont to break the coal boundnry and remova Lths chipa
bounded before snergy is waeled grinding and regrinding the chips, fragmentz and
the mides of Lhe bit path (3,5,14,21,23). By incressing the depth of cul the apacing
can be increased and atill maintain bresknge of Lha coal boundary. The optimum
epacing o deplh of cut ratio falle in the range of 0.5 W 0.3 (2,3,21,24).

The crescent-shaped culting sction is a signiticant part of Lhe dust problem,
When the lop cuiters start lo recover coal, sll the broken coal musl be iransported
through the remaining arc of the drum, The transport of already recovered coal
Lthrough the-culting zone of Lhe rolary head makes it also s rolary grinder, The
potential effect on dust generation by this secondary grinding may be at lenat aa
much as thal produced by primary fragmentiation (17).

Any lime fraclures propagate through the coal duel is produced. llowever, the
amount of dust which is produced along fracture lines is very small as compared to
that generated by the cutting lool. By breaking off larger fragments this will

reduce the total surface area produced and thus the dust created slong fraclure
lines (3,21).

Anolher area where dust iz genernted during the culling procesg ig thal of
crushing action by the drum and bil blocks. This regrinding or rubbing action can
avige from meveral sources. Firat, if the cul material is nol removed from Lthis area
it may be forced inlo the cutting head causing regrinding of the matserial, Anolther
cauge {8 if the cosl isn’t broken between bil pnths the bit blocks may come inlo
conlact with the solid coasl generaling dust. Any timo the coal isn’L removed from
the culling area Lhere will be exceasive frogmenlation in one form or another in this

area. Duse lo the motion of culter head, dust ia more likely to become airborne
(14,21,25).

EXPERIMENTAL PROGRAM

The overall objectives of this research program are to study the mechanisms of
reapirable dust generalion and enlrainment in underground coal cutting by
conlinuous miner and how these mechanisma will be affacied by important factors
auch as operating paramelers, coal properlies and in-situ elresaes. However, thie
paper deale wilh the analysis asmocialed wilth bil-coal interaction and coal culting
gize distribution as affected by the above mentioned factors. Therefore, a number
of moniloring facilities and experimental procedures will be described here which
may not be directly related or easential to carry out the segment ol research which
ia the subject of this paper.

Laboratory Facilities

A thorough discussion of coal cutting and moniloring facilities used in the curreni

studies is given elmewhere (13,26). Therefore, only a briet outline of the facllities
will be discussed here,

The main component of the tesling facilities ia an automaied rotary cosl culling
simulator (ARCCS) as ehown in Figure l. The ARCCS was denigned with the
capability to study the different machine end in-situ parameters that influence the
fragmentation of coal and the resulling dusl generation.- The ARCCS operates under
simulated mining condilions wilh equivelent in-pilu horizontal and vertical stresses
applied to a coal block of 18 in. x 15 in. x 6 in. {(15.7 em x 38.1 c¢m x 15.2 cm)
localed in a mpecitically designed.confining chamber (Fig. 1a). The cutiing drum (8
inches in diameter and 12 inches wide} has the capability of rotating from 1 to §0
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FRAGMENT SIZE DISTRIBUTION AND FRACTURE SURFACE

rpm and can be stopped after a predetermined number of revolutions or a cartain
depth of cut. The bits can be mounted on the drum at four different angles 15, 30,
45, and 60 degrees end epeocings of 1.5 in. (3.B1 cm) to 3 in. (7.62 em). A maximum -
of seven bita can be mounted on the drum in an echelon paltern. The ARCCS can
be controlled manually or sutomatically through the ure of a programmable control
unit {Fig. lb). Figure 1 nlec shoews some of the tosting and monitoring facilities
used in this research. They nre acnic lesling unit (Fig. lc} to measure fraclure
extension, acouslic emigsion (A.E.) moniloring unit (Fig. 1d) to measure fracture
propagation and fracturing characleristics, microscope and atiached camera unit (Fig.
le) for analysis of fractured surface, §-stage caacade impactors (Fig. 1f) for
collecting airborne duet, hood and nir generating unit (Fig. 1g), and data acquisition
and recording unit (Fig. lh}. In addition to thin, linear variable differential
transformers. (LVDTR}, preasure transducers, flow meters, flow controle and drum
rpm indicator were some of the other monitoring devices, LVDTs were uaed to
monitor the displacement of the conl block pa well as the depth of cut. Pressure
tranaducers were used lo monitor the changes in pressure both due to the Lhrust
and due Lo the intermittent culling nalure of Lhe rotary cutling. 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 specilication E-11-61 was used in conjunction with
the Ro-Tap Teating mieve shaker Lo mize Lhe fragments (mettled) from 0.742 in. (1.885
cm} to -0.0015 in. (-0.0038 ¢m} or ~400 mesh {-37 microhs). Allen Bradley Sonic
Sifter, model L3P, Series A was used to size Lhe product from 37 microne to -10
microns.

Experimental Procedurs

Large blocke of coal were obtained from a surface mine in the Waynesburg coal
seam. The coal blocks were then cut in Lhe laboralory to an approximate dimension
of 16 in. x 13 in. x 6 in. (40.0 em x 33.0 em x 15.2 cm) with respect 10 the intended
cutting direction (i.e. agninet face or butt cleat). The specimen was molded into
plaster of parie mixture 1o a perfect dimeneion of 18 in. x 15 in. x & in. {(45.7 em x
35.6 cm x 15.2 cm) which wna essential lo avoid stress concentrations in the
specimen when confining pressures were applied. The molded specimens were
allowed to dry a wesk before testing. The molded specimen was placed in the
confining chamber, the tesl conditions were gel, and the in-silu and operating
porameters were marked on the mold at Lhe top of the specimen. Using the
following nomenclature: 041-tast number, II-bil type, T-number of bites, 30-bit

. 8ltack angle, 1.5-bit spacing (inchea), 1/32-deplh of cut per revolution {inchen),
25-culling head velocity (rpm}, F-face cleat (B-bult cleal), Sy and 8} - squivalent
vertical and horizonlal in-situ stresses (confining pressures). Note if Sy and Sj are
not specified, the confining presaures are negligible. A sonic test was done by
which the siress wave travel] time Lthrough the coal sample was recorded. Then
predetermined confining pressures {oequivalent in-situ stresses) were applied to Lhe
coal block. Some of the tests were done wilhoul any significant confilning pressureas;
however, & small amount of pressures were used o keep Lhe epeclmen in the
confining chamber, The confining pressures were applied through the ume of two
sets of hydraulic jacks consisting of two jacks in a met {one ast for horizontal
pressure and one mel for verlical pressure) each connected in parallel to a hand
pump. A 1.0 inch (2.54 cm) thick ateel plate was positioned between the sample and
hydraulic jacks in order to distributle the premssurs uniformly over the whole surface
of the specimen. Before the test, the operaling parameters such aa velocity of the
cutling drum and advance rale were adjusied lo predetermined values. Then bit
blocks of apecific atiack angle were mounted al s particular spacing and pattern.
Conical bils of a mpecilic make were inserted into the bil block and kept in pomition
by a ecrew in a way as 1o aliow aymmetlric bit wear. An ncoustic smiamion
transducer was mounted on top of the specimon on the mold, Then a canvas was
hooked to the main trame of the machine and a plastic sheet was spread on it to
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collect ithe coal fragmenis afler each experimenlL. Six-stage cascade impactlors were
prepared {according to the instruction manual provided by Anderson Samplers, .
Inc.). A set of four impactors were then mounted on the specially designed arms at
fixed positions wilh respect to the rotating drum. The number of rotations by the
culling head was sel in the counter unit in the conlrol module and then the machine
wag stirted to execute the program in continuous or counter mode. The counting of
the number of rotations started when the hydraulic preaseure was increased, due to
the cutting procesa, or when the cutlting head traveled to a presst distance
measured mechanically and by the LVDT. Afler the execution of the predetsrmined
number of rotations, the cutting head retreated and stopped. Afier each experiment
lhe canvas was unhooked and the coal fragments were collected in the Ziploc baga
and the vacuum bag wilth the help of a vacuum cleaner. This product was siaved
inlo differenl gizes. A standard square rool of 2 series was used from 0.742 in.
(1.885 cm) o 0.187 cm {0.475 cm), then the screens were used althernatively, meaning
that the previous screen size was divided by square rool of 2 to gel the net size,
From 0.187 in. {0.475 cm) to 0.0029 in. (0.0074 cm} every other eiovoe yive wian used or
a ralic of 2 beiween screen mizes. The -0.0029 in. (-0.0074 cm) sizea were Bcreened
with Lhe square root of 2 aeries again.. This method of screening was uasd to
reduce the number of screens, thus reducing the amount of fines last in the 0.187
in. (0.475 cm} to 0.0029 in. (0.0074) range. This method also distributes irregularities
at both ends of the size range. After the acreening was completed, the materia) .
relained on each screen asize was weighed. Then the percent of weight retainead on
each screen was plotted on three-cyle, semi-log graph paper at the corresponding
opening size. In general, there are two dips that appear in the mize distribution
curve that are due to’the transilion from screens in the asquare root of 2 series to
those of the 2 eeries 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 occurring at the 0.0015 in. (0.0038 cm) or 400 mesh size is natural and is
characteristic of the malerial and not related to screening. The sizing from 400
mesh (37 microns) to -10 micrcns was done by the sonic sifter. All the mized
products were then weighed up to 0.1 gm by Sartorius Type 2351, mechanical
balance with analog readoul and the percent weights retained were then calculated.

Following the completion of the lesis, the Lesled coal block was removed from the
confining chawwber. It was photographed using .a Nikon 35 mm camera and auxiliary
lighta to give overall pictures of Lhe 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 palh approximately 1 inch from the bil
entry, middle of the coal block, and 1 inch from the bit exit. In general, these
pictures were taken using 0.66 and 1.5 zoom setlings, given a tolal magnification of
3.5 and 8 times, reapectively. In some inslances more detailed pictures of the bit
path and the particles irapped in thie ares were laken in order to undersaiand what
happens in the zone of bil-coal inleraction. These pictures were used to help
categorize and correlate the fracture surface characteristica with the size
distribution and other parameters involved in the coal cutling process.

RESULTS AND DISCUSSION

Most of the coal used in thise study is part of the Wayneasburg coal seam.
Presently, only limited tests have been completed on the Pitteburgh coal seam. The
physical and mechanical propertiea of the Waynesburg coal were delermined in the
Inboratory and are presented in Tablea 1 and 2. However, the properties of the
Pittaburgh coal seam are not available at the present time. Thers have been a total
of 41 individual tests completed and detailed analysis has been presented elaswhere
(i1). However, only brief analysis of the results will be discussed here. IL mhould
be noted that due to the extended scope of the study and involvement of a larga
number of parameters/factors a limited number of testsa have been documentad under




a specific set of parametera. Therefore, if the results may not be clear it ie o .
probably due to the inhomgeneoga' nature of the coal. ' o ) . TR
To compare Lhe size distribution results of different tents, it is first necessary to

define the size limits used in this astudy. Two types of particle analysis were made.
The first type includes the gettled particles and the second type ir mirborne

particles. In the firat type, large frugments are defined as fragmenis greater than
0.0937 in. (0.238 cm), fine fragments between 0.0937 in. {0.238 cm) and 0.0015 in.
(0.0038 cm) or 400 mesh, and dust is defined as the material below 0.015 in. (0.038 _
cm). In the mecond Lype particle size distributions were made based on the . ¢
standard sizes associaled with cascade impactor.

This papef deals with the analysis of the appearance of fraciure surface after a
teat haas been completed. An optical microscopes was used (Fig. 2) lo investigate the
area of Lthe bit path and lo determime what happens in the area of contact between
the bit and coal from the resulling traces left on the fraclure surface by the bit.
The four different types of conical or point altack bits used in this study are
shown in Fig. 3a. The corresponding manufacturer’'s specifications giving bit
dimensions and angle of carbide tip (degree of sharpness) are shown in Fig. 3b.
The bit Lypes are kriown as:  pencil bit with medium carbide tip, Type II; plumbob
with large carbide tip, Type 1II; sharp/elender 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 evaluate the effects of bil spacing, depth of cut, bit angle, drum 3
velocily confining pressure, and face/butl cleat direction of cutting were all done §
using the Type IV bits. : ' [

TR T

Bit Path Analysia

In analysis of zone of bit-coal interaction, it was found Lhat there are two extreme N
cases. Test #10 and Test #41 are typical teats that ropresent Case 1 and Case 2, /
reapectively shown in Fig, 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 fracture surface involves not only interaction of the
carbide tip but algo 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
characleristics in all tests, although, the size and shape were found to vary with bit
type. : ' ' ’ .

To characterize intsraction of bit-conl, it is necessary to define the zones of the
bit which correapond to distinct zones in the bit path. Figure 5 {llustrates threse
distinct Zonee 1, 2, and 3, which correspond to the carbide lip, transition belween
the carbide tip and the bit body (appears as an offset or gap), and the bit body, ,
respectively. The corresponding gzones in the center of the bit path are indicated in
Fig. 6 while for the top {one inch from the bit entry) in the same ‘bit-path are
shown in Fig. 7. Within these three zones, thers ure three notable microscopic
fractures (denoted by A, B, and C). Feature (A) reprenenting the shiny or black
areas, Featurs (B) the light brown arens, and Feature (C) areas of eolid intact coal
which have not been scared by bit mction. Feature {A) is formed as the bit passen :
through the bit path causing excessive crushing or grinding of loose and/cr intlact |
material between the bit and the solid coal surface slong the bit path. Frictional
heat generated by the abrasive action belween the bit {body and carbide tip)} and
coal surface tend to liquify pari of the crushed material causing it to fuse togsther
leaving a shiny almost metallic looking surface with small microscopic ridges on its
surface (Fig. 8a). These .ridges ran parallel to the direction of the bit travel. This
shiny surface tended to bresk in.a platy fashion. Along the brenkage, small dust
size particles of irrsguylar shape wers produced. Further, breakage of the plnty
particlea resultsd in a production of very fine dust size particles thus giving the i
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area shown in Fig. 8b. Furlher analysis indicatod thal benealh this shiny surface
at Zone 1 & pockel of cruashed materinl woa trappod. Thae size, shape and depth of
this pockel varied wilh Lhe miza/alinpe of Lthe carbide tip with typical deplh of
approximately beiween 1/64 and 1/16 of an inch, It wana noliced that the shiny
surface and asaocinted crushed motarini appenred lo be charged (or became active
by a chemical of electro static meane) because it was altracted to the metal lool and
any other melallic object (knife, tweezer). Crushing of these materials resulled in
very emall dusl mize partiicles of irreguler shape which wers atiractad to each other
and grouped in small clusiers, agglomerated (see center of Fig. 8b). It should be
noted that the material in Fig. 8b ia from the sido of Lhe bit path and appeara
gimilar and exhibits the same characteriatics of that in Lhe cenler of the path (Fig.
8a}. However, in general the shiny material on the sides of Lhe bil path did not
have quite ma much crushed materinl beneath it, Spesking in relative Llerms, this
suggests that more crushed material was produced by the carbide tip am opposed to
the bit body. This can primarily be attributed Lo the high compressive stresses
impoeed on the coal by the cuarbide lip. The brown areans (Feature (B}) are whers
curahed materinl is slightly compecled and deposiled (Fig. 7b). Note the large platy
particles are from the black aress and Lthe finer parlicles are from Lhe brown areas.

The intermittent shiny and dark areas (Feature {C)) represent freshly exposed intact
coal. ' "

Any or all of Lhese features may be presented in any one zone. However, Zone 1
mainly consisted of a shiny or bLlack su: face that wae produced from frictionsl
coniact with the carbide tip, also some brown deposils of crushed material may be
present. Zone 2 conaisted of freehly exposad intact coal and brown deposits of
crushed material depending on the gap {offsel} belween Lhe bit body and carbide
Lip. In general, the larger Lhe gap (Zone 2) resulted in a clean fracture with littla
or no crushed malerisl. Zone 3 consisled genernlly of all these features. The extent
of each zone was largely dependent upon the dogres of fracturing and the amount
of friclional contact between the bit and solid cosl. The particles deporiled in the

brown areas appear much lorger than those produced by brenkage of the black or
shiny areas.

Effect of Bit Type

A serfea of leels were conducted, using seven bils mounted in an echelon pallern,
to evaluate the effects of Lhe four bit typea. The test poramelers used were: 30
degree atltack angle, 1.5 inches bit spacing, 1/32 inches depth of cut per ravolulion,
25 rpm drum velocity, negligible confining pressure and cutling wns made along the
face cleal. Obaservation of Lhe fracturs surfece indicaled thal sll four testa were
representative of Case 2. Thal is, Lhere were traces left on the fractured surface
by all three zones of the bil. The height of the coal boundary left between the bit
path fell in the range of 3/4 to 1 inch for the mpecimen which were cut using bit
Type HII, V, and Il and 1 1o 1 1/2 inches using bit Type IV. In general, bit type
seemn lo have no significanl effoct on the degree of breakage of the boundary
betweon the bilL paths. Although it wae obeerved that for each bit type fracturing
may {nitiate at different pointe in the bit path breaking malerial away from the bit
a8 It proceeds through Lhe coal. This lende to widen the groove bul haas little
effect on the overasll breakage of the coal boundary.

Figure 9 showe the corresponding microscopic pholographs of the specimen using
the above four types of bit. It is obvious that Zone 1 is the largest uning Type III
bit with the large carbide lip (Fig. 9a). Zone 1 ig virtually the same size using
Type V and Type II bita with a medium carbide tip, shown in Figa. 9b and 9e¢,
reapeclively. The amallesl of Zone 1 was produced using bit Type 1V with gharp
carbide tip (Fig. 9d), The relative size and eshapo of the pocket of crushed material
using diffarent types of bit is illustrated in Fig., 10. The depth of Lhe crughed
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materiel shown in Fig. 10 varied from approximately 164 to 1/16 of an inch. The -
intermittent brown aress in Zone 1 in essence did not change the general shape of
the pocket of crusrhed materinl but where these nreas occurred, the pockel was
elightly deeper than indicated in Fig. 10. The Type III bit by far trapped the most
crushed material, due to the bluntness of the carbide tip. This material was of
uniform thickneea throughout Zone 1 tapering off at the edges. Type IV bitl trapped
the least material because of the sharpness of the carbide Lip. The trapped materisl
was very shallow throughout Zone 1, whereas, Type V and Type II bits fell
somewhere in hetween, trapping moat of Lthe crushed malerinl at the edge of Zone 1
{due to offsel 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 II bit
becauae of the large offsel belween Lhe bit body and carbide tip. This offset
provided r relief for fractures to propagate from Zonas 1 to Zone 3, leaving a freshly
exposed ridge of intact coal which was not scarred by bit action (Fig. 9c), whereas,
Zone 2 for Types V and IV bils appenred as small thin ridges of exposed coal with
Intermittent dusl pockets, brown areas (Figs. 9b and 9d). The \ransition between
the bit body and carbide lip is gradual compared to Type II (small gap) leaving a
small ridge acroes Zone 2. For the Type III bit, there is a amall line which rune
between Zone 1 and Zone 3 and represents the very small gap between the bit body
and carbide tip (Fig. 9a). Zone 2 in Fig. 9a i{s mosily filled with fines; however,
some emall areas of expomed coal can be seen. For this type of bit, a smooth
transition occurs belween the bit body and carbide tip. Zone 3 consisted of a small
band of shiny plaly malerial with inlermiltent areas of compncled fines. The amount
of crushed material trapped behind the areas of frictional contact {shiny areas) was
less than that associated with Zone 1 for sil bil types. . Type II bit had by far the
least amount of bil coal interaction in Zone 3 ns compared to the other bits. Zone 3
was much wider meaning more interaction, larger area of contact, occurred for the
Type V bit as compared to Type II. The Type III and IV bits by far showad the
moal bit-coal interaction in Zone 3. In the case of the Type II1 bit, Zone 3 extends -
beyond that captured in the microecopic photograph {Fig. 9a) and is made up
equally of black and brown areas. In other words, almost half of the loital area has
been subjecled to fricltional contact producing bilack areas, whereas, for the Type IV,
Zone 3 woe elightly wider as would have been expected because il had Lhe highest
coal boundary left between the bit path and almost entirely consisted of areas of
frictional conlact, black (shiny arens) with few areas of depogited fines (Fig. 9d).

An attemplt was made Lo correlate bil-coal interaction with product size
distribution. The results/correlalion were obviously within ceriain ranges, however,
in some rangea they becams less conclusive. Figure 11 shows the fragment size
distribution aesocialed with the four bit types for Caee 2 fracture surface. The fine
range of Lthe size distribulion {-0.007 inches) {s affected by the degres of bit—coal -
interaction in Zone 1, by the carbide tip. The Type III bit being the moat blunt of
the four bits produced the most crushed material in Zone 1, part of which iIs
trapped by bit action and the remaining undoubtedly released during cutling. This
pocket of crushed material which was produced by each pass of the bit will be
released upon the next culling cycle. Thus, the Type III bit produced the highest
porceniage of waterial in the fine range (-0.007 inches) of the size distribution.
Next, the Type V and 11 bile which have the same size carbids Lip produced
virtually the same amount of crushed material in Zone 1, resulting roughly in the
same percentage of fine malerial (-0.007 inches), whereas, the Type IV bil being
sharper produced the least amount of crushed material in Zons 1 and reflected in
Lhe nize distribution by having Lhe lowest percentnge of material in the fine range
(-0.007 inches). The size distribution from 0.09 to 0.007 inches in affected by the
degree of bil-coal interaclion in Zone 2 and Zone 3. The larger area of frictionsal _
contact resulted in exceasive crushing and grinding of loose material in the bit path -
a8 well as that of inlact coal. For this reason, Type IV bit produced the highest I
percentage of fine material in the range of 0.09 to 0.007 inches of size distribution. i@

19 i




THE RESPIRABLE DUST CENTER

In contrasi, the Type II bit had the lonat amount of frictionasl contact. Also, becauge
fracturing occurred across Zone 2 (ridge remains due to offaut Lo bit tip and bit
body), the bit did not lrap broken malerial. However, these ridges may be
eubjected Lo secondary crushing by the bit body in subeequent cycleas and will
reflect the production of dual size parlicles. Figure 11 shows Lhat the Type 1I bit
produced the lowesl percentage of fines in Lhe rangs of 0.09 to 0.007 inches. Zone 3
for the Type 1II bit was lnarge but only partinlly had arema of frictional contacl, thus
accounting for a alightly higher percenlage of tines Lhan Type V bil for which Zone
3 was much narrower and had correspondingly lesa total area of frictional contact.
To further evaluate the effect of bit lype on fragment gize distribulion another
series of experiments are presented here. The lest parameters used were: four bils
mounted in an echelon pattern, 30 degree altack sngle, 1.5 inches bit epacing, 1/5
inch depth of cut per revolulion, 15 rpm drum velocity, 512 pei vertical and 300 pei
horizontal confining pressures and teated along tha face cleals. The fractured
gurface of Lthe lesled specimen wers represantailive of Case 1, indicating breakage
occuring beiween bil paths and only the resulling trace left by the carbide tip
(Zone 1) remaina on the fraclured surface. Furthermore Zone ! had the same
general gize/shape and characteristics associsted with it as in the previous tests.
The size dislribution for Lhese experiinents i{s presented in Fig. 12. Figure 12 shows
that the Type 1V bit produced the leset percentage of fines and Lhal the Type 1II
bil produced the most. The Type IV bit had the sharpest carbide lip and produced
the smallest frictional conlact in Zone 1, whereas, the Type [II bit having the largest
carbide tip produced the largest frictional conlacl in Zone l. Size distribution for
the Type V and II bils fell between that of the Type IIf and IV bite mainly due to
Lhe size and shape of their carbide lips and associated frictional conlact in Zone 1.

\

It is difficult to identifty any correlation in the large range {$+0.0937 in.) size
distribution. Muinly, due lo the bitl type having no significant affect on breakage of
the boundary batween bil paths. Similarly on the dust range (-0.015 in.) there is
no obvious correlalion. The size disiribution graph belween 40 to 10 microne
crosaing each other at approximately 27 microns and haa a natural dip at 20 microns
(Fig. 13). Between 20 and 12 micron sizes, bilt Typs 1V produced Lhe highesi
percentage, bul Type Il second, bit Type V third and bit Type III the loweat.
Furlthermore the smize distribution curves for bit Types V and II shows gimilar
characteriaslica with crossing each other at 27 and 12 -micron eize, similar curves. for
Type V-and III wiLth only cromaging esch other at 27 micron size. This irregularity
could be due to the characteristics of coal and bit-coal interaction and possibly may
have been affected by the eieving process where further breakage of the fragmenis
may have resulled in various praduclion of dust size particles. An important
fealure o note in Fig. 13 ig Lhe sharp decline in size distribulion curve for bit
Type IV between 20 and 10 micron aizen, whore Lhe percentage weight retained at 10
microns fa the lowest for bit Type IV Lhan others indicaling poasibly the least
production of respirable size dust.

Particle size distribution of the entrained dust sampled by 6 etage cascade
lmpactors waa plotted on log-probability grapha {Fig. 14). Moet diatribution
functions like Lhis require two paramelers, one Lhat identifies Lthe location or cenler
of the disiribution and the other Lhat characterizes the width or apread of the
distribution. Location of center of the distribution here is identified by mass
modian diameter (MMD). MMD is defined ae the diameter for which half the mass ia
contributed by particles Jarger than the MMD and half by particles smaller than the
MMD. The geometric standard deviation (GSD) is a measure of the apread of the
particle size distribution. It ie defined 88 the ralio of MMD and the particle =mizs at
16 percentile. If GSD = 1, all the particles are of the same size, i.e,, the eutrainad
dust is "monodisperes” (27). The MMD and GSD for bil Type V are 5.4 and 3.556,
reapectively. They are conslderably different when compared to the bit Types IIIL
and 1V for which the MMDa and GSDs are consivlent between 9.2 and 9.4 and 2.16

20



FRAGMENT SIZE DISTRIBUTION AND FRACTURE SURFACE

and 2.38, rempectively. Table 3 shows the weight and percent of respirable mize
mase divided into 10.0 x 6.0 microns and 6.0 x 6.6 microns. Table 3 confirms with .
the MMDs and GSDe where in the bil Type V produced 76.3 percent of the mass in
the 6.0 x 0.6 micron size range while bit Types III and IV produced only 58.0 and
56.7 percenl in the same size range respectively. At 10.0 x 6.0 micron size range
the order of highest productlion reversed reaulling in 23.7, 43.30, and 42.00 percent
for bit Types Vv, 1V, and 111, respeclively.

In analysis of bit coal intereaction for these experiments, as it was described
before, largest of Zone 1 and least of Zone 3 occurred by bil Type 11l opposed Lo
the bit Type 1V, and bit Type IV and bit Type V showed characteristica somewhatl in
between the two. This bit-coal interaclion reflected in sizs dietribution curves
shown in Figs. 11-13. Geometrically bit Type V hes gomewhat common characteristices

- with bolh types of bits III and 1V. Ils plumbob shape, small head and large base
make the bit body sharper than ths Type Il bit which haa the largest of all three.
Bil Type V has & smaller head than bit Type IV and has the smallest carbide Llip of
all thres. This emall 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 bit path (Fig. 10), which was further subjected to crushing and grinding
in subsequent cutting cycle resuiting in production of higher respirable dust sizes
(Fig. 14 and Table 3). It was menlioned before, breakage of ridges and fine
particlea (shiny surface, black srea, and algormerated crushed material) produced
dust size particles, therefors any bit type which produces rough surfaces and Iarge
percentages of fine particles, sxcessive fractured surface area, will also produce the
larger percentage of reepirable mize dust. From Figa. 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 effeclive in leas production of fine and resspirable
dust size particles, A sharp and larger carbide tip for bit Type V would have given
8 smooth transition between the Lip and body of the bit. This would improve the
cutting efficiency of the bit by having least bil-coal interaction and resulting in

less regrinding and frictionsl contacl al all three zones, thue producing less
respirable duat.

Effecta of Bit Spacing

A meries of experiments were run lo aludy the effect of bil epacing on fragment
size distribution and to aese how Lhis may relate to the overall and microacopic
appearance of the fracture surface. The lesta were conducted using 1.5 and 3 inch
spacing. The appearance of the coal blocks after cutting for 1.5 inch spacing
resembled Fig. 4 and for a typical test with 3 inch apacing is shown in Fig. 15a.
Deapite varying the cutting head velocily, bit Lype, bit attack angle and confining
pressures within the depths of cut used in this etudy, the boundary walls betwssn
the bit paths remained intact with the least interaction between each bit. The
fractured surface represented the extreme end of Case 2 indicating a high degrae of
bit-coal interaction and frictional contact as shown in Fig, 15b. For the reasons
mentioned above, the 3 inch epacing produced, perceniage wise, far less large size
and more fine size particles than did the 1.5 inch spacing as shown in Fig. 16.

Effect of Depth of Cut and Cleat Orientation

A merien of experiments have been performed both along the face and butt cleat
direction keeping the other parsmeters conatant while changing the depth of cut.
Four tests representing general characteristice of this eeries of experiments are
selected for discussion here. Tests 111 and #35 were performed along Lhe face cledt,
while #21 and 940 was performed along the bult cleat. Testl 911 represents a 1/4
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inch depth of cut per revolulion with five bile mounted in an echelon pattern (Fig.
17a). Teat #35 represents a 1/32 inch depth of cul per revolution with seven bits
mounled. in an echelon pattern {Fig. 1Ba). Tesal #11 indicales Lhe breakage of the
boundary wall between the adjacent bil patha. The height of the boundary lift is in
Lthe range of 0 to 1/2 inches (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 leesser degree of interaction between the adjacent bit paths leaving
a much larger boundary between them as shown in Fig. 1Ba. The height of the
boundary ias in the range of 1 to 1 1/2 inches (averaging 1 1/4 inchea) and the !
fractured surface represents Case 2. In deep cult (Test #11) only a amall trace of
the carbide Lip on the fractured asurface lift {Fig. 17a) and indicaling less bit-coal
interaction as shown in Fig. 17b. However, shallow deplh of cut caused excessiva
bit-coal inleraction and frictional contact as shown in Fig. 18b.

Fracture initiates at the zone of highest sireass concentrate or whers the streass
exceeds firat the slrength of msterial. In coal cutling fracture initistes under the
bit tip. This feature continuea to propagate as long as the above conditions are met
or the fracture reaches o a free surface. Generally the depth or length of crack
depends on Lhe magnitude of stress at the time of fracture initiation, Increasing
the deplh of cut requires a higher siress level and causes more compiete interaction
between the bit paths; coal is broken away from the lest apecimen so the bit is not
enclosed by the bil groove which causes Lhe production of fines as shown in Fig,.
19. When the depth of cut is increased, the cracks, which were produced from the
compressive stresees induced on the coal by the bit, muat propagate further to a
free surface to allow breakage, thus causing larger fragments to be formed and mors
coal broken per pass. Not only were larger fragmentis produced with a deeper
depth of cut per revolution but there was less contact between the carbide tip and
coal eurface in removing the same volume of material versus that of a shallow cut,
thus reducing the amount of crushed material produced al Lhe bit tip for the same
volume of coal removed. When the deplh of cut is decreased, the cracks have much
lese distance to travel to reach a free surface producing smaller fragments and
allowing the boundary wall to be buill up belween Lhe bit paths.

The fractured surfaces for Lhe specimens tested along the butl cleats (tests #21
and #40} waes much rougher and broke irregularly. The figure associated with these
tests is not included here due to limiled space. The cutling resistance along the
butt cleat was much higher than those tested mlong the face cleat under the mame
aet of parametera. This higher resistance attributed to a 5§.2% higher compreasive
and 33X higher tensile sirength of coal in the butit cleat direction (see Table 2).
Thig in turn led to different failure characteristics in the butt cleat direction
especially al deeper cuts. For example the average height of the boundary wall
between the bit path for test #21 along the buit cleat was 3/4 inch which was much
greater than that of tesl 211 along the face cleat direction {averaging 1/4 inch) for
the depth of cut of 1/4 inch. This resulied in more bit-coal interaction and caused
more frictional contact between the coal and bil for the cass of cutting along the
butt cleat. Comparing the same depth of cut, slong the face and butt cleat,
perceniage-wize more larger size fragments snd fewer fines are produced when
cutting along the face cleal (Fig. 19)., However, this difference became negligible
when depih of cut was reduced (i.e., 1/32 inch) especially at the lower end of the
fine size {duat). The latter claim wae substantiated by the analysis of reapirable
dust collected by cascade impactore es shown in Fig.20. In Fig. 20, respirable duat
in both experiments having the same mass median diameter (MMD = 9.4) with leas
' difference beiween their mpresd of the particle size diatribution, GSD of 2.38 and
2.16 for face and butt cleat respectively. One of the reasons for this lack of
difference in particle size distributlion, when testing along face clesi versus butt
cleat at very shallow depth of cul probably the characteriastics of coal itaelf. Under
shallow depth of cut, cutting atress will be very low, fracture length will be small,
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consequently coal will break along ite 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, - L PR P S PRN
T : : : ' T T Latt T T e

Effects of Ciitting Head Velocity . : T SN oo

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 exesrts.
pesk dynamic force on the coal fta velocity reduces to ita lowest value and ‘
meanwhile causes fracture initiation and propagation. ‘During fracture propagation
resistance offered by the coal is low and also due to Lhe hack up pressure the
cutting head ‘acceleratea and ita velocity reaches its peak valus. In this period of
the cycle the cutting head grades the cutting palh. Higher peak dynamic atress
causes longer/deeper fracture; however, it alao increases the length of the grading
surface. The higher the velocily of cutting head and resistance offered by the coal,
the higher peak siress and more fluctuation is -observed in the velocity of the
cuiting head, consequently increasing the grading period (26).. The higher the
cutting velocity the higher the required cutting force is observed as shown in Fig. .
21, However, the epecific energy might be the eame because under a higher ‘rpm
the bit spends little time cutting coal. Analysis of both microscopic and overall
appearance of the fractured surface for this series of tests showed no aignificant
differences due to changing drum velocity. However, change in rpm of drum has
been reflected on fragment size distributions ms ehown in Fig. 22a-b. The higher
rpm produced a higher percentage of large and s lower percentage of fine size
material. There is an exception whers the size diastributlion curve for 15 rpm
experiment lies between 35 and 25 rpm in range of 20-10 microns (Fig. 22h). Thia
could be due to Lthe characleristics of coal or due to the limited number of tests
with orthotropic and nonhomogeneous material. Analysis of respirable dust for this
experiment indicated mimilar results with less differences in production of reaspirable
duat as shown in Table 4. However, Lhe aerodynamic particle size is smaller for 35
rpm culting head speed than 25 rpm as shown in Fig. 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
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
diastance to be traveled before reaching a free surface, thus detaching a larger
fragment. Increasing the velocity will increase the kinetic enargy of the fragmented
material which will help in removal from the bit path and reduce secondary
degradation (reducing finea) but will undoubtedly increass dust entrainment. That
in to =may, it increases the airborne dust in expenae of seitled dust. Also coal is
“weaker under a higher rate of loading (impact) making it easier to fracture, thus
giving larger fragments (6). The only drawbeack for higher spesed would be
increasing grading period of cutling procesa and secondary fracturing of the
crushed material due to high impact resulting in smaller size particles. Bven 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 posasibility of increasing
airborne dust in expense of settled dust under higher drum apeed.

Effects of Bit Atlack Angle

The point of contact for bita along the cutting path changes from entry to exit for
any attack angle. At the entry of the cutting path the fronit 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 Fig, 24. However, the tip of the bit is semiapherical where
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its curvalure slightly changes from the tip to the sides which might affect Lhe
required force to cut the coal. Figure 25 shows the resultant forces (resultant of
cutting and thrusi forces) for the depth of cut for the four iypes of atiack angles.
Figure 25 shows that a 30 degree bit attack sngle required the least force to cut
the coal for a given depth of cut where a 15 degree atiack angle required the
highest. The fragment size disitribution for these tests are shown in Fig. 26. From
Fig. 26 il is obvious that a 30 degree aliack angle is producing more large and less
fines compared to the other three. However, the trend based on force requirement
for a depth of cul for the other atlack angles are not exhibited on fragment mize
distribution. This suggests that directional proparties of coal highly influence the
cutting force and fragment size distribution. Thatl is to say coal breaks eamily and
produces larger nize fragments when it has been cut at a certain angle. Analyais of
the fractured surface indicaled no eignificant apparent differences for the different
bit attack angles and the bit traces were veory similar. Eventhough the 30 degree
attack angle which produced substantially more large fragments, it was expecied Lhat
there may be more interaction between the bit pathe but this was not evident. In
fact, all four tests showed almost the seme degree of interaction, leaving a very
amall boundary betwesn the paths. However, the 30 degree atlack angle may break
off larger fragments during the cutting process which may not always be evident by
the appearance of the fracture surface after cutting.

Effect of Confining Pressure

A series of lestas were performed both along the face and buit cleat directions at
various equivalent in-situ streeses. The fractured surface definitely has a different
appearance than that of thé unconfined situation. Along the face cleats the fracture
surface was very rough and irregular in appearance as though the coal provided a
very high cutting resistance, This was clearly indicated in resuliant force required
to cut a specific depth as shown in Fig. 27. The higher the equivalent in-situ
stregmes (horizontal strews = 1/3 vertical stress) the higher required culting forces.
Under the confining pressure, no longer was the splitting type fracture prominent
belween adjacent bit palths as wae seen under no confining pressure. In a
constrained situation, the fracture seemed to propagate in an angular almost
unpredictable fashion seeking the path of leasl resistance giving a very rough
appearance f the fractured surface. Increasing compressive strength of coal due to
confining pressure makes it much more difficult for fractures {o propagale direcily
to adjacent bit pathe breaking the wall boundary of bit pahs. Instead the confining
pressures closes the jointe causing the coal to act like a #olid continuous material.
When cutting the cosl, crater shaped grooves were formed and ridges were loft
between them. In both directions (face and buti cleat), the coal offered more
resistance to cutling, giving a rougher fractured surfaces, Microacopic photographs
of these tesis indicated that, in general, the only trace left by the bit was thal due
to the carbide tip, no excessive contact waa evident. The trace left by the carbide
tip weae more intermittent than those tested wilthout confining pressures. Larger
gaps occurred between traces (shiny lines) left by the carbide tip through the bit
path and sre indicative of the hardear cutting and irregular fracturing.

Furthermore, fractures propagated in a step-like manner toward the coal face
deviried by the confining 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 tesis done (using
30* attack angle) is less conclusive as shown In Fig. 28. Increasing the confining
preesure in the buit cleat direction resulted in a slight decrease in the percentage
of fines and incressed the percentage of large fragments in the upper end of the
gize distribution. However, iL ie not quite clear what effect the increasing pressure
has on size dimtribution, when cutting along the face cleat. In a similar test
conducted along the face cleat but at the olther three attack angles (15, 45, 60), it
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was found that the confining pressure decreasnd ths percentage of iarge fragments . .
and increased the percentage of fines as shown in Fig. 29. In general, confining . .
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ressure has the opposite effect while cultling along 1ihe face cleal than those of ... ., -

putt cleat. A possible explanation may be that the confining pressure may make the

coal either easier or harder to cul, depending on the inherent charactsristics of .the ..

coal in the face and butt cleal directions.

LI

Effect Iof Coal Proper'tiea

A limited number of Lests have been carried out on the Pittsburgh coal seam and
for comparison an example is presented here. The apparent feature of the tested
specimen is gshown in Fig. 30. The fractured suriace represents Case 2 indicating
higher bit-coal interaction and frictional conlact resulting in produclion of more
percentage of fines and lesn of large fragments as exhibited in Fig. 3la~b. The
analysis of airborne dust, collected by cascade impactor, indicated that smaller
aerodynamic particles with higher parlicle size spread (MMD = 9,0, GSD = 2.77)
wereproduced when coal specimen of Pittsburgh seam was tested under similar tests
carried out on the Waynesburg seam. A comparison between the iwo coal seams in
the dust mize range is presentied in Fig. 32 as well as in Table 5. Table 5 shows
61.70 percenl of reapirable mass having partiicle size in the range of 6.0 x 0.6
microna for the Pittsburgh seam as compared to 56.70 percent for ithe Waynesburg
seam.

CONCLUSIONS

Only a limited number of Llests have been performed at a specific condition on the
two types of coal Lo evaluate the effact of various parameters on coal cutting.
However, the resulls of this study have yielded many distinci conclusions which can
be summarized as follows: .

The depth of cut and bit spacing seem to have by far the most affect on Lhe
breakage of the coal boundary between the bit paths. The resultz indicats that
increasing the cutting head speed increased the percentiage of large mized fragments
and reduced the percentage of fine material produced. Of the four attack angles
testead, the 30 degree, clearly gave Lthe highest perceniage of large materisl and the
fowest fines. The effect of in-situ slresses seems to depend on the cutting
direction as well as the physical and mechanical properties of the coal, thus
confining pressure may shift the size distribution depending upon other factors.
Under the same testing conditions cutling along the butt cleat produced more fines
and less large fragmenis ss opposed to the face cleat. Also, under the same testing
conditions bit type appears to only have an offset on the percentage of fines and
amount of dust produced in the area of the bit path. It is evident that each coal
has ite own fragmentation characteristics, thus reflecting its product size
distributions. More fines and dust were produced in cutting Pittsburgh coal than
Waynesburg coal. e .

For most of the parametlers siudied, an apparent relationship between the wize
distribution and the fractured surface characteristics exist. These parameters
include: bit type, bit spacing, depth of cut, in-situ stresses {confining pressure),
cleat orientation and coal type the only exceptions being bit attack angle and
cutting head velocity. In many cases from the apparent charactaristics of the
fracture surface, one can tell how the fragmentation process has taken piace with
respect to the size distribution and resulting dust generation.

It appears that the key to achieving efficient coal fragmentation is to limit the
degree of bit-coal interation that takes place in the bit path while causing meximum
breakage of the coal boundary (wall) between the paths. By increasing the degree
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of breakage of the coal boundary, it not only increases Lhe percenlage of large

fragments produced but limits the rmount of secondary crushing that takes place in .
the bit path which reaults in decreasing fines-and conesquently the amount of- '
dust. Cutting bits having proper {carbide tip and body) shape, size and geomeiry
(stream lined shaps) will enhance further reduction of dust. e -
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. Table 1
Phyeical Properties of Waynesburyg Coal

Moisture Ash Sulfur Rank HOI#
x x x
0.0-1.5 13.5-13.7 2.03-2.06 hbBves 50.43

tHerdgrove Grindmbility
*tHigh Volatile B Bituminous

8p.Gr.

1.42
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Cleat /Bedding
Plane
Orientation

Face Cleat

Butt Cleat

Bedding Plane
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Table 2

Mechanical Propertica of Waynesburg Coal

Compressive Young's Poisson's

Strength Modulus
psi {kPa) pai (kPa)

3289 5.1 x 105
(473.6) (7.3 x 10%)
3459 4.7 x 105
(498.1) (6.8 x 10%)
4912 4.6 x 105
(707.4) (6.6 x 10%)

Ratio

0.25

0.31

0.32

Indirect
Tensjile

Strength
psi (kPa)

154
(22.2)

205
(29.5)

146
(21.0)

Direct
Shear
Strength
pei (kPa)

204
(29.4)

180
(25.9)

80
(11.5)
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Table 3
Respirable Mass Fraction Sampled by Impactors While Cutting with Different
Bit Types (Face Cleat)

Particle Size ()m)

pit Type Concentration 10.0 x 6.0 6.0 x 0.6
A, Weight® (=g) 7.69 10.61
III N. Weightt (=mg) 8.35 11.53
Percent 42,00 ' 58.00
A. Weight* {(mg) 8.61 11.28
Iv B. Weightt (mg) 8.61 11.28
Percent 43.30 56.70
A. Weightx (mg) 2.95 9.45
v B, Weight* (=g) 4.72 15.17
Percent 23.70 76.30

*Actual weight sampled
*Normalized with the highest weight in series

b
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Table 4
Respirable Maes Fraction Sampled by Impaclora While Cutling at Different
Drum Speeds (Face Cleat)

: Particle Size (pm)
Drum HAPM Ceoocentration 10.0 % 6.0 6.0 x 0.6

A. Weightt (mg) 8.61 11.28

25 N. Weight* {mg) B.76 11.47
Percent 43.30 56.70

A. Weight¥ (mg) 8.99 11.24

35 B. Weight* (mg) 8.99 11.24
Fercent 44.40 £5.60

¥*Actual weight sampled
*Normalized with the higheat weight in series
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" Table 5
Reepirable Mass Fraction Sampled by Impactors While Cutttn¢ Different Typea
of Coals (Face Cleat)

- Particle Size (pm)

Conl Type Concentration 10.0 x 6.0 6.0 x 0.6
A. Weightt (mg) 8.61 11.28
Waypesburg N. Weight* (=g) 11.12 . 14.57
Percent 43.30 56.70
. A. Weight® (mg) g.83 - " 15.86
Pittsburgh B. Weight* (mg) 9.83 15.86
Parcent 38.30 61.70

¥Actual weight sampled
*Normalized with the bighest weight in series
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Figure 1. Test and monitoring equipment facilities (a) sutomated rotary coal cutting
simulator, (b) programable control and monitoring unit, (c) sonic teating
unit, (d) acoustic emission, (e) microscope and the atteched camera unit,
(1) cuscade impectors, (g) hood and air current generatlng unit and
{h) data acquisition and recording unxt.

Figure 2.

Illuatrates fecilities uscd in microscopic photogrnphy of the
" fractured surface of the tested specimen.
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Flgure 3. Illustrates four types of bits: (a) Type II, pencil bit with wedjium
carbide tip; Type 1II, plumbob bit with large carbids tip; Type 1V,
sharp/slender bit with fins and sharp carbide tip; Type V, plumbob
bit with medium carbide tip. (b) corresponding manufecturers
specifications showing bit dimensions and nngle of carbide tip.
35 f
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BIT BODY

CARBIDE TIP

Figure 5. Shows the three zones of the bit which correspond to three distinct |
zones of the bit path. i



Figure 6. Microscopic pictures of the center bit path taken in the middle of
the coal block (teat #41), (a) Indicates the three zonea of the bit
path (1,2,3) and the three fentures within these zones {A,B,C) taken
with a .66 zoom setting; (b) shows the seme material created upon
disturbing the shiny surface tasken with a 1.5 zoom setting.
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Figure 7. Microscopic pictures of Zone 3. (a) Indicates the three features .
' (A,B,C) in Zone 3 tenken with a .66 zoom setting; (b) shows Zone 3
after lightly brushing the surface.
39 .
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Figure 8.

Microacopic pictures of the shiny surface and related material.

(a) Typical piece of material removed from the area of contact with
the carbide tip (Zone 1) and resulting pocket of crushed material
beneath it; (b) typical piece of material removed from the side of

the bit path (Zone 3) note the clustering of the very fine materinal,
magnified 11 times.
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Figure 9.

Shows the corresponding microscopic photographs in the center bit
path taken with a .66 zoom setting in the middle of the coal block.
The three zones {1,2,3) are appropriately labeled. (a) Test 841,
Type III bit; (b) Test #43, Type V bit; (c) Test €36, Type II bit;
(d) Test #35, Type 1V bit.




Figure 10,

Figure 11.
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SHINY  SURFACE

|

TYPE 11
CAUSHED MATERIAL
SHINY SURFACE
TYPE ¥ ‘Q&@ | .
CAUSHED MATERIAL
SHINY SURFACE i
TYPE NI Q&K '
CRUSHED MATERIAL i
SHINY SURFACE
TYPE 1% \C

CRUSHED MATERIAL

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

25- .
= H PEHCIL {medlum carbide LIpK1EIT = 384 I

20- Tmeeee= W PLUMBOS {large carbide thp HTERT # 21)
a srevmseces IV SLEMOEAISHARAR (ling & sharp carbide HpNw 1]
o —— ¥ PLUMBOB imadium carbide Up X1EsT & 43)
=
< 15- :
- |
w |
[+ o :
- L
b i
g 1
w
=
n

0!!!1-!1 » ] [E NN B | 1 ] L N
15 3 R 0.01 "' olooy

OPENING SIZE, INCHES

Opening size vs. percent of weight retained as a function of bit type
when cutting against the face cleat (representative of the Case 2
fracture surface).
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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).

FOUR DIFFEREHT BITS, 30
DCEGREC ATTACK ANGLE. 25 RPM,
100 UNCONFINED, FACE CLEAT

" PENCIL

. m PLUMDBOB (lnrge
(111} ’ cerbide ilp)

rrmmemeseees WOSLENDER/SHANPE {ling)

, = ¥ PLUMBOB (regular
" : carbide tip)
60

40

% WEIGHT RETAINED
-

20

D - ] [} 1
40 20 20 10

OPEIING SIZE, MICRONS

Figure 13. Mesh size versus percent of weight retained as a function of bit type,

dust size distribution from 37 wicrons (400 mesh) to -10 microns.
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Figure 14. Particle size distribution of the res
pirable coal dust sempl
cascade impactors, while cutting coal with different typ::p o;db:{s



Figure 15,

(a) Photograph of the coal block of test £3 after cutting against
the face cleat; (b) microscopie photograph taken epproximately
1.5 inches from the entrance of the center bit with .66 zoom setting.
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Figure 16, Opening size vs. percent of weight retained as a function of two
different bit spacings when cutting againat the face cleat.

Figure 17. (a) Photograph of the coal block of test 411 after cutting along
the face cleat; (b) microscopic photograph taken of the center bit
path in the middle of the coal block with = .66 zoom setting.
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Figure 18.

(a) Photograph of the coal block of test #33 after cutting against
the face cleat; (b) microscopic photograph of test #315 taken of the
center bit path near the middle of the coal block with a .66 zoom

setting. .
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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.
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Figure 20, Particle size distribution of respirable coal dust sampled by
cascade impactors while cutting coal with different cleat
orientations.
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Figure 24. Illustrates the cutting surface and the area of contact between the
. cut surface and bits mounted at various attack angles op the cutting
head.
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Coal Fracture Annlysis Using Two Simultenecus Hedge Indentors
and Laser Holographlc lnterferometry
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*
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Abstract

This paper presents results of destructive tests performed on rectangular coal specimen
under the influence of two vertical and simultancous wedge indentation forces. Several
wedge designs and spacings were uvtilized in compression tests, The ob jective of thease

experiments was to qualitatively monitor the effect of different wedge designs and spacinga
on the stress distribution within the coal speclmen.

Coal samples from the Waynesburg coal seam were cut and trimmed to cubical dimenaions l
of approximately 5 X 10 X 20 cm. Thesc specimen were subjected to parallel compressive

forces through two vertically appliled wedge lndentors. Leading was achinved with a hydrau- ]
lic hand pump in order to facilitate lnterferogram construction, The lead increments were !
limited dur to the sensftivity of the holographic interferometric technique (holometry) in )
measuring small displacements; thercfore, interferograms were taken only during similar
increments in order te allow for a gualitative comparison between different wedge design

and gpacings. In some cases, Interferograms were taken fmmediately before and after
failure of the specimen, :

Introduction

Failure Modes

Three distinct modes of fatlure occur when geoleglc waterials are subjected to wedge '
indentation forces. As shown In Figure 1, a crushed zone is located imnediately adjacent
to the {ndentor while chipping can occur {f the fractures initiated in the crushed zone

extend upwards to the free surface.. The third failure mode {8 a zone of intricate frac-
tures located between the crushed zone and the chipping zone,

CIIIPPING ZONE '

CRUSIED
ZORE

Flgure ', Fallure zones that occur when

. geclogle materfals are subjected to wedge
indentation forces!

*Pregently with Fairmont State Coliecge ,Diviston of Technology,Falrmont Weat Yirginia 26554
(304) 367-4156

Presented at the_ath Internationsl Congrees on_Applications of
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COAL FRACTURE ANALYSIS

-

Several experimeats have been conducted over the yratrs to better understand crater
formation and stress distribution within geologic materiasle under the influence of an
‘indentor. Generally speaking, crack initistion and propogation observed in these experi-
1nnt, correlate fairly well with wedge indentation theory; however, the nature of the
;:.ctures is greatly influenced by different material properties such as grain size and
‘elesvage planea, [In other words, a wide range of behavior has been found in different
coéks eub jected to wedge penetration. For example, £t has been observed that some rocks
:rg merely crushed and indented while others are more prone to cracking and chip formation.
Therefore, the development or nondevelopment of chips depends mostly on wedge geometry,
rock type and depth of penetration. Thiz work is patt of the study assoclated with opti-
mizstion of cutbing parameters, which is best modeled by using brittle materials and
subjecting them to rigid wedge penetration tests,

Holographic Interferometry

This technique has been well documented over the last few years and a thorough descrip~
tion can be found elsewhere? llovever, holometry has only been applied to the fleld of
rock mechsnices only recently and therefore, llttle decumentation is .avallable, For example,
over the last five years only two authors in the United Stgsea have utilized holometry in
experiments reported at the Annual Rock Mechanics Symposis.

Holometry offera remote micromeasurements and therefore requires no surface tnstrumen-
tation. Thils capabllity allows one to analyze how materfials deform under different levels
of atress both immediately before and after failure. Since geologic materials are well
known for anisotropic and inhomogeneous behavior, they are a perfect material to analyze
with holometry becsuse the effect of local flaws and tnhomogeneltles are easily geen.

Holometry also enables a three dimension analysis to be performed as shown in Figure 2
which compares three separate plhiotographs of the same hologram. It seews that the surface
displacement 1is progressing; however, since only the angle of reconstruction was varied,
the different fringe orientation can be attributed to the third dimension.

a b c

Figure 2, Compares three different photographs of the same interferogram with various
angles of reconstruction.

Mechanical Propertles of Coal

The mechanical behavior of coal under stress is dependent on its inherent nonhomogeneous
and anisotroplic condition. These Inhowogeneities cause locallzed stress concentrations
within the material, Ffor exanplie, all coal seams are intersected by e¢lcavage planes per-
Pindicular to bedding plane as §llustrated ip Flgure 3. These cleavage planes partially
contribute to the anisotropic behavior of coal. The mechanical properties are determined

with destructive tests of straln goged samples subjected to uniaxial compression loads.
The results of these tests are shown in Table 1.

x
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BEDDING PLANRE

FACE CLEAT PLANE

Figure 3. 1Illustrates cleavage planes present in coal.

Table 1. Mechanical Propertias of Haynesburg Coal

Cleat /Bedding Compressive Young's Tolsson's Indirect Direct

Plane Strength Meduius Ratlo Tenstle Shear
Otientation psl (XPa) psi (KPa) Strength Strength
pal (Kra) pei (KPa)

Face Cleat 3289 5.1x 107 0.25 154 2064
(473.6) (7.3 x 107) (22.2) (29.4)

Butt Cleat 3459 4.7 x 10 0.31 205 180
T (498, 1) (6.8 x 107) (29.5) (25.9)

Bedding Plane 4912 4.6 x 107 0.32 16 80
(707 .4) (6.6 x 10") (21.0) (11.5)

Experimental Program
Optical Procedures

A1 exporiments were conducted on an optical table which consisted of a granite slab
resting on alr cells (Figure 4).  The 1ight source was a 50 mitliwatt heltun-neon gas laser.
All interfevograms were constructed with doulle rxposures on Kedak high epred holographic
glass plates and utilized the single beam construct Lon theory as. shown in Figure 4.

The angle of construction (angle between the object beam and reference beasm) was 20%;
therefore, using the following equation’ each fringe {s equivalent to a surface displacement
of 13 micro-Ilnches:

d = A '
cos : (1)

where d {s the magnitude of displacement represented by cach fringe, A 1s the angle between
the reference besm and the obJect beam, and 6 represents the wave ength of light utilized
(623.6 Angstroms).

The plates were developed in D-19 for four minutes at full strength., After & brief stop
bath and a two minute fix, the plates were then rinsed thoroughly using running water and
then bathed in methanol for [ive minutes, The plates wers then bleached in a mixture of
potassium bromide, potassfum ferricyanide and water.

The interferograms were then photographed on techntcal pan film using an sutomatic
camera with a micro lens, In order to achieve good fringe contrast, fiim epeed was st gt
250 and the film wan developed in b-19 developer for four minutes, Also, a amall lena
opening was required. However, a congiderable amount of print dodging and a very cold
print pesper (F-6) was required to prroduce adequate prints.

5
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Figure 4. a) Photograph of optical table. b) TIllustrates the single beam hologram
construction theory.

Hedge Indentation Set Up

In order to uniformally lioad the specimen in between exposures of the holographie film,
a speclally designed loading system was required. The loading frame, as shown {n Figure 5a,
was designed and assembled to sllow space for the reference mirror and film holder. &
hydraulic cylinder was attached to the top of the frame fn order to provide a vertical com-
pressive force. Although great care 1s taken In specimen preparation, it is virtually
impossible to achieve perfect specimen geometry; therefore, the loading system was designed
to tolerate small differences In specimen dimensions without cresting undesirable streas
concentrations. 1In order to accomplish this, a series of spherical sests was utilized. As
shown in Figure Sb, the vertical force was applied to the coal spectmen via the wedges and
a2 steel plate. The steel plate, which has holes drilled allowing wedge spacings of two and
three inches, utilized spherical seats at the ends of the hydraulle piston and the wedges
to provide uniform stress distribution. Figure 6 showa the different wedges and wedge
geometries that were utilized.

|
| I=1+! |

f

b.

a.

Figure 5. a) Loading frame used in the wedge indentation experiments. b) Schemstic
diasgram of the specimen loading configuration.

Flgure 6. Four different wedge geometries and two different apacingn: a) two tneh and
L) three inch,

al
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Specimen Preparation

Large coal blocks were obtalned from a surface mine Ln Northern West Virginia. These
blocks of coal were cut and trlmned to sultable dimenstons. The surfaces of the gample
were then grinded to a smooth finish and aliowed to dry. Since coal is so anisotroplc,
apecimen orientation was considered rhroughout preparatlon. The objective was to produce
several specimen with & consistent oricntatlion with respect to the major cleavage planes,
In other worda, the dpecimen were cnt in order te keep the surface of the specimen that was
going tc be holographed parailel to tlhie cleavage planes. This surface was then painted
with white paint to Lmprove fringe contrast.

Typlcal Experiment

Tihe finisled specimen was then placed in the loading frame, Wedge spacling wae selected
and the specimen was preloaded and a brlef relaxatlon time followed before beginning holo-
gram constructbon. Laser allignment was then checked and blocked by a mechanical shutter,
before placing the film in the film holder, The f1lm was then exposed by the laser light
via the shutter, about 1/50 of a sccond. A smell increwent of hydraullc pressure was then
applied to the specimen and after another brtef relaxatlon aliowence, the film wes exposed
for the final time, another 1/50th of a second. The Film was then"ready for processing.

Reauits

Experiments were conducted with four dIfferent wedge designs ond two difforent gpacings
applied perpindicular to the face cleat plane. However, slnce holomelry {a so sensitive,
load increments durlng Interferogram construction was limited to a few pounds. Therefore,
only a few interferograms were made of each specimen as shown in Figure 7. A quantitative
analysis can be made by comparing interferograms taken in sequence at different load incre-
ments agsuming that displacement s perpindicular to the Fringe orientation and utilizing
equation 1, Total displacement can be calculated using the followlng equation:

D= #f x d (2).

where D equals total displacement, d rquals displacement represented by cach fringe (result
of equation 1), and #f equals the total nuwber of fringes or fringe count.

Figure 7. Conpores sequential Interfetograms taken with 20° wodges grinded dull 1/4 inch
from sharp: e) 200-220 pouwds b) 220-240 pounds.

Therefore, the total displaocement represcented 1s proportional to the nwnber of fringes
and since the load Increment and f1ringe counl varies by a factor of approximately two, s
linear reintlonship between load and displacement (8 11lustrated, This |inear relationship

has been obscrved in every case during inltlal loadlng, repardless of loadlng configuration
a8 shown ILn Figure 8, -
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a. (cyllnder). b. {(point load) c. {two vedges)

Figure 8, Compares interferograms observed during initial loading for different loading
configurations.

The most interesting behavior was recorded tmmediately before fallure as shown in
Figure 3. This Interferogram was captured during progressive fajlure under constant load.
There was no load fncrement between film exposure. Observation of the falled specimen
(Figure 9b) which occurred seconds after the inrerferogram in Figure %a without an increase
in load, shows a crack that pPropagated inwards rather than outwards toward the free surface.
4 chip developed on one side (far end of the specimen - see Figure 9b) but no chipping
occurred on the other side. Therefore, crack propagation and direction has been recorded,
Also, as mentioned earller, the effect of local inhowogeneities 1s {llustrated since the
fallure crack propagated towards an inhomogenelity,

b.

Figure 9. a) Interferogram taken immediately before fallure. b) Resultant fafled
specimen (45" wedge with 2 inch specingal.

When wedge spacing is increased to three inches using 45" Indentors, crack development
occurred in between the wedges as shown in Figure 10. Failure resulted from bending of the

specimen between the two wedgea, indlcated by the intensity of fringes present, rather than
from stress concentrations caused by the wedge load socurces.

Figure 11 11lustrates a comparison between an interferogram constructed immediately
before fallure with an interferogram constructed fmnediately after fallure. Hedge spacin
was two inches and wedge geometry was 20° grinded dull by 1/4 inch from sharp. %he lndivi—
dual zone of influence for each wedge are most apparent in this cage; however, no intersec-
tion of these {nfluence zonns were recorded. 1In Filgure 11a, the influence zone 1is larger
under the left indentor, tndicating either a deeper penotration or the effect of local inho-
mogenelties, which ultimately lead to faillure as shown in Figure 11b.




—_ b.

Figure 10, &) Interferogram resulting from a 40 pound increment with 45° indentors and
three inch spacine. b) Photograph of falled specimen.

Flgure 11, Compares Interfarograma taken before and lmmediatelf.after_fallure. 20"
wedge grinded 1/4 {nch and 2 inch spacing),
a) 280 - 300 pounds b) 440 - 470 pounds-fallure {ncrement.

Localized stress concentrations were also observed uaing 65° wedges and two inch spacing
as shown In Flgure 12, Figure 13 compares falled specimen from d{fferent losding conditicna
i1lustrating that chip development and size variea with wedge geometry. The largest chips
resulted from the bluntest 20° wedpe as shown in Figure 13b.

Flgure 12. TInterferogram resulting (rom a 20 pound increment fllustrating localized atresa
concentration (45° wedges with two ilnch spacing). ;




Figure 13. Compares failed spccimen from different lond sources. a) 45* 1) 20° grinded
dull by one Lnch from .sharp.

Concluslons

buring Inltfal loading, fringe diraction wos generatly parallel with the directfon of

load appllcation and rqually spaced. This Indicates Lhat the deformalion was approximately
uniform at initlal Joad levels. Frinpe orientation and direction generally did pot reflect
different loadlag conflgurations pr Lin presence of local inhomopenelties until the load
was Increased to algnilicant levels (over 300 pounds). The presence of these local fnhomo-
genelties and flaws induce inhemogeneous siress [folds resulting in non-uniform displece-
meats In the specimen. For exampie, an lulnibedded shaln layer would incrrase the mechani-
cal integrity of the speci{men, while clay layers or clenvage planes would decreasse the
Integrity. Therefore, displacement fields and failure mechanlsma in the specimen vwere more

reflectlve of threse local inhomageneliies and sitress Elelds rather than the spacting or
shape of the Indentors,

The sensitivity of thfs technique 1imits the amount of displacement that can be accurate-
ly identifled; therefore, this technique would be more sultable for the study of frescture
mechanisms of brittle watevlata character!zed by minbmum deformation prior to faflure (l.e,
granlte, sandsetone or l{mestone), Alao, the capablilty of this technique would be enhanced

when combined with measurements such as the acoustic emlgston technique tn the study of the

fracture mechanlsma {n geologle materiala, Furthiermore, In order to study the entire defor-
mat {on history of the spechmen (pra and prat failure) under stress, an extended nunber of

acquentlal Inlerferograms conb ined with cont lnuous measurements of stress and strain during
the testing Is recomncnded.
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ABSTRACT ;

This paper presents an analysis of preliminary tests on
the effect of in-situ and operating parameters on
fragmentation of coal using a specially designed unique
automated rotary coal cutting simulator (ARCCS). In these
tests coal blocks with an approximate dimension of 18 in. x
15 in. x 6 in. (45.7 cm x 38.1 cm x 15.2 cm} were first,
subjected to confining pressures, equivalent to in-situ
conditions. Such blocks were then cut by the cutting head
of the ARCCS, thus simulating the action of the continuous
miner in underground coal mining. During the tests under a
particular set of in-situ and operating parameters a number
of other parameters such as 1) penetration of bit into coal,
2} penetration resistance {thrust and cutting pressures), 3)
rotating velocity of cutting head, and 4) acoustic emission
activity in the coal block were monitored. After each
cutting cycle the fractured surfaces were photographed and a
velocity survey was conducted by using a sonic technique.

At the end of each experiment the cutting paths of the bits
in coal were photographed using an optical microscope with a
camera attached to it. Furthermore, the coal fragments were
collected in bags using a vacuum cleaner. These fragments
were then sieved for size distribution analysis. The
results of the preliminary tests indicated that underground
coal cutting can be simulated in the laboratory and the
effects of the important parameters, i.e. operating and
in-situ parameters, can be studied successfully.

Prepared for presentation at the 26th U. S, Symposium on Rock
Mechanics, South Dakota School of Mines and Technology,
Rapid City, SD, June 26-28, 1985,



EFFECT OF IN-SITU AND OPERATING PARAMETERS

INTRODUCTION

The continucus-mining machines which were introduced in-

the 1550's now account for more than half the production of
coal from underground mines. Unfortunately, these
continuous miners, which were designed for increased
productivity, have also increased the concentration of
respirable dust in mines. As a result, the Federal Coal
Mine Health and Safety Act of 1969 was enacted to enforce on
the coal operators that the airborne respirable dust not
exceed 2 mg/m3, and was intended to reduce the incidence of
coal workers pneumoconiosis. This plus the other aspects of
the legislation and the subsequent monitoring and
enforcement. by MSBA made it very imperative that the coal
operators provide a relatively healthier and safer working
environment for the coal miners. Since 1970, the Federal
government has paid over 11.7 billion dollars to more than
470,000 miners with coal workers pneumoconiosis and their
survivors (l). These requlations, coupled with the
assessment of the continuing burden on miners, the mining
industry and taxpayers appear to have provided an impetus
for the mining community towards comprehending the different
parameters that influence dust generation and entrainment.

Dust control techniques such as conventional water
sprays and dust collectors are only partially effective and
require additional equipment expenditures. A more authentic
approach would be to reduce respirable dust at the source,
the continuous mining machine cutting head, where the
fragmentation process occurs, Improving the fragmentation
process by characterizing the coal breakage will not only
reduce respirable dust at the face, but it will also
decrease the amount of respirable dust that is liberated
during the secondary handling.

Fragmentation of coal can be expressed as a function of
three major groups of parameters; namely, 1} coal
properties, 2) in-situ conditions and 3) operating
parameters., Presently, this paper deals with the
characterization of coal breakage as a function of machine
operating parameters such as rate of advance, angle of
attack, bit configuration, bit lacing (spacing and pattern)
and bit speed.
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STUDY PROGRAM

Laboratory Equipment and Instrumentation

Review of the literature on coal cutting technology and
the basic parameters that effect this technology revealed
that most of the existing coal cutting machinery is of the
rotary type and that the parameters that effect the
fragmentation of coal in such cutting depend on the
following (3-15): :

.Coal fragmentation = f(Cp, I., Op)'

where Cp is the mechanical properties of coal, Ic is the
in-situ conditions (vertical and horizontal stresses), and
is the operating parameters. Based on this premise a unique
automated rotary coal cutting simulator (ARCCS) (Fig. 1) was
designed and fabricated in the Mining Engineering Department
at West Virginia University. This design incorporates the
capability to study the different machine and in-situ
parameters that influence the fragmentation of coal and the
resulting dust. It operates under the simulated mining
conditions with in-situ stresses (horizontal and vertical
stresses) being applied to a coal block of 18 in. x 15 in. x
6 in. (45.7 cm x 38,1 cm x 15.2 cm) located in a suitably
designed confining chamber. The cutting drum with a maximum
tip to tip diameter (varjes with the bit angle) of 19 inches
has the capabjility of rotating from 1 to 50 rpm. The drum
can be stopped any time after a predetermined number of
revolutions. Tests can be performed with four different bit
angles, 15, 30, 45 and 60 degrees. A maximum of seven bits
can be mounted on the drum in an echelon pattern. The ARCCS
can be operated and controlled manually or automatically,
and the operating parameters can be preset with a series of
hydraulic valves and could be recorded in analog/digital or
in both forms. ' : .

Test and monitoring facilities can be seen in Fig. 1,
ARCCS (Fig. la), programmable control and monitoring unit
(Fig. 1b), sonic testing unit (Fig. lc), acoustic emission
(Fig. 1d), microscopic photographic unit {(Fig. le}, cascade
impactors (Fig. 1£), hood and air current generating unit
(Fig. l1gq) and data acquisition and recording unit (Fig. lh).
In addition to this, linear variable transformers, pressure
transducers, flow meters, flow controls and drum rpm were
some of the other monitoring devices. LVDT's are used to
monitor the displacement of the coal block as well as the
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Fig. 1.

L
I

i

Test and monitoring equipment facilities (a) automated rotary coal cutting simulator, (b) programm-
able control and monitoring unit, {¢) sonic testing unit, (d) acoustic emission, (e) microscope

and the attached camera unit, {f) cascade impactors, {(g) hood and air current generating unit

and {h} data acquisition and recording unit.
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depth of cut. Pressure transducers are 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 are used to run the drum at a particular rpm '
between 1 and 50 and to provide a different rate of advance,
All of the above mentioned devices are operated and
monitored by a fully automated control system. The fracture
size, shape and intensity is characterized, a) with the help
of photographs taken at the end of each test by using a
camera-attached to an optical microscope, b} by monitoring
the acoustic emission and c) by monitoring the sonic signal
in the coal block located in the confining chamber with the

help of sonic transducers, signal generator, and an
oscilloscope,

Specimen Prevaration

Large blocks of coal were ocbtained from a surface mine,
These blocks were then cut in the laboratory to an
approximate dimension of 17 in. x 13 in. x & in. (43.2 em x
33.0 cm x 15.2 cm). A typical specimen with cutting face as
face cleat was then placed in a wooden box of 18 in. x 13
in, x 6 In. (45.7 cm x 35.6 cm x 15.2 cm) in dimension. Two
blocks of wood 1.25 in. x 1.5 in. x 5 in. (3.2 em x 3.8 em x
12.7 cm) are wedged between the coal sample and the wooden
box. Plaster of paris is then poured in the box to £ill all
the remaining space other than that occupied by the coal
block. This process gives a perfect dimension of 18 in. x
15 in. x 6 in. (45.7 cm x 35.6 cm x 15.2 cm) which is very
essential to avoid stress concentration in the specimen when
confining pressure is applied, After a week the moulded
coal samples are removed from the box and the wooden blocks
that were wedged before pouring the mould are dislodged from
the sample carefully, thus creating room to house the sonic

transducers. A typical specimen ready to be cut is shown in
Figure 2, )

Experimental Procedure

During a typical experiment the moulded specimen was
placed in the confining chamber, the test conditions were
set, and the in-situ and operating parameters were marked on
the top mould layer of the sample. Such parameters can be
seen in Figures 14 through 18. These parameters, for
example in Figure 15, can be explained as follows. I is the
type of bit, 1.5 in. is the bit spacing, 5 is the number of
bits, 15 degrees is the bit attack angle, 1/8 in. is the
depth of cut, 15 is the drum rpm, F is the face cleat, 8, is

1
t
1
|
!
|
f
g
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_ ’ . . . - Fig. 3. Coal blocks with different bit
! Fig. 2. Typical mmmndams ready for J spacing (a) 3 in. {7.62 cm)
experiment. “spacing and (b) 1.5 in. (3.81 cm)

spacing.
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the vertical confining pressure and Sy is the horizontal
confining pressure. A sonic test was done by which the
stress wave travel time through the coal sample and the
amplitude of the signal was measured and recorded.
Equivalent in-situ stresses were then applied to the
specimen using two sets of hydraulic jacks (two for
herizontal and two for vertical). Al in. (2.54 em) thick
steel plate was positioned between the sample and hydraulic
jacks in order to distribute the pressure uniformly over the
whole surface of the specimen. Each set of hydraulic jacks
were connected in parallel to a hand pump. After the
confining pressure was applied another sonic test was made
and the corresponding stress wave travel time and amplitude
was measured and recorded. Before the test, the operating
parameters such as velocity of the cutting drum and rate of
advancement were adjusted to predetermined values. Then bit
blocks of specific attack angle (15, 30, 45 and 60 degrees)
were mounted on the cutting drum at a particular spacing
{Fig. 3a-b), i.e. 1.5 in. to 3.0 in. (3.8 cm to 7.6 cm) and
pattern. Bits of specific make and type vere inserted into
the bit block slots and were kept in position by a screw in
such a way so as to allow bit rotation inside the lock which
prevents non~symmetric bit wear. The number of rotations by
the cutting head was set in the counter unit in the control
module and then the machine was started to execute the
program in a continuous or counter mode. The counting of
the number of rotations starts when the hydraulic pressure
is increased, due to the cutting process, or when the
cutting head has traveled to a preset distance measured
mechancally and by LVDT, After the execution of the
predetermined number of rotations the cutting head retreats
and stops. After each cutting cycle, the samples were
photographed and a sonic test was done. Puring the test a
number of parameters were recorded (Fig. 4}. At the end of
the experiment the specimens were photgraphed and using a
microscope with an attached camera, the path of the cutting
bits were photographed at three locations, at entrance,
center, and exit of the bits. Airborne particles were
collected by using a cascade impactor while the larger
particles were collected in a large bag with the vacuum
cleaner.

RESULTS AND DISCUSSION

The coal used in the experimental study is part of the
Waynesburg coal seam. Prior to the experiments the physical
and mechanical properties of this coal were determined in
the laboratory. The physical and mechanical properties can
‘be seen in Table 1.

!
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Cleat/Bedding
Plane Orientation
Bedding Plane
Face Cleat

Butt Cleat

Table 1. Physical and Zmnsmzinwd.vxocmwnwmm of Waynesburg Coal

Comprassive
Strength
psi (KPa)

3289
(473.6)

3459
(498.1)

4912
(707.4)

Young's
Modulus
psi {(KPa)

10°

104)

10°
104)

103
104

Poisson's
Ratio
0.25
a1

0.32

Indirect
Tensile

Strength
psi (KPa)

154
(22.2)

205
(29.5)

146
(21.0)

Direct
Shear
Strength
psi (KPa)

204
{29.4)

180
(25.9)

80
(11.5)

Sp. Gr.

1.42
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A study of twenty experiments have been completed 80
far and more are being done to study the affects of
operating and geologic parameters on the fragmentation of
coal in detail. The parameters observed were spacing,
effect of velocity, depth of cut, confining pressure and
angle of attack. Despite a limited number of tests,
enormous data was collected of which only a part will be
presented here for discussion.

Using a 3 in. (7.62 cm) and 3 bits mounted in an
echelon pattern, a cut of up to 2.5 to 3 in., {6.35 cm to
7.62 cm) depth was made without breaking the boundary walls
between the bit paths (Fig. 3). These series of tests with
3 in., (7.62 cm) spacing were done for 13, 39, 45 and 60
degree attack angles.

With 1.5 in. (3.8l cm) spacing and 5 bits mounted in an
echelon pattern, the side walls of the bit paths were
broken. These serjies of tests were done for attack angles
of 15, 30, 45 and 60 degrees and at 0, 300 and 450 psi (0,
43.2 and 64.8 KPa) confining pressures.

The preliminary findings resulting from these tests
are:

"Force, Due to the enormous amount of data, a
statistical analysis was done to calculate the resultant
force. Figures 5 through 8 show the resultant force
necessary to cut coal as a function of the various
parameters. Figure 5a shows that the resultant force
necessary to cut increases as the bit attack angle increases
from 30 to 60 degrees. However, the force required with a.
15. degree attack angle is much higher. This could be
attributed to the fact that with a 15 degree attack angle
the bit rubs along the cutting path more than the other
angles and hence requires high thrust and cutting pressure.
A similar trend was observed with confining pressures of 300
psi (43.2 KPa) and 100 psi (14.4 KPa), vertical and '
horizontal, respectively, except that the rate of increase -
of the resultant force is higher as the depth of cut

increases (Fig. 5b}. Using a 45 degree attack angle, it was

observed that as the equivalent in-situ confining pressure
_increases the required resultant force increases (Fig. 6).
Also the rate of increase gets higher as the vertical and
horizontal confining pressures increase from 0 to 400 psi
(57.6 RPa) and 0 to 133 psi (19.15 KPa), respectively.
Figure 7 shows that for a 45 degree attack angle as the rpm
increases the resultant force increases. Alsc the rate of
increase is higher. Figure 8 shows the high rate of
increase of the force necessary when the spacing is
increased. This ¢ould be due to the fact that there is no
free space available when there is a cut with a 3 in. (7.62
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cm) spacing, in which the walls between the two bits were
cut when using a 1.5 in. (3.8l cm) bit spacing.

Size Distribution. A statistical analysis was done to
fit the curves for the size distribution. The curves are
plotted on the semi log graph. Figures 9 through 13 show
the mesh size versus the percent of weight retained as a
function of various parameters., Figure 9 indicates that the
percent weight decreases as the opening size decreases for
all angles. BHowever, the percent weight is the highest for
all angles at 0.1 in. (0.25 cm) opening size, The percent
weight for the 30 degree attack angle is larger below 0.1
in. (0.25 cm) than for the other angles, With confining
pressures of 300 psi (43.2 KPa) and 100 psi (14,4 RPa),
vertical and horizontal, respectively, a similar trend was
observed except that the percent weight for the 60 degree
attack angle is more under 0.1 in. (0.25 cm) than at the
higher size (Fig. 10). Using a 45 degree attack angle, it
was observed that as the confining pressure increases the
weight percent increases in the finer rande and decreases in
the larger range  (Fig. 11). Figure 12 shows that the
percent weight of the fragments larger than 0.1 in. {(0.25
cm) are higher with 35 rpm while the percent weight of the
fragments smaller than 0.1 in. (0.25 cm) are more with 25
rpm. The weight percent of fragments larger than 0.3 in,
{0.76 cm) are more for 1.5 in. {3.8 cm) spacing while the
weight percent of fragments less than 0.3 in. (0.76 cm) ate .
higher for 3 in. (7.6 cm) spacing. This could be imputed to
the fact that the walls of the bit cut paths do not break
for the 3 in. (7.6 cm) spacing while they break .with 1.5 in.
(3.8 cm) spacing (Fig. 3a-b).

Fracture Extension., Before and after applying the
confining pressure, but before the first cut was made, the
time that a stress wave takes to pass across the width of
the coal sample and the amplitude and attenuation of this
wave was measured, and the photograph was taken with a
camera attached to an oscilloscope. Using this data, the -
velocity of this wave and the dynamic Young's modulus of the
coal sample were calculated. A similar procedure was
followed to calculate the velocity and the dynamic Young's
modulus after every cut (Fig. l4). Results indicated that
the application of confining pressure increases the dynamic
Young's modulus of coal as evidenced in Figure 14, During
cutting the fracture extended from the cut surface through
the block. The magnitude and the length of extension of
these cracks depend on the original condition of the block
(pre-existence of cracks), the operating parameters such as
velocity of the cutting drum, depth of cut, angle of attack,
magnitude of the dynamic shock produced and magnitude of the
confining pressure. At lower or zero confining pressures,
the shock due to the impact of the bits fractures the coal

81
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block after one or two cycles of cutting and the fractures
thus formed remain open as depicted by the diminishing rate
of acoustic emission (A.E. hereafter)(Fig. 15). However,
under higher confining pressures, the magnitude and
extension of the fractures is less, and furthermore, the _
fractures developed during the cutting vend to close due to
the confining pressure, Figure 16 illustrates the continued
A.E, activity even after cutting is over. This is an
indication of the fracture closure. The high rate of A.E.
during the application of confining pressure can also be
seen in this figure at location a. Apart from this, the
other recorded data such as cutting pressure, thrust
pressure, rpm of the drum and depth of cut can alsoc be seen

in Figures 15 and 16. The fluctuation in the depth of cut
and rpm curves in Figure 16 in contrast to Figurgs 4 and 15

is due to the higher depth of cut than the anticipated 1/4
in., (0.64 cm). This was due to the higher temperature of
the hydraulic oil. Figure 17 shows the photographs of the
two coal blocks a and b after test #8 and %11, respectively.
It also shows the microscopic photographs taken at a zoom
setting of 1.5 at three areas. These photographs indicate
that the bit chips at the entrance {area 1), grades at the
center (area 2), and shears at the exit (area 3).

CONCLUSIONS

The analysis of these experiments is very preliminary.
More experiments need to be done in order to make assertive

conclusions, However, some of the conclusions based on the
general trends are: :

(1} The resultant force necessary is the least for the
30 degree attack angle while it increasesgs for lesser than or
greater_than the 30 degree attack angle.

(2) The 30 degree attack angle produces more larger
fragments than any other attack angle,

{3) The higher the equivalent in-situ pressure the
finer are the coal fragments.

{4) The higher the drum rpm the greater is the force
required to cut.

(5) The optimum spacing was found to be 1.5 in. {3.81
cm) to break the boundary walls between the bit paths.
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Fig. 15. Typic_al chart on which the different parameters such as AE.,
cutting pressure, thrust pressure, drum rpm and depth of cut
are recorded for a particular set of parameters. Angle, depth
of cut and rpm are different from that of Figures 16 and 4,
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Abstract. This paper pressnts sn analysis of
raspicabis dusc generation dus to the scclon of
a continuous miner. Underground coal cuceing by
a drus~type concinuous siner vas sisulated in tha
laboratory uvaing & specially dasigned unique
autoezted rotary coal cutting simulazer (ARCCS).
An sualysis of ~400 mesh particles wvas done on
gravity collected material. Samples of entrained
dust were collected through the use of cascads
iapactors. Both samples were analyred for size
disecribucion and particle shape. Using the
simulaced coal cucter permitted variation of
operating and in-situ parametecs to provide
information on the effects oo generatiom of -400
mesh particles. In these tescs coal blocks
with an approxizace dimension of 18 In. x L5 in.
x 6 in. (43.7 ez x 38.1 c3 x 15.2 em} were firsc
subjected to confining pressures, equivalent to
in-situy conditions. Such bloeks were than cut
by the cutting head of the ARCCS, thus simulating
the action of the continuous miner in underground
coal mining. During the tests under a paccicular
set of in-aitu and operating paramecers a number
of other parameters such as |} penetration ef bit
into coal, 2) penatracion resistance {thrust and
cuctting pressures), }) rotacing velocity of
cutting head, and 4) acoyscic emisaion acrivicy
in che coal block wers monitored. After each
cuteing cycle the fractured surfaces vers phoco-
graphed and a velocity survey was conducted by
uaing a sonfic technigque. AL the end of each
experimenc the cutting paths of the bits in coal
ware photographed using an optical microscope
wvith an actached. camers.

Intvoduction

The continuous-mining machines incroduced in
the 1950's nov account for more than half cthe
production of coal from underground mines.
Unfortunately, these continuous miners, designed
for facreased productivity, have also incressed
cthe concencracion of respirable duat in awines.
As 3 resulr, the Fuderal Coal Mine Heszith and
Safety Act of 1969 was enacted to enforce on

.the coal operztors that the airborne respizable
dust oot axceed 2 .glu’. and was intended eo
reduce the locidence of coal workers pneuwo-
conlonis. This plus the other aspects of the
législacion and the subssquent monitoring and
enforcement by MSHA made it very imperztive

char the coal operators provide a celatively
heslchier and safer vorking savironmenc for the
coal minars. Sinee L9370, the Federal govermment
has peid over 11.7 billion dollars to more than
470,000 miners wich coal workers pneumoceoniosis
and thair sucvivory (Newmayer, 1981). Thess
rvegulationa, coupled with the assessment ol the
continuing burden on miners, the mining indusery
and taxpayers appesar to have provided an impacus
for the mining cosmmunity towvards comprehanding
the different parameters that influepce dusc
generacion and entrainment.

Dusc econtrol technigues such as conventional
water aprays and dust collectors ace only
pareially «ffective and require addicional
equipment expenditures. A more authentic
approach would be to reduce respirable dusc at
che sourca, the continuous wining machina head,
vhare the fraguentacion process octurs, Improving
tha fragmentaction process by undecstanding che
mechanisws of coal breakage will noc only reducs

respirable dust ac the Esce, but it will alsa
decrense the amount of respirable dust that i»
liberzced during the secondary bandling.

Fragmentation of coal can ba expressed as
funetion of three major groups of parameters;
namely, 1} cosl properties, 1) in-situ condicians
snd }) operating paramatars. This pspar desls
firat vith the analysis of sechanises that take
place in the breakage of the coal along the
cutting pach, and secend with the scudy of the
genecacion of <400 wesh cosl particles us &
funetios of machine operating pacsmeters such as
rate of advance, angle of actack, bit configura-
tion, bit lacing (spacing and patcern} and bit
spaad.

Study Program
Laboratory Equipment and Inscrumentation

Reviav of the lic#rature on coal cuceing
technology end the basic parasscers that effect
this technology revealed that most of the
existing coal cutting wachinery i{s of tha rotary
type and that the parasacers chac effect the
fragmencation of coal in such cucting depend
on tha following (Tarry, 1959: Pomaroy and Foote,
1960; Poweroy, L9631, 1964; Evsus sund Pomeroy,
1966;: Pomeroy, 1968; Bower, 1970; Warmer, 1970;
Aurr, 1980; Ford and Friedwan, 1983; Friedman
and Ford, 1983; Fuh, 1983; Evansy, 1984):

Cosl £ tation = £{(C , I_, O
asl fragmentation 4 p Ic ?)

vhere C_ {s the pechanicsl proverties of coal,

I, is che in-situ conditions (vercical and
hocizoncal scresses), and O ia operacing
paramecers. Based on this Fteuisa a unjique
autonzted rotaty coal curring simulagor (ARCCS)
(Fig. 1) was designed and [zbricated in che
Mining Enginesting Department at West Virginis
University {Fhair, 1984)., This design incor-
porates the capability to study che differsnt
machine and in-sity paraeeters that influence

cthe fragmencacion of coal snd tha resulting

duse. Lt operates under tha simulaced mining
coenditions with in-situ stressws (horisontal and
vertical stresses) being applied to s coal block
of I8 in. x 15 in, x 6 1n. (43.7 cax 5.1l em

x 15.2 cm) located in & suitably desigoed
eonfining chawbar, The cutting drum with a
maximum bic tip to tip diswerer (varies with the
bic angle) of 19 inches han the capsbilicy of
rotating from L eo 30 rpa. The drum can be
stopped any cime afear a prederermined aumber

of revalucions. Teata can be parforsed wich four
different bic angles, 15, 30, 43 and 50 dagrees,
A maxizuw of seven bits can be mounted ou tha
drum in an schelon pactern. The ARCCS can be
oparated and controlled manuslly or sutomstically,
and the opersting parasecers csu ba presetr witch

&t series of hydraulic valves snd could ba cecorded
in snalog/digital or in both forms.

Tese and monitoring facilicies can be sean in
Eig. i. ARCCS (Fig. la), progrzmmable control and
monitoving unit (Fig. 1b), somic testing unit
(Fig. lc), scouscic emission mouitering wnic
(Fig. 1d), uicrescopic photographic wnit (Fig. Le),
cascade {mpactors {¥ig. 1f), hood and air currenc
generacing unic (Fig. lg) and dzea acquiaition
and recording unir (Fig.lh). In additfon to

Ji
|
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Fig. 1. Test and monitoring equipment Facilicies {1} aucomated rotary coal cuccing sisulacor,
(b) programmable concrol and monitoring unit, (c) sonic tescing unilt, (d) acoustic emission,
(e) microscope and .the actached camera unic, (f) cascade impactors, (g) hood and air currenc
generating unit and {h) daca acquisition and vecerding unit.

to this, lipear variable transformers, pressure gave a nerfecr dimension of 1B in. x 15 in. x
transducers, flou mecers, flow conttols and drum 6 in. (45.7 com x 135,56 cm x 15.2 e¢m) uhich was
rpm wete some of the other mounltoring devices.
LVDT's are used ta monltor the displacement of
the ccal block as well as the depth of cur.

very essencial to avoid scress concenctration in
the specimen when confining pressure vas applied.
After a week the moulded coal samples were

Fressure transducers are used to monitor the removed from the box and the wooden blocks that
changes in pressure, both due to rthe thrust and vere wvedged before pouring the mould were

due to the {incermictent cutting nacure of the dislodgad from the sample cavefully, thus creacing
rotary cutting. Flow controls are used fo run room to house the sonic transducers. A typical

the drum at a parcticular rpm between 1 and 50
and to provide a differenc rare of advance. Ald
of the above mentioned devices are oparates and By e _ A A A "
monitored by a fully sutomated control syscem, - { % il Bi e SR it T st I 2 AP

The {raccure surface ({.e., size, shape and ‘F' i , T n v g
intensity) is characterized, a) with the help of
photographs taken ar the &nd of each test by
using & camera attacbad to an oprical microscope,
b} by moaitaring the acoustic emission and o) by
monitoring the sonic signal in the coal block
located in the confining chamber wtth the help

of sonlc transducers, signal generator, and an
aicilloscops.

specimen teady to be cut is shown fn Figure 2.

5npecimen Preparation

Larg= blocks of cnal were obraiued from a
surface mine. Thede blocks vere then cut in the
laboratory to an appreximate dimension of 17 in.
x 13 in. x 6 in. {43.2 co x 33.0 cm x L5.2 ca).
A typical specimen vich cuzging face (face/buze
cleat) was chen placed In a wooden box of 18 fa.

%2 15 fo. % 6 {n. (45.7 em x 15.6 cm x 15.2 cm) Fig. 2. Typiczl specimen ready for experiment.
in dimenstion. 7Iwo blocks of wood 1.15% in. x 1.9

jn, x 5 in. (1.2 em x 3.8 co x 12.7 cm) were Exverimencal Procedure

vedged becveen the coal sample and the vooden -

box. Plascer of paris was then poured in tha Ouring a cypical exparimant the moulded

box to fill all che remaining space othar than specimen was placed in the coafining chamber, chs
chat occupled by the coal block., This process test conditiona vere sec, and the in-situ and



opevating pacsesters were matrked on the top mould
layer of the sample. A sonic tesr uas done by
vhich the stress wvave travel tise through the
coal sample and che amplitudes of the signal
were aeasured and recocded. Equivalent {n-situ
stresses vere chen applied to the specimen using
two sets of hydraulic jacks (two Eor hoetzontal
and two for vercical). A 1 fa. (2.3%4 ea) thiek
steel plate vas positioned betwren the sawmple
and hydraulle Jacks (n ordar to distribute che
pressure uniforaly over the whole surface of the
apecimen. Each set of hydraulle jacks was
condiected in parallel to a hand pume., Atter thn
coniining pressure was applisd anochar sonic tase
was'nade and the corresponding stress wave
travel tire and amplitude were =easur=d and
recetded. SBefsre che tese, the operating para-
zecars such aa velocity of the curting drum and
cite of advancement were adjusted to predeter-
zined values., Then bic blocks nf specifie
atrack aagle (15, 10, 45 and 60 degrees) ware
wounted on the eutting drum at a particular
spacing (¥ig. 3}, 1.=. 1.5 fn. te 1.0 in {3.3 ecm
to 7.6 cm}. Bits of spacific make and type were
inaerted into the bir block slots and wvare kept
in posicion by a screw in such a vay 30 as to
allow bit rotation inside the lock which pravents
non~-symmetric bit wear. The numbar of rforations
by the cutting head was sec in the covatsr unie
in the conzrol module and then the machine ways
scarted to axecute the progran in a contlnuous
or counter mode. The councing of the aumbec of
ratacions staccs when the hydraulic pressure i
increased, due to the CULTing proce=ss, ot when
the cutcing head has traveled te a presac
distance measured mechanically and by LYDT.
After the execution of the predecarained nunber
of rotazions the cutting head reccsared and
stopperd. After mach cutcing cyele, the samples
were photographed and a soale teac was donn,
During the tést a number of paramaters wore
recorded (Fig. 4)., Test conditions wers marked
on each sperimen as well as on the recorded daca
Al.e., [-ble typa; L.5"-bic spacing; S-number of
bits; 15"-bie attack angles; 1/8"=dnpch of eur;
L5-deum rpm; £-~face clear; Suv Sp-vertical and
hortzontal confining pressuces, tespezbively).,
AL the 2nd of the sxperimenc the specinens vere
phorographed and using a alcroscope with an
attached camera, the path of che cutting Eace
vas photographed ac thres locations. encrance,
center, and exit of the bi: paths. Alrhorns
particles vere collected by using a casgade
izpactor while rhe larger particles were
collected fn a larze bag with the vacuum cleanne,

Rasults and Discussion

The coal used in tha txparizental study is
parc of the Yayuesoburz enal smim. Privr o
the expacinents the phesizal and mnepranizal
properties of this coal were decermined in the
Laboratory. The physical and mechanieal
properties can be seen in Tabiles | and 2.

A study of thirty-four axperimencs has been
conpleted analytring both the mechaniams of
tespirable dust generacifon and also the #ifecra
af cparating, in-situ -and geologic parameters
on the fragmentacion of coal. The prcametery
obvervad wace bit spacing, drum valocity, desch
of cut, eanfining Presaure, coal cleat direccion,
sngle of actack and types of bic, Desplte a

a7

- 5-g00~ S5

b' ,“'.

PR I .-.'

T,
+

% .
. i S R Y (&
Coal blocks with different bit spacin
(2) 3 fn. (7.62 cm) spacing-face cleat,
(b) 1.5 in. (3.81 ¢») soacing-face
tleac and (e) 1.5 in. (}.81 ca) spacing-
burec clear.
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Table L. Physical Propecties of Wayneaburg Coal
Molsture Ash Sulfur Rank BGL* Sp.Gr.
b3 2 b4
0.0-1.5 13.5-13.7 2.03-2.06 hvBb#as 50.43 1.42
sHardgrove Grindabilicy
«hfigh Volacils B Bitusinous
Table 2. Mechanical Propercies of Wavnesburg Coal
:leat/Bodding Compreasive Young's Polsson's Indizece Direet
Flans Scrength Modulus Ratio Tansile Shear
Iziencation psi (KPa) psi (FFa) Strength Strength
psi (I2a} psi {(KFa)
Face Claat 3289 5.1 x 105 0.2% 154 204
(673.6) 7.3 % 10%) (22.2) (29.4)
jute Blest 359 6.7 x 10° 0.31 208 180
- (498.1) (6.8 x 10%) (29.5) {25.9)
jedding Plane 4912 . 4.6 x 100 0.32 146 80
(707.4) (6.6 x 104) {21.0) 43 )]
:::-—-q :’o::om':::v PrTY 2R BTE R Y

Dot dal Caat, W, » § WL ol PU

0

MJ;H\.'

Typical ehart on which the differenc
paraseters such as acoustic emission
race {i.5.), eucting pressure (C)),
thrusc pressuza (I,), drum spead (rpm}
and depch of cuc (b ) ars recorded for

a particular set of operacisg paracecers
undar zeTo confining Fressure.

Tig. 4.

imitad nunber of tescs, a large volume of Jdaca
:as czllec:zad of wihich only a part will be
iresented st discussinn.

Machanisas of tespirable dust generatiom due
.2 the aciion of a continuwous ainer is cooplex.
‘¢ 13 a funccion of the fragaentazion process
nd machine-bit-coal interzetion., To underacand
:he Eragmentation process it 13 neceasary to
walyze the fracture surface. The cut facs oy
ath can be partially swooth <ad parcially rough

Fig., 5. TIllustTates the curzing surface (cutting
pach) and che ares of concacs batwesn
the 2ut suriace and bits pountad ac
various atcack angles on the cutcting
head,

{Fig. 3) and has an arched shape wicth a radfus
tgual t2 che cutting head (Fig. 3). The
fraceturing process is governad by dvnamic and
quasi-scatic forces. The dynaeoic farces cause
fracture foroacion and fraccture excension {rough
surface) whare the quasi-scatic forces arm
responaible for the grading of fraciure surface
{smooth suriace).

Thus fragmencatisn of coal under the acrion of
the cutting head 13 not & continuous procass
relatively speaking. To slaboraca chis further,



observations during the cescs indicaced that aftec
the cutting head induces eertain {ractures
(different incenaities, magnitudes and lengths)
its rotacional wvelocity slows down and sven drops
to & momencary scop scage depending on the amount
of enargy placed on the coal. This flucrustion
of the velocicy of the cutting head can be seen
in Fig. &4 (zpm). The higher the rocacional
velocity of the curtiag hmad the highar che
samnitude of these fluccuacions can be cbserved
(Fig. 6). Furcherwors the magnitude of fluctua=
tion depends on che required dynamtc forces for
cutcing coal (Eig. 7).

lo Fig. 7, due to the application of confining
pressures and incressing depth of cut, tha
maznitude of required dynamic forces to cut the
¢oal increased, cherefore che magnitude of
flucruation in the drum valocity alsc fnereased.
After each fmpact, the cutting head graded the
fractured aurface in quasi-static mocion and
acceleraced o a rocational velocity above the
preser level. The time duration betumen che
peaks acceleration and deceleration between the
period energy used by ‘the cutting head to
Eractyre and grade the coal respectively,

Observations during tha tests as vell aa
data snalysis indicaced that the largest magni-
tude of the rocacional velocity of the cutting
head oceurred when the bit firsc hit the coal
(entered the coal body) and the leasr when the
bit vas ac the center of tha cucting path. The
magnitude of the tangential force (cucting force)
was the highest during dynaemic loading, while the
mzgnitude of the notmal Foree (chrusc force) was
the highest during the grading loading 1tage.
Therefore one can expect much higher Fracture
intensity, magnicude and lengeh close o the
entrance porcion of the cutting path thaa ae {es.
cencer,

Macroscopically the condition of the fractura
surface i3 & function of bit-spacing, cleat
direction, pre-existance of cracks and discon-
tinuicies, compressive strength, and bricele-
ductile characteristics of coal. For axample
when spacing betwesn the bits (s Llarge snouth
the iniluence of ona bit on the path of the ad-
Jacent bic is not suffieciene, thecefors che wall
becwyeen the paths of the bica resain incact snd
the paths of the bits (eucting face) will look
sscoth (Fig. 3a), otharwise ‘the cutting face
will look rough but regulsr (Fig. ). Ia
comparing Fig. 3b and Jc, it {3 abvious thacr the
Eracture surface tn Fig. e fs rougher sud mors
irregular than the fracture surface of the cosl
block shoum in Fig. 3Jb. This differsnce is
so3tly due to che higher compressive strangth
of coal alonx the burt cleat, higher cucting
resiscance offered by the coal in the buct cleat
direczion, and failure characteriscics of coal
along the Face/burc cleae direccions,

Microscoplcally the condition of the fracsute
surface is affected by the eip of the bit and the
area of contact between the bit and the cagl
block. Flgucre 3 illuscraces a microscopic vieu
ot the fraccured surfaces ac three positions;
namely, entrance, cencer, and exit ysing an
attack angle of L3* (Fi3. Ba) and JO* (Fig, $b),
In genernl the Eraccure sucrface at the area under
tha top of the bie st che entrance position had
Eeacures lLiks microscopic ridges whare tha
fragmencs had baen dislodged. Thess microscopie
ridges wers charscterizad by a thin shiny line

L TRF 2 o FL S S e

iy Prasmgen, €, + ST buididy Ayl PP
vt fopmmar, T, 150 Ll Kgf P

Fig. 6. Illuseraces typicsl data cheained during
the experizent. Emphasis hare iz on the
highar fluctuation of the cutting hasd
spand st higher rpm and tha diminishing
A.E. soon afcer the cur undar zers
confining test conditinn.
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Fig. 7. Trpical data cbeained in confined tast
couditiou. Eaphasis here is oo che high
fluceuacion of cutting head speed (rpam)
and Tontinued raca of A.E. afzer
tomplecion of the test. Also shows
high cace of A.E. during applicacion
of confining pressurs {location a).

at their edges, indicacive of crushing of tha
fracture suriace during the disladging of the
frag=ent. At che center and most of the cutting
path of the bit (ac the botrom of the groovas)
the fracturs surfsce was smooch end vas
characcerized by a wida shiny line (Fig. 8a-b,
area ). At.che end of the cutting dath, the bie
ofcen sheared off part of the coal (vhen the
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cuteing path resched close to the sdze of tha
coal block) creatiog a rough surface similar co
the condition described in zhe case of the
<nctrance position (Fig. Ba, sres J). 1If the coal
did noc break &2 the ends of the path, the area
under the bit remained smooch and shiny (Fig. 8b,
srea 1), .

Setare discussing tool coal interactton, it is
necessary to define particle sire ligics used in
this psper. Large waterials are defined as (+)
0.0937 in. (0.2368 em}, fine particles between
0.0937 to 0.0015 fn, (400 mesh) and duse is
~0.0015 1a. (~400 mesh). These sire distribu-
tiona are the preduct of the analysis of the
seccled fragment using scandard screening methods.
It should be noted chat although cascade
impactors were uaed for collecrion of the
flosting dust, however due ta short duration
of the experipents che quancizy of the f[loacing
dust collecred was insufficient for analysis.

The incersction of the bit with coal has two
tlements wvhich have an impacc an the generacion
of respirable dusc, napely 1) bic configuration
and 2) arcack sngle, Figure 9 illustraces the
interaction of the bit with coal where the bit
configuracion influences the fractured surface
along the cutting path. During cutting (grading)
the body of the bir execta compressive and sheat’
stresses on the wall betveen the bic path and
consequently induces fractures and dust.

Fiz. 9.

Shous Interaction of a bic with coal
at the cuccing pach {2 - during cutting,
b - ateer cucring, bit passes).

A catbide tip {s located ac the end of the
bit hodr. Althougn thess cachide tips are of
different sizes and stapes (anzle 3) chey are not
in aliznment with the bit body. _Thereiors there
is a gap between che carbide cip and che eut
sutiace thus crapping crushed marerigl (Fig, 91).
As the bit passed through che path (groove),
friccional heat, generates by the rubbing of the
bit (body/base of the carhide tin) against the
coal, Liguify part of theye crushed macerial
(Fig. 9b) leaving a shiny surfaced fils (Figs.
82-b, area 2). Hicroscooie snalysis of the
shiny surfaces, shov that s laryer volume
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of the crushed material vas trapped. Tha
crushed mscerial was like an zgglomeracs buc
could be picked spart esstly. This trapped
{crushed) materis] becomes s source of duse
after subsequent cuteing eycles.

The size and shape of the cacbide tip alse
has 2 significanc izpact on producing duse
duting dynamic leading. Even though dynamic
loading causes [racture Formaeion and fracture
extension it also produces 3 local crushing zone
where the bit tip {3 in contact wich the coal.
The stze of chis crushing zone {s propertional
to the stze and wideh (angle a) of the catbide
tip.

To evalusce the effects of bit configuration
and carbide cip shape, a series of experiments
vers perforded and test procedures wers wodif tad
to elisinzte the influence of other Factors in
fragmentation., Four tese specimeny vete cuc from
& large block of coal and wers tescad sgxinsc
the [ace cleac. The vertical and horizonral
stresses on the specimens were kepe eonstane at
512 pst (73.73 KPa) and 300 pei (43.2 XPa)
respectively. Using x 30* sttack angle snd a
cutting head revolution of 15 vpe. the cutting
depths were kept conscant te 0.30 in/rev (0.51
ca/rer) to & total of 1,9 tn. (3.5% cm).

The coal cutcting machine was completelycovered
vith plastic sheets to avoid loss of floating
After each test all the macerial vas
removed with & brush vithour the a{d of a vacuyum
cleaner. The four tegred specimens and the
dssociated cucting bits are shown in Fig. 10.
The cutting bits used were: pencil bit, Type I1I
(Fig. 10a), plumbob bir wich g lavge cathide
tip, Trpe IIT {(Fig. 10b), slendetr/sharp bit with
Cins, Type IV {Fig. 1fe}, and reguler .plumbob,
Tyee V (Fig. l04), Fragmene size discribucion
for the above four tests are shown fn Fig. 1l.

Shows four tested speciwens and the
associsted cucting bies,
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Fig. 1l. Illuscrates fragmeant size distribucion

characteristics for four different
typas of bita.

Resules indicated that che blunt bit (eype
FI1) produced less large material and more ftine
zaterfal than the slender/snarp {cype LV) bir.
Howevar the curves in Fig. V0 crossing ac =400
mesh s$ize suggest thac the blunt bic produces
more uniform sizes and cthe slender/sharp bic
produces more non-~unifocrm sizes (more large and
dust and less Eine sizes).

Tha tuo dips that appear io the size distri-
bution curve (Fig. 11) are dus to the type of -
screens used in the analysis. A standacd /2
secies was used from 0.742 {n. to 0.187 in.
{i.88] cm to 0.4746 cm), then the screens vere
used alternatively, meaning that the previous
screen size wag divided v to gec the net size.
fFrom 0,187 {n. to 0.0019 in. (0.473 ¢= to 0.00736
ca) the screens were used alternatively, or a 2
series where the previous screen size vas divided
by 2. The -0,0059 in. (~.01497 cm) sizes ace
screened with the 2 series agaln. This method
was used to reduce the numoer of screens thus
reducing dusc loss, and also discributing
‘irregularities ac both ends of the size range.
The dipa occurred because che screens that start
the changs in the series teceives twice the
amount of msterial it would have {in a ztTaight
series. The bump occurring at the 0.0015 in.
(400 mash) size was narural and {s characteriscic
of chis macerial noc caiated to the screening.
Tuis was suhstanciaces by using a -0.0021 ia.
(7.00533 car screen tested againsc anocher
screen with similar resules, .

Four diiferent attack angles, namely 13*, 20°,
3%, and 60 were used in shis scudy (Fig. 12},
figure % demonstracas that che ares of cantact
Yecween the cut surface (in the cuciing path} of
the coal and the cucrting it for differenc actack
mgles are not the same. The most ldeal condi-
zisn for farce transaission by the bic ta the
c2al will be a )0° accack angle, whera the area
asf contact between the bic and coal 13 the laaac
and causes a high scress concancricion in che
coal block., A% 2 result Less force is required
to break the coal. The smaller attack angle,
i.e. 15" will pot onlvy have a larger area of
contacr (Fig. 5), it will also require a larger
aormal foree [thrust) to penecrate the coal,

Fig. 12, Shows blt blask= with four differenc
actack sngles (S0°, 45%, 10" and 15°*

from top to bottom),

consequently producing wore friction caused heat

especially during the quasi-scacic loading

condition (grading).
The second {deal

condition concarning farce
required to ecut che

cocal would be cthe 43* angle
of attack. The $0* zngle of actack 1s similar
to the 157, however {r this case the front
portion of the bic will have a larger suriace
ares of concace with the goal, Its influence
on fragmentacion will be during the dynamic
loading cycle and che larger ares of contact
«#ill make cthe bit act blunt.

Figure 1] shows the resulirant farces nesded
to cut the coal ac various depths for all fout
different bit strack angles. As it can be seen
from Flg. 1) the least resultant force required
to cut the coal is 30" bir sccack angle and the
highest of all {s the 15" attack angle, )
Figure 1) also indicates that the resultant force
to cut :the coal is increasing wiczh depth of cuc
for all bit acrrack angles.

Particle sire distribution for four types of
bit attack angles are shown in Fig. t4. From
Fig. 14 it 1s clear chat & 30° acrack asngle
produces more large particles and less fine
and dusc size particlas chan the three ather
types vhen tested against both face cleat and
butt cleat,  Wowever che tescs using all four
bit accack angles against che buct cleat produced
less large particles and mare fine and dusc size
parcizlas omaparing against face glear, 1In
Ftz. 13 zesty against the face clear indicared
the lezs: fine particles for a )0° atzack angle,
next for L3*, third 60®, and fourch i3® atcack
angles. 15 tescs against the face ¢isat the
lexst ‘ust produced order was 30°, 60°, 45°, and
15* atctack angles, vhile in tescs againsc the
butt clear the order was 15*, 30*, 45, and 60°.

tlgure 14 also shows & smooch transicion frow

fine range ta dust range for a 60" actack angle
tesced Jgainst the butt cleat. This wmeans that
more material (particles) {a produced ar 0.0015
in. (400 mesh} size,

Increasing rorarional velociey (rpm} of the
cucting hesd {ncreased the required resultanc
force to cut cthe coal (Fig. 15). Under high
speed cucting mést of che energy impoaed on the
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Fig. l4. Shows owsh sire vs. peccent of weighe -
recained as function of bic acrack

angle and cosl cleac dirsctlons.

coal wvas uctilized during dynamic loading and less
anargy vas utilized during che quasi-stacic
loading (grdMing). Therefore, moce large and
deep fractures f{ncto the coal surface were
produced. Consequencly there werw more large
particles than fine. Also the higher velociey
of the cutsing head [ncreised the hinetic merzyy
of che parzicies which then {ncrsases entrain-
menc. Observacions of the experiments verifiasd
this. Higher entrainoenc does noc necessarily
inply higher airborne paccicles byt in this
cage if did increase the sagnitude of airbocne
parzicles ac the expesnse of sectled macectal.
Figure 16 {lluscratea size discribution
characteriatics for 25 rpm and 15 rpm using a
45* bit angle ssainst the face cleat and bute
clear in an unconfined situation, figure 15
clearly demonscrates thar the 35 rpa euceing
head speed produced mote large particles and
less {ine and duse size purticles {n coaparison
with tha 25 rpa speed both in the Face and bure
cleat directions. However, in general the

Fiz. 16. Mesh sirze vy, percent of weight
tetzined as & funecien of cutting haad
tpeed (rpm) and clest direscicns.

¢ucting head st any speed produced mors large and
less fine size parciclas in the faca cleat
direction than in the butr‘cleat dirseccion

(Fig. 16).

Characteristics of size distribution indicscad
that whenever the cutting head produced more
larze and less fize particles the masnizude of
the dust size particles was also higher (Fig. L7).
Tigure 17 {1luscrates size distribucion of coxl
particies, using & 43° actack angle, 29 tpm
curting head speed under equivalent in-situ
condition of 100 fc (90.91 =) sgainst both the
buct and face cleat. The equivalenz in-aicu
JCTesses are assured to ba | pat/fr of depth
(0.475 K?2/m} vertically (S,) and herizoncally
(Sy} 1s (v/1=v)%,, where v is Potsson's ratio
(Pang, 1978).

It is evident that in tescs againsc che buge
¢leac more fine and less large snd dust size
patticles are produced f{n cooparisen to cests
aguinst the fice clest dirsctisoa. ‘hen large
particles disiodged or broke away during the
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Fig. 17. Hesh size vs. percanc of waight
retained as & function of cleat
directions. Emphzsis here is che
correlation batween large snd dust

size parcicles.

dynamie loading cycle there sluayas appeared a
microscopic ¢rushed zone ar the edge of the
fraceure line {(cidges). Thess crushed zones
seam to be one of che mejor concributors of che
dust size parcicles.

A series of experiments were Tun £o scudy
the stfact of bit spacing cn the force required
ta cut the coal and its fapact on particle size
discribucion. Using a 3 in. (7.62 cm) spacing
and 3 bits mouncad in an achelon partarn a 2.3
to ) in. (6.35 cp to 7.562 cm) cut was mads
without breaking the boundary walls becrwvean the
bic paths (Fig. 3a). These series of reacs
with 3 Iin. {(7.62 cm) spacing wars done for 13°,
30%, 45", and 60" attack angles. With a 1.3 in.
(381 cm) spacing and 5 bics mounted in sa
echelon patcecn the side walls of che bit path
were broken when the csal blacks wers cut in
both face and butc cleac dirsccions (Fig. Jb-c).
These series of cescs vere dona for atcack sngles
of 15°, 30°, 45*, and 60° at various equivalent
in-situ acresses. The Eracturs suriace vas mors
regular vhen tesced against Tha face cleat
(Fig. 3b), however in the casa of the buct claat
che walls betwesn tha cutting pach broke only
partially and irregulacly (Fig. 3c). Total
braskage of the wall creatad 2 frase surisca
=hus reducing tha required rasultant forcas to
cut ctha coal.

Figura 18 snows cha teasultanc forces tequized
£a cut coal at various deptha using different
bic spacings. Figure 18 clarifies thac Che force
required co cut the coal is wuch higher whan .
using 3 in. (7.32 ex) bdic spacing than when
using the .5 ‘a. (3.3 cm) spacing. Mso a
lavger tesultanc force is required %o cut the
coal slong the butt cleac chsn along cthe Eface
claat. This is due to two factors, one that che
comprassive strength of the tasced coal i3 5,21
highar in the butt cleat direction than in the
face cleat, and second chat the buct ciear offars
more cteasiscance to gutting than the faca cleats.

A typical particle size distributien
aspociacad with chese cescs is shown in Fig. 19.
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retained as a function of bit spacing
and cleaat direczcion, .

In Figure 19 che use of 3 in. (7.62 ca) bit
spacing produced less large size and more fine
and dust size particles than in the usa of a
1.5 in. (3.81 ca) spacing. Once again, tests
against the butt cleat axhibicad sora Iine and
lass large size particles than ctha tests carried
out againsc the face cleat.

A numbar of exparimencs were conducted to

" investigace che affects of squivalent in-situ

sctreases on che resultanc forcas raquired to

cut the coal sz well &3 ¢n the fragaentacion
characceristics of coal. Typical resulcanc. force
charactariscics curvas for thass sxpariments sre
givan in Fig. 20. Tha cutting tesistance
increased with che increasing confining prassurs
(Fig. 20). A typical particls size discribucion
characctecistic curve is shown in Fig. 21.

-
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Fig. 20. Resultanc force vs. depth of cut as &
tunction of equivalenc in-situ stresses
(confining pressuces) and clest

directions,

Figure 21 indicates s slight decrease in fine
and dusc sire particle production with higher
equivalenc in-situ scresses in che but: claesc
direction, however the effects of equivalenc
in-situ scresses along the face cleat {s not
quite clear. Confining pressures incresss
comoressive strengeh (C) and Toung's modulus of
grologic macerial (Peng, 1978). Tha tesc
tesulcs verifiad chat confining presaure
increased the cucting resistance (Fig. 10) and
dynamic Tounsg's modulus (Fig. 22}.

The cutting head induces fraccuces into the
coal during cucting thus teduciag hoth che
comprassive screngch and Young's moduylus of
coal, The degres of reduction in these
praoperties depends cn the fntensicy and siza
of the induced cracks. In an unconfined
situation these cracks excend through the rock
after a short penstracion of the bit into the
coal, snd che eoal block loses ics imcagrity.
Sonie cwdes indicated a dectease ln the dynamic
-Young's wodulus of coal bloek {Fiy, 2Za).
However, under cthe confining conditlon the crack
growch 13 alow and dus to the action of .
canfining pressure crack closure is possitle
{Fig. 2I9), This =as further subscanciac:d Sv
Jonicoring acouscic emission segivity (A.2.)
during the tests (Flzs. 6-7). Figure &
indicaced a dizinishing race of A.E, after
cuccing the coal, while Figure 7 exhibdicad &
continued rate of A.Z. alter che cutting
closure in the coal block. 1In Figure 7 the
high race of A.E. a¢ location 2" {s due =0
application of confliaing presyures on the coal
block pecior te the teae,

Figure 22b indicaces that even after ilarge
penetration of the bit into che caal, che bloci
renained incace. This could be one of the
rassons tha: the cucting resiscance increasss
with hizher confining pressures. The enecgy
taparted to che coal under the iniaxial compr=s-
sive cesc iz & funceion of normal seress ia she

& WRIGHT MTANLD

29 TWO LEFERENT COMPRIERE PRESTUNES and CUTTI OVECTICNS
1,48, 350 pet B4, 100 put RESFRCTIALY L2 gy

2
"
"
"
0 as w aset
OPING KX, (CHER)
Fig. 2L. Mesh size ws. percent of weighe

" retained as & funccion of equivalent
in-situ stresses {conlining pressurss)
and cleat dirsccions.

coal and Young's wodulus of zhe coal (l.e.,
Energy = 1/2 ot/E, vhare ¢ {s the vniaxial
compressive scress and t L9 Toung's modulus).
At tiee of failure stress squals the uniaxisl
compressive strength of cosl Cy and Energy =
L/2(C,"/E). Therelore mora enecrgy caa be
storea in the material pricc to failure L{f the
aacerial has a highar compressive sctength (Cu)
snd a lover Young's eodulus (E). The butt clesc
exhibits both of these characcaristics asce than
tha face clant (Table 2). Table ? shows that chs
bucs cleat has a4 higher comvcessive strength and
a lowar Young's modulus charn the face cleat.
Applying confined pressure increases both tha
compressive scrength and che Young's modulus.
The.squared term of the comprassive strengch
oucseighed the increesed ¢lastie conscant by
1 places, or 100 times. This seems to go along

wich the [act that coufining preasure increased

saczaineen: dus co cha higher enecgy ctaleased ac
the cime of failure. One would expect that a
highar confining pressurs «would incresse tha
production of fine percicles because of tha
higher compreasaive strangch demonstractad by

the bucc cleat. However Fig, 2la indicstes that
the higher the dvmamic Toung's modulus the lass
fine particles ara praduced. Figures 21a shows
chat & higher confining pressure decreasss the
produccion of fine particles. Mors tesca should
be tun ce detarzine the sctual positioa of
confining pressures 3. production of Eine

particles withour regard to the dynsmic Young's
wodulus.

Conclusions

Althaugh the results presenced in this paper
Busc b: considered of & dveliminazr natura sinca
chey ire “ssed on a Liniced ousbar of zescs on a
specific coal, nevertheless a number of signifi-
cant poincs appear evident. Thase ean be
sumnarized as follows, '
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Dust genszacion (s a function of fragmenta-
tion procass and machine-bit-coal interaccion.
Thease rwo elemencs have beean affected by a nusber
of paramscers, nasely:

1. Operation paracecers

2. Physical and mechanical propercies of

coal

1, In=situ scTessas.

Resules of the exparizents indicated chae
among the above msjor Zroups, the jsrameters
thac affect fragoent size discribution charac-
teriscics in order of leasc to wosc is as
follows:

l. Bit actack angle

.2. Type of bic, snape and size of carbide

tips

3. Compressive strnug:h claat direccisn azd
4, Young's zodulus in-sicu stTesses

5. Speed of the cucting head (vpm)

6. Spacing of the bits

7. Dapch of cur (advancing race)

The effect of the above parameters are
illuscraced in Figs, 23-24, TFlgucre 23 represents
a possible ideal size dizcribucion characesris-
tics, whers under the condition of low cuceing
head speed (low trpm), or blune bit condition or
paterial have a Lov Young's oodulus (lowv E} one
can expact less large and dusc size and more
fine size particles where high speed (cpm),
sharp bit and hizh E will produce more larze and
dust size snd less of fine aize particles.
Tigure 14 shows a cooparison of the results af
cha experizent conducted under different secs
of operating psraoeters (i.e., vom, L5 and 25);
depch of cur (1/B and 1/4 in.), bit spacing (1.3
and 3 in.}, and bit attack angle (15" and 50°)).
The resgults shov how deoch of cut stands alone
in leas productisn of large, fiae and dusc size
paccicles, That is to say increasiog depth of
cut more products will Se In chunky site and
less in the range of smaller sires which 1is the
subjecec of concern.
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" Aontract. Tiwe control of resplirable dusc In

aines has been given paracount ilmparcance doe to

the haalth and safety implications assocfated .
with Eine dust. The understanding of the tempo-
ral and spatial behavior of dust has buen recog-
nized as essential for incrensing the efficien-
cles of the exiating control techniques amil for
developiog new control strategies. Mining-
related studies in this area are, in general,
limited. They are olso mostly experimental,
Some wathematical and compucter analyses have heen
attempted. In this paper, first s reviev of the
mathematjcal studies periormsd in the last three
decades in thie srea 1s presented. Second,:a

. mathematical model for analyzing dust flow in

uines is proposed. The model takes inte account
a number of factors affecting dust transport, It
fncorporates varying dust generation source
astrengths and dispersion, deposition, and coagu-
lation of dust in mine airwnvs, Finally, appli-
cation areas for the model are diacussed. &A
computer progras based on the mathematical model
has been developed. The progtam will output the
dust concentratlion in the wine atmospherc as a
function of time and distance (rom the source.
The awount of dust deposited on the sides, roof,
and floor of the afrway is also determined.

List of Symbols

A' = creoss sectional ares of parcicle

¢ = concentration at the center of duct

C = g5lip corvection facror

CD = drag coefficient
Cfix = local streas coefficient

d = particle diometer

D = diaceter or hydraulic diameter of duct/
: airvay

Dp = Brownian diffusivity

Ey = dispersion coefficient in x direction

f = fanning friccion Cactor

" = copifictent of frictlon

F = vcsistance to the motion of sectling

particles
F' = flow deposition rate
F = frictional forcc reaisting wovesent of
deposiced particle
acceleration due to gravity
surface voughness height
c? lision frequency function
claas of size distribution
nean free path of gas
length of airway under :onlidcrntlon
nusber of particles in size class h
deposition rate
dust production related term
radlus of particle in 1*" claes
radius of duct
rnof deposition rate
Reynolds nuasber
side deposition rate
moleculsr Schmidt ousber
turbulent Schwidt number
Eriction velocity
airstream veloclity
terminal velocity
deposition velocity of particles
non-dimensiona) deposition velocity
diacance from Jesding edpe of & finite
surface where x' = 0 ip the point where the
flow starte
distonce from surface of deposition
non-dimensional y = yu /v
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coeffleient determined from exﬂurl-ent
rebound factor of gas lro- a particle's
surlace

bt~ -

¢ ™ eddy diffusaivicy ’
€, ® energy dissipated by turbulence :
i = confficient of friction for swooth pipes
A, = coefllcicnt of friction for rough pipes
"y = dynamic viscosity
v = kinematic visconity
p = resintance cocificient of the pipe
p_' = densicy of gan
,:,- density of particles
g * dimensionless particle rela:ltion time
v = particle reiaxation time

Introduction

An alrboecne dust cloud is a complax aystes
containing porticles of varied size, density,
shape and state of apgregation. The behgvior of
the particles is dependent on a number of complex
physical mechanisms, often opposing in noture.
The net inceraction results in the ambisnt con-
centration. This size dependent behavior of
particlex concrasts with that of gases, an area
qulite widely studied,

The term neresol i used to describe clouda of
microscople uwml subwicroscopic particles in air.
such as chemical swoke ot particulate matter
relensed from smoke stacks. An aeroxol system
can be regarded as an arbitrary elesent of volume
f1lled with gax and suspended particlen of possi-~
ble highly variable physiochemical natura. The
paramcters that are used to describe an aerosel
syastem include concentration, sass avarage veloc-
Ity and pnarticle mass and radius. In character=-
izing such systems, several assumptions are mada,
Among these ir the ossumption that particles are
smooth, inert and rigid spheres, Again, for
exnmple, vhen the particles are in transport, the
poasibility of collision exista, As & result of
the collision, the particles may coalesce to form
larger particles. The probability of sticking ia
considered o known quantity {Hidy, 1970}. In
this paper, the applicacion of the principles
used in acrosol syatews is explored for the study
of the cransport ond deposition of fine cosl dust
in underground mines.

Recognizing the threat to health and sxfety of
wvorkers underground by fine coal dust, tha respi-
rable dust standardas in underground coal mines
were completely revamspad in the 1969 Coal Hine
llealth and Safety Act. Also, funds were made
available to the U.S. Bureau of Minea to ressarch
and davelop methods for the control of respirable
duat probiems in sines. Pue to the concerted
etforts of industry, government and other insti-
tutions, considerable progress was achisved in
ansuring that underground coal mines were, in
fact, in compliance with the mandated dusc stan-
dards. llowever, the literature on the transpor~
tation and deposition of dust in mines is scaat,
Theoretical and fundsmsental scudies ars few,
Experimental results have large varisbilicien,
In a NLOSH study quoted by the comeittee of the
Hatsona) Acsdemy of Sciences on messuresent end
concrol of dust, mcnsuresents obtained from each
of 22 minc sections for 40 shifts vere analyzad.
The coefflcient .of variation between ahifcs was
91.6%Z. In oddition, thers is sn ecstimated 30X
variation betwveen measurcments when a personal
sawpler unit im opurated by trained parsonnel
(Mationsl Bureau of Standacda) (Anon., 1975).
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These statistice only streas the need [or more
fundamental and theoveticol studies on the
bshavivr of dust. In fact, a committer of che
Hational Acndemy of Scicnces on wcasuresent and
control of dust (Anon., 1980) made, amongst
others, the Folloving recommendations:

Research ie needed on the [undamentnl mech-

anisms by which fragments are produced in cosl

mining; how some of these fragments in the
respirable range become airborne; and the
spatial and tewpotal characterintics of respl-
rable conl mine dust atmospheres, The mechun-
isws of [ragmentation nceds to he underscood
so that machincs can be designed to produce
the least awount of coal mine dust in the
respirable size range. Entrainment needs to
be understood mo as to minimize the proportion
of the dusc that is entrained. The apatial
and temporal characteristics need to be under-
stood 3o that the exposure. of Horkers to the
dust can be controlled.
The Cormittee further stated that thix 1lack of
understanding of the formatinn and behavior of
clouds of respiroble dust consttnins the intro-
duction of more productive methods,

The objective of this paper is to contribute
te the underatanding of the behaviar of dust
particles in mine airvays. The major thrust of
the paper is directed to the developrent of a
mathematical model that wold incorporate the
various mechanisns that act on dest particles to
predict the ambient concentration of duse.

The paper, firstly, reviews the mathematjcal
studies performed in the last three decades fn
this area. Secondly, n mathematical model for
analyzing dust flow in mines is proposed.

Finally, appllcation areas of the nodel are
discussed.

A computer proeram hased on the math model has
been developed fot 1BH 370 computers, The pro=
gram cutputs the dust concentration in the mine
atmosphere as a function of time and distance
from the source. The amount ¢f dust deposited on
the sides, roof and flooe of the nirway is alse
determined.

Review of the Mathematical Modellng of Dust Flows

Few mathematical wodels are presently avail-
able to study the transportation and depositlon
of duat in aine aitsays, Host of them nre
restricted to experimental data colleccion
(Bradshaw, 1954; Uamilton, et ol., 1961, Court-
ney, et al., 1982; Percles, 1958) and statistical
annlyres, ‘Daves and Slack (1954) developed am
elemcntury wodel based on the understanding of
particle behavior. Since their wvork, increased
underatanding of particle flows has provided
aerosol scientists with a basis to develop better
and wore representative modelsd,

Pereles (1958) developed the first of deposi-
tional models that took into account diffusion
and gravitational settlement, and valfdated the
podel with the data collected by Daves and Slack

(1954)}. lle proposed the following relationships,
2 v
' _5 -a t
<=~ 1""-2 (1 + exf a) ) (l)
where
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This theory gives deposition rates on the roof
ond Tloor in terns of side deposition. For side
depasition the author proposed the following

" relationship.

5 = B/2 pUe, (&}

The valve of B depends on the properties of the

lowing fluid as vell as on physical properciss

of the dust,  Correlation with the Daves and
Sinck data gave a best fit value of 0,026 with a
scatter of 0,019 to 0.038. The value of 8
depemled on the parcicle diameter too. The theo-
vetical values [ov the ratlo of floor deposition/
airborne concentration for particles less than 4
microns were greater than chose from experivental
dltn.

A mode] was developed by lwang et al (1972)
for thr calculation of dust concentration in
underpround mines, For dust sources in the
alrway the concentration equation iz given as:

e T ()

Fl

C'Cl

Ll

vhere B is a Factor that incorporates flowv veloc-
ity, terminal velecity and dimensions of the air-
vay. At x = O, the boundary condition s ¢ = €
the values of ambient concentration at that
point. The deposition calculations are based on
the stopping distance concept which has bueen
found to have cettain discrepancies {Owen, 1969).
1n the consideration of the mass balance equa-
tlon, a suitable dispersion coefficient ts not
incorperated. When correlated with the Dawes and
S1lack data, for deposition over a cross section,
the wmodel predicted values which were within &
factor of 15. Also, according te the model the
effect of air velocity on deposition is negligi-
kle, The model does not fncorporate cosgulation.
Courtney ct ol (1982) have proposed the

“4ollowing deposition model for the concentration
at time ¢: .

€=y exp(-Kl £} (5)

co * initlnl concentration of dust at ¢t = O

Kl = an cxperimentally determined proportion-
ality constant

¢ = wass concentration of oirvborne dust,

This model is similar to an equation provided
by Davies {1966} for scttlement of dust from
turbulent alr in enclosurcs. This is an approxi-
mate representation of the physieanl phenosena
without regard to the nature of deposition or the
mechanisms causing depasicion. TDavies' "theory
han been shown to vary widely vhen correlated
with acceptable experimental data {Wood, 1981b).




Owan {1969) doevuloped o deposition mede] baued
on a continuity aquation that is tepresencacive
of the physical nature of dust depositioa. Good
corcuspond is sh with the Dawos and Slack
data for roof/floor aand sidu/floor deposition
ratios,

Of tha modals referved to, the Hwang modol is
4 more cooplete modal which peraits ztudics ta be
wade of the effect of source screngch an depo-
sicion rates and ambjent dust concencrations,

The authors also axomined thermal and «luctro-
phoratic effects though these ware nut Included
in the model, Hood (1981b) has shown thac ther-
wophoresis, the phenomenon of particle transfer
due Lo thermal gradienc, is not significant for
rough walls.,

Hucerical modeling of contaminants has been
prolific in the atmospheric sciences, Models
have been developed for plumes, motor car fumcs
in highways and nucleatr fallout (Friedlander,
1977; anspaugh, et al., 197%; Runrca, 1977; Chock,
1982). Armospheric sathematical wodels con be
divided into three caccgories as:

l. models based on Taylor's statistical

theory of dispersion
2, congervactive volume models
3. real time computation aod predictions.

Hodels Rased on Taylor's Statiscical Theary of
Dispergion

These are generally used for computation of
concentration flelds resulting from a large num-
ber of distributed urban and industrial sources.
The mathematical treatment is a gencralization of
the equativn for molecular diffusion and heat

conduction. The general equation used is:
ic 3 ac 3 de 3 3c .
TR x, ax) * 3 ny ay) MR LS 32! {6)

where ¢ is pollutant concentration and K s K and
k, are diffusion coefficicncs,

Conservative Volume Hodelsg
The consarvative volume slesent muthods

utiltize the convectiva diffusion model of the
form

ic 3 e 2 i 3 3c
Pt (Kx 3:* * 3; (‘y ay) M 2 (‘: I:)

- L wwe - %; wme - &= wwe
~ sinks + sources. ("

Real Time Compuration and Predictions

Such modals are used for prodiction of pollu-
tion distribution using real rime data and muthe-
matical modela. The prediction may be cthe dis-
trivucion of pollutanty a few hours after &
cercain evant, Real time computations have been
used in such areas as tha Los Angales basin where
raptd changes in wind Jirections are comson.

The U.5. Envirowmemital Protectivn Agency has a
users® aeivork for applied models of afr poliu-
tion (URAMAL} which cuntalns a libracy for
COBpuULuer pProgroms.

Particle Deposition

Particle deposition way take place duc to the
effect of gravitatiunal, eclectrestatic, thermal,
Brownlan and eddy Jitfusjon, sudimentztion and
inercial impaction, OFf these, the threw wajor
mechanisms of depositlon in turbulent flow are
Brownian diffusion, eddy diffusion, sedimegntocion
and inectial impaction. Inertial impaction is
imporctant only at hends, but ac bends the change
in directlon In flow with resultant powsrful
eddies may couse increased reentrainuent of the
depusited particles, thus having a somewhat
cowpenzating effecc, Among the three major
deposition mechanisms, unanimity does not existc
amougst researchers as te Lhe delincation of the
tegioes of the different mechanisme with respect
to particle size. The ¥Fricdlander classificacion
which considers convective diffusion to be domi~-
nant in the ¥-1 micron range and inercial deposi-
tion for particles greatier than 1 micron is
adopted in wodel duvelopsent, The equacions ate
duvelopud such that all cthree wechanisoa of
deposlcion are adequately accounted for,

fepasition by Convective Diffusion

Turbulent diffusion uf particles can ba
descrited by a one-dimensional deposition flux
cquation. In a mslel proposud by Friedlander and
Johnstoune (1957), the ussumprtion was that parci-
¢l deposleion on the walls of a pipe can be
degeribed by the diffusion of particles to the
boundary layer followed by a final free flight,

The cquation for the Jdiffusion Elux as
proposed by Friedlander (1977) is:

de
= (DP + £) a9y ° {8)

This ts sssentially a wall deposition equation
since gravity 18 sot accounted for. Inclusion of
gravicy results in (Schael, 1973)

K= (n « t) iﬁ Ve . 9)

The turbulent oddr diffusivity £ varies within
the boundary layer. A fow equations have besn
propused telacing € with distance from Che
boundary layer {(Davies, (966; Lin, et al., 195);
Owen, 1969; Suhmul, 1971; Schmel, 1973). OF
thuse, the expressions developed by Owen cover a
more repregentative cange and is given ass

b

/v « 0,001y" RENEE €10}

/v = 0.012(y" - 1.6)2 s<y'<20 (D
+ L]

/v = 0,4(y = 10.0) y >20 (12)
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. In the wodet development, equat ion €9) 1y used
to deacribe deposition fer particles with ¢+ |n
the range 0-17 as it ogrecs well with cxperi-
wental data (Davies, 1945). Equation {9} can be
non-disensionalized with TeRpect to core concen—
tration and friction velocity to glve: -

+ )

¥V o= i

D .
‘.
(_P.‘E)E.c_;.vc.
cu, v v + t

dy

Rearranging the terms,

Integrating through the turbulent core glven

RG
*
dv

1)

1 +
dc
A S

y . (14)
0 v - v.c o

S
=+

The 1imits of intcgration are as follows, The
upper limit of integration is a value of y" which
is large enough for c* to be equal to unity,
i.e., it must be representative of the concentry-
tion in the. core of the flew. This can ba taken
to occur at the center of the duct, f{.e., at a
distance R From the walls, where R is the radius
of the duct. -

For the lower limit, it will Le nssumed that
pParticles will be captured when they reach the
level of effective roughness height. At this
height, concentration can be agsumed to be zero
(Wood, 1981b: Rrowne, 1974). This occurs at a
distance b above the origin of the velocity
profile. HMathematically, this eapture can be
taken to occur whensver the particles enter
within the stop distance. . A stop distance fx the
diatance over which a pareicle with an initiaj
velocity u comes to rest under the action of drag
at ths boundary layer., 'This is becaune any
particle with vejocity u tovards the wall with
corresponding stop distance s will eventunlly be
captured. Therefore, particles with the veloclty
tovards the wvall at a level y nbove the origin
vill be captured and, hence, the lower limit can
be taken as i

2 M (15)
vhere,

b* = dimensionless b = bu, /v, and

& = dimensionleas stopping distance = LT ATN
Integration has to be carried our in three parts
because af the vacying eddy diffusivity across
the three layers. The liwmits of the thice layers

are: R
1. sublayer y, <3
2. buffer layer. 3« y, <20
3. rturbulent core 20 <y <« R

Ansuming bf_+ st > 5, that g, (y*)o is in the
order of the buffer layer heighe, the fntegral
for the sublaver (l.e., 0 < y* ¢ 5) will be
negiigible. Therefore, the integration will span
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the reglon § <y <R where R {8 the dimension-
less tadius of the duct and is given by ¢ =
Ru,/v.
For wall deposition, the originsl equation
(Fq. 8) of Fricdlander is adopted,

Turbulent Diffuxional Neposition in the Inectial
Ranpe

This 1s the dominant mechanisw for particles
larper than 1| micron. The suspended particles in
this range way not he able g tocally follow the
motion of the fluid,

‘Wood (1981a) correlatad Lty and Agarvzl daca
(1974) and suggested the follewing relationships.

*

. .
¥V = ;;: = 0,13, {18)
For o > 265, the modified Reeks and Skyrwa
telacion s
* 2.6 50
vSkyrnc'- 7 -5 an

Real 1ife systems of acrosols are polydisperse
and can he specifiod by a function of the type

I ait)idr = N
D

0 (18)

vhere H" Iz the bulk concentration.
In such cases the total number of particles ¥
depogited per unlt aten per unit time i3

N n I . Ty
ol I "n(e)dr vd![[usloﬁ drv + [ “0,13n{r)dr
& g . | 4
1
t
3+
'vskyrnc“(r)dr [§L))

which takeas into account the turbulent aiffu-
slonal deposition In the continvous sire range.

In the caxe of distributed particle sizes
vhere the distributfon is given in the form of a
graph of proportion by weight of particles below
each value of diamercr, discrecization of the
size distribution ia needed.

The slze spectrum iz divided into small
clagres with a vepresuntative particle digmetor
{d) and weipht (ud} froction for each clasa,
Then the total deponition velocity fa given by

FY

d
- * . rax
¥ u.¥ u, :d "d "d

(20)
1 .

where v: is the dimcnsionless deposition velocity
fer disweter d.

Na Ny, [POK ot L

0 d



Ioercial Deposition on Ulw Flour Pue te Gravity
Etlects -

For deposition on the £loor, the effcce of
gravity is also censidercd. The rate of deposi-
tion due co gravity will depend upon the tersinal
velocity, v,. The deposition velocity due to
gravicy will then be

L

vgravlty " Ve (22)

Deposition due to the sffect of gravity is taken
Into account in che computer prograw by consid-
ering the terminal velocity that is appropriate
to the particle gize class.

Coagulatfon

Coagulatien of airborne particles was also
considered in the model. Coagulation occurs vhen
two patrticles coilide to Eorw a farger particle.
For 1iquid drops, the celllaion tesults In a
larger drop, vhose voluse 1s the sum of the
volumes of the colliding drops. For coal parei-
cles, hovever, collision results in a larger
sized patticle of a shape detercined by the
shapes of the colliding particles and chelr
orfentation at the tioe wf collision.

Smoluchowski (Chung, 1931} proposed s model
for the rate of change of the number of particles

in any size range. MNis sodel {5
dn (t} '
k 1 k-1 -
dt "7 har Kggmyoy e T Ky 29)
1sj=k

where n, (t) is the number of particles of size k
at time t and K. . is the collision Erequency
function between'particles of sizes { and J. The
firse term on the right side represents the gain
to =ize k from collisions hetween particles i and
3 and the second represents loaa From the kt
class by collisions of particles of size k with
all other particles. The facter of 172 s
tntroduced because each collision is counted
twice in the summacion.

The discrete wodel sssumes thot vhen two par-
ticles collide the probability of sticking
togecher is 1.0, ond alno they cooleace to form a
third particle whose voluse is equal to the sum
of the two,

The etficiency of sticking 1s probably depend-
ent on shape, nature of the surface of the col-
liding parcicles, size. as well as slectrostatic
and Van der Waals forces. In the absence of
definfrive literature, the efficiency of sticking
i3 ysually assumed to be 1.0. 1In this sodel an
initial sensitivity analyses wvas done with the
siopler wodel having an elficiency of sticking as
1.0. 5ince coagulacion did not play an importanc
role in determining ajirborne particle sire dia-
tribution, the atability of the coagulated parti-
cles after collision was not examined.

The modificd furm of the Smoluchowski equation
13 used in the model. Porositics of the coagula~
tion particles were ignored as the model with
porosity consideration will involve conuiderable
computer run time, wainly dus to che necceasley of
mass balancing., Thia, topether with the fact
that coagulation does mot play a dominant role

prompted the wie of the simplee sodified
Snoluchouski model, - '

To account for inconsistencies 1n the original
wodel duw to diserecization, the cquation is
modlifed as follows (Chune, 1981}, :

The parcicles {alling 4n tha &tV {aterval will
be those vhosa combinacions are such that

Bk T 'j < .kﬁl (!l. ‘j < xk)

vherc ’k is the size corresponding to the lower
boundary of ¢lass & and 'kol is the upper liwmic
of size of class k.

TE xy + x4 * x. the particle ceases to be
counted In thac fnterval. Thece also exists a
class ¢ of parcicles specified by

L-1 « ('k+l - ’k) (3}

vhere the assoctation of particles, from class k
with those from classes less than &, causen tha
addition of the resultant volume to che X9
Interval itseif. The rate at wvhich such addi-
tions vccur is

A
i~1

.app k 1"y

By the sace token, vhen 1 > L, dissppearsnce
from class k occurs, given by

R’ - E X,.n, .
disap " mlel L |

The overall disappesrance ters can therefore
be wriceen as

] -
[ =n I K. n ~n T K,n.. (2)
disap k 1=1 k1 k tetel ki

Thus the overall modified rate equation used in
this paper is

dn (t) k-1 ' )
X 1
——e I K an, +*n I K.n
dt 7 g 0T R o Tt
fey=k
- I %.n, . (2%)
x REE LR

The detereination of the valuea for K
requires an understonding of the collision
sechanisms .

The colliston (requency function 1is an indi-
extor of the vrate at wvhich two particles eollide.
Thus, the collision frequency function is depend=
ent on the mechanisws causiong the collision. The
sajor mechanisws are Hrownian motion, turbulent
motion of the fluid, differentinl ahear of the
fluld dus to velocity gradients in che flow and
difforentinl settling of particles, 1t is
assused that the particles are non-interaccing,
f.e., the forces of actraction betveen them are
negliglble except on contact when they are large
encurh to hold the particles togathar.
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Brownian coapulation is the duminant sechanism
for particles in the 0 to 1,0 micron range, whete
Browninn diffusion plays an iwportant ecle as &
wechanism cousing collision of particles. The
Erequency of probable collision can be suntisti-
cally determined (Chung, 1981},

Collinions can otcut due to turbulent wotion
of air, Collisions can occur due to two
stchonismn:

(1) Spatial inhocogeneities of particlex in
turbulent motion, a cedium whose characteristic
lengeh scale of swall eddies is larger than the
characteristic particle sfze r;. Saifenn and
Turner {1956) term such collisious ax "collisions
due to the motion of the droplets {in their
studv, raindrops) with the aic.”

(2) The second pechanise is duc to the fact
that parcicles of diffecent aizes are subject to
motion not anly vith the air but alse relative to
one another, Collislon can thus oceur only
betwveen unequal parcicle sizes. This mechanlam
doss not explain collisions of equal size
parcicles,

Saffwan and Tutner {1956) developed a compre~
heneive wodel that teok {nto accoumt (1) the
wotfon of the drops with the alr, (i1) relative
eotion due to the air, and (i1i) sedizentatien,
The [ormula proposed !s

1/2 22 2, bu,2 H
iy = 200 ey rptia - Bt -1
1 €
+30- -E:)z(tl 12)2 'z "%“1‘ rjlz "2-1”2
(26)
vhere (% 2 1s given by Batchelot (1951)
EOREE RO L an

Dispersion of Dust

Skubunov conaolidoted the results of & number
of studies to detorwine the cocfficiencs of tur-
bulent tramsfer. A cajor conclusion of his study
is that the coefficients of turbulent transfer
agree irrespective of the nature of the flowing
fluid ot the diffusing coe{ficSent, The espiri-
¢al forsula proposed for longftudinal dispersion
was

E_ = 15.60DSe =0.6¢ e, 7.

: (28)

The value of the turbulent Schmidt number ig
taken o3 1.1 for dust. The value of Sc,, the
wolecular Sclmidt cunber, {s 0.72, a generalized
value obtained by Skvbunov., These values relate
to wvorkings with o steady, uniforo velacity
proflle in the transverse dircetion. Wheee the
veloctty profile is not unifotm, tle coetficient
of longitudinal diffusion euy be higher,
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Yunerical Hodeling of Duwt Flows

The tranaport and deposition of dust can be

‘wodeled ysing a atatistical equation for turbu-

lent diffuslon of a parabolic form (Hidy, 1970).
For incowpressible flown, the equation in l.n!r-
alized form can be expresaed as :

dic ] . W ? e [ e
TR TR RS TR A TR T

-~ Uix) %E - U{y) %% - U(z) %% + sources — ginks
{29)

The intense turbulence of mine air precludes
significant variatien {n concentration in the
lateral directien, {.e., {n the horizontal = .
direction of an alrvay cross-section (Figure 1),
1t bhas been shown, hovever, that the eoncentra-
tion of Jdust varies to some extent in the verti-
cal directfon. The concentration in the upper
half of an airway is penerally higher than that
in the lover half {Dawes, et al., 1954). This
anonoly ean, however, be overcome Lo some extent
by assuming an even concentration distribution in
the crosu-section and basing deposition squations
accordingly., These assumptions enable one to
adopt a one dimensional populacion balance
equatlon of the convective-diffusion form for
flew in the x-direction:

L iz’—--u'—"w es - sinks. (30)
3t !hz FTY Ul.ltl:s nks.

This equation has to be golved for different par-
ticle size ranges using representative particles
dlametric for cach aize range. The behavior of
all the size ranges is sumwed to give the genaral
behavior of the dust cloud.

Initial and Noundarv Conditions

The initial condition te solve the squation is
of the forw

e(x,8) 0  fort=0, D<x<L

vhere L is the length of the airway under consid-
eration. It is asswmed that there i3 no initial
concenttation of dust in the mine air at the
start of the simulation, The program can be .
modified, hovever, to take on some finite value.

The boundary conditions have to be determined
depending upon the processes that couse the
transfer of the dust particles at the point where
the sectionnl afrwnys weet with che high velocity
wain return alrvays, Assuming n dowinative
convective transfer and that the concentration
gradient at the point of mixing doca not vary
with distance, it can be

This vould mcan that at the boundary, the concen~
tration is Ln the usymprotic region of the
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falling concentration curve, an assumption that
is reasonabie when considerling long airways.

Source Term

In any modeling study, characterization of the
source 1is important, In mining, a nucber of
sources for dusc generation exist. The primary
source is the sctual ceal cutting procesa. Room
snd pillar wining using conventional methods
involves coal cutcing, drilling, blascing, and
loading. Dust is genarated during all thess
processes. The introduction of continuous mining
machines has cowbined the unit operations of
cutting, drilling, blasting, and loading into one
operation. The actual coal cutting process
varles depending on the type of contivucus miner
employed vhich may be of the tipping, boring,
milling or auger type. Agaln, depending on the
type of miner, the operations involved are
sumping, shearing, trimwing of bottom, reposition
and advance, The dust generation rate depends on
the operating wmode of the mining machine. For
exaople, in the sumping wode the amount of dust
genetrated is greater than that in the shearing
mode, Also, the time the continuous miner 18 in
the sumping mode dificrs froe that in the
shearing moda (Figure 2)., The dust generation
characteristic is typically of the step function
type and can be described as:

5(t) = a\lé(t - tl} + ‘zlﬂt - tz} * aas

+ Ai a(c - ti) (31}

where 6{t - t,) {s the direct delta Function and
Ay is the emission when in made 1 of the opera-
tion. .The partlicle size distriburion is dic-
cretized into small intervals, so that the
wechanises acting on the particle can be better
represented.

Computer programa are avajlable which siculace
the operations of continuous sincrs, The output
of such sioulators can be used as input to the
dust podel to deterwine average dust exposure
levels to which a worker may be exposed over a
shift.

Model Solution

The convective diffusion equation is solved
using an isplicit scheme (Bandopsdhyay, 1952) and
the wodel was programsed in WATFLV.

The deposition part of the model was validated
with results obtained from deposition studics
conducted by the Bitusinous Coal Research lnc,
{BCR) (Kost, et al., 19B1). The BCR expsriments
were conducted in & continuous mining section
consisting of four antriee utilizing double aplit
ventilation with two sececion entries extending
over 100 » straight back froe the brattice dis-
charge points (Figure 1), In the validacion
test, due to the absencc of data on source
strength, it was decided to use o represeatative
constant soutce strength and compare the rasults
on the basis of relative deposition rates. Also
the wodel assumes average velocity of flow for
all the points. The actuval velocities in the
field study were different at nll the weasurement
polats due to the lack of uniformity of airway
dimensiona, The velocity asnumed in the model is
the averags of the velocitiss ot the five points.

Since the reanlts bave heen reduced to eatlus
with respect to the (irst sompling point. the
relative deposition at the various points abeve
the airway vwil] be independent of the source
strength, The model ovtput for the deposition
pattern for the velocity of flov snd sirvay di-
wensians of the mine section in which the experi-
mental data war ¢ollacted is shown in Figure &.
The mode! cutput and the experimenctal data show
that the wodel reasonably duplicates the ovbserved
deposition pattern. The input dacta used in the
sodel as well as the salient expecimental data
are listed in Table 1,

Sensitivity Analvses

Tme to the abaence of comprehensive data to
validate a model of this type, a senasitiviry
analysis vas wade. The model was altered to ex-
smine the affect of dispersion coefficient, coag-
ulation and deposition due to turbulent diffusion
on deposition and concentration. As & check,
another variation attespted vas doubling the air-
vay's heipht and width while waintaining all
other values the same g3 in the original valida=-
tion run. The results are shown in Figures 5-8.

When turbulent diffusion is ignoved as a depo-
sition mechanism, the gravity only model shows a
decrease in depesition rate and an Increase in
ambivnt concentration. The effect {s proncunced
for particles in the respirable aize range. indi-
cating thac turbulent diffusion plays s dominant
role in the deposition of finer slze particles.

Whea the dispersion rate is halved, the wodel
showed & stceper Eoll in deposition showing that
a lover dispersion tate results in decreased
spread of particles. The result ambient concen-
tration also showed higher values near the
source,

Coagulation does not play a dominant role in
the system, Runs made with and without coagula-
tion showed insipnificant change for the particle
glze distribucion considered for model valida-
tion., This doea not preclude the possibilicy of
coagulation playing a wore dominant role for
finer size classes in which case for the sane
mass the number of particles will be very large.
A switch has been provided in the program to
sctivate the cosgulati. . subroutine for finer
size distributions.

A doubling of the dimensions -of the airvay
resulted in a decresse in smbient concentration
aince the same ewission awount was dispersed over
four times the cruss section of the airvay. Due
to increased aurface arca, higher deposition was
obtained in the respirable range, the rangs in
wiilch turbulent diffusional deposition:is domi-
nant. Tn line with the tact that total ambient
concentration was lower than in the original
mode, total depomition also shoved a decrease.

To exomine the effect of particle size distri-
bution and velocity of flow on the concentration
and deposition patterna, two sets of runs vere
wndu. One ast consisted of varying waximum
particle diamseters. The resulta showed thot as
the maximus diameter of the particla sire distri-
bution increases, the total concentration and de-
position curves tend to be more steeply dipping,
indicating that greater amsounts of dust are
deposited in the firat few metern for larper size
particles. The effect 1a jess pronounced for
porticles in the respirable size tange {0 - 3
microns).
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A sinilar set of runs vere oade by varying
velocities. The velocities used wece 0,517 n/s,
0.45 m/e and 0.4 w/s. The results show that the _
effece 15 wore pronnunced 1n the total size range
than 1n the reapirnble size Tange. As the
velocity increames the deposition and awbienc
concentration curves become flatter, indicating
increased dispersion and s core uniform deposi-
tion along the length of the airwny,

Concluaions

A mathematical msodel for predicting the
behavior of dust clouds in wine airvavs under the
sction of controlled flow has been described In
this paper. The model is designed to evaluate:

1. dust deposition in a stralght pection of &
Toadway, Both total dust as well as respirable
dust values are output for the various points in
the roaduay,

2, omb{ent concentration, including concen-
tration in the respivable range. Tlme averaged
#nd instantaneows values can be detecnmined,

J. effect of varying source emission tates
on the dust exposure volues at the various
points,

Dust meapurements are knovn to have a high
coefficient of variation. One way of comple~
wenting experioental data s to use mathcematical
wodels, such ns the one described here, vhiceh
attempt to explain the transport chacacteristics
ef dust clouds generated by nining machines,
predict dust deposition and azbient
concentrations.

A:ﬁnouledgments

The work reported here is a part of an on-
going research project in the Generic Technology
Center for Respirable Dust at The Pennsylvanin
State University. The Center is supported by a
grant from the U.S. Bureau of Mines, Support and
assistance from the 11.5. Mureau of Mines and The
Pennsylvania State University are appreciated.
Grant Number G1135142

References

Anon., 1975, "An Evaluation on the Accurecy of
the Coal Mine Dust Progtam Adwinistered by
the Department of the Interior.” Final Report
to Senate Comaittee on Labor and Public Wel-
tare Staff, Inatitute for Haterials Research.

Anon,., (980, "Report of the Committee on Mea-
surceent snd Control of Respirabie Dust,™
KHAB-363, National Academy of Sciencas.

Aaspaugh, L, R., Slimm, J. W., Phelpa, P. L. and
Kenncdy, N. C., 1975 “Resuspension and Redis-
tribution of Plutonium $n Sofilw," Nealth
Fhysics, Vol. 29, pp. 371.

Bandopadhyay, 5., 1982, “Flaﬁnin; with Diesel
Powered Equipment {n Underground Hinca,” Th.D.
Thesis, The Pennsylvanis Stace Universicy.

Batchelor, G. K., 195}, “"Pressure Fluctustions
in Isotropic Turbulence," Prnc, Camb. Phil,
Soc., Yol. &7, pp. 359.

Bradshaw, F., Codbect, A. L, and Leach, F,,

1954, "The Deposition of Dust on Conveyor
Roads,”™ SHMRE Research Report No. 10§,

119

CLOUDS

[
VY

Browne, L. W. 8., 1974, "Deposition of Particles

on Rough Surfaces During Turbulent GCas Flow
in o Tipe,™ Atwos. Envirn,, Vol. 8,
PP BOlfOIG.

Chock, D., 1922, "The Dispersion Analysis,”
Hechanical Freincering, Vol, 104, No, 12.

Chung, H, §., 1981, "Coagulation Frocasses for
Fine Porticles,” Ph.D, Thesis, The :-
Pennaylvania State Universicy,

Courtney, W. G,, Koat, J. and Colinet, JI.,
1982, "Dust Deposition in Coal Hine Adruays,”
USHM Techaical Progress Report TR 116,
Bituminous Cosl Research.

Davies, C, W., 1245, "Definitive Equaticns for
the Fluid Resistance of Spheres,” Proc.
Phveical Soefetv, Vol. 57, pp. 259.

Davies, C. N, Ed., 1986, Aeroscl Selenca,
Academic.

Paves, J. G. and Slack, A., (954, "Deposition
of Airborne Dust fn a Wind Tunnel," SMRE
Research Reporc No. 105,

Friedlander, S. K. and H. F. Johnatone, 1957,
"Deposition of Suspended Particles frow
Turbulent fas Streson,” Ind, Ennrg. Chew, ,
Val, 49, p. 1151,

Friedlander, S. K., 1977, Smoke, Dust and
Haze. Fundamentaln of Aeroscl Gehavior,
John Kliey and Sons.

Hemilton, R. J. and Walton, W, Y., 1961, The
Selective Sampling of Respireble Dust in
Tnhaled Farticles and Yapours, Ed. Davies,
C. N., Uxtord, Pergamon.

Hidy, G. M. and J. R, Rrock, 19710, Pynamics
of Aerocolloidal Svatems, Perganon.,

Ruang, €. C., Ceiger, G. E. and Radulovie, P.,
1972, "Dust Concentration Simulator for
Mine Ventilntion Systems for Coal Mines,"
NTIS PB 213833,

Kost, J. A., J. F. Collnct and G. A, Shirey,
1981, "Fleld Survey of Float Dust in Cosl
Hining Operations,” USBM Minersl Research
tontract report, Contract We. JOIDB03O0,
Bituminous Coal Resestch Inme.

Lin, C. $, Moulton, R, W, and Putnam, G, L.,
1953, “Hass Transfer Metween Solid Wall
and Fluid Streams,” Ind. Engng. Chem.,
Yol. &5, pp. 636,

Liu, B. Y. H. and Agarwal, J. X., 1974, "Experi~
mental Observacion of Aerosol Deposition,™
J1. Aerosal Sci., Vol, 5, Wo. 2,

Owen, P, M., 1959, "Pneumatic Transpore,”
J1. Fluid Mech., Vol. 319,

Owen, P. R., 1969, “Dust Deposition from a
Turbulent alertreom,™ in Aerodynamic
Capture of particles, Ed. Richardaon,



Perales. L. G.. 1958, “Theory of Dust Deposi-
tion froe Turbulent Adratreams by Several
Machanisas," SHRE Rescarch Report Ko. 144,

Runca, E., 1977, Transpore and Diffusion of
ALty Pollutante tfrom a Poinc Nowrce,
Modellipg, Iduncification and Control in
Environmental Svsrems, Ed. ¢, C. Vansceen-
kista, Horth-ilolland Publicacions,

Saffoan, P. G. and Turner, J. 5., 1956, "On the
Colllsion of Drops in Turbulenc Clouds,”
J1. Fluid Hech., Vol. i, pp. l6. ’

Sehmel, G. A., 1971, "Parricle M ffusivities
and Deposition Valocicles over a lierizontal
Smooth Surface," J1. Colleid and Interface
Sci., Vol. 37, Ko. 4.

Sechoel, G. A., 1973, "Particle Eddy Diffusivi-
ties and Deposition Velocities Ior
Tsotheroal Flow and Swooth Surfaces,"

J1, Aerosol Sci., Vol. &, Vo, 2,

Wood, M. B., 198la, "The Mass Transier of
Parcicles and acld Vapor te Cooleud Surfaces,”
J1. Inst. of Fnerav,

tlood, N. B., 1981b, "Calculation of Turbulent
Deposition to Smooth and Rough Surfaces.”
J1, Aerosol Seci., Vol. 12, %o, 1.

Table 1, Inpur Data for Validariea Run.

Hubber of slzes

Kunber of nodes

Total simulation time

Time increment

Boltzmann constant

Absolute tempevature

Kinematic viscosity

Absolute viscosity

Friction coefficient

Alr density

Valocity of flow

Piscance of airvay

Heighe of alpvay

‘Wideh of airvay

Density of particlas

Maan dismecter of particles

Minisus dismccer of siza
distribution

Haximum diametor of size
discribution

Minimum size class for
determinacion of size
classas

5

Bé

10 winuces

7 seconds
0,13794992E-22 /R
291 K

0.158-04 als
0.18269988E-04 kg/mz
0.085

1.206 kg/w?

0.517 a/s

i0.0 w

3.17 »

6.l m

1400 kg/a?

19.0 microns

0.6 microns

28.4 microns -

0.5 microns
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Figure 1. Schematic of dust flow in a mine
airwly.
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Figure 2. Dust gencratlon rate of a continuous

miner.
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Figure 5. Comparison plocs of outputs obcalned
from original and eodifieé nodel rums
(respicable concentration).

Figure 6. Comparisen ploty of outputs obtained

Erom origlnal and modifled model Tuns
(tecal concentracion).
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SUPPRESSION OF INHALED PARTICLE CYTOTOXICITY BY PULMOMARY SURFACTANT
AND RE-TOXIFICATION BY PHOSPHOLIPASE--
DISTINGUISHING PROPERTIES OF QUARTZ AND KAOLIN®

W. E. WALLACE, JR., M. J. KEANE, V. VALLYATHAN,
P. HATHAWAY, E. D. REGAD, V. CASTRANOVA, AND F. H. Y. CREEN

West Virginlia University
and
Appalachian Laboratory for Occupational Safety and Health,
Divislion of Respiratocy Disesse Studies
National Instltute for Occupational Safety and Health
ABSTRACY

Inhaled particle contact with pulmonary surfactant in the hypophase lining
pulmonary alveoli was modeled in vitro by exposing two ragpirable sized dusts,
kaolin and sillca quactz, to lecithin, a major component of pulmonary surfac-
tant, emulsified in physiclogic saline. Lecithin adsorbs to the dusts upon
incubation at 37° C and suppresses their cytotoxicity as measured by pulmonarcy
rmacrophage and erythrocyte assays, suggesting that pulmonary surfactant
provides a defense systea against prompt cell mambrane lysis dy inhaled

dusts. Subsequent pulmonary macrophage phagocytosis and lysosomal enzyme

digestion of the coated dusts was nodeled in vitre by incubation with

phospholipase Az for one hour. With increasing lipase activity, silica
hemolytic potential was restored to native silica levels. Ksolin was
retoxified to lavels far in oic.s:“of native kaolin hemolytic potantial.
Elution, thin layer chromatography and phosphate aszsay of treated dusts
indicate most lecithin on silica is digested to lysolecithin and desorbed,
silica retoxification being due to sucrface and adherent lysolecithin effects.
Most lecithin on kaolln is not digested in this same time; that which is
results in adhersnt lysolecithin which is responsible for the kaolin

retoxification. Digestion with phospholipases A, and C together produces

2
only weakly retoxified kaolin. Results suggest that surface adsorption

properties which control the adherence of prophylactic surfactant distinguish
the pathogenic potentials of quartz, kaolin and mixed dust.

Inhaled Particles VI - Proceedings of an
International Symposium crganized by the
- British Occupational Hygiene Society,
Cambridge, England, September 1985.
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INTRODUCTION

Erythrocyte hemolysis and pulmonary macrophage cnzymo.rolcasc assays show
quantitatively comparable high cytotoxicities for both sillca quartz and kaolin
respirable sized dusts (BROWN et al., 1980; DANIEL and LE BOUFFANT, 19B0).

This contrasts with the strong potential for respirable quartz dust to induca
pulmonary fibrosis and the much more limited potential of kaolin dust to do
the same (MORCAN and SEATON, 1975).

In an attempt to understand this anomalous situation, assays were performed
on quartz and kaolin dusts incubated with dipalmitoyl lecithin, emulsified in
physiologic saline, to simulate the initial contact of a respired dust with
the pulmonary alveolar hypophase. The abllity of kaolin dust to adsorb
dipalmitoyl lecithin from physiologic saline has been quantifled (WALLACE et
al., 1975). Such loe}thiq treatment suppresses the cytotoxicity of beth
silica and kaolin to background levels (WALLACE et al., 1984).

surfactant coated de-toxifled duats then should be phagocytised by pulmon-
ary macrophages, incorporated into a macrophage secondary lysoscme, and
axposad to hydrolytic lysosomal enzymes. Among thess i3 phospholipase Az,
which hydrolyses diacyl lecithin to lysﬁlocithin. This was modelad by
incubating lecithin treated dusts with phospholipase Az in yitro to
determine if the enzyme can digest the dust-adsorbed lecithin, and if the
retoxification differs bhetween the two dusts in a manner which might
distinguish their pathogenicity.

MATERIALS AND METHODS

The silica used was at least 98.3% pure as detarmined by X-ray enargy
spectrometric analysis and was alpha quartz as determined by x-ray diffraction,
Its "2 adsorption specific surface area was 3.97 mzls. The kaolin used

was at lsast 96% pure, contained no erystalline silica, and had a specific

surface area of 13.25 mzi;.



SUPPRESSION OF INHALED PARTICLE CYTOTOXICITY : \

L-a-dipalmitoyl glycerophosphoryl ghdlinc (lecithin) (DPL) was
ultragsonically dispersed in 0.165 4 NaCl saline to produce an emulsion of 10
mg DPL per mi saline. Dry silica or kaolin dusts were mixed into a concen-
tration of 7.5 mg dust per ml emulsion. Mixtures were incubated for one hour
at 37°C in s shaking watec bath, centrifuged for ten minutes at 990 xg, and
the dusts resuspended in calcium and magnesium free phosphate buffered 0.165 K
NaCl saline (PBS). This washing procedurs was repeated to remove unadsorbed
lecithin, th-liocithln coated dusts being suspended finally in Pls.l

Aliquots of native or leclithin-treated dusts in PBS with 2.0 mM Ca012
were incubated with Phospholipase Az (PLAz). obtained from Crotalus
adamanteus venom, at 37° C for one hour. The concentrations used covared a
range of lctlvitlay from that ﬁncdnd to digest from one-tenth to 1000 I the
amount of kaolln-adsorbed lecithin (had the digestion been for a homogeneous
phasa). "Phqspholiplsc activity” 1s given in terms of "actlvity equivalents”
which are equal to .0817 unitas of phospholipase. Following digestion, the
samples were centrifuged and the dusts resuspended in PBS contalning 2.0 mM
EDTA to stop the enzymatic digestion. This washing procedure was repeated,
with the dusts suspended in PBS alone. All prﬁcoduros wers done under gterile
conditlons. . s . |

ISuspcnsions of 2% by volume zheep erythrocytes and 1.0 mg native or
treated dust per ml PBS were incubated in & shaking water bath at 37° C for
one or two hours, as indicated, to assay th; dusts' hemolytic potential
(HARINCTON ot al., 1971). Samples were then centrifuged at 990 xg and the
optical density for hemoglobin read at 540 um on s spectrophotometer.
Hemolysis assays were also performed using ksolin incubated with
L-a-lecithin, B palmitoyl (lysolecithin) using the lecithin treatment

procedurs.



'THE RESPIRABLE DUST CENTER -

Macrophages lavaged from male Spcague Dawley rats ware mixed with native
or treated dusts to produce concentrationsz of 2 x 106 cells per ml and and
one mg dust pec ml. These ware incubated for two hours at 37° C in a shaking
water bath. Released anzyme activities were determined for lactate dehydro-
genasa (LDH) (REEVES and FIMICNARI, 1963), Beta-gluctuconidase (B-GLUC)
(LOCKART and XENNEDY, 1976}, and Beta-N-acetyl glucosaminidase (B-NAG)
(SELLINGER at al., 1960). Percentages of enzymes released were calculated
relative to Triton X-100 lysed samples.

Parallel samples of dusts werw eluted with methanol/chloraferm sclvent
(2:1 vol/vol) following their lecithin and phosphollipage trsatments. The
eluted material was quantitated for lacithin and for lysolaecithin by wet
phosphate assay of thin layer chromatograph separated materlals {BARTLETT,
1959).

Adsorptlion by =ilica and by kaolin of lecithin from physiologic sgaline
emulgion at 27° C was measured over a range of Final (unadsorbed) supernatant
concantrationa of 0.02 to 10.0 nanomoles per ml emulsion, as quantitatad by
wet phosphate assay.

RESULTS

Native quartz and kaolin dusts produce comparable high hemolysis cytotnxié
responss, as shown in Figure 1. On a surface area basis the two dusts were
also comparable with hemolytic strengths of 22.6% for kaolin and 24.4% for
silica per square decimeter dust surface area in the dispersion.

Lecithin trestment of dusts suppressed their hemolytic strengths to back-
ground levels as shown in Flgure 1. This is due principally to lecithin intec-
action with the dust rather than with the cells (WALLACE et al., 1985). Leci-
thin treatment alsoc suppresses the cytotoxicity of both siliea and kaolin for

pulmonary macrophages as shown in Figure 2. The kaolin and gillca used in




