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ABSTRACT

The concentration of methane gas which exists in the exhaust
air from a coal mine is critical. It can be controlled by dilution
of the gas with fresh air or by the regulation of the rate of
methane emission into the mine workings. Degasification techniques
which control the emission rate are currently being developed.

The use of shaped charges to initiate fractures in coal and increase
the gas flow rate was the object of this research. The three areas
of investigation were: 1) permeability changes in coal models after
fracturing with shaped charge jets, 2) fracture formation in coal
and other brittle materials, and 3) jet penetration capabilities

of charges loaded with permissible explosives.

The first order penetration law, the Allison-Vitali equations,
and their modification by DiPersio to account for continuous and
broken jets have been used in attempts to predict jet penetration
depth in metallic targets. Correction factors for the effects of
material properties are used in these equations, but the specific
properties which control the penetration rate were undefined and
were investigated in this study.

The results of this research indicate that the permeability of
coal can be increased for degasification purposes by the use of
shaped charge jets. The fracture formation which resulted from
the jet penetration was studied with radiographs and highspeed
photography and indicated that longitudinal wave velocity, Young's

modulus, and tensile strength are related to penetration depth.



ACKNOWLEDGMENT

The author wishes to express his gratitude to Dr. R. R. Rollins
and Dr. G. B. Clark for their support and suggestions during this

investigation.

He is also grateful to Mr. E. H. Roberts, Manager of Mines,
Mr. R. Shockley, Mine Superintendent, and Mr. G. Zmudzinski,
Safety Engineer for their assistance in obtaining coal samples

from the Inland Steel Coal Mine in Sesser, I1linois.

Sincere thanks are extended to the United States Bureau of Mines

for their financial support during this investigation.



TABLE OF CONTENTS

Page
ABSTRACT ittt iiitetrenennnesonanonesasansnnsnsonansas ii
ACKNOWLEDGMENT i iiii it iiiiieietiereasesesensonsnnnnsns 111
LIST OF TLLUSTRATIONS ittt iiiiiiiinrnennansnnsnnansns vi
LIST OF TABLES t.iiiiiiiiiiiitieiiresnenresnsnencssnnnnnans ix
I. INTRODUCTION ..iiiiiiiiiinieterennsnsecannnnsnnnnnns 1
S 1T T 1 1
B. Nature of Investigation ...........cccvvivunn.. 5
IT. PERMEABILITY OF ROCK MATERIALS .....civvvivinvnnnnn. 7
A, Darcy's LaWw .veiveiiiiirnreenerennreneennnennns 7
B. Gas Slippage Phenomenon .........ccecvveuvnennnn. 8
C. Permeability of Coal .....covviiiiiiinnnnn. 9
IIT. THEORY OF JET PENETRATION ....vvviiiniiiiinnennennns 11
IV. EXPERIMENTAL RESULTS .. iiiiiiiiiiiiiiiiinnnnnnenses 15
A. Permeability Studies .....ciiiiiiiiiiniiinn. 15
1. Flow Rates In Block No. 1 ......iiiiiuiin... 15
2. Permeability of Small Samples .............. 15
3. Permeability of Large Samples .............. 18
B. Fracturing and Penetration ........... ... ...t 23
T, P1exiglas covevenenineinienenernoeansnnnnnns 25
2. Dolomite ..oviiiein it i it it 36
KR o Y- PP 40
4. Steel, Titanium, and Lead .................. 55
C. Explosive Detonation Velocity .................. 55

D.} Jet Tip VeloCity ..oviiiiiiiiiiiiiiiiiiiinnnnns 57



Table of Contents (continued) Page

V. DISCUSSION OF RESULTS . .viiuiiiiiiiiiiiiiinnnnenns 61
A. Permeability of Coal ....civiiiiiiiiiinnenennn 61
B. Effects of Liner Material on Jet
Penetration .......ciiiiiiiiiiiiiiiiiiiinnnnn 65
C. Effects of Detonation Velocity on Jet
Penetration ......ccoiiiiiiiiiiiiiiiiinnninns 65
D. Effects of Material Properties on
Jet Penetration .......ociiiiiiiiiiiiiiiiiiine, 67
E. Shaped Charge Effects on Homogeneous and
Bedded Targets ......oviiiiiiiineiiniineienennn 71
1. Stress Waves and Impulse Loads ............ 72
a. Elastic Impact ....covvviiiniiinnennnn. 72
b. Plastic Impact .....ccovviiiiiinn, 73
c. Hydrodynamic Impact ............. ..., 73
2. Fracture Mechanics ....covvviiinennienenn. 74
3. Mechanics of Penetration in Coal .......... 78
VI. CONCLUSIONS iviiiiiiniieininenennnarnnannanennans 80
BIBLIOGRAPHY ttitii it iitieeiiennenranenesnsanasnsnss 82
LT 7 85
APPENDICES v ivitieieieineteiesaecnnsnanasansnnnnenennsns
A. Experimental Design .........cciviiiniiiiininnnn 86
B. Calculations for Sandstone Standard ........... 99
C. Material Properties ......ivvviiiiinvinnennnn. 102
D. Proximate Analysis of Coal From

I17in0is NO. 6 SeAM 4 vvivvrritieeenerannnannans 103



LIST OF ILLUSTRATIONS

Figure

1.
2.

10.
11.

12.
13.

14,
15.

Permeability of Sandstone Standard.......................
Permeability Vs Ly/L in Coal (Parallel to

T =Ta o 4T
Permeability Vs L,/L in Coal (Perpendicular

20 Bedding) e eeeein ittt it i ittt e ittt i,
Penetration of 60° Copper JRC in Plexiglas...............
Penetration Velocity for 60° and 100° Copper JRC

LI =06 e - T3
Penetration Velocity for 100° Aluminum JRC

L (o =G I« I T3
Penetration Velocity for 80° Aluminum JRC in

PleXTglasS . e e in ittt iinieneeeenneneacanesnsnanneennns
Penetration Velocity for 100° JRC in Plexiglas...........
Jet Penetration Across Plexiglas Plates (100°

(000] o 010 o 3 S P
10 Grain MDF Across Plexiglas Plates............ccia...
Jet Penetration Parallel to Plexiglas Plates

(100° COPPEr JRC) eu ittt ittt iieteirenneenneneennnnnns
10 Grain MDF Parallel to Plexiglas Plates................
Jet Penetration for 100° Copper JRC at 45°

to Plexiglas Plates....ciiviiiiiiiiiiiiinnennnenennennnns
Penetration Velocity at 45° to Plexiglas Plates..........
Penetration Velocity for 100° Copper JRC Liners

TN PTeXiglas.e e inennenieeieneeeereeenenenseonnennnnnnnns

Page

vi



List of ITlustrations (continued) Page
16. Jet Penetration Profile in Plexiglas...........ccvvvnnn 37
17. Crater Profiles in Dolomite.....cceiieiiiiiniiinnencnnns 41
18. Jet Penetration and Crater Depths in

19.
20.

21.
22.
23.
24.
25.

26.

27.
28.

29.

30.

31.

32.

33.
34.

D o)1 I o = 42
Jet Profile 1n Coal. ...t iiiiiiineneeeeeeennannansnnnn 44

Penetration Depth Vs Standoff Distance

0 T 0 - T 46
Radiograph of 60° Copper JRC in Coal........covvvvvnnnn 47
Jet Penetration Velocity in Coal.....ccvvvvivvinennnnnn 48
Slugs from Shaped Charge Liners.........covvivvvvnnnnn. 51
Penetration in Dolomite. ...t iiiiiiiiiniiinnnnnnnnns 58

Penetration Depth Perpendicular to Coal

Bedding (100° Copper JRC) .. .uiurierineneennennnennnenn 59
Penetration Depth Perpendicular to Coal

Bedding (60° Copper JRC)...cviriiniiineennennnernnennn. 59
Jet Tip Velocity in Air (60° Copper JRC).......couvnnnn 60
Fracture Formation Parallel to the Bedding

Due to Jet Penetration........coiviiiiiiiiiiiiiiiian, 62
Fracture Formation Perpendicular to the

Bedding Due to Jet Penetration............. ...t 63

Average Penetration Vs Target Density for

60° Copper JRC. .. .iiiiiii it ittt ittt iiinieeneaenaans 68
Tensile Strength Vs Jet Penetration.................... 68
Penetration Depth Vs Young's Modulus................... 70
Penetration Depth Vs Longitudinal Wave Velocity........ 70

Sample Holder for Large Specimens..........ccieviinvnnnn 89

vii



viii

List of IT1lustrations (continued) Page
35. Sample Holder for Small Specimens..........c.vovveennnn. 89
36. Diagram of Permeameter........ccveiiiiiiiiiniennennnnn 91
37. Permeameter Assembly......ciiiiiiiiiiiiiiiiiiiiiiiaaaes 92
38. Permeability Curve for Sandstone...............cvivvnnn 101
39. Klinkenberg Correction for Sandstone................... 101



LIST OF TABLES

Table Page
I. Permeability of Coal Samples Perpendicular to
the Bedding Planes .......viviieiiiininnnnnnnnennss 19

II. Permeability of Coal Samples Parallel to the

Bedding Planes .....ciiiiiiiiiiieiiinninnerntnnnnnns 20

III. Permeability of Coal Blocks 1 Through 25 ........... 21
IV. Permeability of Coal Blocks 26 Through 42 .......... 22
V. Jet Penetration in Plexiglas .......cciviuveierinnn. 27

VI. Jet Penetration in Dolomite for 4.76 cm

Diameter Charges .....ciieeieiirinrinnrneenenneennnns 38

VII. Jet Penetration in Granite, Dolomite and Coal ...... 39
VIII. Average Penetration in Coal by JRC Charges ......... 45
IX. Penetration - Atlas 5Y ...t 50
X. Penetration - Atlas S5U .....ovviiiiiiiiiiiiiiina, 52
XI. Penetration - Atlas Gelcoalite Z .........covvvnnn. 53
XII. Penetration - DuPont 40% Special Gelatin ........... 54
XIII. Penetration Data for Metallic Targets .............. 56
XIV. Explosive's Properties ......ccciviiiiiiiinnnn.. 95
XV. JRC Charge Data ......cviiiiiiiiiiiiiiiiiiiiinnnn, 97

XVI. Penetration Tests in Steel for JRC Charges ......... 98



I. INTRODUCTION

A. General

One of the oldest problems associated with the mining of coal
is the emission of methane gas and the subsequent hazard of explosive
concentrations accumulating in the mine workings.

Methane emission in coal mines is governed by two distinct
processes which can be broken down into flow through the micropore
structure and flow through the fracture system.

Gas transport through the micropore structure is governed by

Fick's Taw of diffusion (1):

Q= D0A g (1-1)
where
Q = volume flow rate
D = diffusion coefficient
A = cross sectional area
C = gas concentration in solid coal
L = length

Coal is a porous material with a pore diameter on the order
of 4 or 5 angstroms (2). The pores are classified as dispersed or
connected (3). Dispersed pores have Tittle interconnection and
flow from pore to pore is difficult if not impossible. Connected
pores allow gas to flow easily through the material. Material
having a small connected pore porosity has a greater permeability
than material with dispersed pores of a higher porosity.

The majority of pores in an average coal sample are those

of the dispersed type. For this reason two coal samples of the same



volume but of different size distributions can vary greatly
in methane emission per unit time. Fine coal dust (275 to
325 mesh) saturated with adsorbed methane at 15 psi gage will
release all its methane in 30 minutes while one-quarter-inch coal
under the same conditions will require 30 days to release all of
its methane (2). The amount of methane which can be adsorbed and
stored can be as much as 2000 cubic feet per ton (1). This methane
can be quickly released by degradation of the coal into fine dust.
The methane release would be proportional to the amount of new
surface area exposed by the degradation. The concentration gradient
acts as the driving force for interpore flow (4).

Gas flow through fractures in the coal, which is the only
mechanism rapid enough to be of importance in in situ degasification,

is governed by Darcy's law (5):

Q = k A dp
udL (1-2)

where
Q = volume flow rate through sample
k = permeability
u = gas viscosity
A = cross sectional area of sample
P = pressure
L = Tength of flow path through sample
The driving force for flow through the fractures is the pressure
gradient.
Methane emission into a mine and methane movement through a
seam are dependent on the degree of metamorphism the seam has

undergone and other factors such as depth of burial and geological



features such as joints, mud seams and partings.

Methane pressure in some virgin coal seams can be as high as
550 psi at less than 200 feet from the working face (5). In such
situations the fracture permeability is very low. In another coal
seam where the fracture permeability is high the gas may migrate
at flow rates as high as 13 feet per minute and gas flow from
distances of 800 feet have been reported (6).

These two modes of gas flow are different but they are
interdependent. The equilibrium quantity of gas contained in the
micropore structure is directly proportional to the gas pressure

in the fracture system according to the empirical relationship (1):

n
C, = bP (1-3)
where
C_ = equilibrium quantity of adsorbed gas per unit
O weight of coal
P = pressure

b and n are constants

Two conditions must be satisfied in order to have gas migration
over a relatively long distance. A large fracture density must be
accompanied by a large fracture permeability. If only one of the
above conditions exist, then the mass transport mechanism will
change to diffusion rather than flow through the fractures.

Methods of degasification tried in the United States consist
of the following basic methods and modifications of each.

1. Surface and underground boreholes

2. MWater infusion



3. Foam infusion

4. Underground blocking methods
The above methods help to control the rate of methane emission
in permeable coal deposits. Geologic features such as mud seams
and partings can completely seal a portion of the seam such that
the above methods will not work and 1little or no gas will migrate
across these geologic discontinuities. These portions of the seam
will retain their high methane content until mined (6). The use
of explosives to fracture geologic formations may be an answer to
this problem. Explosives may also help increase gas flow through
seams where fracture density is large but fracture permeability is
small.

Conventional explosive charges have been used in attempts to
increase the gas liberation rate. The energy from conventional
charges moves out spherically and local crushing results around
the charge which has a detrimental effect on gas flow. In 1960,
Ammosov (7) concluded that the presence of exogenetic shear
fractures, such as those which result from compression normal to
the bedding, cause blockage of the flow channels and actually lower
the permeability.

The use of shaped charges with lined or unlined cavities can
offer the necessary fracturing and directionality of fracturing
without the crushing which results from conventional charges.
Shaped charges are those types of explosive devices where the
explosive energy is not uniformly distributed spherically around
the charge but because of charge geometry the energy output in

one specific direction is increased. Shaped charges having a cavity



opposite the point of initiation are effective in increasing
breakage in this one direction. This effect known as the cavity
effect or Monroe effect as it is called in the United States was
first described by Charles Monroe in 1888. R. W. Woods is credited
by Eichelberger (8) for the recognition of the benefits of Tining
the shaped charge cavity with a metallic liner. This liner

greatly increased the penetration capabilities of shaped charges
over those obtained using only the Monroe effect. The high velocity
fragments from the metal Tiners cause the increased penetration
capabilities of lined shaped charges.

Since their advent, metal lined shaped charges have found
extensive use in military applications such as penetration of high
strength steel. Commercial applications are limited to tapping
blast furnaces and perforating oil well casings. A great deal of
information is available on the penetration of metallic targets
by metallic jets but because of their limited commercial use
1ittle information is available on the penetration of metallic
jets in other target materials. The effect of lined cavity charges
on rock was investigated by Clark (9), Austin (10), Huttl (11)
and Kalia (12). These investigators studied shaped charge effects

on breaking concrete, rhyolite, limestone and granite blocks.
B. Nature of the Investigation

The primary objective of this research was to determine the
effects shaped charge induced fractures had on the permeability of
coal. This was accomplished by investigating the effects of the

following:



d)

Four different liner materials

Six different explosives, three of which were
permissibles

Three different target materials which exhibit
brittle failure

Permeability measurement on large and small

coal samples



II. PERMEABILITY OF ROCK MATERIALS
A. Darcy's Law

Permeability measuring procedures on rock have been well
developed by the petroleum industry. The American Petroleum Institute
has a standard procedure (13) which has been accepted for use by the
industry. This procedure has been followed for this study.

The standard Darcy equation for gases (13) may be written

- MOt
APy F) .

The standard unit for k is the darcy. The units. for the above

equation are

- (cp) (cm3/ .
darcy (cm)& (zi;og.gcm)

where
cm = centimeters
cp = centipoise

sec. = seconds

atmos. = atmospheres

The above equation is valid subject to the following limitations

1. The flowing fluid is an inert homogeneous gas.
2. The flow must be laminar.

3. The effect of gas slippage is taken into consideration.



B. Gas Slippage Phenomena

Air is commonly used as the flowing fluid for determination of
permeability. The air permeability values, however, do not agree
with those determined with gases such as hydrogen or carbon dioxide
(14) and none of the above agree with the values obtained by using
water (3). Klinkenberg (15) proved that the discrepancies in gas
permeability and liquid permeability are due to gas slippage, a
well-known phenomenon related to gas flow in capillary tubes.

Fulton (16) states that in the viscous flow of a fluid through
a capillary, the velocity of a thin layer of fluid adjacent to
the walls of the capillary is theoretically zero, but when the
ratio of the radius of the capillary to the mean free path of the gas
is such that intermolecular collisions decrease, then the molecular
collisions with the walls increase in importance. The thin layer
of zero velocity gas may lose its attachment to the capillary surface
and will have a finite velocity. Gas slippage occurs when the
diameter of the capillary openings approach that of the mean free
path of the gas molecules. The mean free path is a function of
molecular size and kinetic energy. The observed permeability to
gas approaches a 1imiting value as the reciprocal mean pressure
approaches infinity, i.e., at the value for liquid permeability.

The Klinkenberg equation is (15):
K
KL"' __G_?_ (1I-2)

where

K| = permeability of the medium to a single phase
1iquid at constant temperature



permeability of the medium to a gas at constant

s

temperature
DM = mean pressure at which the gas is flowing
b = constant (Klinkenberg) for a given gas and a

given medium

If the Klinkenberg extrapolation technique is not used, the
resulting gas permeabilities may be too high. As capillaries
increase in size, the percentage error in Darcy's equation decreases.
For a permeability of 0.5 millidarcys errors may be in excess of
100 percent, while for permeabilities of 100 millidarcys the error
is about 5 percent. For practical problems such as sampling a
petroleum reservoir the permeability to gas (air) at lTow pressure
is taken as the single-valued permeability of a nonreactive porous
material to fluids (air, water) with the error well within the statis-
tical and experimental error from other causes (1). Steward (17, 18)
states that the slippage effect in a heterogeneous porous limestone
had no measurable effect on permeability measurements because the
hairline fracture width was large compared to the molecular mean

free path of the gas molecules.
C. Permeability of Coal

Flow through fracture systems of the coal is the primary type
of mass transport of methane in coal beds in the United States, and
jnitial investigations have been made to evaluate some of the
parameters involved (19, 20, 21, 22, 23).

Diffusion studies of gases through coal have been conducted by
a number of investigators (1, 4, 9, 24, 25, 26, 27). Karn (25)

found the diffusion rate across the bedding to be one-third to
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one-half that along the bedding. Gas flow along the bedding was
reported to be 1.20 x 10710 cm? gec! atm™! and 0.56 x 10~10 across
the bedding. Sevenster (4) reported flows of 0.28 x 10-10 cnf sec )

atm~1 without specifying bedding orientation. The coal samples for

both studies were from different locations which could account for

the different values. These flow rates are low in comparison to

those observed in samples of larger dimensions, which supports the
conclusion that diffusion is not the primary mode of gas transport
through the coal seam. In situ investigations of methane flow rates
have been performed (4, 28, 29) but these do not define the permeability
of the seam because neither the cross sectional flow area nor the

flow path length is known.
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ITI. THEORY OF JET PENETRATION

The effect of jets from shaped charges on metallic targets
and the parameters which effect penetration have been investigated
and a wealth of information is available on the subject. Cone
collapse phenomena are well documented in the literature and a good
review of the subject is given by Cook (30).

The first order penetration law was developed from the Bernoulli

theorem. The jet penetration is given by:

o\ 2
= L .
Pd - (I11-1)
°t
where
P4 = penetration depth
L = jet length
Oj = jet density

target density
Equation (III-1) was derived by assuming that the pressure of
the impinging jet exceeds the strength of the target and the penetra-
tion process is hydrodynamic in character, with incompressibility of
jet and target also being assumed. Empirical corrections factors have
been used by many investigators to explain effects of target strength,
jet breakup, and standoff relationships. This equation indicates,
however, that the depth of penetration is independent of jet velocity
and as derived does not account for the strength of target materials.
Allison-Vitali (31) adopted the hydrodynamic approach and
considered the jet particles after jet breakup to be short steady

state jets. The penetration of the jet was assumed completed at some



12

minimum velocity which was dependent on the strength properties
of the target (Equation III-2). The use of the equation in this
form is difficult because of the inability to determine the jet

Tength (L).
L L

.
. a_ _1
fUdt f LT _;f d1

t

0 0 0

1l
< |-

Py (111-2)

where
Pq = total penetration
L = total length of penetrating jet
U = velocity of penetration

V = jet tip velocity during penetration

dl = (V-U) dt is jet Tength producing penetration in time dt
V-U = relative velocity of approach of jet to target
T-t0 = total penetration time
o]
Yy © —Ei—-
J

DiPersio (31) modified the Allison-Vitali equation to account for:
a) continuous jets, b) partially continuous jets, and c) completely

broken jets. The three forms of the penetration equations are:

1/
0 MIN
a) Py =1, VJ./(1+Y)U ] -1 (111-3)
1 X
[+y
b) P, = J -7y (111-4)
d Y

(I11-5)
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where
Pd = total penetration depth

Z0 = distance from the virtual origin of the jet to the
front surface of the target

0
Vj = jet tip velocity in flight (constant)
MIN . . . . .
V. = minimum velocity of jet particle capable of contri-

buting to penetration into a target of given
hardness (constant)

t, = jet breakup time assuming jet originates at the
virtual origin at time zero

Pt
P,
J

Pack (32) independently corrected the first order penetration
law for the strength properties of the target. He considered the
jet penetration as a series of powers of the nondimensional parameter

Y/ptvz, and modified the equation to be:

Y
i [—J—pj [ . (111-6)
C- oz 1T '
pt J
where
Y = dynamic yield strength of the target
4 = empirical function of the densities of the jet and
target
V = jet velocity
r = radius of the hole made by the jet

The first order penetration law and its modifications explain
jet penetration and hypervelocity projectile impact over a range of

metallic target properties, yet when materials with considerably
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different properties are used as the target, the law fails to
accurately predict penetration results. Because of the lack of
adequate theories, many attempts were made to correlate experimental
data. Pugh and Eichelberger (33) were first to introduce the effect
of strength through the use of the Brinell Hardness number to
hypervelocity penetration. Other authors have used sonic velocities,
yield strength, Brinell hardness and other physical properties of
the target to validate existing penetration equations.

Clark (9), Austin (10), Huttl (11), and Kalia (12) have investi-
gated the penetration of rock materials by metallic jets with the
conclusion that metals which behave in a ductile fashion give the
best penetration in rock. Brass and copper liners with apex angles
between 40 and 60 degrees penetrate best in both metallic and
nonmetallic targets. Shaped charge jet penetration in brittle
materials cause large radial fractures to form, the extent of
which are presently unknown. Large fractures induced in coal by

jet penetration would be beneficial for degasification purposes.
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IV. EXPERIMENTAL RESULTS
A. Permeability Studies
1. Flow Rates in Block No. 1 (Experimental design, Appendix A)

Dimensions of block No. 1 were 27.3 by 27.3 by 30.4 cm high.
The sample was sealed into the permeability chamber with the top and
bottom surfaces left open to permit gas flow. The specimen was
oriented to test the flow of gas along the bedding planes. The
rate of flow out of the face was 315 cm3/sec with a pressure gradient
across the sample of 2 atmospheres. The chamber was designed so that
gas flow rates for the sealed faces could also be measured. Holes
1.27 cm in diameter and 1.0 cm deep were drilled through the wax
into the coal. Gas was introduced into the top of the vessel and
flow rates along and across the bedding were measured at the four

side openings. The gas flow rates measured along the bedding were
145 and 82 Cm3/sec while flow rates across the bedding were 30 and
115 Cm3/sec. This variation of flow rates in the same bedding
orientation indicates that the geologic features influence flow rates

more than the micropore structure of the coal.

2. Permeability of Small Samples

A homogeneous core of sandstone was cut into a 3.2 cm cube and
encased on four sides in "Quickmount," a quick setting epoxy resin.
The epoxy bonded well to the rock and provided the necessary confine-
ment on four sides of the sample which served as a standard to
calibrate the permeability apparatus. The standard was tested under

three conditions, permeability graphs were drawn, and corrections
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made for the Klinkenberg effect (Appendix B). The experimental
conditions were: 1) the specimen was moistened and placed in a

100% relative humidity environment for one week at 24°C, 2) it

was oven dried for three days at 104°C, and 3) it was air dried

for three weeks at about 60% relative humidity and 24°C. The
permeability function for the two phase system (air-moisture) is
curved rather than a straight line (Fig. 1). The slopes of the room
temperature and oven dried permeability curves are essentially the
same. The oven dried sample had an air permeability of 745 milli-
darcys, while the Klinkenberg corrected value for the permeability
was 725 millidarcys. Based on these results and the small error
introduced by omitting the Klinkenberg correction (2.8 percent),

the coal block permeabilities were measured under ambient conditions
on the as received coal blocks.

Natural fractures in the coal seam are of two basic types,
those formed during the coalification process and those formed by
outside tectonic forces acting on the coal bed. Tectonic forces
are responsible for the major and minor cleavage planes (cleats) in
the coal. The permeability of 32 small coal samples was tested to
determine the percentage of gas which flows through the major joints
and cleats and the percentage through the microfractures. The
samples were approximately 1.27 cm cubes, cast in Quickmount, with
the exposed faces machined parallel on a surface grinder. Twenty-
five samples were cast in each bedding orientation in order to
determine the effect of the bedding on flow through the microfracture
system. Samples were selected such that only those without visible

cleavage planes were tested for permeability. The average permeability
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across the bedding was 0.014 millidarcys (Table I) while the

flow along the bedding was 0.348 millidarcys (Table II), which
confirms that the flow of gas through the microfracture systems

and along the bedding planes is the dominant mode of gas migration
rather than across the strata. Microscopic examination of the

coal surfaces verified that the number of fractures oriented
parallel to the bedding planes was much greater than in the perpen-
dicular direction. The gas flow rate was measured in both the
forward and reverse directions on samples parallel to the bedding,
which in some cases gave a different permeability value, indicating

preferred directions of flow.
3. Permeability of Large Samples

The preshot permeability of the coal sample was determined in
one direction. The gas flow was reversed in the same bedding orienta-
tion and the permeability was recalculated. The two permeability
measurements differed for many samples from the first group of
coal specimens. The first group of samples, 5 thru 25, were taken
from a syncline, where the strata was dipping inward toward a central
basin, and contained a greater joint frequency than the flat lying
portions of the seam. Samples 5 thru 25 indicated a preferred
direction of flow, which was not evident in samples 26 thru 42
which were obtained from a different face in the mine. The preshot
permeabilities seemed to be randomly distributed (Tables III and IV),
which would be expected because permeability is not only dependent
on the fracture density but also on the continuity of these fractures.

Jet penetration depth into the sample influences the length of
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TABLE 1
PCRMEABILITY OF COAL SAMPLES PERPENDICULAR TO THE BEDDING PLANES

Sample
Number Areg Length Permeability
(cm™) (cm) (millidarcys)

C-2 2.é5 1.4 0.0018
C-3 2.56 1.3 0.0000
C-6 1.44 1.0 0.475
C-8 1.82 1.0 0.0000
c-10 : 1.82 1.2 0.0000
C-11 1.56 0.9 0.0000

| c-14 1.80 1.1 0.0000
C-15 1.43 1.0 0.0000
C-16 1.69 1.3 0.1097
C-17 1.32 1.2 0.0000
C-18 1.68 0.9 0.0000
C-19 1.82 1.3 0.0549
C-éO 1.82 1.1 0.0000
c-22 1.56 1.0 0.0000
C-23 1.68 1.2 0.0000

Note: Air permeability values with no Klinkenberg correction



20

TABLE 11
PERMEABILITY OF COAL SAMPLES PARALLEL TO THE BEDDING PLANES

Sample Permeability Permeability
Number Areg Length _Norma] Revgrse
(em”) (cm) (millidarcys) (millidarcys)
C-25 1.821 1.11 0.8230 0.8230
C-28 2.041 1.11 0.2744 0.3109
C-29 1.815 1.11 0.0000 0.0000
C-30 1.815 1.1 0.0000 0.1280
C-31 1.928 1.11 0.5669 0.6219
C-32 2.13 1.14 0.5487 0.5487
C-33 1.94 1.14 0.6035 1.0059
C-34 1.77 1.14 0.0000 0.0000
C-35 1.77 1.14 0.0000 0.0000
C-36 1.77 1.14 0.0000 0.0000
C-37 1.77 1.14 0.2377 0.2377
C-38 1.61 1.14 0.0915 0.1829
C-39 -1.95 1.14 0.4938 0.6767
C-40 1.77 1.14 0.5121 0.6584
C-41 1.95 1.14 0.4938 0.4938
C-45 1.88 1.14 0.3475 0.4572
C-46 1.93 1.14 0.2377 0.5304
C-47 1.61 1.14 0.3292 0.3292

Note: Air permeability values with no Klinkenberg correction



TABLE TII
PERMEABILITY OF COAL BLOCKS 1 THROUGH 25

Bedding Permeability Permeability
Block Orien- Preshot Preshot Postshot Postshot Liner Liner Pene-
Number Areg Length tation Normal Reverse Normal  Reverse Angle Material tration Standoff

(em) (cm) (darcys) (darcys) (darcys) (darcys) (deq) (CD) (CD)
1 -- -- along -- -- -- -- 100 Cu -- 1.25
2 -- -- across -- -- -- -- 100 Cu 8.0 1.25
3 -- -- along -- -- -- -- 100 Cu 8.0 1.25
4 -- -- across -- -- -- -- 100 Cu 7.0 1.25
5 -- -- across -- -- -- -- 100 Cu 8.0 1.25
6 -- -- along -- -- -- -- 60 Cu 12.0 1.25
7 -- -- across -- -- -- -- 100 Cu 6.0 1.25
8 413 14.0 across 1.170 1.170 2.850 2.850 60 Cu 11.0 1.25
9 613 21.6  across 1.280 0.585 9.570 9.570 60 Cu 9.0 1.25
10 along ; 100 Ti 1.5 1.25
11 439 22.9 along 0.384 1.335 4.700 4,700 60 Cu 12.0 1.25
12 323 15.2  across 2,469 6.986 4,974 5.340 60 Cu 8.5 1.25
13 448 23.5 along 4,792 8.176 7.627 9.346 60 Cu 9.0 1.25
14 387 26.7 along 5.230 7.243 4,180 3.548 100 Al 9.25 2.25
15 448 25.4 along 5.907 9.620 4,060 3.658 100 Al 7.5 2.25
16 310 25.4  across 8.176 7.407 11.614 11.614 100 Al 7.5 2.25
17 548 17.8 across 2.944 2.944 5.725 3.109 80 Al 7.0 2.25
18 232 24.8 along 1.829 2.743 5.715 5.715 80 Al 8.5 2.25
19 329 19.1 across 4,902 4.902 7.316 6.584 80 Al 7.25 2.25
20 339 24.1 across 14.028 14.028 17.869 10.261 100 Cu 7.25 1.25
21 - 413 24.8 across 3.841 3.841 6.529 8.743 100 Cu 6.5 1.25
22 316 24.8 across 1.353 2.286 10.059 10.059 100 Cu 5.5 1.25
23 328 18.4 across 5.926 7.188 19.442 10.059 100 Cu 7.5 1.25
24 436 25.4  across 6.010 5.395 8.486 10.370 100 Cu 6.25 1.25
25 169 19.7 along 3.493 3.493 12.254 12.254 100 Cu 6.5 1.25

Le



TABLE IV
PERMEABILITY OF COAL BLOCKS 26 THROUGH 42

Bedding Permeability Permeability
Block Orien- Preshot Preshot Postshot Postshot Liner Liner Pene-
Number Area Length tation Normal Reverse Normal Reverse Angle Material tration Standoff

(cm?)  (cm) (darcys) (darcys) (darcys) (darcys) (deg) ' (CD) (CD)
26 429 18.42 across 1.682 1.682 1.770 1.770 100 Cu 7.2 1.25
27 542 19.05 across 3.109 3.109 3.402 3.402- ~ 100 Al 6.8 2.25
28 413 17.78 across 4.572 4.572 3.365 3.365 100 Al 4.0 2.25
29 581 14.73 across 4,188 4,188 2.725 2.725 80 Al 9.0 2.25
30 377 25.40 along 7.609 7.609 7.609 7.609 100 Cu 9.6 1.25
31 377 18.42 along 8.633 8.633 8.633 8.633 100 Cu 8.2 1.25
32 232 18.73 along 7.225 7.225 9.145 9.145 100 Al 6.6 2.25
33 234 24.13 along 12.855 19.259 21.691 21.691 80 Al 6.6 2.25
34 348 25.40 along 13.990 13.990 13.990 13.990 80 Al 8.0 2.25
35 362 19.05 along 10.041 10.041 8.231 8.231] 60 Cu 7.0 0.25
36 362 19.05 along 4.295 4.295 6.182 6.182 60 Cu 9.8 0.25
37 515 19.56 along 1.769 1.769 4,340 2.613 60 Cu 11.2 0.25
38 298 20.07 along 5.167 5.167 8.633 8.633 80 Al 4.0 0.25
39 311 19.56 along 9.236 9.236 6.559 6.559 80 Al 2.8 0.25
40 364 19.68 along 5.219 5.219 3.886 3.886 80 Al 3.0 0.25
42* 872 29.21 across 2.360 2.360 1.541 1.541 20 Brass 2.4 0.00

*Brass Tiner 1.0 in. diameter.

é¢



the gas flow path, but in the Darcy equation the pressure gradient
is divided by the total sample length, which disregards the jet
penetration depth. To normalize the effect of the jet penetration,

the permeability was plotted as a function of L]/L where L., is the

1
depth of penetration and L is the total sample length.

The data for all liner materials and angles except the 60°
copper cone showed considerable scatter. The postshot permeability
of samples fractured by jets from 60° copper liners was linearly
related to L]/L, in shots both parallel and perpendicular to the

bedding (Figs. 2 and 3). The empirical equation is of the form

k=-15L/L+C (IV-1)
where
k = permeability in darcys
L] = depth of jet penetration
L = Tength of sample
C=16.0 £ 0.5

B. Fracturing and Penetration

Penetration of shaped charge jets and resultant fracture
formation were studied in three brittle materials and three ductile
materials (Appendix C). Because of the heterogeneity and bedding
planes of coal, numerous shots are necessary to define the effects
of shaped charges of different liner materials and varying Tiner
angles. For these reasons experiments were performed in Plexiglas,
where visual observations could be made, and dolomite, which was

readily available, as well as in coal. Jet penetration data were

23
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also obtained for steel, titanium and lead to compare penetration
results in both ductile and brittle target materials and to confirm
the penetration depth versus tensile strength relationship that was

observed.
1. Plexiglas

Models of Plexiglas were photographed (Fig. 4) during the jet
penetration process and fracture and jet velocities were calculated
(Table V). The jets from 60° copper liners exhibited a greater
initial penetration velocity than those from 100° copper liner
(Fig. 5), while the change in jet velocity as related to penetration
distance was greater for jets from the 100° copper liners. The
majority of the fractures caused by impact and stagnation pressure
of the jet were complete in less than 100 usec.

Aluminum liners with 100° apex angles were photographed utilizing
standoffs of one and two cone diameters (CD) (Fig. 6) and charges
fired at a 2 CD standoff produced jets with both the highest initial
penetration ve]oéity and the greatest total penetration.

Jets from 80° aluminum liners fired at 1 and 2 CD standoffs
showed trends similar to those observed in 100° aluminum liners
except that the initial penetration velocity was greater for the
80° liner with a 2 CD standoff (Fig. 7). Penetration velocities
from the 100° and 80° aluminum liners at one CD standoff were
identical. A comparison of the effect of liner material on penetra-
tion velocity (Fig. 8) of jets from 100° liners of the same geometry
and the same standoff shows that titanium had the highest initial

penetration with lower values for aluminum and copper. Titanium
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Figure 4. Penetration of 60° Copper JRC in Plexiglas
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TABLE V
JET PENETRATION IN PLEXIGLAS

Shot Liner Liner Liner
Number Material Angle Diameter Standoff Penetration

(deg) (cm) (CD) (CD)
1 Cu 100 1.27 1.25 4.12
5 Cu 100 1.27 1.25 5.35
14 Cu 100 1.27 1.25 4.72
15 Cu 100 1.27 1.25 4.88
16 Cu 100 1.27 1.25 5.00
18 Cu _ 100 1.27 1.25 4.88
21 Cu 100 1.27 1.25 5.26
22 Cu 100 1.27 1.25 4.76
23 . Cu 100 1.27 1.25 4.00
24 Cu 100 1.27 1.25 4.50
25 Cu : 100 1.27 1.25 5.75
2 Cu 60 1.27 1.25 6.00
3 Cu 60 1.27 1.25 4.62

4 Cu 60 1.27 1.25 5.9
Cu 60 1.27 1.25 6.08

19 Cu* 60 1.27 1.25 0.76

20 Cu 60 1.27 1.25 6.0

11 Al 100 1.27 1.25 2.6
7 Al 100 1.27 2.25 3.62
10 Al 80 1.27 1.25 3.02
9 Al 80 1.27 2.25 4.30
8 Ti 100 1.27 1.25 2.52
29 Al 60 1.59 2.00 5.31

*5Y Explosive used instead of RDX
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and aluminum jets also evidenced the greatest decrease of velocity
with penetration distance. The copper liner gave the deepest
penetration of the three.

Plexiglas models constructed of 1.90 cm thick plates clamped
together were used to simulate bedded models. Jets from shaped
charges with 100° copper liners shot perpendicular to the bedding
demonstrated a rapid decrease in velocity in relation to penetration
distance. The fracture formation relative to the position along
the jet length was no longer conical, in form, but approached a
cylindrical 1imit with fracturing due to tensile reflections at the
interfaces as an important breakage mechanism (Fig. 9). For
comparison purposes a bedded Plexiglas model was drilled to a depth
of 5.08 cm and loaded with 10 grain per foot mild detonating fuse (MDF)
for the explosive charge. This model also showed that the conical
form of fracture was modified by tensile reflections at the interface
and the breakage was again cylindrical in outline (Fig. 10). Holes
created by shaped charge jets fired parallel to the bedding exhibited
penetration and fracture comparable to those in homogeneous models.
However, fractures induced by the jet did not cross the bedding
planes but were channeled between them (Fig. 11). A similar model
was drilled and shot with 10 grain MDF, the fractures did not cross
the bedding planes (Fig. 12) .

A 100° copper lined charge was fired into a model at a 45°
angle with the bedding and 2.5 CD standoff (Fig. 13). The initial
penetration velocity was lower than that observed with similar
charges at one CD standoff, but the rate of change of velocity with

penetration depth was also less (Fig. 14). This indicates that in
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Figure 11. Jet Penetration Parallel to Plexiglas
Plates (100° Copper JRC)

Figure 12. 10 Grain MDF Parallel to Plexiglas Plates



Figure 13.

Jet Penetration for 100° Copper JRC
at 45° to Plexiglas Plates
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accordance with theory there is an optimum standoff that maximizes
continuous jet formation before it strikes the target.

A comparison was made of penetration and associated phenomena
caused by charges with 100° copper liners fired at one CD standoff
into homogeneous and bedded material. Penetration velocities over a
given distance were approximately the same for two charges fired
into homogeneous samples and for one shot parallel to the bedding
(Fig. 15), while the velocity of the jet penetrating perpendicular
to the bedding decreased more rapidly indicating energy loss at
the interface. A 100° JRC fired at one CD standoff along the plane
of the interface between two tightly clamped Plexiglas blocks
resulted in fractures immediately around the hole but no large

fractures were formed in either block (Fig. 16).
2. Dolomite

Charges with liner diameters of 4.76 cm were hand loaded with
composition C4 and Gelcoalite Z, a permissible explosive, for tests
in dolomite (Table VI). Liners with apex angles of 30° and 80°
were machined from brass and aluminum with Tiner thicknesses scaled
from the 1.27 cm diameter JRC charges (Table VII). The standoff
for charges with brass liners was one CD while that for aluminum
was 3 CD. A comparison of the penetration depth which resulted
from the 30° and 80° brass lined charges loaded with composition C4
revealed that the maximum average penetration of 6.84 CD resulted
from charges with 80° apex angles. The 80° brass liners also
functioned best for charges loaded with Gelcoalite Z and demonstrated

a penetration capability of 2.3 CD.



Figure 16.

Jet Penetration Profile in Plexiglas
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TABLE VI
JET PENETRATION IN DOLOMITE FOR 4.76 CM DIAMETER CHARGES

Liner Liner Liner
Material Angle Thickness Explosive Standoff Penetration
(deg) _(mm) (D) (CD)
Al 80 3.8 Gelcoalite Z 3 1.73
Al 80 3.8 Gelcoalite Z 3 2.13
Al 80 3.8 Gelcoalite Z 3 1.87
Al 30 3.8 Gelcoalite Z 3 1.06
Al 30 3.8 Gelcoalite Z 3 1.16
Al 30 - 3.8 Gelcoalite Z 3 1.06
Al 80 3.8 c4 3 4.33
Al 80 3.8 C4 3 5.4
Al 80 3.8 ca 3 5.86
Al 80 3.8 Ca4 3 5.6
Al 80 3.8 C4 3 4.8
Al 80 3.8 c4 3 4.4
Al 80 3.8 c4 3 4.8
Brass 80 1.9 C4 1 8.0
Brass 80 1.9 C4 1 6.4
Brass 80 1.9 o 1 6.13
Brass 80 1.9 Gelcoalite Z 1 2.67
Brass 80 1.9 Gelcoalite Z 1 2.13
Brass 80 1.9 Gelcoalite Z 1 2.20

80° angle cavity (no liner) ca 1



TABLE VII
JET PENETRATION IN GRANITE, DOLOMITE AND COAL

Liner Liner Liner Liner Rock Bedding
Material Angle Diameter Thickness Explosive Standoff Penetration Type Orientation
(deg) (cm) (cm) (CD) (CD)
Cu 55 2.06 0.076 RDX 2.2 2.61 Granite
Cu 100 3.30 0.102 RDX 2.3 3.07 Granite
Cu 55 2.06 0.076 RDX 2.2 3.99 Dolomite
Cu 100 3.30 0.102 RDX 2.3 4.2 Dolomite
Al 80 1.27 0.102 RDX 3.0 3.5 Dolomite
Al 80 1.27 0.102 RDX 3.0 3.0 ~ Dolomite
Al 80 1.27 -0.102 | RDX 3.0 3.75 Dolomite
Brass 60 1.59 0.102 C4 0.8 6.8 Coal parallel
Brass 60 1.59 0.102 c4 0.8 . 7.6 Coal parallel
Cu 55 2.06 0.076 RDX 2.2 9.84 Coal paraliel
Cu 55 2.06 0.076 RDX 0.6 7.68 Coal parallel

6€
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Jet penetration depth was observed to be related to the depth
of the surface crater formed when shaped charge jets penetrated
dolomite (Fig. 17). This phenomenon was a result of the collapse
mechanism of the liner. The mass, velocity gradient, and cross
sectional area at any given point along the jet should remain constant
for all charges of the same geometry. The detonation pressure,
which is responsible for the liner collapse, is also constant for
a given explosive. Non-uniform liner thickness or other geometric
conditions which deviate from the ideal can cause particles extruded
into the jet by the collapsing cone to deviate from the coherent
jet cross section formed under ideal conditions. This deviation
results in a shorter continuous jet with reduced penetration capabil-
ities. The particles which strike the rock surface incoherently
are responsible for the surface spall (Fig. 18). A charge was
constructed with an unlined 80° cavity and composition C4 as the
explosive and fired with no standoff. The resulting flat bottomed
crater was 12.7 cm in diameter and 2.54 cm deep.

Three 1.27 cm (0.5 in.) JRC charges with 80° aluminum liners
were also fired into dolomite resulting in an average penetration
of 3.42 CD. The calculated scaled penetration for the 4.76 cm
diameter liners with scaled dimensions was 3.42 CD but the measured
value was 5.06 CD for an abnormal scaling factor of 1.48 between these

two charge diameters.

3. Coal

Jet penetration from JRC charges in dolomite and Plexiglas

produced holes with Tinear sides and uniform taper. The hole profiles
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in coal showed differences in diameter which were related to the
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