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I. TECHNICAL SUMMARY 

0 

A recent study program conaucted by a committee of  the National 
Academy of Science emphasizes   the need for major advances  in  the  technology 
of  underground excavation.      The need  is most acute  for hard  rock tunnel- 
ing and mining, which are presently accomplished almost exclusively by drill- 
and-blast methods.    Although  these methods  have improved over  the years, 
their  inherently cyclic nature  imposes  fundamental  limitations on the excava- 
tion rates attainable and on the means  of reducing costs.     To  increase speed 
and reduce costs significantly,   it  is necessary  to develop equipment that 
operates continually. 

The  functional operations   in the rock excavation process may be 
broken down into three basic classes;   the rock disintegration directly 
associated with advancing the working face   (the actual disintegration of in 
situ rock);  the rock disintegration associated with the secondary breaking 
and grinding of disintegrated material  into a size  that can be efficiently 
handled;  and  the spoils or muck removal subsystem. 

To an appreciable  extent,   rock disintegration is   the key  to the actual 
process  of excavating.     It  is   the major cost factor,  representing 1/3  to 1/2 
of  the present  total excavating  costs;  the rate of excavation basically is  the 
factor  that ultimately limits  the rate of advance. 

AAI considered  that  the most practical approach  to  the rock excava- 
tion problems was   the selection of an explosive drilling system that is 
capable of performing the excavation functions rapidly and  continuously.    The 
only  interruption  to continuous  operation would be  the addition of a new 
length of drill  tube,  as   the borehole depth is  advanced.     However,   this 
operation could ultimately be automated to reduce the equipment downtime. 
AAI  originally proposed a fully automatic,  high rate,  explosive drilling 
system concept and  the  feasibility of  this concept was  investigated under 
this program. 

The purpose of  this project was  to develop an improved explosive 
drilling system to significantly  increase  the rock excavation rate.     Basically, 
the system utilizes  a unique multi-jet explosive capsule,   incorporating 
seven shaped charge cone liners  with a common explosive charge.    These 
capsules  are rapidly  transported  down a drill  tube at a steady rate,  and the 
system includes other new drilling  techniques.    This  system is  considerably 
improved over  the  low rate explosive systems developed by  the  Soviet and 
presently being studied by U.   S,  oil  companies. 

Under  this  program,   AAI  developed  the multi-jet explosive capsules 
and drill  rig hardware,  capable of automatically  firing  a  three-capsule burst, 
which was  considered adequate   to prove the  feasibility of  the  concept.    This 
approach was  to serve as   the  basis   for future development  of an ultimate 
explosive drilling system. 
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The explosive drilling  approach was selected because of  its high 
terminal effectiveness against  the  rock working  face and  the explosives 
produce a secondary effect  of breaking up  the disintegrated material into 
very small  fragments and pulverized particles.,    The explosive effect against 
the working  face  is  greatly  increased since  the explosive capsules are 
detonated underwater at  the  bottom of the water-filled borehole.    The  train of 
capsules  in the drill  tube  are propelled  through  the  tube  to  the bottom of 
the  borehole  by pressurized water and air, which are injected between the 
capsules  in the drill  tube.     This water/air combination between the capsules 
acts as an anti-sympathetic  detonation-buffer  to protect  the  following capsule 
from sympathetic detonation and mechanical damage due  to  the overpressure 
effect when the leading capsule  is detonated.    The length of  the water/air 
buffer required  to afford   this  protection establishes   the spacing between 
capsules and  the rate of fire or shots  per minute   (SPM)  of  the system.    The 
water/air buffer system that  propels  the capsule down the drill  tube,  exits 
from the end of  the  tube behind  the capsule and into the water-filled bore- 
hole.    The  impulse of  the water/air discharge  into the water-filled borehole 
is sufficient  to  flush the disintegrated spoils   (small  fragments and pulver- 
ized particles)   from the borehole.    This provides  the muck removal subsystem 
which continually occurs  in pulses  equal  to the rate of  firing  the capsule 
in shots per minute.    The detonation of the capsules  in rapid sequence will 
also assist  the muck removal  function.     In the ultimate system the capsule 
rate of fire is  expected  to exceed  600 SPM and  the water will  be recycled 
through the system.To make  the proposed system economically  feasible at  these 
rates  of fire,   it will be necessary to fabricate  the capsules   from low cost 
injected molded glass-reinforced plastic  (GRP).    The  final  capsules under 
this  feasibility program were  fabricated from spun and machined aluminum 
components with CRP shaped  charge  cone  liners„ 

, 

Tne work performed under  this program involved:     literature search; 
comprehensive shaped charge  testing; development and  testing of 7-jet capsule 
test specimens;   the  conduct  of capsule hydroballistic  tests   to establish 
capsule configuration,  stability,  exit and  impact velocities;   the development 
of a capsule  fuze,   involving  the safe and arm device and  explosive train; 
final multi-jet  capsule;   the design and  fabrication of  the drill rig components 
with  its various subsystems,   drill  tube and support,  water and air  injection 
systems,  water pump and compressed air supply systems;   the  three-capsule 
automatic  feed magazine;  automatic  fire control  system;  etc. 

The successful development of  the GRP jet  liners  and the  7-jet 
capsule with a common explosive  charge were considered   to be a  technological 
breakthrough during  this program.    To our knowledge,   neither of  these 
achievements was previously  performeda 

The capsule produces  seven-jet penetrations per  unit  into the rock. 
When capsules  are  fired  at  600  SPM,   the  total  rate will be  4,200 jet penetra- 
tions per minute.     The shock of  the multi-jet  penetrations  coupled with the 
capsule underwater detonation shock will rapidly advance   the  rock working 
face. 

0 
1-2 

—  iiiMUtiiiinniiiüliilif't ' 



^mmmmmmmm %_mmmmu\ m*mmm> mmmm mmm ,!,,F™" mm wrrwm 

The work items described above were completed; however, the remaining 
work on some of the drill rig hardware, the erection of the rig and final 
test of the system could not be completed due to insufficient contract funds. 

AM was notified by the U. S. Bureau of Mines (USBM) that they in 
turn had been informed by Advanced Research Projects Agency (ARPA) that the 
latter's financial support for the FY-1973 Rock Mecha lies and Rapid Excavation 
Program.-? had been terminated.  Both the USBM and AAI personnel made efforts 
to solicit financial support from other Government agencies for the completion 
of the remaining prograr work. Since the explosive drilling system has high 
potential use in both civilian and military applications, AAI contacted 
cognizant personnel in ehe Army, Navy/Marine Corps, and the National Science 
Foundation for financial support of the system.  Although considerable 
interest was generated during these contacts, no definite commitment has been 
received from these other agencies at the time of this wriLingo The USBM 
extended the contract end date four months to allow the other agencies time 
to evaluate the subject drilling concept and take whatever action they dewned 
necessary. 

The following sections of this report describe the work performed to 
date on the development and test of the subject explosive drilling system, 
subsystems, and components.  In addition, the report presents discussions in 
the following sections:  future research indicated; Government agency impli- 
cations; conclusions; technical reference; abbreviations; acknowledgements; 
subject inventions, and ^D Form WS. 

It was unfortunate that we encountered the contract financial problea; 
however, this should in no way reflect on the hi^li potential use and technical 
capability of the explosive drilling system in the rapid hard rock excavation 
field. The characteristics of the explosive drilling system are as follows: 
high rate of fire, continuous operation, full automatic operation, high 
terminal effects against the rock working face and in disintegration of the 
spoils; automatic flushing of muck from the borehole; economical fabrication 
of capsules from injection molded glass-reinforced plastic; a capsule fuze 
requiring 4 deliberate actions prior to arming for maximum safety, etc. This 
system has all the characteristics required to advance rock excavation tech- 
nology by a high factor rather than a small improvement of 307, which is 
considered acceptable at the present. Due to the advanced capabilities of 
the proposed drilling concept, it is highly recommended that its development 

be continued. 

., 
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II. GENERAL DISCUSSION 

; 

A.  Background 

For many years AAI Corporation has been engaged in the study of 
explosive devices including utilization of these devices for the penetration 
of reinforced concrete structures and the excavation of soil and rock for 
military purposes.  In the course of these studies, investigations have been 
made of the latest state-of-the-art methods of deep well and hole drilling by 
explosives; In particular, the unconventional methods of drilling at high 
rates primarily utilized in the Soviet Union and for some oil field drilling 
In the United States. 

■ 

Having first evaluated the present state of the art, Ml has 
engaged In some experimental R6iD work to establish methods of speeding up the 
drilling and excavating of rock. The Russians have long utilized a practical 
system for delivering explosive cartridges to the bottom of a well. These 
cartridges, delivered at a steady rate, explode at the bottom, digging the 
well deeper while a stream of water or "mud" propels the charges downward and 
flushes the rock chips out of the bottom.  Our reports of their system 
indicate that it is limited to a rate of about 12 charges per minute because 
of the danger of sympathetically detonating the following charge by the 
explosion of the first.  In the United States several systems like It are 
being studied under independent research activity of certain oil companies. 
One system utilizes shaped charges and regular charges to take out more rock 
per explosion. 

B. Concept Description 

Our basic concept utilizes the same general principles as the 
Russian and U. S. methods but with two major improvements.  (1)  The explosive 
charge that we direct downward has a drilling face composed of a single liner 
shaped like a series of small individual shaped charge conical sections In a 
single explosive charge.  The resultant explosion sends out a series of small 
jets into the rock in a conical pattern.  This type of device will drill more 
rock per unit of explosive than either of the types previously mentioned. 
^2)  By utilizing a pumping syst^.n working through a revolver-like feed 
system and using a combination of water and air, the explosive rate cm be 
increased 10 to 100 times that of present systems, i.e., 120 to 1200 SIW. 

Since the limiting factor often is the sympathetic detonation of 
a close-following charge, the addition of air under high pressure to the 
water or "mud" used for pumping creates an air bubble just below the following 
charge. This air bubble prevents hydrostatic shock from causing a detonation 
even with charges 5 to 10 feet apart. This device in full-scale operation 
could result In a drilling rate of 10 to 40 feet per minute. While the charge 
feed system is of course capable of continuous operation, it still would 
require stopping dnd adding additional lengths of pipe which could be automated 
to reduce the equipment downtime to approach a more continuous operation. 

2-1 
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C.     Program discussion 

-.n..,.,. XiZT. Z,u..iTu,T •' "• "'•—'•» - -•~-' 
o Safety/handlJng requirements 

o Rock fracture effects of submerged explosions 

o Ant I-sympathetic detonation effects of the water/air buffer 

o Capsule and air/water  Injector systems 

o Arming and detonation of the capsule 

o Flushing of spoils  from the borehole. 

In June, AAI successfully fired the flr.t multi-Jet capsule into 

Pia    " Sp)aH^;    The "ir}.*'^1'* COntalned "V«n ^-"-relSed    ^ Plastic   (CRP)   liners, was  fired with a connon explosive charee and uroduced 
seven Individual  Jet penetrations  Into the  targeJ plate.    We ^sld'rl"" 
achievement to be a technological breakthrough*    since .hat  tt^ seier'l «uUL 
Jet capsu es have been successfully  fired  In the air .g.ln.t «luAlZ^ nHl 
Plates and underwater against rock.    The terminal results obtained To« .U 
the capsule  firings are considered to be extremely effective. 

To our knowledge, molded glass-reinforced plastic has not been 
prevlou.lv used for shaped-charge liners,  nor guessed ?o b^ .o eff.^ Ivl 
against such targets as  rock, concrete and aluminum. 

-ff- .1 yh! 'naj0r effort w*s dlr«cted toward the development of an 

lltllno't Zllr'iiV* CaP,l;,e-    Thl' WOrk lnVO,Ved dMl«n'  '-^cation: investi- »atlun of nwterlals, exploratory testing and ft is believed that we have 
pushed  the state of the art  in shaped-charge development.    A H^aMmic 
OVIHII Wa8

1
de;lRned a"d f-brlcated to observe th/underwater^rf^rmnJce 

of the capsule  in regard to attitude, stability, and striking vTlocltT    ?he 
da a generated  from this test rig was used to f nalUe the dlsUn^f Jh. 
multi-jet capsule configuration.     It was planned to fabricate    he caolul. 

oTt enJ:uirrJi:h rRr to
f
a^ievo *** oco,M>•lc•, p^-ti^'ctu^u'ired lor tne ultimate high rate of fire system. 
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Concurrent with the capsule development, preliminary designs and 
engineering investigations were conducted on the development of other system 
components and subsystems.  These .ncluded the fuze, drill rig, capsule 
loader, water and air injection systems, anti-detonation buffer, flushing of 
spoils, etc.  It was necessary to finalize the capsule design prior to 
finalizing the designs of the related components and subsystems. The final 
capsule design was established after the completion of the capsule hydro- 

ballistic tests. 

The target test materials used in the program to evaluate the 
performance of the capsule shaped-charge development were rock, concrete, and 
aluminum plates. All rock disintegration tests were conducted in a quarry 
on the AAI property. The rock type at the quarry is considered to be coarse 
grained, partially weathered, Cockeysvllle marble.  It was believed that an 
"over-kill" approach in the capsule design against the target rock available 
would provide satisfactory results when the developed system Is ultlmatelv 
evaluated against hard rock, such as granite and/or basalt. Unrelnforced 
concrete target pads were poured and aged to provide a fairly constant target 
for the evaluation of Individual shaped-charge candidates. A stack of 3 one- 
Inch thick aluminum plate« were used to evaluate the performance of the 

initial multi-Jet capsule*.. 

The explosive drilling concept developed under this program has 
great potential use, wherever rapid rock excavations are required. These 
include both civilian and military public work» applications. In addition, 
the civilian use» Include rapid deep hole drilling for land and off-shore 
oil well«, rescue operations for crapped underground workers, drilling for 
construction work, ate. The most outstanding military application, based on 
rur background experience, is for Rapid Atomic Deaolition Munition (ADM) 
tmplaceraent. It Is reconaended that the rapid explosive drilling systa« 
davalopoent be continued beyond this present exploratory program. 
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III.   DEVELOPMENT AND EXPLORATORY TESTS 

A. General 

This section describes the work performed to date on the design, 
- .elopment, and test of the explosive drilling system components. These 
Involve the multi-jet capsule, ^droballlstic test rig, fuze for the capsule, 
and the drilling rig.  These component discussions are presented in chrono- 
logical order, with slight deviations to group similar accomplishments. 

The major effort was directed toward the development of the multi- 
Jet capsule, which involved the design and test of shaped charges with varia- 
tions in linear configuration, material, wall thickness, stand-off distance, 
terminal effects against rock, explosive charge weights, etc. As the develop- 
ment progressed, groups of 7-unlt clusters using the miniature shaped charges 
were tested for effect against rock and tue development ultimately evolved 
into the 7-unit multi-jet capsule, which performed exceptionally well against 
aluminum and rock targets. 

The final multi-jet capsule design was based on a set of param- 
eters generated as a result of the explosive firing tests, capsule tests 
performed under simulated bore hole drilling environment provided in the 
hydroballistic test rig, compatibility with the fute and the drill rig sub- 
systems. The hydroballistic test rig was designed and fabricated to simulate 
the drilling environment. The purpose of these tests was to establish the 
following: the external capsule configuration; weight and e.g. location; 
the exit velocity of the capsule as It leaves the end of the drill tube; the 
underwater stability of the capsule during its path from the drill tube to 
the bottom of the borehole; and the capsule striking velocity at the bottom 
of the bore hole. 

The fuse developed for the multi-Jet capsule was based on the 
data generated during the performance of the hydroballistic tests and was 
designed to be compatible with the final multi-jet capsule configuration. 
The fuse concept used was based on electromechanical operational modes and 
requires that four deliberate actions be performed In sequence in order to 
fire the capsule. These four deliberate actions are performed automatically 
when the capsule is placed in the drill pipe, the capsule exits from the 
drill pipe, and the capsule strikes the bottom of the bore hole. 

The drilling system components are discussed in detail In the 
following paragraphs of the report. 

n 
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B.  Multi-Jet Capsule 

1.  Discussion of the Problem 

. . The Purpose of this effort was to design, develop and test a 
multi-jet capsule, which will include seven shaped-charge liners with a 
common explosive charge and fuze, and prove its effectiveness in rock 
excavation. 

,. .  ,  ,      Since the Predicted rate of firing the capsules down the drill 
tube is in excess of 600 SPM, it Is required that the capsule components, 
including the liners, be fabricated by the most economical means. The N^vy 

^.M^r«." structural i^egrlty and overall performance of glass-reinforced 
Plastic rCRP) components to withstand extremely high external pressures in 
their deep submergence vehicles; AAT decided to adapt this approach in the 
tabricatlon ot the capsule components. Ultimately, the capsule will be 
fabricated from 50% GRP material In the high production, low unit cost 
capability of the injection molded process. Therefore, the liners developed 
in this exploratory program shall be injection molded GRP components, in 
order to be compatible with future capsule design. 

Based on the above approach, the objectives were to develop 
an etfectlve GRP conical liner, develop a multi-jet test capsule with seven 
GRP liners, and verify the feasibility of the capsule concept. 

Prior to the design and fabrication of the Injection mold 
for the GRP liners, AAI procured a quantity of three different types of 
commercial miniature shaped charges. These charges were procured for use as 
control units and to deU .mine their terminal effects against rock, based on 
the respective shaped charge type, size, and characteristics. These units 
were tested individually and the optlnum type was selected. Seven 7-charge 
cluster units, using the optimum miniature shaped charges, were fabricated 
and tested against rock, above and underwater. 

Using the data generated in the above test the GRP liners 
were siz-d and work was initiated on the design and fabrication of an 
injection mold to produce the GRP liners. The mold was sufficiently flexible 
lo vary the wall thickness of the basic GRP liner, without modification to 
the tool. The GRP conical liners were produced, loaded, and test fired. 
Thej*e liner« were test fired, using specimens of various wall thicknesses 
and stand-off distances, against a specially poured, homogeneous, concrete 
Urgat pad of known strength to obtain uniform test data for comparable 
evaluation. 
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Multt-jet test capsules were fabricated using the GRP liners 
These specimens were originally fired against three 1-inch-thick aluminum 
target plates to assure that the test capsule liners produced seven individual 
jet holes in the target plates.  These tests were repeated after minor 
modifications to the test capsules and improved results were obtained.  In 
addition to firing four test capsules against aluminum plate targets, seven 
units were statically fired underwater, in sequence, against rock. 

The final multi-jet capsule design is presented at the end of 
this section, although its development was based on the results of the hydro- 
ballistic tests, fuze design, and drilling rig subsystems which are 
discussed later in the report. 

2.  Exploratory Test Results 

a.  Miniature Shaped Charges 

The miniature shaped charges, ordered from the Jet 
Research Center, Inc., of Arlington, Texas, were of three different types 
under vendor's part numbers Y1005, Y1006, and Y1007.  A sketch of a miniature 
shaped charge with tabulated data on the types procured are presented in 
"tgure 3-1.  All three charges used copper liners, however, their liner con- 
figurations were different.  The liner configurations of Y1005, Y1006 and Y1007 
are hemispherical, conical and semi-parabolic, respectively.  A series of 
tests were fired using the three different types with varying stand-off 
distances, against hard, coarse-grained Cockeysville marble. The results of 
firing three charges of rach type Is shown in Figure 3-2. Shots #1, A2, and 
#3 were charge mOOS; shots #4, #5 and #6 were charge m006; and shots #7, 
^8 and ^9 were i,/Yl007.  Figure 3-2 illustrates the test set-up and results; 
however, the liner diameter and configuration are shown but the rest of the 
shaped charge has been omitted. 

In addition to the above test, three of the largest shaped 
charges (Y1007) were subsequently fired individually into rocks which were 
placed in a S5-gallon drum and filled with water. The rocks selected for the 
underwater tests were approximately 25 lbs. weight and of a convenient size to 
pl.icc In the Si-gallon drum. In  each test, the target rock was penetrated and 
split. This was due primarily to the small size of the rock, the lack of rock 
confinement, and the hydrostatic effects. Other than noting the above results, 
no other data could be recorded due to the terminal condition of the target 
rocks. 
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b.  Seven Shaped Charge Cluster Unit 

Selecting the Y1007 miniature shape charge as the optimum 
in the above tests, seven 7-shaped-charge-cluster units were fabricated. The 
general arrangement of the charges in the cluster units is shown in Figures 
3-3 and 3-4. One charge is placed in the center. The remaining six charges 
are arranged in an outer circle, around the center charge, and provide a 
conical array of 6 jets. An equal length of detonating cord is inserted into 
each shaped charge and their leads are clustered in the center. Figure 3-5 
shows one of the cluster units placed in the hole provided by the previous 
shot and is ready to fire. 

Two of the seven cluster unit-? were test fired in air 
against the exposed surface of a buried rock boulder. Theue two charges were 
manually placed and fired individually into the same position of the boulder 
and results of the sequence shot are shown in Figure 3-6. 

The remaining five explosive clusters were test fired in 
sequence in an underwater environment. One of the test sites, which were 
prepared by removing the soil overburden with a backhoe, was filled with water. 
One of the explosive clusters was lowered into the water, placed on the base 
rock, and fired. After the shot the hole was siphoned dry and the remaining 
spoils were removed to allow measurement of the results. The second cluster 
was lowered into the refilled test site and placed in the hole produced by the 
first shot. This procedure was repeated for the remaining cluster shots and the 
hole was siphoned and measured after each shot. The final result of firing 
the five of these cluster units in sequence is presented in Figure 3-7, 

c, GRP Liner Development 

The criteria for the development of the GRP liners required 
for the economical production of the multi-jet capsule was based on the data 
generated during the pet formance of the above individual and cluster unit 
tests, and on the results of our literature studies, regarding shaped charge 
design and performance. The parameters selected for the design of the GRP 
liners are as follows:  1,3" cone diameter; 60° included cone angle; variable 
wall thickness for test, and attempt to achieve greater terminal effects 
against rock than was achieved by the copper-lined miniature shaped charge of 
the same size.  Preliminary design indicated that seven 1,3" com» diameter 
liners could be housed within a 4" 0,D, multi-jet capsule. Our literature 
search revealed that various materials have been useH -in the fabrication of 
shaped charge liners, however, to our knowledge, this is the first time that 
GRP liners have been used. 

Injection molding tools were designed and fabricated to produce 
the GRP cone liners in four sizes, identical except for wall thicknesses. The 
molds were flexible so that various cone wall thickness could be obtained with- 
out modification of the tooling. The liners were 1.3" in diameter with a 60° 
cone. The cone thicknesses of the liners were .040", .080", .160", and .200". 
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7-Charge Cluster Unit  -  End  View 

Figure 3-3 
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7-Charge  Cluster  Unit,   side  View 

Figure  3-4 
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7-Charge  Cluster  Unit   -  Emplaced  on Rock  Prior   to  Firing 

Figure  3-5 
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Ar«th«r liner, procured coiÄercUUy, wee eleo cest fired In 

nU^rl".  ^r"; Ihl8 M"*" W" f*brlc-t«d ffo« 357. glw-relnforced 
plastic ha' Ing a hemispherical configuration with a 2" diameter base and .062 
wall thickness. 

Each of the candidate CRP liner charges was loaded with C-A 
explosive to the maximum effective charge length. According to our literature 
search, the maximum effective charge length Is established at a ratio of 
2.25/1 times the Uner cone diameter, since no en^lrlcal data was available 
regarding the perto-mance of shaped charges using CRP liners, the ma-.lmum 
charge length was used m these tests. The charge length was adjusted later 
to be compatible with the requirements of the final multi-jet capsule design. 

In conjunction with the CRP liner tests, a concrete pad, 4 ft. 
wide, 6 it. long, and I ft. thick, was poured to provide a consistent 3.000 
psl compressIve strength target. No aggregate was used in the concrete to 
assure uniformity throughout the teat pad. 

In this series, shots #1 and #2 (Y1007 miniature shaped charges) 
were fired into the concrete pad as test control Items and the results are 
shown in Figure 3-8. 

The GRP liner test specimen used in these individual liner 
tests is shown in Figure 3-9. This unit is made by bonding the upper and 
lower injection molded GRP sections. The lower portion Is as molded. The 
upper section is what remains after the liner cone is machined from a lower 
portion. The machined cone liners are used in the multi-jet capsule. The 
results of firing shots #3, 4 and 5 are shown in Figure 3-10 and a compos It«- 
sketch of the five shots is shown in Figure 3-11. 

Sixteen (16) additional individual glass-reinforced plastic 
shaped charge tests were conducted. These tests Involved shaped charges 
having liners of various configurations; liner materials, cone diameters, 
charge weight? and lengths were variables. These units also incorporated 
other parameters such as liner wall thickness, internally copper plated cones 
and varying stand-off distances. All of these tesjs were fired against the 
concrete pad. The unit parameters and test data are tabulated for all shots 
from #1 through #21 as shown in Figure 3-12. Evaluation of these data 
indicates that the units with the greatest wall thickness produced the maximum 
penetrations; the slight gain of the copper plated units does not justify 
their increased cost; and the longer stand-offs produce the greatest penetra- 
tions . 

3-1A 

mMm ^^u, - «^■m 



mtBmmm^smmmmm^m m^—m^mm^^t 

SHOT «1:    1.3" DU. Cu COM 

Chart« Wt. >    8.3 Cr«M 

Seand-Off   -   1" 

SHOT «2:    1.3" Dia. Cu Gor» 

Charta Wt. ■    8.3 Craaa 

Scand-Off    •    1" 

TESTS OF Y1007-MINIATURE SHAPED 

CHARGES AGAINST CONCRETE 

FIGURE  3-8 

3-1S 

->—  .. 
■MHMAk.    —■ 



■MWHiH^nm 

BLICTUC 
DCT0KA10R. H48 

F1MNC LEADS 

EXPLOSIVE 
CIIARCE, C4 

UM.L 
THICKNESS 

POINT OP DETONATION 

CONE ANCLE 

-1.62 D 

CRP-LINER TEST SPECIMEN 

FIGUEE 3-9 

3-16 

  



I 

I 

1, 

SHOT #3: 2N DU. 
.062 thk 3SX CUML 
SAN(pl..fl    ) ~" 
lUaUphcr« 

Chart« Ut. • 3S0 
St«ntf-0f(    • I - 

tMOT^t  l.)M DU. 
.0M) ihk )0t CUM/ 
Wylon Com 

Icand-Off    • lM 

SHOT »5:   1.3'   DU. 
.OSO chk in   «UM/ 

Nylon Cow 

Chargt Mt. • 233 C 
St«r4-0ff     •   I" 

TEST SHOTS #3, 4 «nd  S IIAV1KC CRP LINERS 

FIGURE 3-10 

3-17 

-■W^-       ■■    „-_.   ..,    ^      .     ..,..-    - ~.  



u 

li 

II 
II 
n 

CU COM 
8.3 Cr-a 

1.3" OU. 
Ol COM 
8.3 Cr«M 

l.3H CO 
.040 
235 Cr. 

2M CD 
.060 Thk 

380 Or 

COMPOSITE RESULTS OP PREVIOUS  S SHOTS 

FIGURE    3-11 

3-18 

10 

J 



I I 

IlHi 
• • • i • 

Ä 8 B " 5 

I 
I 

3 

1$ «>{ii!£!!iSiilt!!!3S9 

I I n 

1? 

i? 

i 
ii 

ii 

ii 

«««5J5CS^?«2J?^^S«CS?««. S 

* 4 « M <; e < e * 4 M M * « « *> * e 

< 4 t < H ^ q ^ S S S 4 « »5 < «: «J < c 4 

M MUIIM. ... 
.   «nUMIMMMIMM 
•»•ssninnnnnnnnninnninn 

a ft ■ 

ssasssssssas 

ll 
11 

ill 
•I 



imm •^ 

. 

1 

. 

The chart also Indicates that the greater the wall thickness 
of the cone, the greater the penetration depth; whereas the thinner the wall 
thickness of the cone, the greater volume of target material removed. As 
the teat program continues Into rock targets, we shall determine the tradeoff 
between maximum penetration or maximum target material removal. 

To our knowledge, the use of molded glass-reinforced plastic 
has not been previously used for shaped charge liners nor guessed to be so 
affective againat auch targets as rock, concrete and aluminum. This may 
be considered a nc-j development. It la planned to ultimately injection iwld 
the seven liners Into one GRP piece for the economical production of the future 
multi*Jet capsule. 

The rock disintegration performance of the charges with GRP 
liners Is considerably Increased over that of the copper lined control charges, 
primarily due to their large explosive charges. These tests proved that a 
GRP liner Is practicable and effective. 

d. HullI-Jet Teat Capsule 

Thla section describes the design, development and teat 
of the multi-Jet teat capsule. Ita basic design evolved from the evaluation 
of the foregoing development, teat, and literature studies. The test capsule 
was deaigned baaically to be used as a statically fired teat specimen to 
prove the feaaibiltty of the aeven-Jet concept, determine its terminal effecta 
againat rock, and provide additional empirical data to be used in the final 
«ilti-Jet capsule design. 

A cutaway sketch of the teat capsule, with callouta, is 
shown in Figure 7-13. Eleven teat capsules were designed and fabricated for 
test. Pour teat eapeules were fired in the air againat 3 stacked 1" thick 
aluminum plate targeca to evaluate the aeven-jet concept, and seven were 
fired underwater, in sequence, againat rock. The sketch in Figure 3-13 
illuatratM the teat capsule that waa fired underwater and requirea an air- 
tight cover over the seven liners. Shaped charges that are fired underwater 
without the airtight cower ere ineffective, since the Jeta have no apace to 
develop; in otner words, no stand-off. The four teat capeulee, fired in eir 
against the aluminum targeta, uaed three atand-off posts to provide the stand- 
off required in lieu of the air-tight cover which la not required for ahaped 
charge ahota fired in the etmoaphere. 

All of the eleven teat capsules were basically the aame, 
except for certain variations that were deliberetely incorporeted for test. 
These variaiiuna conaiated of the following perenetera; liner wall thickness, 
.040" and .160"; apread angle of the aix conea in the outer ring of liners 
included spread anglea of 40 and 60°; and finally, minor variationa in 
exploaive charge welghta, which were small and ranged from 255.5 to 294.6 grama. 
The variationa in the characteristics of the eleven test capsules la shown in 
Figure }-l4. 
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test results. 
The following paragraphs describe the test capsules and their 
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(1)    #1  Test Capsule 

The #1  test capsule and its  terminal effects are 
best described by referring  to  the following six figures. 

The components of the #1 capsule are shown in Figure 
3-15 and consist of an aluminum head, seven GRP liners,  outer cover and three 
standoff posts.    The head is machined with seven counterbored holes and 
arranged with one in the center and six equally spaced holes  on a circle con- 
centric with the center hole.    The six outer holes are on a  60    spread angle 
which  is subtended  from the detonation point on the capsule longitudinal 
axis.    It is also to be noted that the seven liners have a flange at their 
base to match the counterbored holes in the machined head.    The outer cover 
is sheet metal cut from a lamp shade to expedite fabrication.    The liners 
were    fabricated from injection moldeH 50% glass-reinforced nylon.    These 
liners  form a 60° cone angle,   1.300 inch cone diameter with a  .040 inch wall 
thickness. 

Figure 3-16 shows  the same components with the seven 
liners positioned into the counterbored holes in the head. 

Figure 3-17 presents an elevation view of the 
assembled capsule with its  three standoffs in position and ready for static 
firing.    The outside diameter of the capsule is four inches.    The lower part, 
the head with its seven liners  in place,  is  first bonded to the charge housing 
and all loading operations are then performed through the hole in the top of 
this housing.    The #1 multi-jet capsule was  loaded with 286 grams of C-4 
explosive. 

The bottom view of the capsule is  shown in Figure 
3-18 and presents the view seen by the target. 

The multi-jet capsule was placed on the target with 
a one-inch standoff.    The  target consisted of a stack of 3  one-inch thick, 
6061-T6 aluminum plates   that were  12 inches  square.    The results of the firing 
tests are shown in Figures 3-19 and 3-20. 

In Figure 3-19 the #1 capsule is  shown on the right 
side of  the first plate.     This   test proved  that  the multi-jet capsule was 
capable of producing seven  individual  jet penetrations  into the target.    The 
center and the 3 unper  jets  completely perforated the plate, while the 
remaining 3  only ppnetrated   into the plate. 

I 

3-23 

■ i i*m       ■■'-'-—■■ *  -J^ 





IT 

11 

-« i * 
z:rz 

-,«» 

r;8,- 
::«: 

-« 

::il: 

en Q 

s 
!3 « 
M 
H3 PJ 

S en 
CT PH 

Ä a -—i 

H i 
H w ro 
S X 

H Ul 
td erf 
ti 2 

H 
C/J M 
P-I P UH 

s Cd 

o 
H H 
C/J H 
M H 
H 

O >—^ P-. 

3-25 

--■ -        -    MiiM^W^Mmim i-iaintfiiMMiiiitiiiiit i irfMiKWifmniiM -.-■ilfl 



■ 

■V 

#1   MULTI-JET TEST  CAPSULE ASSEMBLY 

SIDE  VIEW WITH   STANDOFFS   FOR STATIC   FIRING 

FIGURE   3-17 
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#1  MULTI-JET  TEST  CAPSULE ASSEMBLY 

BOTTOM  VIEW OF  HEAD  END 

FIGURE  3-18 

3-27 

— -  ■■!■■■ .   



u 
H 

2 
H 
Ed a 
■'. 

H 

<    a\ 

H 
W 
td 
H 

tu 

H 
U 

H 

:J-28 

-—*——--■ immmm 



i 
v. 
u 
- 

■J. 
H 2 
C - 
t/5 H 
i^: td 
r^ 

UJ ■- 

d H 
M ■ j 

t- c O 

3 - I 'I 

X n 
H 
W ~i 

LJ J. u 
H — 
t- .— ■-, '_' c —< 

w 
u. 

•-I u 
H u 
d s 

H — SB ;;. 

3-29 

■ - - ■MMH ■WKHwaaMtl HHMOMta 



D 

Pi." on tha  left and  th/tft^.L"!! fl'""  1" *"»' f«» «« th.  flr.t t.rg.c 
Plate.    The  third place waU.^d"?,?',Pr°d,,Ced  ln t"e """"  '"«»' 
effect,  condected ^^"«,^."13  ^Z Ztl.^ '" "^ ^ ""' 

(2)    «2 Test  Capsule 

agaf„8t  the rto^ ^^^rrj^^'nÄ^V-. 
in Figure. 3-21   through Ma fSUU*" 'nd a"""'bl>' °£  the »2 e.p.ule. .ho«, 

cap.ufe except f^ToJdflc.^ V8,
Therefd'r'hC*1 Vf T" 0f ^ « 

»f  the .evea G.1P liner,   to the'co^^rhor d    o" .C' "the'S"!"  the ,,°"d1"« 
po..lbU movement of the liner, during the e.o.„!e Ld^l P."'"!"t 

second  revision Involved  ch»  f.h,.-  ,7  c"e,':aP'uU loading operation.    The 

position the aetonlcÖr  l„ relaSoi "'"he" l^e ."""d"^ h0lder  t0 aC<:Uratel>' 
shape of the detonation wave      The « ^ .  J ?    ?"" """" «V»" 
C-4 and „a. al.o  fired  l"^ o^-^ZAtZ-lTtu   V"" ^^ «""^ 0f 

this  caae the 3 „laces  uer» LlTTa >!. S!        ""I""6 aluminum plates.    In 
target,  houever.^h" hoUs   talled'    °*"h" " P"'VU' * "">" "omoganeou. 

a ona-lnch standoff on  ^^1^1^ "Ü'^Lf ^  tar8et ',latM "lth 

C.P.UU shot are .ho» m pfgu"^ IT^ISTLI^-.«' "" « 

Che  terminal etfecc. over  Che #1  capsule shot.    The 7   lots comnletolv      '   0Ve'' 

v."SarSe^hlrrMa?^" c'"^" ^ ^ ^"'^ ^e^onf Lte. unereas   Che third plate,  not  shown, wa. warped and dented  by the  7   lets 

none   races ot  the first and  second  plates. 

(3)    #3 Test Capsule 

.„,)  »^    ,< u    L 
In order to  lncrea8e the dovmward penetration rate 

and  to decrease  the bore diameter  that would be produced,  new confWaUon 

snreL      ^V^W^  the Conic  lin-8 "•'• -unted at A0S    Sed 
spread angle  instead of  60°.     Due   to  the smaller angle  the explosive column 

o C^ irtr^TlLf 0rder t?.PlaCe  the det0n^0r at ^e^JrterLct r 
"lightly COneS'    The exPloslve wei8ht was   thus   increased 
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#2 MULTI-JET TEST CAPSULE COMPONENTS 

FIGURE 3-21 
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»'2 MULTl-JEl   TEST CAPSULE ASSEMBLY 

SIDE VIEW 

FIGURE    3-23 
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#2 MULTI-JET   TEST CAPSULE 

FRONT FACES OF  Is.  & 2nci  PLATES 

FIGURE  3-26 
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[1 

I. 
: 

conutned seven .040" thlS^Ä'coTtc U^.!"^^5,^ Vl ^ 

caosule  te^ L Ih       ,\t        . 0,: bolted  together as  the results of 

Notice that the rMult. ere very simll« t„  .h!    t " ^"^ plate8- 
pettern Ues reduced hy the ch^e'ofep^d ^TS8."" ^ ^ the 

(4)    #4 Test Capsule 

#3  capsule excent  th*t fhf^^^^u031581116 WaS Practically Identical  to the 
of    040 ns  S !fl   T    the shaped  charge cones „ere made  .160 thick Instead 

deep.   SÄ ^"dS1^ -trje^'r   ^t^rpKed'Lser 
et ^d-o«' ho^fh ^ "J""  ''»? c"„ P"iPheral Jet..   ThÄ^TISat scana-ott saould be greater than 1,25  . 

(5)    Test Capsules   (5 through 11) Fired Underwater 

■,al. , After the foregoing  tests, seven additional multi- 

in 18"^^!^ fired Underter-    The te8^ Started at the bottom of an 18    deep hole  in  the quarry rock previously made by five cluster units  of 

tkTZll      *a^ f3^3-    The firSt c«PB"le waa placed at äe ll" dep h. 
drained     Z r^f^ "**** ^ the Cap8Ule wa8  fired-    ™* hole „as     ' 
measured      Each^f ^    ^ !POil8 Were remOVed and the hole dimensions 
anner      Thfresuftff^r1111118 "P8"168  WaS   fired  in B^ence in the «ame 

JM h    h The^esul
u

ts of these tests are graphically presented in Figure 3-31 

ho      fro^lS 'to  S" "T T11^ CapSUleS  eXtended  the dePth °f  the bore- hole  from 18    to  60".    The total excavation depth of 42" in rock for  the 

?hr?er H1^"  t!8t: caPsules Prides an average of 6" depth per capsule, 
Lch of ^H ^ Fi?Ure 3"31 indicates  the variation inparameters   for 
each of  the  seven multi-jet  test capsules   (#5  through #11). 

Tha test results presented  in Figure 3-31  illustrate 
that  the greatest depth of penetration was  produced by capsule #8 with #10 
as  a close runner up.     Both capsules  used  the   .160" wall  thickness  cones.    The 

60°      IT    H  !n"eCt,/f any'  ^ re8ard  t0  the OUter cone rin8 «Pread angle of 
60    on #8 and 40    on #10  is  considered  insignificant.     It  is  noted  that fhe 
explosive charge weight of #8 capsule was  smaller  than that used  in #10. 
However,   the  40    spread angle does  have  the advantage of concentrating  the 
jets  in a more downward direction. 

li 
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#3 MULTI-JET TEST CAPSULF TARGET PLATES 

FRONT FACES   - PLATES   1 ,  2 AND 3 

FIGURE  3-2 8 
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#4 MULTI-JET TEST CAPSULE TARGET PLATES 

FRONT FACES   - PLATES   1 ,  2 AND 3 

FIGURE  3-30 
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HOLE FORMED BY FIVE - 7 CHARGE CLUSTER 
V~ SHOTS FIRED UNDERWATER, IN SEQUENCE 
\ (SEE FIG. 3-7) 

TEST CONE   SPREAD 
NO. THKNS ANGLE 

5 .040 
6 .160 
7 .040 
8 .160 
9 .040 

10 .160 
11 .160 

262.5 
260.2 
257.2 
262.4 
294.6 
294.5 
293.4 

MULTI-JET DRILLING TEST 

CAPSULES #5 THRU 11   INCLUSIVE 

FIGURE  3-31 
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The multi-Jet test capsule firings "over killed" the 
Cockeysville marble at our test site as planned; therefore, we predict that 
the multi-jet capsule will be very effective against granite and basalt. In 
the explosive drilling of hard rock, such as granite and basalt, the hole 
diameters will be considerably smaller than those achieved in the Cockeysville 
marble of Figure 3-31. The smaller hole diameters will be extremely beneficial 
in the removal of the disintegrated material or muck from the borehole. The 
rate of advancing the working face at the bottom of the borehole when drilling 
the harder rock will be less than the 6" depth average capsule. However, 
when the final drilling rig transports the capsules down the drill tube at a 
rate of 600 SW.  or 10 shots per second, ttie working face will be advanced 
more rapidly. The best way to destroy any target is to place the maximum 
number of shots against the target in the shortest time possible. This should 
also apply to rock drilling. The first capsule will provide the 7 jet 
penetrations which will fill with water, the second capsule will provide 7 
more jet penetrations and its detonation wave will act against the water in 
the jet penetrations and the overpressure will cause the rock to rupture and 
disintegrate between the jet holes. 

3.  Final Multi-Jet Capsule 

a. General Discussion 

ii 

U 

The final capsule design is described in this section to 
maintain continuity with the development of the multi-jet capsule described 
above. The work performed in the hydroballistic tests, the fuze development 
and the development of the drill rig, contributed to the final capsule design 
and are discussed later in the report. 

The final capsule was designed and fabricated from 
aluminum components, incorporating seven glaus-reinforced plastic (GRP) 
liners. We were unable to fabricate the ultimate capsule with the all GRP 
components due to lack of contract funds.  However, due to the high rate of 
fire predicted for the ultimate explosive drilling system, the all GRP 
component capsule will be required to take advantage of the economical capsule 
production Inherent in the injection molding process. Using this process, 
the number of capsule components could be reduced by integrating two or more 
parts in a single mold. Due tothe funding problems, the fabrication of the 
ultimate GRP-type capsule was set aside and we proceeded with the design and 
fabrication of the final aluminum component capsule described herein. The 
cognizant USflM personnel concurred with this change in plan. A limited 
quantity of the aluminum capsules were specifically designed for dynamic 
testing of the capsule in the experimental drill rig developed under this 

exploratory program. 

U 
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An artist's sketch of the final capsule is shown in 
Figure 3-32.  A disassembled view of the capsule components Is shown In 
Figure 3-33 and an external view of the assembled capsule Is presented in 
Figure 3-34. 

The capsule was designed to withstand the dynamic loads 
It will encounter during the drilling system operations. The capsule loads 
are Induced during the following operations:  handling, loading, feeding, and 
while being transported down the drill tube. The capsule must be capable of 
withstanding the external overpressure applied through the water/air buffer 
to the following capsule, when the leading capsule Is detonated.  In addition, 
the capsule is required to take the external pressure during Its underwater 
path from the end of the drill tube to imptct at the bottom of the borehole. 
Since the water/air antl-sympathetlc detonation buffer is provided between 
the capsules in the drill tube, the capsule loads at this point are small, 
and depends on the pressure differential between the buffers above and below 
each capsule. The train of water/air buffers between the capsules is trans- 
ported down the drill tube, as a column, at about 50 feet per second. Az 
the train proceeds, the leading capsule will exit from the bottom of the drill 
tube and strike the bottom of the borehole, initiating the fuze and detonating 
the capsule. The resulting overpressure force on the water in the dril tube 
will compress the air in the buffer, against the face cf the following capsule. 
It is to be noted that this force will also be transmitted to all other 
capsules and buffers in the tube and help to dissipate the force. The value 
of the compressed air force against the capsules Is a function of capsule 
spacing and the length of the water/air buffers between the capsules. It was 
planned to determine the optimum capsule spacing during the drill rig tests. 
After analysis of the loads, the capsule was designed to withstand an external 
pressure of 2,000 pounds per square Inch (psl), which is far greater than any 
load to be experienced by the capsule. The 2,000 psl design load represents 
a pressure at an underwater depth of 4,500 ft., which would be encountered in 
deep hole drilling. The design pressure could be increased for greater depth 
if desired. 

I 

i 
1 

The following describes the capsule components and their 
fabrication methods (refer to Figui-es 3-32, 3-22, & 3-34). 

The nose cover, charge housing, and detonator are spun 
from aluminum sheet and are heat-treated and aged to a final condition of 
6061-16.  The nose cover thickness varies from .083" at the center of the 
header dome to .066" at the side walls. A bead is provided around tiie peri- 
phery of the cover for an "0" ring seal and also adds strength to the cover. 
The charge housing and the detonator holder are .032" thick. The outer shell 
Is machined from a 4" O.D. x .083" wall aluminum tube. The outer surface of 
the tube Is machined to 3.967 (+.000, -.003) diameter and Its remaining 
thickness is .066. The fuze cavity is machined from round aluminum (6061-T6) 
bar stock and the two aluminum tube extensions arc welded to the fuze cavity. 

f 
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RETAINER 

CHARGING LEADS (ELECTRICAL) 

FUZE CAVITY 
(COVER & HOUSING) 

SAFETY PIN 6. RING 

TUNNEL 
(BORE RIDER) 

TUNNEL 
(LOCK PIN) 

FUZE 

DETONATOR 
(M48) 

SPREAD ANGLE  — 

HOUSING 
(CHARGE) 

GRP-LLWERS 
(7  PLACES) 

C.C.   LOCATION 

2,2
,, FROM NOSE 

"0"  RING 
SEAL 

NOSE  COVER 

BCilE  RIDER 

POINT OF 
DETONATION 

HOLDER 
(DETONATOR) 

SHELL 
(OUTER) 

EXPLOSIVE 
CHARGE,  C4 

( 294.6 GM.) 

BALLAST TUBE 

DRILL HEAD 
(LINER SUPPORT) 

CAPSULE 

O.D.  -  3.967 

LENGTH 

+ .000 
-.003 

6.80" 
WEIGHT =  1.93   LBP. 

(873 GM) 

FINAL MULTI-JET CAPSULE 

FIGURE  3-32 
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FINAL MIJT.TI-JET CAPSULE 
EXTERNAL VIEW 

FIGURE  3-34 
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►    .u L   ,       The  fuZe cavlry/tube subassembly  Is welded  In ooslclon 

O        rs^cLfH":1"8 J^ CWO ^^ retalner Plates - s-wi Are 1  32.    A special  fixture  la  required  for this welding operation to assure 
hat  the co.nterbored  hole In the base of the  fuze cavUy ! U ali.n with  th« 

detonator holder during  final assembly of  the capsule.    The exten^ontuL« 
provide  tunnels  for  the bore rider on one side L a    J pin oHhe o bei 

ortSr^ro^^rd^ll10^:0 mentl0ned here  i8 PrOVlded l the ^a^ll-feed 

bar stock.    seven —^L^ 
GRP liners.    The counterbore  for the center hole  is  1.300" and the six 
equal y spaced counterbored holes  in the outer circle are  1.260"      ^he drill 
I ead  incorporates an outer flange and an external shoulder ring ^hlch se^tes 

he cover and outer shell during assembly.    The drill  head als^ Tncorpora^s 
a notched groove  to receive  the bottom of the charge housing c°n^

CorPoratö8 

_, , Jhe 8even GRP 8haPed c'-'arge  liners were machined  from 
molds  produced  In  the same  injection mold previously used  to make  the  t«t 
specimens  for the  individual GRP liner tests.    The  liners seated  for  the 
final  capsule are  the same as previous  liners,  except  these liners h.ve wall 
thicknesses of   .200".    The cone diameter of  the center  liner is  1.300" dimeter 
whereas  the six  liners   in  the outer circle are  1.260" diameter.    The lat ^ 
cone diameters were reduced  from 1.300" to 1  260" diameter in order to stay 
within the 3.967   (+.000.   -.003) O.D. of  the capsule.    Liners with  .200" thick 
walls were not available at  the time  the multi-Jet  test capsules w^re  fabrl- 
ca ed and tested.    The   .200" thick line-s were Löe and  tes'ted atTtater 
f£? a?      ^ "yera8e,rtsult8 of these  tests are shown as   items  18 through 21 
inclusive in Figure S-U on page 3-19.    These units produced  the deepesfjet 
penetrations  into the concrete pad and were selected  for use In the  final 
capsu e design      The six liners  in the outer ring are aligned on a 40°  included 
spread angle with  Its  apex located at the point of detonation on the  longi- 
tudinal axis of the capsule. 

A ballast tube  If  added between the bottom of drill head 
and the  Inside of the nose cover at  the center line of  the capsule   'see 
Figure 3-32).    The purpose of the ballast  tube  Is  to add weight  to  .he nose 
end of  the capsule  to bring  Its e.g.  location to 2-1/2" from the nose  to " 
approach  the 2.64    e.g.   location of the most successful capsule model  In the 
hydroballlstlcs  tests.    The e.g.  location  Is of prime  importance in providing 
capsule stability during  Its underwater path  from the end of the drill 
tube  to Impact on the  bottom of  the borehole.    The performance of  the center 
liner jet or any other  Jet  Is not affected by the addition of the ballast 
tube.     It also provides  additional support  to  the nose cover structure when 
tlie capsule nose  Impacts   the bottom of  the  borehole. 

,     , T1,e   following paragraphs  present a description of the 
loading and   final  assembly of the capsule. 
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b. Capsule Loading & Assembly 

[ 

1. 

This section describes the procedures for Che loading and 
final assembly of Che mulCi-Jec capsule. The work shall be performed in 
accordance wich Che applicable Government and faciliCy standard safety pro- 
cedures. These procedures are noC presenced herein, since Chis operation is 
a straight-forward loading operation. Any safety procedures specifically 
peculiar to chis operacion will be presenced it< Che following description. 

Prior Co proceeding wich Che loading and final assembly 
operations, all capsule components shall be thoroughly cleaned and the follow- 
ing subassemblies should be made to expedite the procedure.  In the following 
discussions reference will be made to Figure 3-32. 

The welded subasserobly of the outer shell, fuze ceviCy, 
and extension tubes and the two retainers has been previously described. 

The 7 GRP liners are bonded in their respective counter- 
bored holes in the drill head and Che bottom of Che charge housing cone is 
placed in its notch and also bonuad to the drill head (see Figure 3-32). 

The fuze is completely assembled including the installa- 
cion of Che M48 eleccric deConator. The lead wires from the M48 to the fuze 
shall be 1-1/2" long Co faciliCaCe iCs installation on Che capsule. 

arc described below. 
The loading operations and final assembly of the capsule 

i 
1. 

I 

(1) SCarC wich Che subassembly consisCing of Che drill 
head, 7 liners, and Che charge housing cone. The internal cavity formed by 
these parts are to be loaded with 296 grams of C-4 explosive. The drill head 
subassembly and Che detonator holder should be weighed and recorded. 

(2) The internal cavity is loaded Chrough Che access 
hole provided aC Che Cop of Che charge housing cone. The C-4 is a plascic 
explosive and is hand loaded. The C-4 shall be loaded CighCly around Che 7 
liners and wooden dowels may be used for tamping. The charge shall be packed 
solid and every effort should be made to avoid inclusions. During the loading 
operation, the partially loaded subassembly and the detonator should be 
weighed to determine progress. The drill head subassembly is loaded flusn 
with the top of the charge housing cone. 

(3) The detonator holder shall be placed on the charge 
housing cone as shown in Figure 3-32 and bonded in place. The C-4 loading 
operation is continued through the hole at the top detonator holder. The C-4 
is loaded until the level of Che bottom of the M4S detonator or slightly 
higher. 

1 
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(4) The subassembly, consisting of the outer shell, fuze 
cavity and tubes, and the two retainer plates, is installed over the drill 
head subassembly until the bottom of the shell slides over the drill head 
flange and the counterbored hole in tne base of the fuze cavity is positioned 
onto the top of the detonator holder. The outer sleeve is pushed over the 
drill head flange until it bottoms against the shoulder ring on the flange. 
These two subassemblies are bonded together as shown in Figure 3-32, at the 
drill head flange and the detonator holder. 

(5) The bore rider plunger is passed through the lock pin 
tunnel, across the fuze cavity and into position in its own tunnel. The hole 
in the bore rider is aligned with the through hole in the tunnel Lube and the 
safety pin is installed. The safety pin is attached to a ring to facilitate 
Its extraction at the required time in the cycle. 

(6) The fuze assembly is the next unit to inatall. The 
fuze is oriented to align its slide piston with the bore rider. With the 
fuze held in this position, the M48 is passed through the fuze cavity housing 
and into the top of the detonator holder. The wires between the fuze and the 
M48 are of sufficient length to allow the M48 to be installed. The M48 
should be pushed into the detonator holder to contact the C-4. The fuze is 
then installed into its cavity. Any excess wire from the M48 may be coiled in 
the counterbored space at the inside bottom of the fuze cavity housing. After 
the fuze is positioned, a screw is passed through the hole in the side of the 
cavity and threaded into the fuze plastic housing to retain the fuze in 
alignment. The head of the retaining screw ..iay be seen in Figures 3-32 and 
3-34. 

(7) Complete the fuze installation by passing the two 
electric charging wires, coming out the top of the fuze, through the two holes 
provided in the cover. The cover is held down by a screw and the cover is 
bonded to the rim of the fuze cavity housing. 

of the nose cover. 
(6)    The ballast tube is aligned and bonded to the inside 

(9)  Adhesive is applied ti> i;he t\p  of the h.tllaaC »tube 
and t'ia Ins'de of the straight side walls on the cover.  The cover is slid 
ov-ic the 'Irlll he-id flange until It conCacti the shoulder on the drill head 
flange. 

(10)  Tie "0" ring seal is installed in the groove provided 
by the bead on the nose cover. 
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It is noted  that the above procedure is  based on hand 
loading a limited quantity of capsules.    In production the capsules could be 
loaded by casting an Improved aigh explosive charge into its  cavity. 

The high strength rapid bonding adhesive used to bond 
the capsule components has performed very well  in this application.    Its 
trade name is "Vigor Aron Alphia", distributed by B. Jadow & Sons,  Inc., 
New York, New York,  and manufactured by Toagosei Chemical Industry Co., Ltd. 
This adhesive cures at room temperature in less than a minute and develops a 
tensile strength of 5,000 psi. 

. 
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C HYDROBALLISTIC TEST RIG 

1.    General 

nnH . A 
The hyd^ballisti'=  ^st rig was designed,  fabricated, assembled, 

and mounted vertically on the wall  of one of our buildings,  as  shown in        ' 
aiShn^C      , ^ PurPose of the ^st rig was to determine the underwater 
Thill*? balllstics of various multi-jet capsule model configurations, 
hote and tie ^nw^!      ^ Simulate the ""^rwater environment of the bore- 
hole and the drill rig.    The parameters  to be determined by the test rig were 
as   follows:    external capsule configuration; e.g.  location^ capsule weight 
capsule velocity at exit from the drill  pipe;  capsule velocity and staMlity 
throughout its underwater trajectory;  capsule impact velocity on striking "he 
bottom of the borehole; and effects of the various  injection pressures and 
test ng set-ups on the capsule performance. P        u es ana 

Prior to initiation of hydroballistic testing,  explosive tests 
were conducted to determine the safe proximity of the drill  tube and the 
charge detonation at the bottom of the bore hole.    A 290 gram C-4 ball charge 
was placed at the bottom of the water-filled bore hole.    The drill tube was 
lowered to a distance of 4 feet from the charge.    The distance was 2 feet 
for the second test.    The tube was inspected after each test and no distortion 
or damage was detected.    It was determined that the tube in the hydroballistic 
rig would be located at a distance of 4 feet to provide maximum distance for 
observation of the capsule  trajectory. 

2.    Test Rig Description 

io   •     u       -   ^sically,   the test rig consists of an 8-foot long composite tube. 
12  inches In diameter,   closed at  the bottom and open at the top.    The upper 
4-foot length consists of an aluminum pipe and the lower 4-foot section is a 
transparent plexiglass  tube, which is used for observation of the capsule 
during test.    A 4-inch  I.D.  steel  tube, mounted coaxially with  the  large  tube 
is  suspended so that its lower end protrudes into the plexiglaps  tube to 
provid- a means  of observation of  the capsule model exit   (see  Figure 3-35). 

figure 3-36 shows  the upper breech end of the drill tube that is 
mounted  coaxially with  the  12" aluminum pipe through a clamp and spider 
fitting.    The  lower end of  the drill  tube is held concentric with the outer 
tube by  the use of  three equally spaced rods.    The rods  are screwed  into  the 
wall   of  the 4    tub« and extend  radially to contact  the I.D.  of the outer  tube. 
Figure J-36 shows  a capsule model  being  loaded  into  the drill  tube and the 
breech cap with  its  flexible air hose attached. 

■1 
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HYDROBALLISTIC TEST RIG 

FIGURE 3-35 
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UPPER BREECH END 
HYDROBALLISTIC TEST RIG 

FIGURE 3-36 
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The length of the drill tube was 6 feet long in the test rig 
shown in Mgure 3-35. However, as the test program progressed, it was 
necessary to extend the length of the drill tube to 9 feet and later to 11 
feet long  The additional drill tube lengths were required to conduct tests 
under various conditions, regarding the capsule model position in the drill 
tube in relation to the lengths of water and compressed air columns in front 
oi, or aft of. the capsule model. The various test conditions are defined 
later in this section of the report. 

J  *u    ,»    In 0Pera,:ion the test rig is filled with water, both the 12" pine 
and the 4' I.D. drill tube, to a predetermined level. The'capsule model Is 
positioned in the drill tube in reUtion to the water and air columns forward 
or aft of the capsule as specified in the test request. The breech cap is 
installed and a high-speed camera is set up to view through the 12" diamete- 
plexiglass tube. The high-speed camera records the underwater trajectory of 
the capsule model from its drill tube exit until it strikes the bottom of 
the simulated borehole. On firing, the high-speed camera is started, a manual 
control valve is opened, and the pressurized air from the compressor accelerates 
the capsule and water columns through the drill tube and into the simulated 
borehole water. 

Tne high-speed film is developed and reviewed to determine 
capsule stability, exit and impact velocities, and effects of the air 
injection pressures. These data were evaluated and the next test was set up. 

The data generated from the hydroballistic test were used in the 
final design of the multi-jet capsule, the fuze, ind the drill rig. With 
this test rig design, we were able to determine capsule model velocity at any 
point, observe its attitude, stability, and striking velocity. The striking 
velocity is an important factor in the design of the fuze/detonator initiation 
system. 

Li 

The capsule configuration and other related parameters were 
developed in the hydroballistic test rig. The following comments are presented 
to give the reader an understanding of the difficulties overcome during the 
hydroballistic tests. 

The capsule weight of about 1.93 lbs. (873 grams) incorporates 
positive buoyancy, since an equal volume of water displaced by the capsule 
is 3.2 lbs.  It was planned to conduct hydroballistic tests on the final 
capsule design to assure the integrity of its underwater performance. How- 
ever, due to lack of contract funds, the work was stopped. The weight of the 
final capsule could be readily increased, if necessary, by increasing the 
weight of the ballast tube in the nose of the capsule and further improve its 
underwater stability. 
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The underwater environment created in the test rig during a test 
cycle provides a turbulent medium for the trajectory of the capsule. Assume 
the following test condition is set up in the test rig. The test rig is 
filled with water to a predetermined level above the bottom of the drill tube. 
Starting from the bottom, the drill tube is loaded as follows: a four-foot 
water column, the capsule, a four-foot water column on top of the capsule 
the remaining length of tube is an air void and the breech is screwed on the 
end of the drill pipe. The water in the 12" tube of the test rig simulates 
the borehole water which is at rest, prior to initiating the test cycle. When 
the test is initiated, the compressed air is applied through the breech and 
propels the train of water column, capsule model and forward water column 
down the tube. The forward water column exits from the drill tube and 
Impacts the static borehole water, creating considerable turbulence. The 
capsule exits from the tube into the turbulent borehole water and starts its 
trajectory toward the bottom. The aft water column and the compressed air 
column exit in turn from the tube, against the rear of the capsule in its 
trajectory. Although this turbulent underwater environment existed in the 
test rig, we were successful in developing an optimum capsule model configura- 
tion that was stable and developed the required exit and striking velocities. 
In fact, the striking velocity of the capsule models against the bottom of 
the test rig were high; the capsule models were being damaged and it was 
necessary to increase the bottom hard rubber pad from 1" to 3". 

Another point emphasized by this test was that the spacing 
between capsules in the drill tube shall be of sufficient length to assure 
that the following capsule shall be in the tube, with its anti-detonation 
water/air buffer when the proceeding capsule is detonated. 

The following paragraphs describe the capsule models, test 
results and the selection of the optimum capsule configuration. 

3. Capsule Test Models 

Several capsule model configurations were designed and fabricated 
to simulate the characteristics of the current capsule design at that time. 
The capsule models were made from hard wood and metal and also incorporated 
provisions for changing the nose shape, density, weight, and center of 
gravity (e.g.). One capsule model was fabricated to conduct preliminary 
tests to check out the functioning of the test rig.  As the tests progressed, 
the remaining capsule models were fabricated and tested. One or two "0" ring 
seals were installed on thi  capsule models to seal against the I.D. of the 
drill tube. 

L . The final capsule shape and weight must satisfy two necessary 
goals.  First, the capsule must strike the hole bottom in a nose-down, vertical 
position. This is the stability requirement.  Second, the capsule must 
penetrate as much water as possible at any reasonable ejection velocity and 

'■ 
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hit the hole bottom with enough remaining velocity to actuate the fuze/ 
detonator system. This goal is set to allow the greatest flexibility of the 
overall drilling system. 

The six capsule model configurations used in the hydroballlstic 
tests are shown in Figures 3-37 through 3-42. 

4. Test Results 

Extensive hydroballlstic testing was performed during this 
exploratory program.  In all, a total of fifty-three (53) tests were con- 
ducted. Six different capsule model configurations were used, nine test rig 
set-ups, and various compressed air injection pressures were Implemented. 
The six capsule test models were of various configurations as shown in 
Figures 3-37 through 3-42 and each had the capability of varying the weight 
and e.g. location.  The capsule nose shapes, in most cases, were interchange- 
able and were varied to determine their effect on the capsule underwater 
.stability. 

High-speed movies of each test were taken and carefully evaluated 
to determine the following parameters: 

(a) Optimum Capsule Configuration 
(b) Capsule Velocity at Exit from Drill Tube 
(c) Capsule Velocity & Stability Throughout its Trajectory 
(d) Capsule Velocity at Impact with Bottom of Rig 
(e) Effects of Various Compressed Air Injection Pressures 

and test rig setup conditions on the capsule performance. 

Attempts to obtain high-speed color movies by putting different 
dye colors in the borehole water and the water column above the capsule, were 
un uccessful. 

The results of the hydroballlstic tests are tabulated and pre- 
sented in Figures 3-43 (models #1 and #2) and 3-44 (models #1, #2, #3, #3A, 
#4, and #4A). These two figures include capsule model configurations used 
and the test rig setup diagrams. 

I 
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5.  Optimum Model Configuration 

After extensive evaluation of the test results, it r„s determined 
t.hat capsule test model #3 (873 grams) produced the most stable and effective 
underwater performance. The velocities and other parameters generated on the 
#3 model met or exceeded our general requirements and were compatible with 
the designs of the subsystems of the overall explosive drilling system. The 
blunt nose and large L/D (length-to-diameter) ratio repeatedly proved to be 
more stable than the other capsule configuration candidates. It was also 
determined that the hydroballistic test rig setup No. 9 (water column in front 
of and aft of the capsule in the drill tube) was most conducive to good per- 
formance, and was used exclusively throughout the remaining portion of testing 
(see Figure 3-44). The No. 9 test setup is the one that is most compatible to 
the concitions that will exist in the drill rig during actual explosive 
drilling operations. 

■ 

The following observations may be made by reviewing the test 
results of the #3 capsule model with (873 grams) and without (559 grams) 
weights as shown in Figure 3-44. 

i 

The variable parameters in these tests consisted of capsule weight, 
e.g. location, and compressed air pressures. The capsule weights were 873 
grams with weights and 559 grams without weights and the corresponding e.g. 
locations (measured from the nose) were 2.44" and 3.19", respectively. The 
compressed air pressures were varied from 82 to 26.3 psi. The constant param- 
eters in these tests were capsule external configuration and the No. 9 test 
setup condition. 

Under these conditions, six test shots were conducted: four with 
the heavier capsule (873 grams) with a e.g. location of 2,44" and air pressures 
at 82, 64.5, 45.5 and 26.3 psi; and two shots with the lighter capsule (559 
grams) with a e.g. location of 3.19" and at air pressures of 64.5 and 26.3 psi. 

The results indicate that the heavier capsule (873 grams) with 
the most forward e.g. location of 2.44" and fired at the highest air pressure 
of 82 psi, produces the greatest underwater performance in regard to the 
highest exit velocity, the greatest stability and the highest impact velocity. 
It is pointed out that the #3 model (873 grams) impacted the bottom of the 
borehole at an acceptable impact angle and velocity at all air pressures, 
including the lowest at 26,3 psi. The capsule stability and impact velocity 
are of the greatest importance.  In order for the capsule to function the 
last mode of fuze,  operation (impact switch), the impact velocity shall exceed 
12 fps and the lowest impact velocity obtained in the heavier capsule test 
was 23,3 fps at 26.3 psi. 
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Therefore, the #3 capsule model (873 grams) was selected as the 
optimum capsule configuration and the final capsule design shall match this 
capsule model's configuration and characteristics. By referring to Figure 
3-32, it will be noted that the final capsule design weighs 873 grams (1.93 
lbs.) and its e.g. location is 2.50". 

I 
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D.     Fuze Development 

1. General 

This section presents a discussion of the fuze  investigations, 
conducted by AAI during the program,   to determine the fuze requirements, 
methods  of operation and safety considerations.    The fuze concepts covered 
include mechanical, electrical and electromechanical modes of operation.    The 
fuze development effort was coordinated with the design of the capsule, 
hydroballistic tests, and the drill rig, and these units contributed to the 
development of the fuze.    This section also presents a description of the 
fuze selected and developed in this  program. 

2. Fuze Investigation 

a. Mechanical Types 

(1) Out of line detonator, bore rider armed as the 
capsule exits from the drill tube and inertia pin fired as the capsule strikes 
the bottom of the borehole. 

(2) Out of line detonator, centrifugally armed as the 
capsule is spun by the rifling at the bottom end of the drill pipe and 
inertia pin fired as the capsule strikes the bottom of the borehole. 

b. Electrical Types 

(1)    Centrifugal Arming 

This  fuze uses an electrical system consisting of 
a diode,  a capacitor connected  in parallel and  two special switches  in 
series with a M48 electric detonator.    In operation,   the capsule  is positioned 
into  the drill  tube by the loader.     A rammer, which  includes   the electrical 
power source,  rams  the capsule down the drill tube,  the safety pin is 
mechanically removed  by the downward action of the capsule and  the rammer 
charges   the capacitor  through the  diode.    The two special switches  are spring 
loaded  "open" at  this  time.    The capsule  is  propelled down the  tube by water 
and compressed air,  and  through the rifling section attached  to  the bottom of 
the  tube.    This  action causes  the capsule to spin and the components of the 
firsi:  switch rotate outward from the  fuze axis  and close this  switch.    The 
rotational  force  on the centrifugal switch will maintain it closed or a lock 
can be provided.    The second switch  is  an inertia type and will  fire the M48 
when  the capsule strikes   the bottom of the borehole. 
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(2) Bore Rider Arming 

This fuze concept is similar to the centrifugal 
type described above, except that the arming is achieved by a bore rider. 
This approach eliminates the need for spinning the capsule and for the rifling 
section at the bottom of the drill tube. 

This fuze concept utilizes an electrical system 
composed of the following components: a diode; a capsule in parallel; and 
two special switches in series with the M48 detonator. When the capsule is 
completely loaded into the drill tube, the rammer, which includes the 
electric power source for the fuze, contacts the capsule and the fuze 
electrical terminals, and launches the capsule down the tube. The safety pin 
is mechanically removed by the downward action of the capsule, and the rammer 
circuit charges the capacitor through the diode. The fuze block assembly 
contains a spring loaded, two piece piston which provides a radial force 
against the end of the bore rider, trying to move it out of the capsule. 
However, the bore rider is restrained by the I.D, of the drill tube and no 
action occurs. The two piece piston is composed of a metal and a plastic 
portion. At this time in the cycle, the bore rider leaf switch is spring 
loaded against the plastic (insulator) piston and switch is open. As the 
capsule exits from the drill tube, the piston spring moves the bore rider 
plunger to protrude slightly from the capsule, since it is out of the drill 
tube. As the bore rider plunger is pushed outward, the spring force slides 
the metal part of the piston under the bore rider switch and the switch is 
closed. The second or impact switch is spring loaded away from the metal 
piston. However, as the capsule strikes the bottom of the borehole, the 
impact switch closes, the capacitor discharges, initiating the M48, and 
detonating the capsule explosive charge. 

c. Electromechanical Type 

This fuze concept combines two independent methods of 
operation - electrical and mechanical - and either system is capable of 
firing the M48 detonator. The incorporation of two fuze systems into a 
single fuze assembly is reduadant and more costly; however, it provides 
maximum reliability. For the electrical system, either the centrifugal or 
bore rider arming or other concepts could be used. For a preliminary investi- 
gation of this type of fuze, we selected the electrical system with the bore 
rider arming device. For the mechanical system, we selected the graze lever 
action whijh is locked by the bore rider mechanism while the capsule is in 
the drill tube. The mechanical components would consist of a graze lever, 
graze lever spring, a spring loaded firing pin which is locked by the graze 
lever, and a T-96 stab primer mounted beside or against the M48 detonator 
used in the electrical system. When the capsule strikes the bottom of the 
borehole, the graze would pivot abuut its axis due to the set forward force. 
The rotation of the graze lever releases the spring loaded firing pin, firing 
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the T-96 primer which in turn initiates the M48. If the electrical system 
is the prime functioning mode of the fuze, the mechanical backup system should 
be designed to utilize as many of the existing electrical system parts and 
functions as possible to minimize fuze costs. 

The electromechanical fuze concept was investigated on a 
preliminary basis; however, the approach is considered feasible and has 
potential for future capsule programs. The dual fuze approach offers the 
highest reliability and just about eliminates the possibility of duds. 

The fuze was not pursued further due to lack of contract 
funds and the limited number of capsules and fuzes required to prove the 
feasibility of the explosive drilling system. 

d. Safety and Other Considerations 

The electrical types, both centrifugal and bore rider 
arming modes, are considered to be extremely safe, since four (4) separate 
and deliberate functions must be performed in the proper sequence to detonate 
the M48. The safety pin is removed, the capacitor is charged, the spin or 
bore rider switch is functioned at the bottom of the drill tube and the impact 
switch is closed to initiate the M48 when the capsule strikes the bottom of 
the borehole. 

AAI is familiar with reliable performance of the M48 
from experience on other projects. The M48 is capable of firing the C-4 
explosive directly without the need for a lead and booster pellet which 
simplifies the fuze explosive train. The M48 was used to fire all the 
individual GRP shaped charges and the test capsule firing tests previously 
described. 

In all the fuze concepts described above, it  is mandatory 
that the capsule wich fuzes must be positioned inside the drill tube, prior 
to removing the safety pin and charging the capacitor. 

3. Final Fuze Design 

a.  Selection 

After careful evaluation of the various fuze concepts, 
AAI selected the electrical type using the bore rider arming technique. The 
selected fuze is considered safe.  It requires four (4) independent actions 
to occur in sequence, at the established dynamic loads. This fuze meets our 
basic requirements for testing ia the drill rig of this program.  It is small, 
lightweight and economical to develop and fabricate. The selection of this 
fuze eliminates the need for spinning the capsule and for the rifling section 
at the end of the drill tube. The following paragraphs describe the selected 
fuze in detail. 
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b.  Fuse Description 

The wiring diagram for the electrical fuze with the bore 
rider arming device is shown in Figure 3-45, The components consist of a 
diode, a capacitor, two switches and a M48 detonator. The diode acts as a 
check valve to prevent the discharge of the capacitor. It is seen that both 
the bore rider switch and the impact switch must be closed in order for stored 
electrical charge in the c-pacitor to discharge and initiate the M48 
detonator. 

The fuze component breakdown is shown in Figure 3-46 and 
the nomenclature of each part is incorporated into this figure. 

The fuze block and the bore rider mechanism are shown in 
the lower portion of the figure. The fuze block was machined from a poly- 
styrene block and has provisions for mounting the various components. A 
bottomed drilled hole is provided to receive the bore rider mechanism in this 
order - spring, metal piston with "O" ring, and plastic piston with "0" ring. 
The bore rider plunger is also machined from polystyrene and is installed in 
Its respective tunnel tube in the fuze cavity assembly above and the safety 
pin may be installed,, The diode and capacitor are installed into holes 
provided in the block. The leaf type bore rider and impact switches are 
assembled to the block with their retaining screws and the components are 
wired up. A complete fuze block assembly with all of the above mentioned 
parts except the bore rider plunger and safety pin is shown at the center of 
the figure.  Both the front and rear faces of the fuze block assembly are 
shown in Figure 3-47. Some of the installed parts may be seen in position 
through the transparent plastic block. 

The fuze block assembly installed in the fuze cavity is 
shown in Figure 3-48. The bore rider plunger must be installed prior to the 
installation of the fuze block assembly. The fuze block must be oriented so 
that the bore rider spring and piston arrangement in the block is aligned 
with the bore rider plunger in the tunnel tube. 

Figure 3-49 shows the final fuze assembly completely 
installed.  A screw is installed through a hole in the side of the fuze 
cavity housing and is tapped into the fuze block to retain it in position. 
The two wires coming out of the top of the fuze block threaded through the 
holes provided in the cover and the cover is bonded to the cavity housing and 
retained by a screw in the center of the cover. The two wires protruding 
from the bottom of the assembly will be used for connection to the lead wires 
of the M48 detonator. 
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24 Volt D.C. 
Power Source 

Diode   —. 
Silicon Rectifl s 
No. IN2071 
100 Series 

Bore Rider 
Switch 

Impact Switch 

M48 Electric Detonator — 

Capacitor 
.047MFD 
200 Volts 
1 Ampere 

FUZE WIRING DIAGRAM 

FIGURE 3-45 
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CLEARANCE HOLES 
(CHARGING WIRES) 

COVER 

HOLE 
(SCREW} 

TUNNEL TUBE 
(LOCK PIN) 

CAPACITOR 

FUZE BLOCK 
ASSEMBLY 

SCREW 
BORE RIDER 
SWITCH 

RING, 
SAFETY PIN 

SAFETY PIN 

HOLE, 
SAFETY PIN 

H 
STOP- 

TUNNEL TUBE B0RE R,DER 

(BORE RIDER) 

CONNECTIONS 
(ELECTRIC CHARGING CIRCUIT) 

SCREW, 
BLOCK RETAINER 

CONNECTIONS, 
(M48 ELECTRIC DETONATOR) 

IMPACT SWITCH 
ARM 

SCREW 

•O" RING BORE 
RIDER 

FUZE 
BLOCK 

/       "0" RING      \ PISTON, PLASTIC "?^; SAFETY PIN 
SPRING PISTON, METAL 

FUZE COMPONENT  BREAKDOWN 

FIGURE 3-46 
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In actual practice, the fuze cavity and tunnel tube 

STIIS' "^^ !d t0:^  Cap8Uie 8he11 and bonded t0 the detonator holder. 
The M48 would be installed on the respective wires from the fuze block 
assembly. On the final installation the M48 would be placed into the detonator 
holder prior to orienting and installing the fuze block into the cavity. 

The cover and loose charging wires protruding from the 
top of the fuze and cover arrangement shown are adequate for the purpose of 
this program. However, in the ultimate design, a cover cap, similar to that 
used on a lightbulb would be installed and the wires would be attached to 
the cap. A rammer, having the electrical power source, would contact this 
cap and charge the capacitor. 

c. Sequence of Operation 

The fuze sequence of operrtion is described with the use 
of artist sketches and write-up in Figure 3-50. After the foregoing dis- 
cussions on the fuze and its components it is believed that the sequence of 
operation data presented in Figure 3-50 is self-explanatory. 
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Metal Tlaeon 

Impact Switch 

Plsatlc Plnton 

Safety Pin 

Bore Rlder 

Capsule   In drill  tube, bore 
rider and  Inpact switches are 
open and are positioned against 
and away  from the plastic 
piston,  respectively. 

Capsule starts  to move down tube. 
Safety pin Is  removed and spring 
moves  bore rider to I.D.  of  tube. 
Both switches  remain open as 
In Step 01,    Capacitor is 
electrically charged. 

zgazagzrgzaJ] ■y.yjpj^ 
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Hires  are cut as capsule moves 
down dr  11  tube. 
Capsule exits   from drill tube. 

Jy Spring moves bore rider out of 
■**   capsule and metal piston slldei Ides 

under and closes bore rider 
switch.    Borehole water pressure 
at   (**)  balances   (*)  on bore 
tldcr and spring moves 
rider and piston. 

Step 

bore 

Capsule strikes bottom of bore 
hole.  Resulting set  forward 
force causes   impact switch to 
overcome  Its  spring force and 
contacts metal piston.    With 
nil switches closed,  the 
capacitor  Initiates the MB and 
detonates  tha capsule explosive 
charge. 

F17.E!    SEQUENCE OF OPERATION 

FIGURE 3-50 
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E.    Drill Rig and System Equipment 

1.    General 

This section describes the drill rig and system equipment 
developed during this exploratory program.    The drill rig and system equip- 
ment installation at the AAI facility is shown in Figures 3-51   (Plan View) 
and 3-52   (Elevation),    This equipment is capable of launching the final 
capsules  in accordance with the explosive drilling concept and will be 
utilized  to prove  the feasibility of  the total system. 

During the  feasibility tests,  the performance of the follow- 
ing parameters shall be determined: 

a. Capsule velocity down drill  tube. 
b. Effectiveness of anti-detonation water/air buffer, 
c. Injection of capsules, water,  compressed air into the 

system. 
d. Safety of system, 
e. Fuze performance. 
f. Capsule effectiveness  in rock excavation, 
g. Removal of spoils from borehole. 

. 

I 

: 

■ 

The drilling equipment developed for this  program and that of 
the ultimate system are identical in operation except as  indicated below. 
The ultimate drilling system will incorporate an automatic capsule feed system 
that will be operated on a continuous basis and recycles  the water used.    The 
exploratory drilling system Incorporates a three-capsule feed system and the 
capsules can be fired singly,   semiautomatic or full automatic in a 3-round 
burst.    This approach is adequate   to prove system feasibility and to generate 
the required data on the parameters listed above. 

2„    Description 

a.    Drill Rig 

The d) ill rig assembly consists of the following basic 
components: tripod, drill tube, Y pipe fitting, work platform, 3-capsule 
magazine feed, fire control device, and provisions for water and compressed 
air injection systems and electrical power. 

A previously used borehole was selected for these tests 
and was reinforced by installing a 18" O.D. x 6 foot lon^ steel tube liner 
and reinforced concrete as shown in Figure 3-52. 
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A tripod assembly was fabricated and erected over the 
6-foot deep, water-filled borehole and was leveled by adding footings under 
two of Its legs. The drill tube Is supported by the tripod apex fitting at 
the top and the lower support about 3 feet above the ground line. The centers 
of the apex fitting and the lower drill tube support on the tripod are aligned 
with the center of the borehole, with a plumb line. The tripod Is tied down 

its three legs and also by the 3 mooring cables. The work platform and 
its supporting braces are assembled to the tripod. 

The basic drill tube and the tubes used in the 3-capsule 
feed magazine were made from 4" I.D. smooth bore steel pipe. The drill tube 
was made in sections since some of the pipes were salvaged from the hydro- 
ballistic test rig. The drill tube is supported at the apex fitting and the 
lower tripod support and the lower end of the tube is set 2 feet from the 
bottom of the borehole. 

D 

. 

After the dril 
fitting is installed on top of the 
insta1 led in the side inlet of the 
injection hose. 

:iibe is attached tothe tripod,  a "Y" pipe 
ill  tube.    A 6" to 4" pipe reducer  is 

Y" fitting for connection of the water 

i 

The 3-capsule feed magazine is mounted in the "Y" pipe 
fitting at the top of the drill tube.  It is composed of three breech 
assemblies.  Each breech assembly consists of a 16" long, 4" I.D. smooth bore 
steel pipe section, which accommodates one multi-jet capsule, a solenoid 
operated air flow valve, and a cansul-j retaining pin with a solenoid retractor. 

The capsule is secured in its prelaunch position in the 
breech by the stainless steel retainer pin which is retracted prior to 
injection of the air pulse. The air pulse is controlled by means of the 
solenoid operated air valve which feeds air behind the capsule, Li.rough a 
one-inch pipe to an opening in the wall of the breech.  After the capsule is 
launched, it travels down the drill tube to the 45 Y fitting.  It Is at this 
point that the capsule enters the water stream and travels with it down the 
remaining length of the drill tube to the bottom of the borehole.  Each of 
the three capsules is launched in succession.  It is estimated that the total 
time for launching three capsules in the exploratory drill rig will be In a 
range of 0.5 (360 SPM) to 2.0 (90 Sftl) seconds.  However, in the ultimate 
drilling system with a fully automatic capsule feed, we still predict a rate 
of fire of 600 SPM (Shots per Minute).  The necessary sequencing of events 
to accomplish this will be provided by the fire control system. 

The 3-capsule feed magazine is shown assembled in 
Figure 3-53.  The magazine is composed of three identical breech assemblies, 
one for each capsule.  Each breech mounts two solenoid mechanisms, one for 
retracting the lock pin from the capsule and the other controls the flow of 
compressed air to drive the capsule Into the water injection flow. 
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3-CAPSULE AUTOMATIC  FEED LAUNCHER 

FIGURE 3-53 
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This figure also shows the work platform, the "Y" pipe 
fitting, '.ne 6" to 4" pipe reducer and the upper end is closed by a pipe cap. 
An eye fitting is attached to the pipe cap to support the cable for suspending 
the air, water, and power lines. A final capsule and fire control mechanism 
are shown on the work platform. The breeches are numbered in their order of 
firing, #1 breech is the lowest breech (closest to the work platform); #2 is 
in the middle; and #3 is the highest breech. These breech numbers are carried 
over to the fire control system. The fire control system can fire all three 
capsules automatically by throwing all three sets of switches to "ON" prior 
to throwing the firing switch.  It can also fire the capsules singly or 

semiautomatically. 

The first capsule fired will not have the water/air buffer 
in front of it, since it is not required for the first round. However, the 
subsequent capsules will have the water/air buffer in front of each capsule 

as required. 

Figure 3-52 shows that a 4" I.D. acrylic plastic tube 
section is installed about 4 feet above the ground line. The purpose of the 
transparent tube section is to permit observation and high-speed photography 
of dummy or inert capsules to determine capsule velocity in the drill tube. 
The plastic tube will be replaced with a 4" I.D. smooth bore steel tube when 
live capsules, loaded with the explosive charge, are tested in the rig. 

b.  System Support Equipment 

The drilling system support equipment installation is 

shown in Figure 3-51. The support equipment is basically composed of the 
following subsystems: water pump; water supply tank; compressed air supply; 
firing station with safety shield and fire control device; and power, 

water, and air hose lines. 

The water pump subsystem consists of a centrifugal water 

pump with a capacity of 90,000 gallons per hour (GPH) or 1500 gallons per 
minute (OFM) at 60 psi; water storage tank, ^ince we are not recycling the 
water- three 6" diameter hose .assemblies, o \e  length of suction hose and two 
lengths of pressure hose.  AAI planned to rent all the water pump equipment 
except the water storage tan.; which is available at our facility. 

Sequencing and activation of the drilling system Is 
accomplished remotelv from a shielded observation area on top of the hill 
overlooking the test site. The compressed air cylinders, water pump and 
water reservoir are located on the hill in the vicinity of the observation 

area. 

'I 
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The compressed air supply for the air injection system 
is provided by cascading 4 or more high-pressure industrial air cylinders. 
The cylinders are manifolded together with one regulator and a solenoid shut- 
off valve.  The compressed air is supplied from the cylinders to the 3-cap8ule 
feed launcher by 1" diameter hose. At the drill rig the supply hose branches 
into 3 sections which are connected to the 3 air flow solenoid valves. The 
air cylinder supply approach was used in lieu of the air compressor due to its 
remote location and the pressure drop encountered in a long supply line. 
Another advantage of the air cylinder approach is that it is capable of 
supplying higher air injection pressures if required during test. 

The remote firing station is located behind the observa- 
tion shield, and power cables from the station are routed to the water pump, 
solenoid shut-off valve at the compressed air source, and to the 6 solenoid 
values on the 3-cap8ule feed magazine on the drill tube. 

After assuring the equipment is ready and all personnel 
are under protective cover, the following firing procedures will be per- 
formed at the remote firing station: 

a. Power switch "ON' 
b. Main air supply solenoid switch "ON" 
c. Water pump is initiated and flow established 
d. Fire control device 

(1) Arming switch turned "ON" and "OFF" to charge 
capacitors in capsule fuzes. 

(2) The retracting lock pin and the air flow valve 
solenoid switches are set to the "ON" position. 

(3) Motor switch is turned "ON", motor is allowed to 
come up to speed, and 

(4) Firing switch is turned "ON" and returned to the 
"OFF" position after the last capsule explosion. 

Although the solenoid switches are turned to the "ON" 
position in (2) above, the solenoids are not actuated until the firing switch 
is turned "ON".  The sequencing of these solenoids Is controlled by the 
adjustable cam switches in the fire control device. 

The major component in the firing station is the motor 
driven adjustable cam switch in the fire control device. A photograph of the 
fire control device is shown in Figure 3-54 and its wiring diagram is 

illustrated In Figure 3-55. 
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FIRE CONTROL DEVICE 

FIGURE 3-54 
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120 V.  Single  Phase 
60 Cycle,  20 Amperes 
Power Source 

WIRING DIAGRAM -  FTRL CONTROL DEVICE 

FIGURE 3-35 
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The fire control device includes the following components: 

„f the feed .agezine. The upper roU »^^J^^^Z.    The 
solenoid« end the l0«C row """»^^^'"'^"„{"wo are grouped together 

The drive motor, power connections and the motor rotation 
direction switch are installed on the rear face of the device. 

The adjustable cam switch is composed of eight ind^ual 
ine aajuau driven by an electric synchro- 

cam switches stacked on a co™on^f ^C* 1S Each cam switch has an 
nous timing motor through a ^^"^S^ff^^^ttvation point infinitely 
adjustable dwell ^^^Jo ^  '^ %£  jf tht eight cam switches 
adjustable throughout the 360     ,e. 
are used in this device. 

When the fir.ng switch is turned •'ON", current is supplied 

only to the seventh cam switch  ^^^l^S^^pÄ 
closed position (indicating that the ""^ 8l^8

Ca
f^8hed to the coil of the 

oriented for the sequence to begin), current » «^J   the clo8ed po8ition 
latching relay. The UUhl^tjljf ««^Ctt ^ ^/^ cam 8wltches are 

^^tT^ilrta^^Ä^STt^ and air flow valve on each 
breech assembly in the proper sequence. 

The remaining portion of the support equipment consists The remaining p ^^ are supported by 

rhrfrar^hrrtf-oSd-f aTrertr^rrthe te :ä. 
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F.  Current Program Stat'is 

In various sections of the report we have mentioned that the 
available contract funds were inadequate to complete the program scope of 
work. We also stated that the USHM and MI personnel, considering the great 
potential of the explosive drilling system, solicited other Government 
agencies for the financial support to complete the remaining work on this 
program.  No definite commitment has been received from the agencies contacted 
at the time of this writing; however, considerable interest has been generated 
at these agencies and they may respond at a future date. 

The purpose of this section is to briefly outline the remaining 
work required to complete the program. 

1.  Component Details and Assembly 

a. Final Capsules (8) 

All details complete - loading and assembly required. 

b. Fuzes (8) 

All details complete - loading and assembly required. 

c. Drill Rig System 

(1) All drill tube components are complete. 
(2) Additional work required on 3-capsule breeches. 
(3) Tripod assembly and footings complete. 
(4) Work platform detail? complete. 
(5) 3 mooring cables for tripod - details complete. 
(6) Borehole rework shown in Figure 3-52 is complete. 
(7) Fire control device - electric wiring required. 
(8) Suspension cable for supporting air, water, and 

power lines - details complete. 
(9) Rent water pump and three 6" diameter hoses. 

(10)  Set up compressed air cylinders, manifolds and 
solenoid shut-off valve. 

d. Functional  Check-Out 

1. 
1 

(1) Fune with dimple motor  in lieu of M48 detonator 
under simulated  conditions   In hydroballlstlc  test 
rig. 

(2) 3-capsule  feed magazine/launcher with dummy capsules, 
air and  power  liner  connected. 

(3) Fire control  device. 

I 
if] 
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(4) Combined 3-capsulfi feed magazlne/laiincher with fire 
control device and air and power  lines connected. 

(5) Water pump pressure and output capacity. 

e. Installation 

(1) Erect tripod assembly for final leveling and aligning 
with borehole. 

(2) Assemble work platfom to tripod. 
(3) Install and anchor the 3 mooring cables to tripod. 
(7i) Assemble drill tube components and install on tripod. 
(5) Install suspension cable. 
(6) Position water pu.np and water reservoir. 
(7) Position compressed air cylinders. 
(8) Set up firing station behind protective shield. 
(9) Install firing device and other controls at station. 

(10) Route and Install all air, water and power lines, 

f. Feasibility Tests 

The final  functional check-out and the  feasibility testing 
of the explosive drilling system shall be in accordance with the test procedures 
set  forth In Part III,  Section G of this report. 
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G.     Drilling System Test  Plan 

After the fabrication of all component details  and assemblies 
are completed,   the subsystems  will be tested  individually and  in conjunction 
with their associated subsystems  to assure their operation,   prior to final 
installation.    The drill rig will be erected as shown in Figure 3-52, all 
supporting subsystems and  equipment will be positioned as   illustrated in 
Figure 3-51 and all air, water,  and power lines will be routed and installed. 
All  functions of the completed drilling system will be tested, prior to 
initiating the firing tests of  the overall system. 

Safety procedures will be established, documented, approvad and 
adopted for use during the conduct of the tests. Copies of the safety pro- 
cedures will be distributed to the cognizant engineering and test personnel 
and Government representatives  observing the  tests. 

AAI prepared a test pi in to prove the feasibility of the 
explosive drilling system.    The number of tests  to be conducted are limited 
to  the quantity of capsule/fuze assemblies available for  test, due to lack of 
contract funds.    The initial  tests will be conducted using dummy capsules  to 
check out the operation of  the equipment and generate initial test data.    The 
total number  of capsule/fuze  assemblies and dummy capsules  are eight   (8) and 
six  (6), respectively. 

The objective of  these tests     is primarily to prove the feasibility 
of  the overall system.    In addition,  functional data will be determined on the 
following:    capsule/fuze assembly; capsule velocity and spacing In the drill 
tube;  effectiveness of the anti-sympathetic detonation  (water/air) buffer; 
cyclic rate of fire;  rock excavation; and the performance of the air and 
water  injection subsystems. 

The  test plan  is  presented below.    The requirements  for each 
basic  test must be satisfied  prior  to proceeding with  the  subsequent;  tests. 

1.    System Check-Out 

a. Conduct  a minimum of 3  tests using one,   two,  and three 
dummy capsules . 

b. Check out  operation of 3-capsule  launch system with  the 
fire control device,  using  the  3  different electric synchronous motors 
available  to check out cyclic  operations  at 0.5   (360 SPM),   1.0   (180 SPM),  and 
2.0   (90 SPM) seconds. 

c. Confirm established operating procedures. 
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d. Take high speed movies through plastic drill tube section 
to record capsule velocities and spacing between capsules per sequencing 
cycle time. 

e. Review the movies and select cyclic time as a function of 
capsule spacing. 

2. Fuze  Function 

a. Use 3 dummy capsules with fuzes  installed; however, 
dimple motors will be used  in lieu of  i.he M^8 electric detonators. 

b. Conduct  tests at selected sequence cycle time. 

c. Function 3  dummy capsules   (with fuze/dimple motors) 
through drilling system. 

d. Take high-speed movies of c above through plastic drill 
tube section to confirm capsule velocity, spacing and cycle time. 

e. After test,  inspect capsule/fuze assemblies  to assure 
that the fuzes  functioned and dimple motors were fired and salvage fuzes  for 
live capsule tests. 

3. Anti-S>mpathetic Detonation Buffer  (Water/Air) 

a. Replace  plastic  tube section in drill  tube with 4" I,P. 
smooth bore steel pipe section. 

b. Proof  test for drill rig structural integrity by 
detonating a 360 gram explosive proof charge placed underwater at the bottom 
of  the borehole,  directly below the lower and of the drill  tube. 

c. Conduct  two  firing tests as  follows: 

(1) First  test using 2 live capsule/fuze/M48 assemblies. 
(2) Second  test using 3  live capsule/fuze/M48 assemblies, 
(3) In both tests, use    sleeted cyclic  time and capsule 

spacing, determined above. 
(4) Take high-speed movies of both tests,  with camera 

at a remote distance so that  the view will show Lhe complete drill rig. 
(5) Determine effectiveness  of water/air  buffer,   fuze 

function and examine rock excavation results. 

G 
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4.  Demonstration Test for Government Representatives 

a. Replace 4" I.D. steel pipe section in drill tube with the 
transparent plastic tube to take high-speed movies. 

b. Conduct First Test With: 

(1) 3 Dummy capsules loaded into feed magazine. 
(2) Use selected cyclic time and capsule spacing. 
(3) Fire automatically in 3-duniiiy~capsule burst. 
(4) Take high-speed movies and review. 

c. Replace transparent plastic tube in drill tube with 4" 
I.D. steel pipe section. 

d. Conduct second test with: 

(1) 3 live capsule/fuze assemblies loaded in feed 
magazine. 

(2) Use selected cyclic time and capsule spacing. 
(3) Fire automatically in 3-capsule burst. 
(4) Take higi.-speed movies at e  remote position. 
(5) Review movies and determine effectiveness of water/ 

air buffer, fuze function, rock excavation and spoils 
removal. 

D 
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LV. FUTURE RESEARCH INDICATED 

The foregoing sections of this report have thoroughly described the 
explosive drilling system and its potential and capabilities axe further dis- 
cussed under Part V, "GOVERNMENT AGENCY IMPLICATIONS." 

The work performed under this contract advanced the explosive drilling 
system, however we were unable to complete the program work, due to lack of 
contract funds. We have completely developed the multi-jet capsule, determined 
its terminal effectiveness against rock, established its final configuration 
through the hydroballistic tests to provide stability for its underwater 
trajectory and provide the exit and striking velocities required. The capsule 
used glass-reinforced plastic liners in its tests in order that the ultimate 
capsule can be completely fabricated in GRP and produced in high quantity 
under the low unit cost of the process of Injection molding. 

A new electric fuze was developed for the capsule. This fuze is 
considered to be safe, since four deliberate actions ure required to detonate 
the fuze. These four actions will occur in sequence, as the capsule is moved 
down the drill tube. 

The drill rig and system supporting equipment have been designed, 
selected and/or procured and a major portion of the components have been 
fabricated and some have been assembled.  In general, the remaining work 
involves the completion of the details, assembly and subsystem functional tests 
and performance of the tests prescribed above to prove overall system 
feasibility. 

Assuming that the work performed to date is classified as Phase I, the 
immediate research indicated is presented below in Phase II. Two follow-on 
Phases, III and IV, are also presented below; however Phases II and III could 
possibly be combined. 

Phase II 

1. Complete  the  remaining program work as  specified In  Part  III, 
Section F of  this  report. 

2. Conduct explosive drilling system tests set  forth  in  Part  ITI, 
Section G of  this  report  to prove  feasibility. 

Phase  III 

1.  Fabricate additional quantities of final capsule/fuze assemblies 
for tests. 

2. Transport the drilling system and its equipment from AAI facility 
to a new test site having hard ruck such as granite and/or basalt. Erect the 
drilling system and support equipment on this site, conduct tests to evaluate 
system effectiveness against hard rock. 
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Riaue IV 

1. Design, fabricate and test the optimum explosive drilling system 
having a fully automatic feed system capable of continuous operation. 

2. Design and fabricate Injection molding tools for the production 
of all glass-reinforced plastic capsule components and for all of the fuze 
polystyrene components. 

3. Fabricate a quantity of capaule/fuse assemblies retired for test. 

4. Research and development effort shall be continued throughout 
ehe program to improve function and to lover component production costs. 

rock. 
5. Conduct teats on all subsystems and overall system against hard 

6. Evaluate the optimum explosive drilling system with other systems 
in regard to rock excavation and disintegration, drill speed, cost per foot, 
etc. 
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v. GOVERl«ENT AGENCY  IMPLICATIONS 

There  is a need  for a drilling system that can perform various  tasks 
of rock excavation and disintegration rapidly and at a low cost.    The need 
exists  in both civil  and military applications  involving the Government, 
public works,  private companies and the military,     Shafts and  tunnels  for 
water, sewerage, and  transportation, mining,  oil  and gas well drilling are a 
few civil application«.    A few military uses are:    rapid atomic demolition 
munition  (ADM)  emplacement;  missile silo«;  underground defense control 
centers; underground storage  facilities; and a ireat variety of military 
confetruction work. 

AAI  consider«  the exploeive drilling system to be capable of 
advancing the 'täte of  the art  In the  field of rapid rock excavation by a 
large factor whet   the capsules  are  fired at a rate  in excess of 600 «hot« per 
minute  (SIN).    The multi-)et capcile head technique i« capable of «inultan- 
«ou«ly producing seven crater«  and  Jet penetration«  per capaule  into the rock 
working surface.    Each capaule contain« « 300 gram  (.662 lb.) charge of high 
explosive and when  fired at a rate of 600 Sm,  the rock face will be advanced 
rapidly. 

A properly deelgned shaped charg«  fired at  its optimum standoff will 
penetrate any known material.    When a shaped charg«  i« detonated,  the liner 
coll«p«es,  «  portion of  the  liner  forns a «mail di«meter   jet, which «hoot« 
forward at a velocity fro« 6,000 fp« to 30,000 fp«.    The Jet 1«  followed by « 
«lug, al«o formed from Che liner material, which travel« at a velocity of 
1500  fp«  to 3000 fp«.    This  shaped charg« «ction require«   le«s  than five 
microseconds.    The  lent  thin Jet, at the«« velocitie«,  cau«e«  the  forcing 
as'da of the target material   («Lallar to • high pre««ur« wcter hoe« againat 
«oil  or said) by the extremely high pressure of 0.3 million atmo«phere« or 
4.5 million p«i, which i« produced by the impact of the high velocity Jet 
again«t the target material.    It Is  readily seen that the strength of the 
target material in this  caae rock c«n be neglected. 

The above describe«  the capability of a «ingle sheped charg«.    The 
■ignific«nc« of the multi-Jet capaule terminal effectiveness  can be «ppreclated 
when it  is considered  that a «Ingle shaped charge capability against the 
target  Is  increased by a factor of seven.    The capaule incorporate« «even 
shaped charge liner« within a comon «xplociv« charge which  Is  fired by a 
• Ingle detonator.    When the multi-Jet capaule  1«  fired at 600 SFH and eech 
capsule provide« «even «lmult«neou«  Jet  impacts ageinst  the  target,  Che totel 
will be 4,200 Jet penetretion« per minute  (7 x 600) egalnaC Ch« rock working 
f«c«.    If Ch« race of  firing Che cepcul«« were ulcimacely incr««««d Co 1200 
SPH, which Is caMid«r«d within th« »tale of Ch« «re,  the CoCel would be 
8,400 Jet  penecretione  per minute «g«ln«C  Ch« rock.     In ch« ultlmat« sy«c«m, 
Ch« cap«ul« O.D. could b«  Incraesed  Co «ceo—ofi«C« a gr««C«r number of sh«p«d 
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Charge liners and could be fired at 1200 SW and produce any number of Jet 
penetrations per minute desired. The antl-sympathetlc detonation (water/r.lr) 
buffer, previously described, Is the key to the high rate of fire capability 
of the explosive drilling system. 

In addition to shock M the jet penetrations, the rock will also be 
severely shocked by the detonation of the capsules underwater in the borehole. 
The underwater detonation of the capsules increases the rate of rock excavation 
and disintegration and facilitates spoils removal. 

The purpose of the foregoing discussion on terminal effects was 
primarily to re-emphasize the rapid rock excavation and disintegration 
capabilities offered by the multi-jet .apsules, fired at a high rate and 
detonated underwater. 

When Initially starting a borehole for a shaft or tunnel, the drilling 
system can be operated In the atmosphere, without the water Injection sub- 
system, and the capsules would be fired at an extremely low rate of about 
12 Sm. The terminal effectiveness of the capsule Is reduced when fired In 
the atmosphere. This reduction Is due to the dissipation of a portion of the 
capsule explosive energy to the atmosphere, which Is also true of any 
explosive component fired In the air. 

Ue believe that the best way to achieve low cost, rapid rock excava- 
tion and disintegration Is by the rapid use of explosives. We also believe 
that the unique explosive drilling systaai, firing the multi-Jet capsules at 
a high rate, Is capable of successfully performing the civil and military 
applications mentioned at the outset of this section. 

W 
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VI. CONCLUSIONS   AND  RECOMMENDATIONS 

The  following concluslona  are drawn from th« experience and  findings 
of  this  exploratory program. 

o      The glass-reinforced plastic   (GRP)  shaped charge   liners   test 
specimens were successfully  test  fired against concrete,  aluminum plate, 
and rock targets and  the  terminal effects exceeded our expectations.    The GRP 
liner specimens utilized a variety of wall thicknesses   (.040,   .080,   .160, 
and   .200  Inches) and  standoff distances   (1.00 to 3.50  Inches)   in these 
tests.    The  tests confirmed  that  the thicker wall liners and maximum itandoff, 
produced holes with  the smallest craters,  deepest Jet penetrations and 
smallest volumes.    Conversely,  the thinner wall  liners,  at  the minimum stand- 
off,  produced holes  with  the  largest craters, shortest  Jet penetration depths 
and   the maximum volume. 

o      The  feasibility of the multi-Jet capsule,   incorporating seven GRP 
liners mounted  in a housing with a comnon explosive charge and detonator, was 
proven In test.    The  feasibility was  initially proven by  firing four   (4) 
■ultl-Jet  test capsules,   in the atmosphere against three   (3)  Inch :hlck 
aluminum target plates.    The capsule produced seven individual  Jet penetrations 
in each  target. 

o      The capsule  feasibility was  further confirmed by statically 
firing seven multi-Jet capsules  underwater in a previously started borehole 
in situ Cockcysvllle marble.    The original borehole was   13  inches  in diameter 
at  the  top and  18  inches deep.    The capsule was  placed on the bottom of the 
water-filled borehole and fired.    After firii«,  the borehole water was 
drained,  the remaining spoils were removed, and the new borehole was measured. 
This  procedure was   followed after each shot.    After firing the seven test 
capsules,  the rock working face of the borehole was advanced to 60 inches 
fron the ground surface and the borehole at the top extended to an ellipse 
with a major and minor diameter of 62  Inches and 42  Inches,  respectively. 
The  bot turn of  the borehole was advanced  from 18  inches  to 60 inches or 42 
inches  for seven capsules  Co provide an average of 6 inches advance par capsule. 
A composite sketch of the borehole profiles after each shot la shown in 
Figure 1-31.    The capaule was designed to "over kill" the Cockasyville marble 
so that it will be effective against harder rock, granite and basalt. 

o The final ailtl-Jet capsule design was c 
To asCabllsh the capsule's final external configurat 
the underwater trajectory from the drill tube K* the 
its aalt velocity free, the drill tube, and its Impac 
of the borehole, the hydruballlstlc test rig was des 
The cast rig slawlatet the borehole environment and 
pressed air and water injection Subsysteme of the dr 
(33) testa ware conducted In the test rig using six 

umpleted  In this program, 
ion,   its stability during 
bottom of the borehole, 

t velocity at the bottom 
igned and  fabricated, 
incorporates both corn- 
Ill rig.    Flfty-thrse 
(6) different capsuls 
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model contlgurations, nine (9) test conditions In regard to the capsule 
position in the drill tube In relation to the air and water columns, and 
various air injection pressures. The #3 capsule model configuration was 
selected as the optimum In these tests and the following parameters were 
established: external configuration, weight, e.g. location for underwater 
stability, exit velocity, and striking veloclcy. The striking velocity Is 
important In the fuze design. The air Injection pressure and the. position 
of the capsule In regard to the air and water columns In the drill tube were 
determined In these tests. 

o  The final raultl-Jet capsule design was based on the character- 
istics of the #3 capsule model configuration. The capsule uses seven GRP 
liners and the remaining components were fabricated from aluminum spinnings 
and machined parts. These capsules are to be used In the drill rig tests. 

o  It Is recommended that the ultimate capsule be fabricated from 
all GRP components In a follow-on program phase. These capsules will be 
lubricated by using the Injection molding process. This process Is capable 
of high quantity production at a low unit cost and this Is required for the 
economy of the high rate explosive drilling system. 

u  A new electric fuze was developed for the capsule. The fuze Is 
considered safe, since four arming functions are required prior to capsule 
detonation. These arming functions are performed In sequence, as the capsule 
travels down and out of the drill tube.  Preliminary tests of the fur.e, using 
a dimple motor In lieu of the W*B  detonator, will be mounted In a dunny 
capsule and fired down the drill tub«, were planned. 

o  The drill rig and system support equipment was designed and a 
major portion of the components were fabricated; however, the complete system 
has not been erected. The anti-sympathetic detonation buffer has not been 
tested and the spacing between capsules in the drill tub« has nut been 
determined. The drill rig incorporate« a 3-capsule feed magazine and these 
»re launched in sequence, singly, ••«i- and fully automatlcallv, by the fir« 

control devic«. 

o  The s«v«n-]«t capsule producas s«v«n j«t p«n«tr«tlona into th« 
rock and, wh«n fir«d und«r^at«r, produces additional shock to th« rock. This 
capsule My be coapared to • «hotgun cartridge, sine« it has nor« than on« 
"kill Mchanltm" pot cartridg« whereas a rifl« cartridge contains only on«. 
Th«r«for«, wh«n th« capsulas «r« fir«d down th« drill tub« at a rat« in 
excess of 600 SPM (rlniaaim pr«dict«d for th« ultiaat« syst««) th« nuniwr of 
J«t penstratlon« p«r ■inut« into th« rock working fac« will b« in «xcess of 
4,200 p«r silnut«. 
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o  The development of the GRP liners and that of multi-Jet capsules 
with seven shaped charge liners and a conmon explosive charge and detonator 
are considered to be technological breakthroughs. 

o  Due to the lack of contract funds, all work was stopped on 
6 November 1972. The development of the explosive drilling system and 
components were advanced considerably by this exploratory program.  Since 
the planned tests were not conducted, certain development areas are 
unresolved. The remaining work to be performed. In addition to the proposed 
follow-on programs, are presented In Part IV. The system potential and its 
practical applications are discussed in Part V. 

i, 
6-3 



• 

I. 

VII. REFERENCES 

1. Ostrovskil,  A.  P.,  Deep Hole Drilling with Explosives,   translated 
from Russian by Consultants  Bureau,  New York,   1962. 

2. Robinson,  L.  H.,   U.S.   Patents 3,070,010 and 3,014,423,   "Drilling 
Boreholes with Explosive Charges",  27 November 1959. 

3. Robinson,  L.  H.,  Drilling with Explosives,   Symposium on Rock 
Mechanics, The  Pennsylvania State University4  June  1965. 

4. Black, W. L.,  et al;   Parametric Study of Rapid Emplacement of 
ADM   (U);  Final  Report,  Contract DAAK02-68-C-0499,  Secret, 
Restricted Data. 

5. Cook, M.  S.; The Science of High Explosives,  Reinhold  Publishing 
Corp.,   1958. 

6. Maurer, W. C;   "Novel  Drilling Techniques",   Pergamon Press   (1968). 

7. "Rapid Excavation:    Significance  ... Needs   ...Opportunities"; 
National Academy of Sciences, Washington,  D.C.,  1968. 

8. Austin, Carl  F.;   "Lined-Cavity Shaped Charges  and Their Use  In 
Rock and Earth Materials"; N. M.  Bureau of Mines   Bulletin #69, 
New Mexico Institute of Mining and Technology; Socorro,  New 
Mexico,  1959. 

9. Englnee.lng and Design Handbook, Annunltlon Scries,  Section 2; 
"Design for T-rmlnal  Effects";  Report No. AMCP 7 06-245;  U. S. 
Army Materiel Coonand, Washington, D. C,  1964. 

10. Regan, J. M. and Jones, G. H.;  "The Generation and  Penetration 
Characteristics of High Density Shaped Charge Jets"; Memoranda 
Report No.  BRL 1695;  Ballistics Research Laboratory,  Aberdeen 
Proving Ground, Maryland; September 1965. 

11. Tersahl,  K. and  Peck,  R. B.;  "Soil Mechanics  In Engineering 
Practice";  John Wiley and Son.,  Inc.; New York, N.  Y.,  1960. 

12. Bsnert, Robert;  "Penetration of Shaped Charges  into Prosen 
Ground"; Technical Report #45; Snow,  Ice and Permafrost Research 
Establishment, Corps of Engineers, U. 8. Army, Wilmette,  Illinois, 
April 1957. 

7-1 



fl 

0 
13. Elchelberger, R., 6. Pugh, E. "Experimental Verification of the 

Theory of Jet Formation by Charges with Lined Conical Cavities" 
Journal of Applied Physics, Volume 23, No. 5, 537-542, May 1952. 

14. Pugh, E., Elchelberger, R., Rostoker, N., "Theory of Jet Forma- 
tion by Charges with Lined Conical Cavities Journal of Applied 
Physics, Volume 23, No. 5, 532-536, May 1952. 

15. Elchelberger, R., "Re-ExamlnatIon of the Nonsteady Theory of Jet 
Formation by Lined Cavity Charges" Journal of Applied Physic«, 
Vol. 26, No. 4, 398-402, April 1955. 

16. Elchelberger, R., "Experimental Test of the Theory of Penetra- 
tion by Metallic Jet«", Journal of Applied Physics, Vol. 27, 

No. 1, 63-68, January 1956. 

17. Holloway, G. L,, "Penetration Performance of Selected Opera- 
tional Shaped Charges" (U), Ballistic Research Laboratory, 
Aberdeen Proving Ground, Md., Auguat 1970, (Memo Rpt No. 2056), 

Confidential. 

18. Sweeney, P. E., Mud and Rock Anchor, Multi-Leg Mooring Syatem for 
POL Tanker up to 40,000 DWT «Ire; Final Report No. ER-5885, 
Contract DAAK-0?-69-C-0554 for U. S. Army Mobility Equipment 
Research Development Center, Fort Belvolr, Virginia. 

19. Sweeney, P. E., Demolition Kit, CraterIng: XM180; Final Report 
No. ER-4865, Contract DA-28-017-AMC-2407, for U. S. Army 
Plcatlnny Arsenal, Dover, N«w Jersey. 

Ü 7-2 



u 
VIII. ABBREVIATIONS 

ADM Atomic Demolition Munition 

FPS Feet  Per Second 

Ft.  or   ' Foot or Feet 

Gal. Gallon 

GPH Gallons  Per Hour 

cm Gallons  Per Minute 

GRP Glass  Reinforced  Plastic 

I.D. Inside Diameter 

In.  or  " Inch(es) 

Lbs. Pounds 

O.D. Outside Diameter 

PSI Pounds  Per Square Inch 

SPM Shots  Per Minute 

1. 

[ 
8-1 



IX. ACKNOWLEDGEMENTS 

The contributions  in technical and administrative guidance during 
this program from the  following personnel  is acknowledged: 

James  J. Olson,  ARPA Program Coordinator 
Keith S.  Olson,  ARPA Program Analyse 
James J.  Snodgrass, Tech.  Project Officer 

Ron Slmonlch,  Contract Project Officer - 

U, S.  Bureau of Mines 
Twin Cities Research Center 
P. 0. Box 1660 
Minneapolis, Minnesota 55111 

U. S. Bureau of Mines 
Bldg. 20, Contract Section 
Denver Federal Building 
Denver, Colorado 80225 

I 

9-1 

  



I 

• X. SUBJECT  INVENTIONS 

I 

II 

In accordance with Appendix "B" to this contract entitled  "Patents 
and  Inventions Article," AAI has  no  "Subject Inventions" to report. 
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