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ABSTRACT 

Experiments were carried out .0 produce a constant velocity 
jet from shaped charges. Tests 7'^re conducted in atmosphere and 
at reduced pressures. Liner ge retries.types of explosive, and 
wave shaping techniques were varied systematically to produce an 
elongated Jet which approached a velocity of 14.0 km/sec. 
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CONSTANT VELOCITY JETS  FOR QUANTITATIVE 
ULTRA-HIGH VELOCITY CRATERING STUDIES 

FINAL TECHNICAL DOCUMENTARY REPORT 

RESUME OF THE STATE OF THE ART 

Methods  of accelerating hypervelocity projectiles  fall into two general 
categories: 

1. Acceleration, by various means,  of single particles  or 
pellets  as unit projectiles,   and 

2. Formation of a jet  from the  liner in an explosive 
shaped charge. 

Although  the  latter method results  in  considerably higher-velocity 
projectiles,   the jet has extended axial  length and consists of a train 
of particles having  a rather wide  range of velocities.     This  contract 
was   concerned with refining  the second method to produce shaped charge 
jets made up  of particles  all having the same velocity. 

STATEMENT OF THE PROBLEM 

When  the explosive  of a shaped charge  detonates,  the  resulting pressures 
on  the   liner  causes   the  formation and emergence of a jet having  the 
inherent  characteristic of possessing  a spectrum of velocities  for the 
various elements  comprising  the  jet.     This   characteristic of jets  is 
very effective  in  causing spectacular deep-hole penetration of targets, 
but  on the other hand ambiguous  results  occur when these jets   are used 
in basic cratering studies.    What is  desired for the  latter application 
is  a single particle  or group  of particles having the  following 
characteristics: 

1. Velocities  in  the  range  from 10 to  14 km/sec/ 

2. All portions  of  the  jet having  the same  velocity. 

3. Sufficiently  large  jet mass  to cause  appreciable  cratering. 

A.    Good cohesion of particles  out  to practical standoff 
distances. 

All  of  these   requirements   are not independent of each other;  for example, 
the jet velocity may be increased by  reducing  the  liner angle,  but this 
reduces  the jet mass. 
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METHODS OF PROBLEM SOLUTION 

Prior Methods 

Previous efforts  to reduce the velocity gradient in shaped charge jets 
have  consisted of (1)   unsymmetrical initiation of the shaped charge 
which resulted in a dispersed pattern of particle impact  on the  target 
(each particle having  a single velocity)   ,   and  (2)  inhibiting the slower 
portion of the  jet to allow only the higher velocity elements  of  the jet 
to  reach the  target   .    Neither of these  approaches made  any effort to 
alter the basic structure of a shaped charge jet,  but  rather manipulated 
the  jet  to obtain  the  desired effects. 

Methods  Used in  this  Contract 

The  following parameters were varied in efforts  directed towards  reducing 
the velocity gradients  in the jets  from shaped charges: 

1. Liner size,   configuration,  and material. 

2. Shaped charge explosive. 

3. Size  and configuration  of charge. 

4. Wave shaping of detonation  front. 

5. Inhibition of jet by  various   configurations. 

Initial work  consisted of devising a method of accurately determining the 
velocity structure of shaped charge jets.    This  method was  then used to 
analyze  the performance  of jets emerging  from various conic and paraboloid 
liners  cast in conventional cylindrical  charges.    The  final phase of 
investigation  consisted of developing a disc-shaped charge  and a suitable 
initiator to provide symmetrical peripheral initiation of the charge. 

VELOCITY MEASUREMENT TECHNIQUES 

Framing  Camera 

The   first  attempts   to measure  jet velocities were made with   a  framing 
camera setup  as   shown  in  Figure   1.     Vacuum tight  seals were made between 
the  plastic  tubing  and the  shaped  charge  on  one end,   and  the sreel  target 
on   the  other.     The  plastic tubing  chamber was   then evacuated  to  a pressure 
of a  few microns   to prevent  the   jet  from becoming  self   luminous  during 
its  nigh  velocity excursion  from   liner  to   target.     A backlighting   light 
bomb was  used to provide  illumination  for sequential silhouette pictures 
of the  jet.    Jet velocities were  then  calculated  from the geometry of 
the  system and the  frame  rate of the  framing camera.    Information on the 
jet was  also obtained from the extent of target penetration.    This 
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arrangement would  therefore  theoretically provide data on jet velocity, 
jet dimensions,   and jet penetration  capabilities,    However difficulties 
were experienced in obtaining satisfactory vacuum seals  and proper back- 
lighting illumination levels. 

Pin Set Technique 

The second method used to obtain jet velocity data consisted of a series 
of pin sets  as  shown in Figure 2.    Each target plate was  covered with  an 
insulating film of Mylar;   aluminum foil was  then placed over the  top and 
bottom surfaces  of each plate and electrical  leads were brought out from 
the plate and from the  two foil surfaces.    These  leads were  connected to 
the pin set  circuitry so  that penetration of Mylar film at  any point 
would short  circuit  an aluminum foil  to its  grounded target plate and 
this would result in  a pip  appearing on an oscilloscope  raster.     Timing 
marks  on  the  latter permitted determination of time intervals  between jet 
penetrations  of various  target  foils;  then jet velocities, both between 
and through plates,   could be  calculated by taking into  consideration the 
vertical displacements between-plates  as well  as plate  thicknesses.    The 
streak camera was  used in  conjunction with the foregoing setup  to measure 
the  initial velocity of the jet between the  charge  and the first plate. 
Some difficulties were encountered in realizing adequate insulation and 
proper circuit adjustments,  but prior to correcting these problems it was 
noted from the streak  camera record that jet velocity  traces  appeared 
between plates  as well  as  for the initial velocity.    This  actually 
eliminated the need for pin sets  to determine  jet velocities  as may be 
seen  from the  following section. 

Multiple Plate Technique 

Figure  3 shows  a sketch of a multiple plate test setup  as viewed by the 
streak camera, while  Figure  4 is  a photograph of a typical charge  ready 
to be  fired.    As   the jet  leaves  the  liner it  first becomes visible to 
the  camera when it passes  the  lower edge of the  charge-centering block. 
And since  the jet is self luminous  in passing  through  the  air,   sufficient 
light is produced by  the  leading edge  of the jet to produce  a velocity 
trace on the streak camera film.     Figure 5 is  a photographic  reproduction 
of a streak camera record of Test Shot No. E-211 and shows  the  analytical 
and graphical methods  used to reduce  the data to the several velocities 
of  the jet elements  at  various  distances  from the  leading edge of the jet. 
The photograph contains streak traces  corresponding to several velocities. 
The  first trace  at  the left results  from the shaped charge itself and 
gives  an approximate measure of the  detonation  velocity  of octol of which 
the  charge was  comprised.     This   (as well as  the  other streak traces on 
the  film)  is  translated into a velocity magnitude as  follows.     The  inverse 
magnification is  determined by  dividing a measured distance on  the scale 
image  in  the static image by  the  indicated number of units within  the 
measured  distance.     In  Figure 5  the  inverse magnification turns  out  to 
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=  9"/3.31" = 2.72 

The  rotating mirror of the streak  camera had an angular velocity of 
300 rps  for test No,  E-211 of Figure 5,  and from the geometry of the 
camera this  represents  an image velocity writing speed,  W, of 2.25inm/ 
psec along  the film in  the TIME direction.    But in order to determine 
the object velocity  at the event,  the  film writing speed velocity is 
multiplied by the inverse magnification: 

M-1 W = 2.72   (2.25)  =6.12 mm/ysecond 

Thus,  distance along the  film in the TIME direction represents  an 
object velocity of 6.12 mm/psec =6.12 km/sec for  the particular camera 
parameters  used to obtain  the streak record of Figure 5.    In the 
following  construction the  rotating mirror moves  the object image  a 
distance equal to 0A during  the  same time interval that the  object 

LOCUSOF OBJECT IMAGE 

image   (of  the  leading edge  of  the detonation  front  on  the side of the 
charge) moves  through a distance equal  to OB.    And since OA represents 
a velocity of 6.12 mra/ysec,   the object velocity is  determined  as: 

V = OA  (cot 9)  =  (6.12)   cot 33oA0' 

= 9.2 mm/us    =     9.2 km/sec 

This  apparent  detonation velocity,  incidentally,   is higher than  the 
normal 8.1  to  8.A km/sec for octol because of  central  initiation by a 
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relatively small booster and the  short length of the  charge.    The 
following  sketch of booster  and charge shows how the detonation front 
on  the side of the  charge   (which produces  the  streak recorded by the 
camera)   travels  from c to d while  the detonation travelling normal   to 
the camera moves  over the shorter path from e  to f.    Thus,  duo. to the 

BOOSTER 

STR EA K 

CAMERA        I 

CHARGE 

geometry of the booster and charge,   and to the curved detonation front, 
the  camera records  an apparent velocity higher than the true  velocity 
by the approximate  ratio:   cd/ef.     Of course  the greater the axial  length 
of a charge  the closer this   ratio approaches   one. 

Since the streak traces on the film of Figure 5 resulting from the 
shaped charge jet are already up to maximum velocity before coming 
into view of the camera, the measured velocities are correct since 
they do not have  the   foregoing discrepancy. 

The  second  trace  from the  left in Figure 5  corresponds  to the  velocity 
of  the  leading element of the  jet  from the   time it emerges  into view 
below the charges  centering block until it strikes   the  first   target 
plate.     The  same procedure as  used above to  obtain  the  indicated octol 
detonation velocity  results  in a velocity of  8.50 km/sec  for  the 
leading element of   the  jet  as   listed   in Table   1.     When   the   leading 
elements  of  the  jet  reach  the  first  target plate a  finite  length 
of   the jet   is  dissipated in making  a hole   through the   first  plate. 
The   time  required  for the  jet  to penetrate   the  first   plate  is 
deterniined   from the   graphical  construction  of  Figure  5.     The   image 
thickness   of  the   first  target  plate  is  superimposed upon streak  traces 
corresponding to the   jet  velocities   before and  after passing  through   the 
plate.     Then   the  vertical distance  d,   between  the  intersection  of the 
initial   jet   velocity  trace with  the entrance  surface   of the  plate,   and 
the  intersection  of  the  second  jet  velocity  trace with   the  exit  surface 
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of the plate, is proportional to the time required for the jet to 
penetrate the first plate. And since this distance d is parallel 
to  the TIME  axis,   the penetration time of the  first plate is 

t = 
d      2.0 mm 
W = 2.25 mm/ysec 0.89 ijsec 

The  distance which the  leading elements  of the jet travel during the 
time  required for penetration of the  first plate may be closely approx- 
imated by assuming a jet velocity V.   during penetration that is  an 
average of the jet velocities before  and after penetration.     For the 
first plate  this would be 8.15 km/sec  (Table  1).    The jet  travel 
distance,  L,  is therefore; 

L = V.t = 8,15 mm/ps   (0.89 ysec) 

=  7.24 mm 

This  distance is actually the  length of the jet  from its initial front 
to  the element  that first emerges from the exit  side of the first 
plate. 

This new leading front of the jet passed through  the  thickness,  S^,  of 
the  first plate without any resistance  due to  the hole  that had already 
been made by the preceding jet elements.    Therefore  the calculated 
length L is   longer than  the jet segment  "used up" in penetrating the 
first plate by an increment equal to the plate  thickness,  since  this 
increment is equal to  the jet element  length that passed unimpeded 
through the plate hole before  the emerging trace became visible on 
the exit side of the plate.    Hence  the  length  L.   of the jet  that was 
dissipated in passing  through the first plate may be determined: 

S.   =  7.26 -  1.78 

= 5,5 mm 

It has   thus been determined that the new leading front of the jet 
which emerged from the  first target plate  to produce the  third streak 
trace  from the  left in Figure 5 was  5.5 mm from the initial  front of 
the jet.    Therefore  the  third velocity trace of Figure  5 provides  a 
measure of  the velocity of the jet element which was  5.5 mm from the 
initial  front of  the jet. 
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The succeeding velocity traces  of Figure 5 have been analyzed to 
provide jet element velocities  at the various  increments  from the 
initial front  of  the jet  as   listed under the  E Lj  column of Table  1. 
Figure 6  contains  a plot  of these velocities  as  a function of the 
Z  L^  increments  for Test No.  E-211. 

Finer resolution of  the velocity structure within the jet may be 
obtained by using a greater number of thinner target plates which 
are more closely spaced.     The  limit to this  approach would consist 
of allowing the  target plates  to merge into a continuous  medium to 
provide  a smooth continuous plot of velocity vs position in  the jet. 
The  following sub-section analyzes  the results of firing  a jet into 
air as  a continuous medium. 

Continuous Medium Technique 

Several shots were made over an air range of sufficient length to 
cause radical jet velocity attenuation due  to progressive  continuous 
attrition of  the jet   (as well as  frictional drag on  the  jet)  by the 
air,  instead of the stepwise method of steel target plates.     Figure  7 
is  a photographic reproduction of a streak camera record that was 
made of this  type shot  (Test No.  E-134).    The streak trace shows  a 
continuous   change in jet velocity  from the  charge  to a steel target 
plate 13-1/3 feet  away. 

In  the  following analysis,   arbitrary  1-foot tb-'-k increments  of air 
were chosen to simulate  the steel target plates  of the preceding 
section.     Instantaneous velocity values were  read from the  streak 
trace at  the  1-foot  intervals   to provide entrance  and exist velocities 
for each  foot-thick "air target plate".    These values  are  listed under 
the V-   column of Table 2.     The mean velocity  (not a continuously 
integrated  true average velocity)   through each  1-foot  air increments 
_£V.i+V£+^)/2 was next  calculated and  these values  are  listed under  the 
V^  column.     Distances,   d, were then measured on the  film corresponding 
to the   1-foot  increments  of jet  travel  (see bottom of Figure  7).    These 
distances were then divided by  the camera writing speed,  0.375 mm/ysec, 
to obtain jet  transit times,   t,   across  the   1-foot  increments.    Then 
the  theoretical jet  travel  distance,  L,   during  calculated transit  time, 
t,   at average velocity V^ was  determined  for each  1-foot  increment. 
And  the magnitude of jet erosion,  L^,  was   then assumed to be  the 
difference between the  calculated jet  travel distance,  L, which would 
have  occurred had  there been no erosion nor air drag and S^  the actual 
jet  travel distance.    And  finally the  L   distances  are summed under 
the  Z Lj^  column  to give  the  apparent  integrated jet  length which 
includes  any  air drag influence  that would make  the erroded jet 
length  appear  longer than  it  actually was. 

When  the jet  length of E-I3A  is  compared to an identical shaped charge 
(Test  No.   E-86,   Figure 29)   the  indicated integrated jet erosion 
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length,   Z L^, was found to be  longer for the  continuous-medium method 
of Test E-134 than for the multiple plate method of E-86 in which the 
air travel distances are so short  that  air drag is negligible.    For 
Test E-86  the Z L^ valuve at 7.2 mm/ysec was  74 mm, while for test 
E-134 the value at 7.4 mm/ysec was  115 mm which is about 1-1/2 times 
as  long as  from the multiple-plate method.     It might therefore be 
assumed that the additional apparent eroded jet  length was due to 
air drag. 

3 
A formula has been developed to calculate  the air drag on meteorites   : 

Drag = -Fp    v2 A (1+0.16s  A/F)  dynes, 

in which T and A are assumed to be  constants, each equal to  1,  p    is 
the air density,  v is  the meteor velocity,  A is the effective  cross- 
sectional area of the meteor,  and s  is  the meteor velocity in units 
of km/sec.    In order to obtain at  least a first order effect value of 
drag magnitude,   let it be  assumed that the cross-sectional  area of 
the  leading jet element  of Test No.  E-134 was  about one-fourth the 
size of those shown in the  radiographs by Kronman and Merendino 
(using the   liner size scaling method shown' in  their Figure 6).    This 
would give  a jet   leading element  diameter of 0,2  cm,   a cross-sectional 
area of about 0.03 cm ,   and a mass  of about 0.004 gm,  assuming a sphere 
of aluminum.    Using these  assumptions  in the  air drag formula results 
in  the  following value  of  air drag at a jet element velocity of 
10 km/sec. 

Drag = -pa v2 A  (1.16)  = -0.001  (106)2(0.03)1.16 

4» = -3.5 x  107 dynes 

From which the deceleration,  a, may be  calculated: 

a = F/m =  3.5 x 107/.004 ~-  1010  cm/sec2 

Change in jet element velocity during a 1-foot jet travel increment may 
now be  calculated.    The  increment nearest  the  v =  10 km/sec  assumed 
above will be  used.    In Table 2  this will be  the  increment  in which  the 
velocity dropped from Vg =  10.2  to V^Q = 8.1 mm/ysec in 36.8 ysec. 
Decrease in velocity due  to drag will be: 

AV =  at =  (1010)   36.8 x  10'6  cm/sec = 0.368 mm/ysec 

Thus 0.368 mm/ysec of the  Vg - V^Q =2.1 mm/ysec was  due  to air drag 
while  the  remaining  1.7 mm/ysec was  due  to erosion of the   10.2 mm/ysec 
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leading element  appearing at  the 4'  mark to permit an  8.1 mm/ysec 
element to form the velocity trace  at  the 5'  mark. 

Due  to the  assumptions made in the  foregoing  analysis,  the calculated 
numerical values  are  somewhat qualitative  to show the  trend of effects. 
Also the erratic behavior of the L values  in Table 2   (falling below 
the magnitude of sp may be  attributed to choosing  1-foot increments 
of jet  travel.    A close inspection of the  undulating streak trace of 
Figure .7 reveals that the velocity wasn't  continuously decreasing in 
a smooth manner,  but  actually increased momentarily in several places 
as   later faster jet elements passed slower earlier elements.     Thus, 
some of the arbitrarily chosen  1-foot points on  the  curve were probably 
unfortunate  choices  to analyze  the jet behavior in the preceding and 
ensuing 1-foot increments.    This could be  overcome by  choosing smaller 
increments  down to the  limit  of infinitesimals.     Therefore an improve- 
ment in the photography of jets  in a continuous  medium to provide 
larger streak traces  that could be read more accurately,  and refinement 
in  curve  analysis  could result in a practical technique  to provide  a 
means  of determining continuous velocity data throughout the  length 
of the  jet. 

Figure  8 is  a plot of jet element velocities plotted as  a function of 
distance  from the  charge  rather than as  a function of  the  E L^  distance 
from the  leading front  of the jet, because of  the erratic nature  of the 
E L^  values  in Table 2.    In addition to containing results  of Test 
E-134,  Figure  8 contains plots  for Tests  E-132,   E-133,   and E-135 
discussed later. 

Since the extended air range method failed in its  initial purpose of 
determining jet  cohesion,  due   to air  attrition of the  jet,  it was 
deemed necessary to shoot the  jets  into a vacuum. 

Vacuum Range Method 

Another method of determining velocity  of  the  leading jet element,  as 
well as jet  cohesion at extended standoff distances,   consisted of 
shooting the jet  into an evacuated chamber.    Virtual elimination of a 
resistive medium permitted the  jet to travel  from entrace  orfice  to 
target without  appreciable deceleration or erosion.    The extended 
distance  to the  target   also provided a check on  lateral  dispersion 
within the jet which gave  a neasure  of  cohesion of  the  jet elements. 
However  this  technique  gave mainly a measure of the  leading element 
of the  jet and provided less  information on the  velocity structure 
within the  jet  than did the multiple plate method.    Two spaced 
target plates were provided within the  chamber;   arrival of the  jet 
at  the   first plate  gave  velocity  data on  the  leading element  of  the 
jet,   and the second plate gave velocity data on  the   leading portion 
of  the  jet which penetrated the   first plate. 

An example  of  a streak  camera record from a vacuum range  shot  is 
shown  in  the photographic reproduction of Figure  9  for Test No.  E-162. 
In order to realize  increased accuracy in  reducing the  data,  the 



-19 

iE-l34,C-l5 LINER 
(S^ 2.70cm) 

E-132, C-l LINER 
(S= 3.40cm) 

4 6 8 10 
DISTANCE FROM CHARGE TO JET FRONT   (FEET) 

FIGURE  8.     Jet element velocity vs  distance  from charge  for extended 
air range  tests. 
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streak traces  on  the film were made  as  large as practical.    This was 
accomplished by  focusing on the  two observation ports  as  shown in the 
static image of Figure  9,  instead of  on  the  full  21-foot  length of 
the vacuum tube  and barricade.    However it was  important that the 
event of the  detonation  of  the  shaped charge  also be recorded,  and 
this was   accomplished without   loss  in magnification by  reflecting 
with  two mirrors  an image of  the  charge  into  the  space between  the 
observation ports   as may  be. seen  in  the  static  image. 

The original 5" x 30" streak camera film was  cut into two equal 
lengths   and mounted in  Figure 9  so that the right side of the upper 
half is   continued,  timewise,  at  the left  side of  the  lower half.    The 
first event on  the  film is  the  streak record of  the detonating charge 
and  the brief  appearance of the jet  leaving the   liner at  the point 
designated on  the  film as   "0-TIME".    Elapsed time between the  latter 
point  and t^ was: 

287.2mm ,,00 ti  = -r—^7 ;—   = 382 ys 
J-      0.75 mm/us 

where  ti  was  the  time at which  the  leading element of  the jet  reached 
the  first target plate.     And since  the  distance  from charge  to  the 
first plate was   14'1",   the jet  velocity of  the jets  leading element 
was : 

V1 =  4260/382 =  11.2 mm/ysec 

This velocity  agrees  reasonably well with the  initial velocity 
(12.3 km/sec)  of  the jet  from an identical charge   (Test No.  E-155) 
shot into multiple plates  to determine velocities.    The  initial 
velocity of Test E-162 was  also determined from the streak  trace 
appearing in  the  first observation port  as  shown in Figure  9.    As 
near as  the  trace  angle  could be  read at  that  camera-to-object 
distance,   the  calculated velocity was  about  10 km/sec. 

Use  of   the   foregoing procedure with data  from the second  observation 
port produced a velocity  of 6.50 km/sec,   for  the portion  of  the  jet 
that  got   through   the   first  plate,   by  the   linear method,   compared  to 
5.1 km/sec by  the   trace   angle method. 

The  vacuum  range  proved useful  in  determining jet  velocities, 
especially   the   initial   velocity,   as  well   as   for obtaining   information 
on   the   cohesion of   ;ets   at  extended standoff distances. 
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TESTS CONDUCTED 

Tooele Ordnance Depot Test Site 

All framing camera test shots were made at the University of Utah  test 
facility at Tooele Ordnance Depot,  Tooele,  Utah by special  lease 
arrangements.    The framing  camera used produced 25 individual pictures 
for each test shot and the experiment was  designed  to show silhouette 
pictures  of the jet progressing down  the evacuated chamber of Figure 1. 
The seven test shots made with the  framing camera method of determining 
velocities  are described in the July 1963 report of this contract. 

In addition to the  test shots mentioned above,  three other framing 
camera shots were made  to  check the symmetry of initiation of a 
special type of peripheral initiator.    These tests  are outlined in the 
August  1964 report with further details given in the EXPERIMENTAL 
RESULTS  section of this final report. 

IRECO Test Site 

All  test shots which involved use of the streak camera were  conducted 
at  the IRECO test facility near Lehi,  Utah.     These tests  included those 
employing the pin technique, multiple plate  technique,  extended stand- 
off air range,  and extended standoff vacuum range.     These  various  test 
shots  are  listed in the monthly reports extending from August  1963 through 
October 1964, with additional discussion in  the EXPERIMENTAL RESULTS 
section of this report. 

Eglin Air Force Base Terminal Effects Tests 

Four sets  of tests were made at the  test  facility at Eglin Air Force 
Base.    Efforts were made  there to  obtain additional  data with equipment 
that was not available  at either the Tooele  Ordnance Depot nor the  IRECO 
test  facilities.    This included x-ray methods  of photographing shaped 
charge jets  in flight,  and Kerr cell framing camera methods with front- 
lighting and backlighting techniques   to observe  the  shaped  charge jets 
in  flight.     These  tests are outlined in the January  1964,  August 1964, 
and October  1964  reports  for this  contract,  in addition to further 
information  contained under the RESULTS section of  this  final report. 

-EXPERIMENTAL PARAMETERS 

Shaped Charge  Factors 

Several  factors affect the  characteristics of the jets which emerge 
from shaped charges.    These  consist  of the  type of explosive  comprising 
the  charge,   the shape  and symmetry of  the  initiating wave  as  controlled 
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by waveshaplng techniques  and booster symmetry,  degree of confinement 
of  the  charge,  shape and size of the  charge,   configuration and size 
of the  liner,  material of the   liner,   and degree of inhibition of the 
jet.     Variations  of these factors were employed in efforts  to attain 
the desired  constant-velocity jets  at  the  required velocities  of 
10 km/sec or more. 

Types  of Explosives 

Since high velocity,   as well  as  constant velocity,  jets were desired 
it was  advantageous   to use  an explosive having detonation velocity and 
pressure  as high  as  practical.    Octol was  used for most of the  test 
shots   (shaped charges  and waveshaping  charges)   as  follows: 

For  all  charges  from June  through December 1963:(Tests  E-l through E-112) 

OCTOL:     Composition -    HMX/TNT/Wax = 69.7/29.8/0.5 
Density - pc =  1.74 gm/cm-' 
Detonation Velocity - D = 8.1 km/sec 

This explosive was made by mixing  the proper ratios  of the 
individual  ingredients. 

For most charges  from January through  December  1964:   (E-113 through E-235) 

OCTOL:     Composition -    HMX/TNT =  75/25   (wax  content unknown) 
Density - pc =  1.77 - 1.80 gm/ciH 
Detonation Velocity - D -  8.4 km/sec 

This  latter material was  received in pre-mixed  chip form 
and was  remelted for casting. 

For some  charges  from August through December  1964:   (see ensuing  text) 

BARATOL: I       Composition  - BatNOß^/TNT =   70/30 
Density - p    = 2.37 gm/cm 
Detonation Velocity - D = 4.78 km/sec 

II       Composition  - Ba(N03)2/TNT = 65/35 
Density - oc = 2.35 gm/cm^ 
Detonation Velocity - D = 5.09 km/sec 

III       Composition - Ba(N03)2/TNT = 60/40 
Density - Pc = 2.31 gm/cm 
Detonation Velocity - D = 5.22 km/sec 
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TNT: Form - granular,   cast into  charges 
Density - p    =  1.6 gm/ciP 
Detonation Velocity - 6.9 km/sec 

The  foregoing lower-velocity explosives were used on certain charges 
to determine  the feasibility of  developing a two-component  charge. 
The  cest charges which used these variations from the standard octol 
explosive are  listed in  the monthly reports  and discussed under the 
EXPERIMENTAL RESULTS section of this  report. 

In addition to all  the above  charge explosives,  a special  initiator 
explosive was used: 

DETASHEET*:     Composition - Plasticized PETN 
Density - 1.45 - 1.50 gm/cnH 
Detonation Velocity -  7.50 km/sec 

The test shots using Detasheet are  listed in the August,  September,  and 
October  1964 monthly reports^   and  listed in Table  7 of this  report. 

Waveshaping Techniques 

Two  factors  affect the velocity of liner wall collapse:  detonation 
pressure and detonation impulse.    Since pressure is  a scalar quantity 
the direction of the  detonation wave  relative  to  the  liner wall has 
little effect upon liner wall acceleration.    On the other hand detonation 
impulse is  a vector quantity having a direction parallel to the direction 
of detonation.    The  closer to normal incidence  that  detonation impulse 
has with the liner wall,  the greater the wall collapse  acceleration and 
subsequent jet velocity. 

Figure  10 shows  cross-sectional views of shaped charges  fired with and 
without  a waveshaper.     The  arc  lines drawn  across   the  charges  represent 
the progression of the detonation  front through  the explosive.    In the 
charge without  the waveshaper  the detonat   on impulse is  virtually 
parallel  to the  liner wall  throughout  the  length of the  latter. 
Therefore  the  detonation pressure  is mainly responsible for  liner wall 
collapse  acceleration  and the magnitude of  the  resulting jet velocity 
values.    However when a waveshaping  charge is used the steel waveshaper 
directs   the detonation  from  the waveshaping charge   to the shaped charge 
through a relatively  thin  annular ring around the periphery at the  top 
of the shaped charge.    The  resulting detonation pattern is  analogous 
to refraction of  light  around an obstacle,' since each point on  the 
annular ring now acts  as  a new source of  "point" initiation from 
which the detonation  front spreads  out  as  shown on the  right side of 
Figure  10.    As  a result the  detonation impulse reaches  the upper 

*    duPont EL-506A flexible  sheet explosive, 



KIGL'RF.   10.     Sectional views   of  typical shaped charges  shot without 
(at   the   left)   and with   (at   the   right) waveshaping charge, 
Upper   left:  waving shaping charge   for   larger diameter 
charges. 
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portions  of  the.  liner wall  at  a more  advantageous  angle  than in the 
case  at the   left.    But  as  the detonation front progresses  down  the 
charge,  this   angle rapidly approaches  the values  shown towards  the 
bottom of  the  charge  at the  left. 

Most of the  charges were shot with waveshapers of the size shown in 
Figure  10 so that the waveshaping  charge had the same diameter  as  the 
shaped charge.    When  a larger diameter charge was  used  (3,40" diameter 
instead of the nominal 2.43")   a proportionately  larger waveshaping 
charge was used as shown in the upper  left of Figure  10. 

As  indicated in  the monthly reports,   a few shaped charges were shot 
without waveshaping to obtain comparative  results  of shooting  certain 
charges with and without waveshapers.    These  results  are  discussed 
further on in  this  final report. 

Charge  Confinement 

Nearly all of  the shaped charges were  fired unconfined.     In order to 
determine  the effects which confining  a shaped charge has  upon the jet 
velocity,   tests were made with  the  configuration shown in Figure  11. 
Results were encouraging, but insufficient  time prevented pursuing 
this  approach to obtain conclusive results. 

Charge Size  and Shape 

Initial work was  done with shaped charges having  a diameter of  1.90". 
Soon afterwards  charge diameter was  standardized at  2.43" since  this 
was  the  inside  diameter of 2-1/2" CD.  aluminum tube  that made 
convenient molds  for casting the explosive.    Also, with  the  lengths 
of charges  used,   the  resulting shaped charge  and waveshaping charge 
combined weight was within  the  limit  that  could be  fired in  the  test 
chamber at Eglin Air Force Base. 

The  length range of  the  charges was  determined by the  axial length of 
the  various  liners used and the  "S" distance between the  apex of  the 
cone and the  top  of the charge.     Overall   length varied between  about 
1-1/2" and 6". 

Late  in the program a  larger diameter cone was  tested.    This  required 
a 3.40"  diameter  charge,  but  since  the base  of  the  cone  and the  charge 
had  the same  diameter the  final weight of the  charge was  still within 
the Eglin Air Force  Base  test  chamber limitation. 

Practially  all  of  the  charges  tested were  of cylindrical shape.     The 
only exception was  the  disc-shaped charge  shown  in  Figure   12 with its 
associated peripheral  initiator.    This  departure   from charges of 
conventional  shape was made  in  an effort  to improve  the  time  relation- 
ship between arrival  of  the detonation front   along various  sections  of 
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FIGL'RE  11.     Sectional   and bottpm views  of  confined  charge  configuration, 
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the  liner wall.     Figure  10 indicates how the  detonation wave progresses 
from apex  to base  of the   liner in a cylindrical  charge.    This  results 
in progressive collapse of  the  cone  in  a manner to cause  the jet  from 
the apex to form the  leading element of the jet, with  liner sections 
from apex to base  forming successive elements strung out behind.    More- 
over the wall  collapse velocity of the  liner is  a small fraction of the 
jet velocity which  augments  the  foregoing effect  as  the liner wall  to 
axis  distance increases  from apex to base,   and this  causes  the jet to 
be  further elongated. 

Peripheral  initiation of  the  charge  depicted in Figure  12  causes  the 
detonation wave  to progress  symmetrically  towards  the  liner until it 
reaches  the position indicated by  the  dashed  lines just touching the 
liner.    Thus  the  detonation  front  is  designed to  reach the  liner wall 
from apex to base almost simultaneously.     This  causes virtually 
coincident  collapse of the  liner wall throughout its  length.    This 
shortens   the jet-forming  time by an amount approximately equal to  the 
time  it  takes  the  charge  to detonate over  the axial  length of the 
liner,  but  does not  shorten  the jet forming time  attributable  to 
variable wall collapse  time.     Furthermore  this  shape of charge  raises 
the  theoretical maximum jet velocity from twice  the  detonation velocity 
of the explosive  for cylindrical  charges  to an indefinitely large 
velocity  as  the  liner angle is  decreased^.    Shortening of  the jet  length 
and increasing the maximum jet velocity  is  thus  simultaneously  achieved 
in going  from the   cylindrical charge  to the  disc-shaped charge. 

Liner Design 

Most of the  liners used in  the experimental  testing were  aluminum conic 
liners  of varying sizes   and shapes  as  shown in  the various'monthly 
reports.     Some  of  these  configurations  departed from a true  cone by 
truncation and other variations.     Conic  liners  are perhaps  the easiest 
to machine, but  one  of  their undesirable  features  is the  constantly 
increasing mass  they present to  the  detonation front  as  it progress 
from apex  to base.     This  is  not  as  serious  a problem when the jet is 
being used  for maximum target penetration,  but when a constant velocity 
jet is  desired this   characteristic  of a conic  liner compounds  the 
problem.    An  approach  to improving  the  configuration consists  of 
departing  from constant  thickness   liner walls   to tapered walls 
which become progressively  thinner from apex to base.    However one 
ultimate   liner design which presents  a constant wall mass  to be 
accelerated from apex  to base is   the paraboloid shape.     Several 
configurations   and sizes  of this   type   liner were  tested in the shaped 
charges   as  reported in  the  November  1963  through March  1964  reports 
and discussed in  the  RESULTS section of this  report. 

Several  of  the  conic liners were made  of  copper to make  a comparison 
between  liners  having identical  size  and shape,  but with  the  copper 
liner having a density nearly  three  times   that of   the aluminum  liner. 
The several shaped charges which  contained the  copper liners  are 
indicated in the monthly  reports;   all other  liners may be  assumed  to 
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be aluminum. Comparative results are discussed later on in this report. 

Jet Inhibitors 

As noted under the "Waveshaping Techniques" subsection, waveshapers act 
to improve the impulse angle with the upper part of the liner (Figure 
10). This results in an increase in the velocity of the fore part of 
the jet at the expense of creating a larger velocity gradient in the 
overall jet, since the velocities of the trailing elements are not 
appreciably helped by the waveshaper. 

An approach towards taking advantage of the velocity increase afforded by 
waveshaping, and at the same time minimizing the undesirable increase 
in velocity gradient, is accomplished by using jet inhibitors as 
developed by Kronman and Merendino . The general type of inhibitor 
which they employed is shown on the left side of Figure 13. Variations 
of thiswere used in numerous test shots as listed in the monthly reports 
for this contract. The plastic inserts in these inhibitors prevented 
the base portion of the liner from forming a jet, while the excess 
explosive on one side of the base swept aside the base portion of the 
liner, the inhibitor, and the slug thereby preventing them from 
affecting the target. A modification was made in the charge 
configuration used by Kronman and Merendino.  Instead of using excess 
explosive around one side of the charge base, an explosive deficiency 
around one-half of the base was designed as shown in the center of 
Figure 13. The resulting charge was simpler to cast and the effects 
appeared to be the same. 

These inhibitors performed satisfactorily by succeeding to cut off 
the slower trailing elements of the jets after permitting the initial 
higher velocity elements to pass through.  Good results were noted 
when the inhibitors were used in charges shot over the relatively 
short distances of the multiple plate setups. However it was noted 
on the long range vacuum shots that the inhibitors seemed to aggrevate 
the jet lateral dispersion problem. Therefore in an effort to 
minimize this effect which the inhibitor seemed to have on the fore 
part of the jet, while still preserving the desirable function of the 
inhibitor, a further modification was made as shown on the right 
side of Figure 13.  This design kept the plastic insert as far out 
of the way of the fore part of the jet as if the normal cone thickness 
continued clear to the bottom of the liner, but still inhibited 
formation of jet elements from the base portion. Also the latter 
was kept as thin as practical, consistent with sufficient mechanical 
strength to hold the liner in place during casting of the charge, 
which provided very little liner wall material to form a jet in the 
first place. 
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EXPERIMENTAL RESULTS 

Reporting of Results 

Most of the  test shots which have been made under this  contract are 
listed in detail  in  the monthly  reports  starting with E-l in  the July 
1963 report  and ending with E-211 in the  October 1964 report.    The 
only  tests not  reported were  two made  at  the  IRECO test  late  in 
November and the  shots made  during the  last  field  trip  to Eglin Air 
Force Base  in early December.     Details  on these  tests  are  contained 
further on in  this  report. 

The  following subsections  contain  discussion of  results  of pertinent 
test shots  in  the various  categories  of liner size,  shape,and material, 
charge shape  and material,   charge  confinement,  etc. 

Test  Shots  at  Tooele Ordnance Depot 

Cylindrical Charges 

Test  shots E-l  through E-7 were made with the  framing camera method of 
determining jet  velocities.    Sectional  views  of  the several  liners used 
in these  tests  are shown in Figure  15.    These  tests were exploratory 
in nature,,   using  a rather wide  range of apex angles  in  the  conical 
liners  to correlate  that  parameter with jet velocity  and  target penetra- 
tion.     Imperfections  in experimental  techniques  indicated a need for 
modifications  in jet velocity measuring methods.    However,   a definite 
trend in jet velocity vs.   apex angle was noted in which jet velocity (Fig.   14) 
was  inversely proportional to apex angle.     The  liner  for  test E-7 had 

Ü 

if) 

Z   10 

J 
>    5 

H 
UJ 
-3 

0 
0° \ 2 0 | 40 | 6 0 

APEX  ANGLE   OF   CONICAL   LINER   IN   DEGREES 
FIGURE  14.     Jet   velocities   as   a  function  of  inside   apex  angle  of   liner. 



SCALE«2!| 

FIGURE   15.     Sectional  views   of   liners   used  in  the   following        & 
tests:     A:   E-l   and  E-2;   B:   E-3     and  E-4; 
C:   E-5   and  E-6;   and  D:   E- 
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an apex angle of 0° which  represents  the  limit  in  reducing this  angle 
as   the  cone  degenerates  into a cylinder.    At  this  apex an^le  the 
theoretical jet velocity is   twice  the detonation velocity  ,   and this 
proved  to be  reasonably true with test E-7 which had a velocity of 
15.2 km/sec compared to  the  theoretical value of  16,2 km/sec. 

In general the  jets were quite  scattered which  resulted in unimpressive 
target penetration and dictated changes in  liner design.    This method 
of  testing provided no data on velocity gradient within  the jet. 

Peripheral Initiator 

Figure  16 shows  the  physical setup used to check  the  degree of symmetry 
of  the peripheral  initiator which was  used with  the  disc-shaped charge 
of  Figure   12.    The  dashed  lines  and arrows  indicate  the  detonation path 
which started with  the cap,   at  the  rear center of  the initiator,  from 
which it progressed  radially towards  the  circumference of the  rear 
plane,  thence  longitudinally  along the surface of the  cylinder,  and 
finally radially  inward towards  the  center of the  front plane.     For 
normal  use   the  initiator terminated at  the  circumference of the  front 
plane where  it made  contact with the  disc-shaped charge as shown in 
Figure  12.     However for this special  test the  front plane was  added  to 
provide  an  accurate means  of determining symmetry. 

Figure   17 is  a photographic  reproduction of typical test  results.     Due 
to an assumed detonation velocity of Detasheet  that was   lower than its 
actual value,   the detonation had progressed over half way inwardly on 
the  front plane before the No.  1  framing picture was   taken.     The black 
central circle is  the  unreacted Detasheet,   and this   circle had 
progressively smaller diameters  in  the sequential exposures  Nos.  2,  3, 
4,  etc.    The  light  dot  at  the center of the  front plane was a white 
circle of paper placed there  as  a reference  to spot  the  center of the 
plane.    Degree of symmetry was  determined by  the  concentricity of the 
ingressing black  circle  and the white  dot.     Frame No.  4  is  perhaps  the 
best  of the sequence  to ascertain symmetry.     Precise measurements  on 
the original film showed that  the black  "circle" of Frame No.  4 had a 
maximum differential  radius  of  less   than 2-1/2% of  the  front plane's 
outer  radius.    This was  assumed to be  sufficiently symmetrical  for 
initial  tests  with  the  disc-shaped charge,  and various  test  shots 
using  this  type of  initiator produced  results which indicated satis- 
factor}' initiation. 
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FIGfRE 17. Photographic reproduction of first eight frames from test 
arrangement shown in Figure 16 showing degree of symmetry 
of peripheral  initiator. 
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TESTS   CONDUCTED AT  IRECO  FACILITIES 

Conventional  Cylindrical Charges 

Multiple-Plate Targets 

Conic Liners  -    The   first  series   of  tests  using  the  multiple-plate 
method  of  determining  jet  velocity  gradient  used  conical  liners of  the 
type shovm in Figure 15A with  the exception that minimum wall thickness 
was 0.076" instead of 0.030".    Also a second type  liner of  constant 
wall thickness,   as shown in Figure   18 was  used.    This   liner was made 
of copper and  fired without  a waveshaper in a larger diameter charge 
(2.5"  instead of  1.90"  for  the  others). 

CHARGE COPPER 

LINER 

:IGL'R£   18.     Sectional view  of  charge   and   liner used  in  Test  E-17. 

Figure   19   shews   a plot   of  jet element  velocities   plotted  as   a  function 
of  the  distance   from the   initial   front   of   the  jet   Lu  the  position of 
the  element   in   the   jet  corresponding  to  the  plotted  velocity.     For 
example   E-ll   is   shown  to  have   a  leading element  velocity of  10.8 km/sec 
and  a velocity of  5.9 km/sec   for  the   jet  element   that was  4.1   cm back  from 
the   initial   front of  the   jet.     The  second  velocity plotted   for each  test 
was   the   final   velocity measurable   and  corresponds   to  a  I   L^   increment 
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E-12 (S= 1.92 cm) 

E-l4(S = 0.92cm 

Vi 5 4 5 

j. 2.Li   INCREMENTS FROM LEADING FRONT OF JET   (CM) 

FIGURE  19.    Jec  segment  velocities  vs   I  l^  increiaents   from front of jets 
for  -j,  = 68'   liners   (Figure   15A) . 

approximately equal  to  the jet   length.     The  slope of the plots  in 
Figure   19 give  an  indication of  the  velocity gradients  in  the  jet 
which   are  generally more  pronounced with  shorter S  distances.     How- 
ever the jets with  the  greatest  velocity gradients   (E-14  and E-I3) 
resulting  fro-  shorter S  distances  also have  the highest  initial 
velocities.     7nis   agrees  wich  the  principles  discussed  in   relation 
to  Figure   10;   that  is,   the shorter  the  S distance   (with  a waveshaper) 
the  more  pronounced   the  effect  of  improved  impulse  angle,  but   also 
the  greater the  variation  in  impulse  angle which  increases velocity 
gradient. 
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The  copper  liner of E-17 had an initial  velocity  of 10 km/sec and a 
final of 2.2 km/sec  at  an indeterminate  S  I4  increment  (and therefore 
couldn't be plotted).    However a  large  velocity gradient is indicated. 

The  liner parameters  used in  the next series  of  tests  are  listed in 
Table  3 which refers  to  the general dimensions shown in Figure 20. 
Jet segment velocity vs   I  LJ   increments   for these   tests   are plotted 
in  Figures  21  through  24.    A cylindrical  liner was used in Test E-8 
and this  resulted in  the highest initial velocity as well  as  in  the 
shortest jet   length   (Figure  21)   as  the  theory predicts.     The  remaining 
plots  of Figure  21  show  results  of  the  c^ = 45°   liners which follow 
pretty well  the  general  rule  of high initial velocities   followed by 
sharp initial velocity gradients which  taper off near the end of the 
jet.    The  one exception was E-19 which maintained a remarkably  low 
velocity gradient  out  to nearly 5  cm jet  length before  the velocity 
started dropping sharply.    This  is  the  type of jet that would  lend 
itself well  to  the  use   of  a jet  inhibitor  (Figure  13)   to  cut  off the 
slower trailing portion  of the  jet. 

FIGURE 20:     Sectional  view of  conic   liner with  generalized dimensions, 
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//_ /;    .. 
Figures in parenthesis refer to S distance for each test 
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-E-8 (CYLINDRICAL  LfNER)(0.82) 
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Ff let   segment   velocities   vs   .'. L;   inrrenents   from  front   of   jets   from 
!■   =   o'   iir.ers   (plus   jet   from cylindrical   liner of  Test   K-8). 
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Figure  22  indicates  a fairly  constant velocity gradient pattern for 
the  ct,  = 68^ liners.     The  initial high gradient made  all of  these 
large  angle   liners  unsuitable  for further consideration to produce 
constant velocity jets.     A comparison of  Figure  22  and the  "S" values 
for these  tests  as   listed in Table  3 shows  the general  trend of  initial 
velocities  and velocity gradients  both being inversely proportional to 

Results of the  ai   = 20°   liners  are shown in Figure  23 and part of 
Figure  24.    All of the plots  except  the one  for E-33 show a fairly 
regular pattern of high  initial velocity gradient  followed by a decrease 
in gradient.     The  reason  for the  departure  of the E-33 jet  from  the 
normal pattern is  not obvious  from the  one  variable parameter,   the   "S" 
distance,  since  the  latter for E-33 was  intermediate between  the   "S" 
values  for E-31  and E-32  and both of the  jets  from  these  liners behaved 
like  the  rest. 

Figure  24 indicates  that   the performance  of the hemispherical  liners 
is  surprisingly similar  to  the  conic  liners.     The  initial velocities 
of the hemisphere   liner jets  range  a little below the  conic liner jets, 
while  the  velocity gradients  of  the  latter are generally  a little 
greater  than what  results   from using  the hemispherical  liners. 

Figures  25  through 2 7 display  the  results  of  the next series  of  tests 
for the   liners   as   defined by the parameters   listed on each  figure 
(as  referred to  the  generalized view of Figure 20). 

These plots  show,   in general,  an  appreciably smaller velocity gradient 
in  the  jets  than  the previous  series.     Also,  over half of  the plots 
in  Figures  25  through 27 show a smaller gradient  at  first  followed by 
a  larger gradient  for  the  trailing portion of the jet.    This  type of 
jet  lends   itself better  to jet  inhibitors  to reduce  the  velocity 
gradient.     Truncating  the   liners   (E-43,  E-50,  E-58,  E-59,   and E-60) 
resulted in  lower initial velocities  since no jet  could form at the 
liner apex which produces   the highest velocities  in  a normal  cone. 
However,  Test No.   E-60 produced a jet  that showed  a constant velocity 
over a jet  length of nearly  3  cm,   at   least within  the velocity 
resolution  capabilities  of  the multiple-plate method. 

For  tests  Z-45  and E-49,   two baffle plates,   3/8" apart with 0.63" 
diameter holes   in  their centers,  were placed above  the  regular target 
plates   Tsee  Figure   3)  in  an effort  to stop  the slug from coming  through. 
Figure  25  and 26  show the  jet   length  from these  two  shots   to be shorter 
than  average  for  comparable  tests.     Results  of these efforts made  it 
appear advisable  to  use   the method of Kronman and Merendino    to sweep 
the slug  aside. 
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Fi gares m parenthesis refer to "S" distance for each test. 

E-27 (3.2) 
cooö ooo o«»E-39(2.0) 

E-16 
(1,15) 

CH i i I  i i 1 i i i i— 

5 10 
L|   DISTANCE  FROM LEADING FRONT OF JET   (CM) 1 

15 

FIG'JRE 22.     .Jet.   seg~er.:   velocities   vs   :.  Lj   increments   from  front  of   lets 
fror,   i-   -  68°   liners. 
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Figures in parenthesis refer to "s"distance for each test. 

■^ E-32 (3.5) 
E-30(25) 

E-28 (NO   WAVESHAPER) 

£-29(2,0) 

I        I I I I I I '        ■ J L 

ZL,  (CM 
10 15 

,   (CM) DISTANCE    FROM    LEADING   FRONT   OF   JET 

■X   seiper.t   velocities   vs       L,   increrx-nts   from  frr)nt.   of   jots 
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1i 
20 

C-l  Liner 
Parameters 
(See  Fig.   20) < 

20' 

£2 -I ^.2 ~ - - 

\7o20'     1.973"    2.400"    0.428"    0.030"    0.750" 

E-43:     Truncated  (H3 = 0.400")   and with base  of 
explosive  1.31" above base of  liner. 

E-78:     Truncated,  H3 = 0.400",   and with Type  I 
jet  inhibitor   (Table  5,   Figure   13). 

Figures   in parenthesis   refer to "S" distance   for 
each test. 

"E-90(2.8) 

£-41(3,10) 

u 
-5 *5/w/ w///) jet inhibitor 

(Type I, see Table 5) 

1 Lj    (CM) DISTANCE    FROM   LEADING   FRONT   OF    JET 

'CURE  25.      'er   segjaent   velocities  vs   '   Lj   Increments   from front   of  jets; 
fror, f.-oe  C-l   liners. 
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UJ 
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UJ 
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C-2  Liaer 
Parameters 
(See   Fig.   :0) 

H! 2J --7 ill ^^ 5. £. K. 

20°       n'ZO'     0.773"    i.200"    0.428"    0.Q91"    0.375" 

■< 

E-50:  Truncated  (H3 = 0.400")   and with base  of 
explosive 0.28" above  the base  of  liner. 

E-79:  Truncated  (H3 « 0,400"). 

Figures   in parenthesis   refer to  "S" distance  for 
each  test. 

E-48'(33) 

.,    CM) DISTANCE    PROM   LEADING    FRONT   OF   JET 

FIGURE 26.    Jet  segTrent  velocities  vs  Z  L.   increi^ents   from front  of jets 
fro- type  C-2   liners. 
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Paraboloid Liners  -    The  next  series  of tests employed paraboloid liners 
of the form y- = 4px in which p = 0.05  and x is  the axis  of symmetry. 
Figure 28 shows  a sectional view of the paraboloid with generalized 
dimensions which are  given specific values  for the  five  types  of  liners 
listed in Table 4,    Jet segment velocities resulting from firing charges 
containing these  liners  are plotted in Figure 29. 

A comparison of Figure  29 with  the previous  figures  for conic  liners 
shows  that  the  latter tend to have  longer jets.    And of the several types 
of paraboloid liners  tested the  type  C-ll  generally had the  lowest jet 
velocity gradient  and the   longest jets.    However paraboloid  liners  did 
not show the  reduction in velocity gradient  expected for  liners having 
constant  cross-sectional area on all  cross-sectionals normal to the  liner 
axis.    It thus became  apparent  that other factors were  also involved in 
generating velocity  gradients  in shaped charge jets. 

The paraboloid liner jets  followed the same  rule governing conic liners. 
In all cases except  for test E-77,   initial jet velocity was  inversely 
proportional   to  "S" distance  for each  type   liner.    And,  in general,  the 
jets having the higher initial velocities  also had the highest velocity 
gradients.    Therefore  a second series  of paraboloid liners were tested 
in which  the  "S" distance was  further decreased for the  type C-ll liner, 
then identical  "S" distances were  used for.the C-15  liner  (see Table 5). 
Results  are plotted in Figure  30 which shows  an "S" distance of 2.90 cm 
for C-ll  (E-80)   and 2.70  cm for C-15   (E-86)   to be  optimum.    Both of 
these  tests produced jets  having quite  low velocity gradients over 
approximately  one  cm of the   leading portion of the jet, but then 
increased rapidly thereafter.    The  rest of the tests  resulted in high 
velocity gradients   from the start. 

Jet  Inhibitors -    The  foregoing  results made  apparent the  desirability of 
investigating the use  of jet  inhibitors  on some of  the  liners previously 
tested.     One  type  of conic  liner,  C-l and two types  of apraboloid  liners, 
C-ll  and C-15 were  chosen  for these  tests.    Table 5  lists  the several 
types of jet inhibitors  used in these and following tests.     Figure 31 
contains  jet segment  velocity vs  I  L^  segment plots  for the C-l  liners, 
while  Figure  32  contains  similar plots  for the C-ll and C-15   liners. 
The  effectiveness  of the  inhibitors  in shortening jet  lengths  is  obvious 
from these  two figures.    However the  leading portion of the jets which 
passed through  the  inhibitor have  a velocity  range  about  the  same  as 
(and sometimes  even  greater than)   the  uninhibited jets.    Thus  the 
velocity gradients  of the  inhibited jets of the  C-l  liners were still 
quite pronounced and  left much to be  desired in realizing a constant 
velocity jet. 

In  the  case  of the C-ll paraboloid liner the  inhibitor,  in addition to 
shortening  the  jet   length,   appeared to have  the  secondary effect  of 
increasing  the  velocity gradient of the  uninhibited portion of the 
jet  over that possessed by the  leading portion of the corresponding 
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+X 

Parabola 
EmäwoL 
y2=4pA 

FIGURE 28. Sectional view of paraboloid liner of  the  form y^ =  4 
in which p = 0.05.     Specific dimensions  are  listed in 

px 

TABLE  U,    Paraboloid  liner parameters  for  the  generalized dimensions 
shown in Figure  28. 

TYPE 
LINER 

C-U 
C-I2 
C-I3 
C-14 
C-15 

£2 

0.375 
0.3 75 
0.250 
0.250 
0.458 

ii 

0.340 
0.285 
0.215 
0.160 
0.431 

äl 

16.4C 

19. 3C 

24.9C 

32.0° 
13.0° 

H2 

0.703 
0.703 
0.312 
0.312 
1.050 

äl 

0.579 
0.407 
0.231 
0.128 
0.926 

0.124 
0.296 
0.081 
i).184 
0.124 

0.034 
0.085 
0.032 
0.076 
0.026 
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TABLE 5.    Jet inhibitor dimensions 

Diraension  "b" 

(refer to  Figure 13). 

Dimension "d" 
Type (Explosive Deficiency Dimension ' •c" (Hole Diameter 

Inhibitor Thickness) (Insert Thick 

5/8" 

ness) in Insert) 

I 1/2" 3/8" 
II 11/16" 7/8" 3/8" 
III 1" 1-1/4" 3/8" 
IV 3/16" 1/4" 3/16" 
Y 1/4" 5/16" 1/4" 
VI 1/2" 5/8" 5/8" 
VII 1/4" 5/16" 3/4" 
VIII 1/2" 5/8" (Fig.   13C) 
IA 1/2" 1-1/4" (Fig.   13C) 
X 1/2" 0 0 

uninhibited tests.     For examnle  compare  E-122 with E-121  and E-124 with 
r i ^ ^ :-i mis did not occur with  the C-15  liner,  at least the l/2cm of jet 
chat  got  through  the  inhibitor in Test E-126 had a very low velocity 
gracieac  coapared to the uninhibited jets of  tests  E-125 and E-127. 

•~:  "..   r.ai:  shaped charge  liners  tested up  to  this point,   the C-l conic type 
and  the  C-15 paraboloid type  liners performed the best.     Therefore  10 each 
of these  liners  vere cast into  charges  for tests  at Eglin Air Force  Base, 
These  tests  are discussed under the Eglin Air Force Base section of this 
reaort. 

Extended Air Range 

All tests izade up to  this point were conducted by shooting the jets over 
a relatively  short  air range   (maximum range:   about one  foot).    Target 
penetration indicated  satisfactory jet  formation and cohesion.     However, 
when  sone of  these  sa~e  types  of shaped charges  and liners were  fired over 
an extended vacuum range   (13  feet minimum)  at Eglin Air Force Base,  lateral 
dispersion of  the  jet  greatly  reduced the jets   target penetration  capability. 
A simulated extended air range was   therefore provided at  the  IRECO  test 
site  to  test  shaped charge jets over similar distances  used at Eglin 
Air Force Base.     Figure   8   contains plots of the jet velocities vs  distance 
fron target  for  tests  made over this  air range,  while  Figure   7 is  a 
streak  canera  record of E-134,   and also  contains  a static image of  the 
physical setup  of charge  and targets  for these   tests.     The  three  targets 
consisted of  three  18" x 18" sheets  of steel which were successively 
1/16",   1/8",   and  1/4"  thick.     Figure  7 shows  evidence of the  jet burning 
up  in the  air similar to meteorites  as   they come into  the  atmosphere. 
Figure  33 shows   the  minor target  damage  resulting from  the  C-l  liner jet 



ob- 

TEST: E-130    LINER: C-l      STANDOFF: 3.3" THRU AIR 

FIGURE 33. Coroarative target plate damage for extended and short 
standoff distances from C-l liner jet through air (see 
Appendix  II   for specific   target  data). 
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after travelling  through   13-1/3 feet  of  air,  conpnred  to  the  target 
penetration of a jet  from a similar charge and C-l  liner which was shot 
into the aultiple plate  arrangement  of Figure 3  (Test E-130).     In the 
latter the  jet penetrated over 3Smm =f steel, while  the  air eroded jet 
of E-132 penetrated less  than 2mm of considerably  less  cross-sectional 
hole area.    Hie extended  air range  thus  imposed  a more severe  requirement 
on the  jets  than did the  vacuum  range of Eglln Air Force  Base. 

Test  E-135  used a pellet  type  liner as  shown  in  the  sectional view of 
Figure  34.    As may be seen in  Figure    S,  the  jet  from this   liner performed 
less veil  than  any of  the  others  shot  over the extended air range. 

Sections!  viev of C-7 liner used in Test E-135  as  shown in 

.r.~ vacu' 
closely 
111525   Z' 

z rsnge depicted  in  the plan view of Figure 35 was used to more 
irulate   the  range  used at Eglin Air Force  Base.     The  static 
■"igure 9  shows  a view of  the  observation ports  and reflected 
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viev of the charge (white object near center of mirror between ports)  as 
seen by the streak camera.    The white  line  across  the  static image is 
the caaera slit  iangej  all of the  light forming the streak traces on 
the tils passes  through the slit. 

Table 6  is a tabulation of the successful tests  using the vacuum range. 
The  S" disaster steel  target plates were placed at the  leading edge, of 
the window ports   (i.e.   at the  right edge of  the windows  in the static image 
of Figure 9)  for Tests  E-13S through E-144 of Table 6.    The calculated 
velocities were  therefore a  little  low since  the observed jet transit 
time fnoc charge  to first port was  too  long by  an amount equal to  the  jet 
penetration tioe  of  the   first target plate.     For tests  E-145 through 
E-197 the  target plates were placed at  the  center of each window which 
resulted in streak  trace  records  of the  jet  reaching,  passing through, 
and  leaving the  tarset plates   (see  lower half  of Figure 9). 

Figures  36  through 40 show sectional views of the various type  liners 
listed in Table  6 which have not been described previously in  this report. 
The C-37  liner was  a scaled up  version of a  liner developed and tested 
on another project-' and was used as a reference  to check the velocities 
and jet  cohesion results  of the  vacuum chamber and for comparison with 
other liners.    Tests  E-138 and E-139  resulted in  an average initial 
velocity of 10.7 km/sec  for the  E-37  liner which is  the same as the 
velocity measured for the  original  liner  from which  the C-37 liner was 
patterned.    Test E-144 was  a repeat  of E-138 and E-139 except the chamber 
was not  evacuated,   and  this  resulted in a little  lower velocity.    These 
preliidnary tests provided satisfactory' initial checks  on the vacuum 
chaaber and the  associated velocity measuring technique. 

Liner C-38 was  designed  to be core massive  than  the  C-l  liner in an 
effort   to obtain a jet  that would hold together over the  13+ foot stand- 
off range.    Figure 41  shows  a  comparison of the C-l  liner  (Test E-141) 
and the  C-38 liner  (Test E-143)  when their respective  jets were  shot 
into the vacuvsa chanber.     Tne C-38 jet held together much better than 
did the  C-l jet.    Also a comparison of the E-141 target  damage of Figure  41 
with  that  of E-i30 of Figure  33 shows  that  the  latter at  a 3.3" standoff 
penetrated  37zi= of steel  at  a maximum hole area about half that produced 
by the  jet  of E-141 which penetrated 3.2mm of steel at  a 145" standoff. 
Jfereover,  while  a single  clean hole  resulted in E-130,  Figure 41 shows 
the extensive particle  scatter beyond the  central hole of E-141.     This 
casparison shews evidence of the   lateral dispersion within the C-l liner 
jet which is  accentuated ai extended standoff distances.    And this 
dispersion greatly  affects  the  penetration capabilities  of  the jet. 

Information was  also  obtained  from the vacuum range on  the effects which 
jet  inhibitors  have on cohesion of shaped charge jets  at  extended stand- 
:ff distances.     Figure  42  displays  first  target plates   from Tests  E-159 
and 1-162  in which  Type   I  and Type VI  jet  inhibitors were used in C-38 
liners.     A ccrparison of  the shallow scattered  craters  of Figure  42 v/ith 
the  clean  round hole of  E-143 in  Figure  41 provides good evidence of  the 
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C-37    CONICAL     LINER 
SCALE   =   1-1/2 

094" 

C-38     CONICAL    LINER 

'IGVRZ  36.     Sectional  views   of C-37 and C-38  conical   liners, 
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0.035 

250 

'.-•'.   spc.ia]   liner  and  wavcshaper. 
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INSERTABLE   PLASTIC     JET     INHIBITOR 

FIGURE  33.     Sectional view of C-38-a and  C-38-b  conical   liners. 
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1 ^ vv 
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>^   ^ 
^^ 

\ C 

-'   ' VN\V^ 

-TETRYL BOOSTER 

OCTOL CHARGE 

■fr"pj Sectional   view of  C-37-a   liner  as  used  in  Test   No.   E-211 
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}, 2.93(2.09). 

'S"   DISTANCE 

0.125- 
(.090) 

(.446) 
-625^ 

(2.43) 

STEEL WAVESHAPER 

-I 

/C-39 ALUMINUM   LINER 

DIMENSIONS IN 
PARENTHESES 
APPLY TO C-39a 
LINER 

FIGURE 40.     Sectional  view of C-39  liner and  associated waveshaper. 
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disrupting effect which  jet  inhibitors  have  upon jets.    The  larger hole 
of  the Type VI inhibitor helped but slightly in  E-162.    Target plate 
damage  of E-160  and E-161 verifys  the  results  of E-159, while  E-145  and 
E-175 produced essentially tlie  same  results  as E-141.    A sufficient 
number of check shots were  thus made  to support  the  above conclusion. 
Also,  similar results occurred with  the  C-l liner which was  shot uninhibited 
in E-140 and E-1Ä1,  and with Type  1  inhibitor in  E-U9,  E-150  (see  "Hole" 
data in Table 6). 

Liner C-39 was   a modification  of  the  one   used by Kronman and Merendino in 
their jet  inhibitor work,     This  shape of  liner was  chosen   (Figure 40) 
because of the  success  they had experienced in obtaining radiographs  of the 
jets  from this   type  liner-1.    Tests  E-193 and E-19 7 checked the  jet 
cohesion of  this   type  liner.     The  resulting  target plate damage  (Table 6) 
indicated better performance  than any  other liner;   therefore   the  C-39 
liner was  chosen  for the  third series  of  tests  at Eglin Air Force  Base. 

Test E-141 was  made with  a special  "liner" and waveshaper assembly  as 
shown  in  Figure  37,    This was  an effort   to propel  a 1/4" diameter steel 
ball  directly without benefit  of a collapsing  liner.    The waveshaper was 
designed to provide  an impulse  directly behind the ball  shortly before  the 
inpulse  arrived from around  the sides  of  the waveshaper to strike  the 
sides  of  the Teflon  liner.     Then  the continuing impulse  down  the side 
of the  liner was   to keep  the ball accelerating till it  left the charge. 
Results were  inconclusive.    A single hole,  apparently  from an object 
passing  through  the  first  target plate  in  the wrong direction  (from hole 
flare direction)  was  of a smaller size  than  the original bearing.    Also 
the  velocity  streak  record may have been  from the  charge plasma instead 
of from the ball,  since  an object having even  a fraction the mass  of the 
ball bearing  traveling at 9.7 km/sec would have  resulted in a  lot more 
plate  damage. 

The  vacuum range proved to be  very useful in  resolving  the  discrepancy 
between  results  obtained with jet performance over short  range  air shots 
at  IRECO  and extended range  vacuum shots  at Eglin Air Force Base^.     In 
addition the vacuum range helped select   the  type of  liner most  suited for 
proposed tests  at  Eglin Air Force Base, 

Figure 43 contains  jet velocity vs  I  L^  jet segment plots of tests with 
C-3S liners   (Figure  36)   under varying  conditions  of jet inhibition  as 
indicated on each plot.     E-154  and E-158 were  uninhibited and had the 
longest  jets  of  this  group.     The  inhibiting condition for E-153 consisted 
of explosive  deficiency only  (no plastic insert);  that  is, jet elements 
could  form,  but were swept  aside by the  configuration  of the explosive 
at   the base  of  the   charge.     This  shortened the  jet,   compared  to E-154, 
but  it was  longer than  the  jet  from E-155 which had both plastic insert 
and explosive  deficiency  inhibition. 

4 Page 55, 
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Romon numerals in parenthesis refer to type of 
inNbitor used (Table 5;0 indicates no inhibitor); 
Arabic figures refer to "s'distance in cm, 

C-38   LINER CHARGES 

£-155(1-7.0) 

E-l53{X:-7.0) 

E-154 (0-7.0) 

\ 

\ 

E-i7l(2Il-5-0) \ 

\ E-l58(0-7.0) 

J l I L J 1 1 L 
5 10 

ZrLi    (CM) DISTANCE  FROM   LEADING    FRONT   OF   JET 

J L J I I L 
15 

■R£   i3.     -'et   segnent  velocities   vs   \   Lj   increments   from C-3R   liners 
under varying  conditions   of  inhibiting  jet. 
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The  jet  from E-155  is  a good example  of  the effectiveness  of a jet 
inhibitor in reducing the  overall  velocity gradient and providing a 
leading jet segment with  a  low gradient.     Figure  43 shows   that E-155 
had a jet  length  of 2.1 cm with  a velocity  gradient of only + 1% of the 
mean velocity of 11.5 km/sec. 

Figure  44  contains  jet velocity vs  I  L^  jet  segment plots  of several 
variations  of the basic C.-3S  liner of Figure  36.     Liner C-38-a was 
designed with  a thinwsll skirt,   as  pictured in Figure 38,   to check  the 
effectiveness of  this  configuration in  shortening  the  jet.    Test  E-182, 
using C-3S-a without  a plastic insert,  produced a longer jet  than  the 
basic C-38 liner did  (see  Figure  43).    Therefore in Test E-187 a plastic 
insert was used,   and this  shortened the  jet to about 2/3  the  length of 
E-1S2,  but  still practically  as   long as  E-15S  (Figure  43).     Apparently 
the  thinwall skirt  produced  the  trailing segment   of the  jet  in E-182, 
and  it would appear that  the plastic insert  of E-187 succeeded in  cutting 
off  the  jet  from the   thinwall skirt.     Further shortening of the jet  by 
this  method  could be   accomplished by increasing the  height   of  the  skirt. 
Liner C-3S-b   (Figure  38)   retained  the  same  outside  dimensions  and apex 
angles  as   C-3S,  but had a shorter  "a" dimension   (0.907" instead of 
1.155")   to accentuate  the  taper of  the   liner wall.     The  other  tapered 
liners have  generally been  designed  to give   the  liner a constant cross- 
sectional   area normal  to  the  axis   at  all points.     C-38-b had sufficient 
taper to  give  the   liner a decreasing  cross-sectional area  from inner 
apex  to base  to decrease  the  mass  to be  accelerated,   as  the  detonation 
progressed  towards  the base,   in hopes   that  this would increase  the 
velocity  of the  trailing elements  of the  jet.     Results  of Test E-186, 
in which  this   liner was  used,   are shown in  Figure 44.    When compared 
re  E-15S of Figure  43,   accentuated tapering had the  reverse effect  of 
that  anticipated, 

A further modification,  within  the basic outline  of  the  C-38  liner, was 
made   as  shown in Figure  45  and designated  as   the  C-38-c and C-38-d 
liners.    The   latter were   truncated to permit  a more nearly  optimum impulse 
angle between  the waveshaper initiating locus  at   the  top of  the charge 
and  the  upper portion  of  the   liner as  indicated by   the  dashed  lines  in 
Figure 45.     Also  two heights  of  thinwall skirts were used with these  two 
liners.     The  increase  in  initial   velocity  due  to truncating   the   liners 
vas  quite  spectacul^,-,   ranging up  to over twice  the  initial velocity 
from the  basic  C-38  liners   of  Figure  43.*   However,   the  initial velocity 
gradient was  jus:  as  spectacular,   following  the principles  depicted in 
Figure   10  and describee  in   the  associated  discussion. 

The   thinwall  skirts  of  these   liners  weren't noticably effective  in 
shortening jet   lengths,   at   least when  compared with  jet  lengths  of  the 
basic  C-38  liners  of  Figure  ^3.     Both  E-188 and E-189 were  shot without 
plastic inserts which would have  cut  off the  trailing portions of  their 
jets   as   occurred  in  E-io7.     However  the   C-38-c  liner with   the   1-1/4" 
high   skirt   did have   a jet  only  522  as  long as  the   jet   from the  C-38-d 

'■compare with  E-188  and  E-199  of  Fig. 44. 



Roman namerat in parenthis refers fo type of 
innibifor used (Table 5; 0 indicates no inhibitor); 
Arabic figures refer to "s"distance in cm. 

UÜ 

38a 

£-186 (0-3.0) 
C-38b 

£-188(0-0) C-37c 
\ 

»£-210(0-1.5)       \ 
C-38e \ 

\ 
\ 
\ 

-   #N0  WAVESHAPER 

 ' ' i '        I J I L 

^£-187(211-5.0)  C-38o 

-I I ' ' J L 
5 10 15 

ZL, (CM) DISTANCE   FROM   LEADING   FRONT OF JET 

IT/RE   --.      Jet   segment   velocities   vs   '    I.j   increments   fron basic  ('-37  and C-38   liners. 
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liner with  the   lower 5/8" skirt.    Actually  there  does not exist  a one   to 
one  correlation between  any  two of these  different variations  of  the  C-38 
liner for comparing jet   lengths,  because  of the  different impulse  angles 
throughout  the entire  lengths  of the  liners which  also markedly affects 
the  trailing segments  of the jets. 

Figure  45  also shows   the  configuration  öf the  C-38-e  liner which is  simply 
the basic C-3S liner truncated.     E-210 was   fired without  a waveshaper which 
resulted in  a much  lower initial velocity.     Then,   after a very sharp but 
short  initial velocity  gradient,   an exceptionally   low velocity-gradient 
segment  of  3-1/2  cm length occurred in which  there was  a gradient of only 
+ 2% above  and below a mean of  7.35 km/sec.    This   follows   from the effects 
shown  in Figure   10-a in which the  impulse   angle was   far from optimum,  but 
was   more   constant,   than  in  Figure   10-b,   as  it  progressed down  the   liner. 
Hence   the  great   difference  between   the  velocity structure  of E-210  and 
E-1S0.    A further check  on  the effect  of truncating  conic  liners  and 
firing without waveshapers was made  in Test  E-211.     A basic C-37  liner 
was   truncated as  shown in  Figure  39.    The   resulting C-37-a liner was 
fired without  a waveshaper.     Figure  46  shows  a  lower initial velocity 
(compare  E-13S and  E-139  of  Table  6)   followed by  a moderate  velocity 
gradient  after which  a  3-1/2  cm segment of  fairly low gradient  occurred. 

Figure  46  also shrws   comparative  results  of firing  the  C-39  truncated 
liner with  and without  a waveshaper.     In  agreement with   theory E-196 with 
waveshaper had  a high  initial  velocity  and high initial velocity gradient, 
while E-192 without  waveshaper had  a  considerably   lower initial velocity 
but with  a  leading 2.9  cm jet  segment  of  low velocity gradient. 

Figure 47 shows   cross-sectional views  of the  C-43 and C-43-a  liners which 
were  used to determine  the  effect of confining shaped charges.     Results 
are  displayed in  Figure  48  for which  all  charges were  fired without wave- 
shapers.     A comparison  of E-190  and E-199  shows  quite   a remarkable 
improvement in  decreasing velocity gradient  as  a result  of  charge  confinemem 
The  unconfined  charge  of E-190 had a higher initial velocity,  but this was 
follcved by  a continually  decreasing velocity  all  the way to the end of 
the  jet.    On the  other hand,   the  confined  charge of E-199 had a lower 
initial  velocity  and  then,   after a momentary  decrease  in  velocity,   it 
recovered,   climbed higher  than  initial velocity,  and then maintained a 
low  gradient  to the end of  the  jet which had  a velocity equal to 87.5% of 
initial velocity.     Velocity  gradient  for E-199 was + 10.5% of its  mean 
8.6 km/sec velocity,   compared to +  30.6% of  a mean  7.35 km/sec velocity 
for the  unconfined control  charge  E-190.    E-199 had a larger velocity 
gradient  than  did E-155   ,  but  the  latter achieved its   low gradient by 
inhibiting the  slow trailing segment of its  jet;  therefore  the jet of 
E-155 was  only 2 7%  as   long  as   the  jet of E-190.    And when  E-158,  the 
uninhibited  control   charge   for E-155 was  compared with E-199  out  to 
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ßrabic figures in parenthesis refer to 
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equivalent jet lengths   (7.7 cm),  E-158 was found to have a velocity 
gradient  of + 23.5% of a 10 km/sec mean velocity. 

As a final check on  the mechanism by which charge  confinement enhances 
the  trailing segment of shaped charge jets,  Test E-198 and E-200 were 
made.    These  tests used  the  type C-43-a liner which had a thinwall  skirt 
for half the  liner height   (Figure 47).    According to results obtained by 
Gainer  ,  confining a charge has  the effect of increasing the  target 
penetration of  the  jet elements originating near the base of the  liner. 
Tins was interpreted as being equivalent  to increasing the velocity of 
the  trailing jet elements.    Therefore use  of  the  C-43-a liners, with 
minimum material  around the base  from which jet elements  could be  formed, 
served as control   tests   to show the  effectiveness of  confinement. 

The  unconfined charge   test,  E-198,  produced  a jet quite similar to E-190 
except  that  it was about  14% shorter.     The  confined  charge  of E-200 
produced  a jet having the highest  initial  velocity,  lowest  final  velocity, 
and greatest jet  length of  any in   this  series.    If the  trailing segment 
of the  jet was  formed  from the  thinwall skirt  of  the C-43-a liner, 
confinement of  the  charge  should have maintained its  velocity at  a 
higher level.    At least Gainer found that  charge  confinement was most 
effective  for approximately  the   lower 3/8" of  the  liner".     It might  thus 
appear that  the   trailing segment of E-200 was  formed from higher up in 
the   liner where  the effects  of  confinement is  not so pronounced.    Further 
experimental work is needed  to more  fully resolve  the  factors  and effects 
involved  in charge confinement. 

Disc-Shaped Charges 

Prior to making any experimental  charges  in this  category,   tests were 
conducted on the peripheral initiator as  discussed earlier in  this   report*. 
After the  detonation  symmetry  of  these  initiators was   found to be satisfac- 
tory  the  tests   listed in  Table   7 were made.    All  of  the  disc-shaped 
charges were  of  the  shape  and size  shown  in  Figure   12,  having been  cast 
in  the  same  special  mold.    And all of  the  charges  listed in Table  7   (with 
the exception of E-237 which was  shot without  a liner)  used the C-42 
liner shown in  Figure  49 which  also displays  the geometrical  construction 
used to analyze  the  results  of Test E-184  later in  this  section. 

Figure 50  is  the  streak  camera record of Test E-151  in which multiple 
plates were used as  targets.     The  streak  trace of  the  jet may be seen  to 
curve  from the  time  it became visible just below  the  charge-centering 
block until  it   reached   the  second target plate.    This  trace  represents  a 
continually decreasing velocity  as  the  jet eroded in  the  air,  but  the 
decrease  in velocity due  to erosion  of  leading jet elements  and the 
decrease  due   to air drag is  indeterminate.     If the  jet were  as   long as 

Pages   34  to 36. 
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jets  from cylindrical charges,  air erosion  could account for a large 
percentage  of the decrease in velocity.     However there is  some evidence 
that the  jet was  considerably shorter than  conventional  jets  and that at 
least  some of the  jet elements were  travelling along at  virtually the 
same velocity.    The  jet velocity just prior to entering the first plate 
was slightly  less  than the emergent velocity out  of that plate.    The L^ 
jet length dissipated in  the  first plate was 5nim and therefore  a jet 
element  5mm further back in  the  jet was  travelling with  about  the same 
velocity.     Also  the  jet's energy was dissipated before getting through 
the second 1/16" thick plate;   this   could result  from a jet having a 
shorter structure than conventional elongated jets  from cylindrical 
charges. 

For comparison,  Tests E-156,  E-157,   and E-185 were made with  the same 
type C-42  liner as  used in E-152  and E-156,  but in standard cylindrical 
charges.    The  jets  of  these   tests  all penetrated at  least four 1/16" 
plates  in  addition  to a 1/8" plate  for E-156,  and a 1/8" plate plus  a 
1/4" plate  for E-185.     Thus  the.  long jets  are efficient  in penetrating 
a deep  relatively small diameter hole.     On  the other hand,  a more 
:ompact jet would tend to dissipate its energy over a larger diameter 
area and therefore be  unable to penetrate  as  deeply.    No  trace was ever 
found of  the  upper target plates  from any of  the  octol  disc-charge shots 
listed in Table  7,  except the more massive plates of the   last  four tests. 

rom 
etween the 

Another evidence of the higher energy in  the  leading segment of jets  f 
disc-charges is  the  amount  of light generated by interaction between t 
jets  and the  air,    A comparison of the streak  trace  intensities  of 
Figure 5,  which were produced at  a camera speed of 300  rps, with the 
trace intensity of Figure 50 produced at  400 rps   (25% less  exposure  time) 
shows  the  lattor to have several   times  as much light  intensity  (the  film 
from E-211  of Figure 5 had about the  same  trace intensity as E-156 which 
used the  same  C-42  liner in  octol as  E-151,  but in  a cylindrical  charge). 

One  further consideration in comparing the  streak  traces  from typical 
disc-charge jets with traces  from typical cylindrical  charge jets  is  the 
trace shape.    As may be noted from Figure 50  the  upper  trace,  between its 
initial point  and the  point where  it struck  the  first plate  curved 
sufficisntly  to indicate  a velocity  decrease  from 32.7 to, 18,2 km/sec. 
When  this  is  conpared with  the  corresponding trace of Figure 5   (second 
trace  from the  left)  it may  be noted that the   latter  trace  is virtually 
straight,   as were practically  all velocity  traces  from cylindrical  charge 
jets  over  the  short  air range into and through multiple-plate  targets. 
Thus no change-of-velocity evidence of jet erosion norair drag occurred 
with the cylindrical charge jets. 

The pronounced change  in  velocity of the  disc-charge jets,   in addition 
to the  corroborating evidence  of greater  light intensity,   indicated  the 
presence of considerably more erosion  of  these jets'  leading elements. 
Jet erosion  of a hypervelocity narticle may be expressed by the  differential 
mass  equation  developed  by Opik   ; 
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dm = _ M (JL)^    v3 

df 2t;    pm    ' a 

in which m is particle mass,  pm particle  density,   C the heat  of ablation 
of the particle material,  A the heat-transfer coefficient,  A the effective 
cross-sectional area  of the particle,  pa the  air density,   and V the 
particle velocity   .     From this  and the air drag equation*  it  is evident 
that both erosion and air drag are proportional  to  the  third power of 
velocity  for a given  cross-sectional area,  A.    If the  jets of the  several 
disc-charge  tests  listed in Table  7 were  compact  structures  of low velocity 
gradient elements,  then  the velocity decrease evident in Figure 50 would 
be mainly due  to air drag since erosion of front particles would expose 
to air erosion ensuing particles  of near-equal velocity.     At  least  this 
was  apparently the case  at the first  target plate where adjacent jet 
elements had velocities  of  18,2  and  18.9 km/sec,   and it may have been 
true  for other segments  of the jet. 

In an effort  to obtain more  information on  the characteristics  of disc- 
charge jets.  Tests E-208 and E-209 were made.     Instead of using thin 
(1/16" thick)   initial  target plates   as   previously,  two massive  (1/2" 
thick)  plates were used in each  test  to insure  recovery of the plates 
as well as  to provide  a targeu that would permit  a better cratering 
analysis.    The jet  from the  disc-charge  of E-208 created in  the  first 
target plate  a shallow crater of relatively  large  diameter,  having  a 
diameter to  depth ratio  of  35mm/3.5mm =10,     In  comparison,  the  cylindrical 
charge jet of E-209 produced through both  target plates deep  cratering of 
relatively small  diameter,  having  a diameter to depth  ratio  of 17mm/25,4mm 
= 0,67, 

Figure 51 shows photographs  of  the  target plates with  the  first plate in 
each  case  at  the  top  of the   figure.     In Test E-208 the  first plate was 
severly deformed and eroded to 90% of its initial  thickness,   130% of its 
original  length,   and  74% of its prior weight.     In  contrast   to this  the 
first plate of E-209 was undistorted,  suffering only a central  crater 
hole which  reduced  the  plates weight  to 90% of its prior weight. 

To determine whether the plate deformation of E-208 was  due   to effects 
of  the  jet  or of the blast pressure,  Tests  E-235  and E-236 were 
conducted.     The C-42   liner of E-235 was  removed after the  charge was 
cast  thereby   leaving only  a C-42 shaped cavity where  the  liner would 
normally be  located.    The  first plate  suffered approximately  the same 
deformation  as   the  first plate in 208,   and so it was  concluded that blast 
pressure was   responsible  for all of the plate  damage  in E-208 except  the 
crater,   as no  crater was evident  in E-235.     Even  a Munroe effect 
depression was  not evident  in  the   first plate of E-235 because of  a 
3-1/2" standoff between  charge base  and target.    However it was  of 

* Page   17. 
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interest to note  the  luminous  gases emitted by  the cavity of E-235  since 
their velocities were  up in  the  range of many  of the shaped charge  jets 
from cylindrical charges  listed earlier in  this  report. 

Test E-236 was  a repeat  shot  of E-208.    Target plate deformation was 
similar to E-208 except   that the  first plate split in half and left  a 
sharp-ridge imprint of  the  split  on the second plate  (Figure 51).     The 
crater in  the  first plate was smaller in diameter  (15mm),  but  about  the 
same  depth  (3.5mm)   as   the  crater of E-208.    A study of Table  7 shows  other 
variations  in  the performance  of similar disc-charges.     For example 
initial velocities,  V0,  have  a sizeable  range  for the various  octol disc 
charges.    These variations  are perhaps  somewhat greater than  corresponding 
variations  of cylindrical charges,  and  this may be  attributed to the 
critical  requirements  of symmetrically initiating  the  disc-charges.    A 
slight  difference  in  arrival times  of the  detonation  front on  different 
sides  of  the  liner (Figure  12)  would result  in  an  appreciable variation 
in  the performance of  the jet, which  could account  for the  difference in 
craters  for E-208 and E-236,  as well as  for varying initial velocities, 
etc.    Imperfect  casting of the explosive,   resulting in air cavities, 
could also account for unsymmetrical liner wall collapse. 

Figure 52  shows   the streak camera record of Test E-184,  one  of  the  octol 
disc-charges  listed in Table  7.     Results  of  this  test  are of particular 
interest because of the  further possibilities  it suggests on the jet 
structure  from disc-charges.     Due  to the way  in which  the  detonation 
wave progresses  from liner apex to base  in  a cylindrical charge,  as well 
as   the  increasing wall to axis wall-collapse  time  from apex to base,  the 
jet elements  from such  a charge  are emitted in  successive segments which 
originate progressively in order from apex to base.     And sir;ce  the  general 
velocity trend of these various  elements  is  decreasing velocity of 
elements  from apex to base,  faster elements  generally  do not pass  slower 
elements in  cylindrical  charge shots. 

In  the  case  of  the  disc-charge,  however,   the  detonation wave  reached the 
central section of  the   liner first  and progressed to apex and base in 
less   than  a half microsecond  (Figure 49)   compared  to 6  ysec for apex to 
base detonation wave   travel  time  for the  same  liner in  a cylindrical 
charge.    The start  of  liner wall  collapse  from apex  to base was   therefore 
virtually  coincident.     Results  of  this   action are shown in Figure 52. 
Since wall  collapse  time  at   the  inner  apex was practically  zero,  jet 
elements   from the  apex got  started first and appear in  Figure 52  as   the 
left  trace.    The   liner wall at its  central portion was   accelerated to a 
higher jet segment velocity when it  reached the  liner axis,  but since 
wall   collapse  velocity  at  this point  of the   liner was  only  8%  of  the  jet 
segment  velocity  from the  apex,   the higher velocity jet segment  from the 
central portion  didn't   form at  the  axis  and travel  to appear as   the  center 
trace  in  Figure  52  until  1.3 ysec after  the  appearance  of  the  apex jet 
segment.     But since  the  central  jet segment was  travelling over twice  as 
fast as  the  apex jet segment,   the  former overtook  the  latter at  the  "X" 
junction of Figure 52. 
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FIGURE 52.    Photographic  reproduction  of streak  camera from disc-shaped 
charge Test  No,  E-184. 
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A third trace is  also visible in this streak record,  appearing to the 
right of the other two  traces.    This jet  segment was  assumed to have 
originated from the base section of  the  liner,  and due  to its  lower 
velocity  and the  greater wall  collapse  time  it  appeared 3.4 ysec  after 
the  appearance  of  the  apex jet  segment.    If  this   trace is  extrapolated 
up  to 0 cm where  the other two  traces  first appear it would have  appeared 
at about  3 ysec.    The   fact that  it appeared below the visible point of 
the charge holding block would indicate  that this jet segment was not 
sufficiently well  formed to produce  a trace  on the  film until it  reached 
the point where it is visible in Figure 52.     This  could be  considered as 
evidence  that  this third jet  segment originated at the base  of the  liner. 

Various  assumptions were made  concerning the points  of origin of the 
three  jets,  but  the  only set  of conditions   that would fit  the geometry 
and velocities  involved was  that  described above   (see  Figure 49).    Table  7 
lists  only  the maximum velocity for E-184, but the  following  tabulation 
lists maximum and minimum velocities  as measured from each  of the  three 
traces  of Figure 52.     In addition,   an extrapolated velocity  at the assumed 

TABLE 8.    Measured and  calculated velocities  from Test E-184. 

Velocity Left Trace   (1st) Center  Trace   (2nd)       Right Trace   (3rd) 

Maximum 
Minimum 
Extrapolated 
Average 

11.5 km/sec 
7.5 

18.8 
15.7 

24,6 km/sec 
12.8 
35.0 
30.0 

7.0 km/sec 
5.7 
7.5 
7.3 

point  of  formation of each jet  segment was made,  based upon the velocity 
gradient visible in Figure 52  for each trace and the  construction shown 
in Figure 49.    And finally,   an average jet segment velocity  from assumed 
point  of jet  element  formation to point of visibility, was  calculated for 
each  trace.     Using these  average velocities   and  the  time  relationships of 
jet  appearances  in Figure 52  resulted in calculated wall  collapse  velocities 
of 0.90 km/sec at  the  central portion  of  the   liner and  1.93 km/sec at  the 
base.    The  reason  for the  latter being higher may have been due   to  the. 
thinner  liner wall at  the base  than  at  the  center thus  resulting  in greater 
acceleration  for a given detonation pressure. 

An approximation of jet length of E-184 may  also be  gained  from Figure 52. 
From the appearance of  the  first trace  to  the appearance  of  the  third 
trace was  3.5   usec.    And at  a camera speed  of 500  rps  the  image writing 
rate was   3.75 mm/ys.    Therefore  the  distance between  the   leading elements 
of the   first  and third traces was: 
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L.  =  3.75 mm/ys  (3.5  us)  =  13 mm 
i 

Now if it may be assumed that the trailing segment  of  the jet  that  formed 
the  third trace was  from the very bottom of the  liner,  then very  little 
jet length existed beyond the  appearance of  the  third trace  (which would 
have been obscured from making a trace  on  the  film because of  the  third 
trace),   and the  above jet  length  U  would be  a fairly close approximation 
of  the  true  jet   length.    However L^ would be  the   length  of the  jet as  formed. 
What happened to the  jet  length beyond the  juncture  "X" may be  another 
matter.    If  the  faster moving central jet segment  of the  record trace 
gradually swept  up the  slower-moving  apex jet segment,  resulting in  a 
composite  aggregate  traveling faster than  the apex segment  and slower 
than  the  central  segment,   then the  final jet length as  it  reached the 
first   target plate would be  approximately; 

L.  =  3.75 mm/ps   (1.0 ys) =  3.75 mm 

where  1.0 ysec is  the  time between  the  juncture  "X" and the  appearance 
of the  third trace.     If  the jet  diameter from the C-42  liner may be scaled 
according  to  the method of Kronman and Merendino   ,  a jet  diameter of 
about  1.5 mm came  from the  C-42  liner,   although this would undoubtedly 
increase  somewhat if there was  a sweeping-up action by the  faster 
central jet segment.     So perhaps  a jet having approximate dimensions  of 
4mm length  and 2mm diameter may be visualized.    But even without sweeping 
action considerations  the  first calculated jet   length above of  13mm is 
relatively short when  compared with-uninhibited jets  from cylindrical 
charges which  range  from about 50  to  150 ram in  length  (see preceding 
graph figures), 

A close  inspection of the  E-208 test picture of the  first target plate 
(Figure 51)   reveals  two adjacent  sub-craters,  in  the bpttom of the main 
crater,  each having a depth of 1.7mm and a diameter of  7mm,    These 
smaller craters  could very well have been  formed from a  trailing 
segment jet  of Test 208  (corresponding to the base segment jet  of 
Figure 52)   after the main crater had been  formed several microseconds 
previously by  the higher velocity main jet.    The  volume  of  the  large 
crater is  about  30 times  as  great as   the sum of  the  volumes  of  the  two 
sub-craters which gives some  idea of the  ratio of energies  involved. 
So if the  third trace of  Figure 52 may be disregarded because  of its 
minor target  damage effect,   then  the  approximate  jet length  for E-208 
would be: 

L.  =  3.75 mm/us   (1.3 us)  = 5 mm 

without  assuming any  jet shortening due  to possible sweeping-up  action, 
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If  the  foregoing  assumptions   are valid,   then  the higher-velocity segments 
of disc-charge  jets have a relatively small  length/diameter ratio  and 
account  for virtually all  the target  damage.     Moreover,  as  may be  seen 
in Figure 51,   a disc-charge jet  forms  a crater having a large diameter/ 
depth  ratio,   compared to  cylindrical charge  jets, which is   a characteristic 
trend of cratering effects  as particle velocity increases   and jet  length 
shortens.    The  crater of E-208 in Figure 51Vresembles  the  diameter/depth 
ratios of the.  larger craters  of the moon. 

Another possible explanation of the multiple  traces  visible in Figure 52 
is  that one or more of  the  "extra" traces were  due  to plasma or luminous 
gases.     Supporting evidence of  this possibility is Test E-235 which 
produced streak traces without benefit  of a  liner and therefore  could 
only be  due  to plasma.    Moreover the measured velocity of the plasma in 
E-235  ranged between  8 and  11 km/sec  (Table  7),  the  latter velocity being 
practically equal  to the initial velocity of  the left  trace  in Figure 52 
(see Table  8).     In  fact when  the overall  trace pattern of E-235   (Figure 53) 
is  compared with  that  of E-208  (Figure 52),  a striking resemblance may be 
noted even  though  traces  in the  latter are  considerably sharper than in 
Figure 53.     It  is  quite evident  that  luminous  gases  made the   trace pattern 
in Figure 53 since no  liner was present. 

However the question  that must be  answered,  if  the  assumption is   to be 
made  that gases were  responsible  for any of  the  traces  in  Figure 52,  is how 
the gases  got past  the barricade provided  to prevent such  an occurrence. 
The  static image  of Figure 50 shows  the  same  type of wooden  charge holder that 
was used with  all  disc-charge tests.    These wooden  discs were  turned to fit 
the bottom contour of the  disc-charges   (Figure   12)   and extended an inch 
beyond the outer rim of the charge.     Since  the bottom of the  disc was  flat, 
the wood thickness  between the  charge  and the  flat bottom varied from 3/8" 
at  the  center to over 1-1/2" at   the  charge periphery.    A hole, with 
diameter equal  to the base  diameter of the  liner,  was  provided at the 
center of the wooden  disc  to permit  an unobstructed passageway  for  the 
jet  leaving  the bottom of the  liner.    Now in  order  for gas  traces  to 
show up  in  the  film record of E-184,   the gas would have had  to escape 
from around the  outside  of the  liner base  and  through  the hole  in  the 
bottom of  the wooden  disc.    And this  gas would have  originated from 
straight blast pressure  on  the outside  of  the  charge  and not  from a  "shaped" 
or directed gas  jet  from within  a cavity as was   the  case  in E-235.     An 
example of how ineffective straight blast pressure  is  in even interfering 
with much  slower jets   is  shown  for Test  //-190 in Figure 5A  in which 
maximum jet  velocity was  9.6 km/sec  (see  Figure  48).     As may be seen  in 
the static image  in  this   figure,   a slot was   cut  through  the woodea  charge- 
holding block  to permit  a view of the  jet  formation  as  it   left  the   liner, 
instead of  after it became  visible below the block  as  in other tests 
(e.g..  Test  E-211  in  Figure  5).     This slot   left  an exposed  area of 
explosive  on  the  bottom of  the  charge  free  to  expel straight blast 
pressure  gases  downward into  the  area of t'.-.e  streak  traces.     This 
certainly  occurred,  but obviously not   in sufficient  time  or  luminous 
intensity  to  obscure  any  of  the  jet   traces   or to even  appear as   an 
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ambiguous  jet trace.     Close inspection of Figure 54 will reveal an 
extremely  faint  trace  to the  left of the upper 1/4" of the top jet  trace. 
An accurate gauge of  the incidence, quantity,  intensity,  location,  and 
duration    of  light from straight blast pressure is  shown in the uppermost 
trace which resulted from the  detonating charge.    This  light  faded 
completely out even before  the jet had  traversed the multiple plates 
in  30  ysec. 

It may  thus seem unrealistic  to assume  that  any of the bright traces 
of Figure 52  resulted from luminous  gases when  the  latter appear 
relatively faint in Figure 54  at a camera speed of 300 rps which provided 
2/3 more exposure  time  than was  available in Test E-184 as  the  camera 
speed was 500 rps  in  the latter.    Gases  from straight blast pressures have 
been known to approach   10 or  11 km/sec in vacuum, but that velocity 
would appear somewhat high in  the air environment  of Test E-184,    The 
right trace of Figure 52, with  a maximum velocity of  7.0 km/sec,  conceivably 
could have been produced by  luminous  gases  as   far as  realistic velocities 
are concerned; but in  view of  trace brilliance  comparison with Figure 54, 
even  this  appears  doubtful.     If  the  right trace of  Figure 52 was  due to 
gases,   then the overall jet  length  as  previously  calculated would be 
even shorter. 

The  trace pattern of Figure 53 may have been produced in somewhat the 
same manner as  the suggested mechanism outlined for Test E-184*,    Since 
gases have some of the  same tendencies   to form high velocity  "jets" as 
liners  do   (e.g.,  the Munroe effect),  the  two-velocity pattern of 
Figure 53 may have  resulted from gas   "jets" from two  different 
segments  of the  liner cavity.     But in  this  case wall  collapse velocity, 
as well  as  differential wall-to-axis  collapse  time  from apex to base of 
cavity was not  involved.    Instead,   the  lower velocity  trace  forming the 
upper portion of the pattern in  Figure 53 may have  originated from the 
base portion of the  cavity and arrived first due to shorter travel 
distance   than that  required of the higher-velocity  "jet" originating  at 
the mid-section or apex of the  cavity.    And the higher-velocity "jet" 
finally  overtook the slower-velocity jet at the  "X" juncture  of the 
trace pattern in Figure  53. 

In order  to conclusively  resolve what is occurring in  disc-shaped charges, 
further tests using modified  configurations  and special devices  to provide 
additional data will be necessary.    Adequate  time was not  available  to 
conduct  further investigation  under this  contract. 

The  foregoing improvements  in jet velocity,  and apparent  improvement in 
reducing velocity gradient and jet  length,   resulted  from a first  trial 
effort in departing from the progressive wall  collapse  action of cylindrical 
charges  to employ virtual  simultaneous  initiation of wall  collapse  of disc- 
charges.    And  the  results were  sufficiently encouraging to consider 
modifying  the  configuration of  the disc-charge  shown  in  Figure  12  to one 

* Page  84. 
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that would further improve jet performance by optimizing the time relation- 
ship  of detonation wave arrival along the various segments  of the  liner 
wall.     For example,  it may*be'"advantageous  to have  the detonation wave 
reach  the liner base segment first and then progressively reach segments 
towards  the  apex with  the  latter being reached last   (i.e.,  just  opposite 
to the  action in conventional  cylindrical  charges).    This would result 
in a more favorable  time relationship of wall-segment  arrival at the axis, 
with optimum conditions  existing when the segment  leaving the  apex would 
be suQcessively joined by wall segments  arriving at the axis  throughout 
the  length of  the  liner to produce  a "spherical" jet of constant velocity. 

One approach towards  accomplishing this, while  also maintaining optimum 
detonation-wave impulse  angles throughout  the   length of the  liner to 
produce maximum jet velocity,   consists  of using a two-component shaped 
charge  comprised of two explosives having  different detonation velocities. 
An outer shell  of explosive would have  the higher velocity, while  the main 
body of the  charge surrounding the  liner would have  the  lower velocity. 
Since  "Detasheet" would form a convenient outer shell,  several disc-charges 
were  cast of explosives having  lower detonation velocities  than "Detasheet". 
These  charges  consisted of baratol  and TNT as  listed in Table  7.    However 
in each case  the  initiation sensitivities  of the explosives were below the 
level  required  to create symmetrical initiation by the  "Detasheet" of the 
peripheral initiator (see Figure  12).    The  charges  detonated,  but not 
sufficiently well  to form a jet  from the  C-42   liners.     It was  therefore 
concluded that a better approach would consist  of  casting a two-component 
charge using octol as  the higher-velocity outer shell and perhaps TNT as 
the main charge.     Then  the octol, which „initiates satisfactorily from 
"Detasheet" would act  as booster to initiate  the  TNT.    Time  limitation 
prevented this  from being pursued further. 

Tests  Conducted at Eg]in Air Force Base 

Test  Facilities Available 

Figure 55  shows   the  general  layout of equipment  at  the Terminal Effects 
Division of Eglin Air Force Base  that was  used during the  four field trips 
conducted under  this  contract.     The fore  and back chambers  could be 
evacuated to simulate high  altitudes which minimized jet erosion by air, 
as  occurred in such IRECO tests  as  E-134  (Figure  7).     The  three  orthogonal 
x-ray stations had film cassettes  centered at the  distances  indicated in 
Figure 55.    These were exposed with x-rays  from a Fexitron Model 730-4- 
C/231  system.    The Kerr cell  framing camera was  a Model KFC-600/B 
(Electro-optic Instruments,  Inc.).    Timing impulses were supplied with three 
two-channel time  delay units   (Model 200,  Abtronics,   Inc.).    A Cordin  Co, 
Model 60-010A delay  firing unit was  used to  fire  the charges.     In  addition 
there were several  type 551 and type 5 35 Techtronic oscilloscopes equipped 
with  type  C-12  cameras.    Kinney  vacuum pumps were  used  to evacuate   the 
forechamber to a simulated altitude of up to  196,000  ft. while  the  back 
chamber could be  evacuated to about 60,000  ft.    Tests  utilizing the  fore 
chamber  resulted in relatively  long standoff distances  of  13.5'   to the 
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nearest x-ray  film and about 20  ft to the  final target.    Tests  using the 
short range setup only  (without x-ray  coverage)  had shorter standoff 
distances  ranging from several inches   to several feet.    The Kerr cell 
camera was  used  on all short  range  tests  and, with  the  aid of a mirror or 
two,  on some of the  long range  tests. 

January  1964 Test  Series  at Eglin Air Force Base 

Ten each  shaped charges with  C-l  conic liners   (Figure 25)   and  "S" distances 
of 3.40  cm,   and C-ll paraboloid liners   (Figure 28 and Table 4)   and "S" 
distances  of 2.90  cm, were prepared and shipped  to Eglin Air Force Base. 
Eight of  the C-l  charges were    equipped with Type  I inhibitors,  and eight 
of  the  C-ll   charges were equipped with Type  IV inhibitors.     Several 
inhibitor and non-inhibitor type   charges  in both  charge categories were 
fired over  the  long standoff vacuum range  of Figure 55.     Target  distances 
ranged  from 17.7 to 19 feet.    Leading jet-element velocities  ranged up  to 
16,5 km/sec for C-l charges  and  to  13.1 km/sec for the  C-ll charges. 
These values  confirm the velocities  obtained with the multiple plate 
method for these  two  types  of  liners   (see  Figures  25   and 29) . 

Negative  results were experienced in attempting to obtain radiographic 
pictures  of jet particles  in flight  for any of these  tests.    And the 
reason for this was evident  from target plate  damage.     No holes  resulted 
in the targets  at  the  17.7+'  standoff distances   that  remotely resembled 
the  clean  large holes  of the multiple plate  tests   (see,  e.g.,  Test E-130 
of Figure  33).    Maximum target  damage  consisted of scattered small holes 
and craters. 

These  results were attributed to the existance  of lateral dispersion of 
the jet elements, which wasn't  too evident in  the  close standoff distances 
used in the multiple plate  tests,  but which increases  to serious pro- 
portions  as  the standoff distance  is  increased to values  required by the 
geometry  of  the  fore-chamber in  Figure 55.    Due  to these  results,   further 
testing of  the  remaining charges would have  contributed no added informa- 
tion,   so the  tests were  discontinued. 

August   1964  Test  Series  at Eglin Air Force Base 

Development of the  vacuum range  at  the  IRECO test site   (Figure   35)  permitted 
an appraisal of jet  cohesion of the  various  liners   tested in  a facility 
Which  simulated the  standoff distances  of the Eglin Air Force Base  fore 
chamber  (Figure  55).    And the  liner which exhibited the best  cohension was 
the  C-38 tapered-wall  conic  liner  (Figure  36).    A comparison of  the  C-38 
liner's performance with  that of  the  C-l  liner.(used in  the  January 1964 
test  series)   is  shown in  Figure  41.     The  C-38 liners jet had   less 
scatter and made  a more  symmetrical hole  than did the  C-l  liner,   although 
there was  still   lateral  dispersion present.    The  diameter of a circular 
hole,  having  the  area of  the  one  in Test E-143 of  Figure  41,  is  4.8 cm. 
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which Is twice as great as the diameter of the largest hole in the short 
standoff (3-1/2") multiple plate test E-158 (see Appendix II in the last 
section). 

Ten charges  having the  following specifications were prepared and shipped 
to Eglin Air Force  Base: 

Liner:  Aluminum,  Type C-38 conic as per Figure 38-a; 
Explosive:   Octol   (HMX/TNT =  75/25);  Length =  3.75"; 
Diameter = 2,43";     "S" distance = 5.0  cm; 
Waveshaper:   as  per Figure  10-b; Jet Inhibitor:  5  charges 
without,   5 charges with type  shown in Figure  13-b. 

Six of these  charges   (5 without inhibitor and 1 with) were fired over the 
long range setup  of Figure 55,  while a seventh was fired over the short 
range  setup.     The Kerr cell  camera was used on all the  tests,   and all 
except  the  seventh test had x-ray coverage.    Timing of  the x-ray system 
was adjusted to cover as  large a range of velocities as practical.     In 
some of the   tests  three  timing intervals were set up,  one for each 
orthogonal pair of x-ray channels which provided coverage of  three jet 
velocity ranges.    For the other tests all six x-ray channels were programed 
to fire at different  times,  and this  resulted in the coverage of six 
velocity ranges  (but eliminated orthogonal coverage).    The  latter provided 
continuous  coverage of velocities  from 6.3  to 11.6 km/sec which would 
include virtually all the jet  segment velocities of the  C-38 liners  as 
measured  at the  IRECO test  site   (Figure  43).    An example of how the 
calculations were made  to  arrive at  the proper time delay settings  for 
the  six x-ray channels  is  shown in Appendix I. 

Table  9  lists  target  specifications,   target damage,  and velocity range 
covered by the  x-ray station  for the  charges  fired.    No particles  of 
significant size were discernable on any of the x-ray plates.     Static 
calibration checks  of  the x-ray system indicated  that particles  having 
diameters  of  1/16" or greater  could be  resolved.     It must   therefore be 
concluded  that  the  target holes were made by particles  having diameters 
<1/16",  but if  this were  the  case  it must also be  concluded  that  a 
fairly large swarm of small particles were present  in some  of the  tests 
to cause the   target  hole  sizes  indicated in Table 9   (e.g.  Tests  E-164  and 
E-165).    Therefore,  even  though  the  C-38  liner produced  target  damage 
far superior to the  C-l  liner  used  in  the January  1964  tests*,   apparently 
lateral  dispersion of  the C-38 liner jets was  still of  sufficient 
magnitude  to prevent  obtaining in-flight  radiographic pictures  of the jets. 

Kerr cell camera coverage of  these  tests  is  shown  in  Figure 56  and varied 
from views  of  the detonating  charge  to views  of the   liner collapse. 
Difficulties were experienced  in obtaining proper exposure  and timing 
and the   resulting photographs  added no significant  data.     Exposed areas 
of the  film were attributed  to plasma and no evidence of pictures  of jets 
could be  identified. 

* Page 94. 
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FIGURE 56.    Plan views  of Kerr cell  framing camera arrangements  for 
August   1964  tests  at  Eglin Air Force  Base. 
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A study of  the six pictures  from each of the  tests  indicated an unexplained 
15  to 25 ysec delay from the  firing pulse zero  time until the  charge 
started to initiate. 

September-October 1964 Test Series at Eglin Air Force Base 

After testing several types  of new liner designs  at the IRECO test site in 
efforts   to  reduce jet velocity gradients  and lateral  dispersion in jets,   a 
decision was made to test  at Eglin Air Force Base  a type  liner that 
produced jets  that had been successfully photographed with x-rays.    The 
liner chosen was a scaled modification of the  type used by Kronman and 
Merendino    in  their jet inhibitor work, which produced excellent  radio- 
graphs  at  a standoff of 42".    This  liner was  designated as type C-39 and 
is  shown in Figure 40.    Results of Test E-192 multiple target plate damage 
at  close  range in air  (3-1/2" to first plate)  is shown in Figure 5 7, which 
also shows extended standoff  (149" in vacuum)  target damage of Test  E-193. 
Both of  these charges were shot without a waveshaper,  resulting in  lower 
velocities,  but Test  E-192 showed that this   liner,  without waveshaper,   to 
have nearly 3  cm of initial jet length with low velocity gradient 
(Figure 46).    The jet of E-193 struck its target plate off center and 
caved it inj  the view in Figure 5 7 was  taken after the plate was 
straightened which gives  the illusion of a larger hole than the  approximate 
hole diameter of 50mm measured prior to straightening.    And since the 
largest hole diameter for the  short  range  test of E-192 was   about 42imn, 
this  C-39  liner exhibited  less   lateral jet dispersion  than  any other 
liner tested.     Therefore six 3.40" diameter charges  of various  lengths 
containing C-39   liners   (see  Table  10),  and five waveshapers  of the  type 
shown in Figure  10-c,  but also of various  lengths, were prepared and 
shipped to Eglin Air Force Base  for the  third series  of tests there. 

The first  two tests,  E~201 and E-203 were  shot  over the short air range, 
shown in Figure 55,  at  atmospheric pressure  to provide  reference   tests 
for oonparison with long range  vacuum tests.    A foreswitch on  the  face of 
the  target plate   (similar to   the  foil-film type  shown in Figure 2)   of 
each test was  designed to provide time  intervals  from the zero time  cap 
firing pulse  to  the  time of arrival of the  first jet element  at the 
target plate.     From the elapsed time  recorded with the foreswitch had to 
be subtracted the time delay from zero  time until the jet  left the  apex 
of  the  liner in order to obtain jet velocity over the known standoff 
distance.    This  time  delay was  determined by  assuming E-201 had the  same 
initial velocity as Test E-193 in which  an identical  charge setup was 
used.    The  resulting  19.2  psec was   then subtracted from ensuing  fore- 
switch  time intervals  in  determining jet velocities,   as well  as  for 
setting up  the  Kerr cell camera and x-ray timing sequences  for the 
ensuing tests. 

Table   10 data shows impressive target damage  for tests E-201  and E-202 
which indicated good jet  cohesion at  the  relatively short standoff 
distance  used.    The  larger target hole  of E-202 was  probably  due  to a 
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higher jet velocity that would be expected from using a waveshaper with 
E-202 and not with E-201 (foreswitch failure prevented obtaining velocity 
data for E-202). 

The remaining four tests were made over the extended standoff vacuum range 
shown in Figure 55, using the three pairs of orthogonal x-ray stations in 
each of the tests. E-203, without waveshaper, had a velocity very close to 
that resulting from the similar charge setup of E-201. The target damage, 
however, from the relatively slow jet at the 216" standoff distance was 
very minor. 

Test E-204 had a much higher velocity than E-203 which was to be expected 
from using a waveshaper and zero "S" distance with E-204. Resulting 
target damage was also much more impressive for E-204 because of higher 
velocity and perhaps from better jet cohesion. 

Test E-205 used an identical charge setup as E-201 and would therefore be 
expected to have about the same lower velocity as E-201 (foreswitch failure 
prevented obtaining velocity data). Target damage was somewhat better than 
E-203, but much less than for E-204. 

Test E-206 used a slightly longer "S" distance and a longer waveshaper 
than was used in E-204 and produced the greatest target damage of any of 
the extended standoff tests. Again no velocity data was available, but 
was assumed to be equal to or a little higher than for E-204. 

A comparison of the velocity and target damage data of Table 10 shows 
very consistent results as the "S" distance and waveshaper parameters 
were varied. However none of the x-ray plates from the last four tests 
showed any identifiable jet element images. So apparently even the C-39 
liner, which produced cohesive jets out to at least 42", had sufficient 
lateral dispersion to reduce jet element particle sizes to less than the 
1/16" diameter size which the x-ray system was capable of resolving. This 
conclusion, of course, was based upon the assumption that the x-ray timing 
and exposure were at optimum settings. 

Also, due to improper exposure or inaccurate timing, or both, the Kerr 
cell camera gave negative results as far as coverage of detonating charges 
or jet elements in flight were concerned. However good static images of 
charge setups were obtained when exposure time was carefully controlled. 
And the same precautions would probably result in useful dynamic shot 
pictures. 

November-December 1964 Test Series at Eglin Air Force Base 

Results of the three previous test series at Eglin Air Force Base indicated 
that it would be better to forego further attempts to x-ray shaped-charge 
jets in flight, at the standoff distances involved (Figure 55), in favor 
of attempting to obtain Kerr cell camera pictures of the jets. The 
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latter would permit inspection of the jet at much  closer standoff distances 
than possible with the  x-ray system (compare short  and long  range setups  in 
Figure 55).     Experience  to this point indicated that it would be  simpler 
to barricade targets under study from blast pressure effects  of shaped- 
charge explosives  than  to reduce  lateral dispersion within the jets to 
acceptable  levels  at the standoff distances  involved in Figure 55.    Therefore 
several of the   liners which have shown good performance in the short  range 
multiple plate  tests were chosen to make up  the  charges  listed in Table  11, 
A sufficient number of each  type  charge was  included to allow for preliminary 
calibration shots  to provide  for equipment  adjustments. 

When jets  are shot in air a brilliant   light results   (see,  e.g.,  Figures   7 
and 50)   that  can be interpreted to give jet velocity magnitude, but which 
yields no  quantitative  data on jet shape or size.    To obtain the  latter 
with  the Kerr cell camera it was necessary to shoot the shaped charges in a 
chamber having sufficiently  low air pressure to prevent generation of light 
by the jet.    Then a backlighting explosive  light bomb was  required to 
enable  the Kerr cell  camera to  take  a silhouette picture of the jet in 
flight  as  shown  in Figure 58.    However when the  chamber is  evacuated to a 

WAVESHAPIN6     CHARGE 

SHAPED    CHARGE 

KERR 
CELL 

CAMERA 

? 

FIGURE 58.     Plan  view of experimental  arrangement   for November-December 
196^  tests  at   Eglin  Air Force  Base. 
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TABLE  11.     Shaped  charges which were prepared  for November-December 1964 
tests  at Eglin Air Force Base. 

Charge Liner Charge 
Shape 

Liner 
Length 

S 
Distance 

Charge** 
No.^ Type Ref. Confinement 

E-212 C-37-a Fig.36* Cylinder 2,660 1.50cm None 
E-213 C-37-a Fig.36* Cylinder 2,660 1.50 n 

E-214 C-42-a Fig.49* Disc 1,501 __ ii 

E-215 C-42-a Fig.49* Disc 1.449 — it 

E-216 C-l Fig.25 Cylinder 2.400 2.41cm II 

E-217 C-l Fig.25 Cylinder 2.400 2.41 II 

E-218 C-l-a Fig.25* Cylinder 1.5 72 1.50 II 

E-219 C-l Fig. 25 Cylinder 2.400 1.50 II 

E~220 C-l-a?* Fig.25 Cylinder 1.777 1.50 n 

E-221 C-l-a^ Fig,25 Cylinder 1.658 1.50 II 

E-222 C-38-e Fig.46 Cylinder 1.635 1.50 II 

E-223 C-38-e Fig.46 Cylinder 1.603 1.50 II 

E-224 C-38-a Fig,38* Cylinder 1.702 1.50 II 

E-225 C-43 Fig.47 Cylinder 2.004 1.50 3/8" Steel 

E-226 C-43 Fig.47 Cylinder 2.003 1.5 None 
E-22 7 C-43 Fig.47 Cylinder 2.010 1.5 n 

E-228 C-43 Fig,47 Cylinder 2.003 1.5 ii 

E-229 C-43 Fig,47 Cylinder 2.003 1.5 II 

E-230 C-43 Fig,47 Cylinder 2.004 1.5 3/8" Steel 

E-231 C-43-a Fig.47 Cylinder 2.0 1.5 None 
E-232 C-43-a Fig.47 Cylinder 2.0 1.5 II 

E-233 C-43-a Fig.47 Cylinder 2.0 1.5 II 

E-234 C-43-a Fig.47 Cylinder 2.0 1.5 3/8" Steel 

*    Basic liner shape in  figure shown, but  truncated to   length shown  under 
"Liner Length" column above. 

4    Copper liners,  all other aluminum 

** See  Figure 47  for confinement  details 

H All charges  cast  of octol  (HMX/TNT =  75/25);   in addition  two "Detasheet" 
peripheral initiators   (Figure  12)  were  sent with E-214 and E-215.    Also 
octol waveshapers  as  per Figure   10-b were shipped. 
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pressure that eliminates jet light  streaks  it also prevents  adequate 
light  from the  light bomb  for silhouette pictures.    Therefore 22  light 
bombs of the  type shown in Figure 59 were made and shipped for these  tests, 
They were assembled at Eglin Air Force Base by cementing the charge and 
cap in place,  then the front and back plates were cemented in place so 
that atmospheric pressure would be maintained within the  light bomb 
assembly when the  latter was  placed in the evacuated back  chamber of 
Figure 58.    This,  then, would provide  air to produce adequate backlighting 
within the chamber which was evacuated sufficiently to prevent  the jet 
from producing  light.    The   light bombs were made sufficiently  long to 
provide about  30 microseconds  of event time before plasma from the  charge 
reached the  front plate and rendered it opaque. 

Table  12  lists  the  30 test shots made  during  this  series,  but most of 
these tests  consisted of efforts  to  adjust the Kerr cell timing  and back- 
lighting intensity to properly silhouette shaped-charge jets in flight. 
This was  accomplished by using the  arrangement shown in Figure 58,  except 
a static array of ball bearings  cemented on Mylar film was  substituted for 
a jet  from a shaped charge in order to establish proper backlighting 
intensities.    For example,  Test 2 was set up  as  shown in Figure 60 with 
four ball bearings of  the sizes shown.    For both Test Nos.   1  and 2,  a 
fair amount of  light  appeared on the  first  frame with the  two largest 
ball bearings  just discemable in Test No.  2.     In both tests  it  appeared 
that the  light intensity was   on its way down already on the  first frame, 
even though  the  frame  delays were adjusted to cover an earlier event in 
Test 2   (Table  12).    Test 3 failed to show any light  from a cap in a 
0-10 ysec interval,  from which it would appear that  the  light  intensity 
was  too low or the timing was   off.    Frontlighting of ball bearings on 
black paper was  tried in Test 4, but only the block of wood, which 
shielded the  direct  light  from the  camera,   could be  faintly seen as  a 
silhouette on the  first  frame. 

Test No.  5 was  a full scale test using a shaped charge with a plastic 
tube  lightbomb  as  shown in Figure 58.    A 3/32" ball was placed on  the  face 
of the   lightbomb   (see  Test 5  static image.  Figure 61 which  also shows 
charge  at  right)   to provide  a reference  for any jet particles  that 
might have been photographed.    However only  the  first  frame was exposed 
as shown in Figure 61.     The   light pattern  appears   to be the   late  stages 
of the  jet path  and target  strike  flare. 

Results  of Test 5  appeared as  if the event was practically over by  the 
time  the  first  frame was exposed.     Test 6 was  an attempt  to  check on 
relative  timing of charge  detonation and camera framing sequence.    An 
8-foot  length of primacord was   arranged in a spiral  to provide  a 
continuous source of  light for about 380 ysec, but none of the 6 frames 
were exposed. 

At  this  point it was  assumed that insufficient   light  intensity was 
responsible  for the negative  results,  so a number of aerial M112 Al 
photoflash  cartridges were obtained  for light intensity tests.    Various 
arrangements  of  front  and back   lighting were  used in  Tests   7  through  12, 
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but in all  cases  the  light intensity was  too high except Test  8 in which 
it  ranged from too high to too low.    Results  of these tests indicated 
that, the  cartirdges  can be set  off  (with primacord wrapped around the 
outside)   fast enough  for precision timing,   and that excess   light is 
available.     In order to be practical  for this use, however,  some means 
of  controlling the light intensity must be  devised,  such  as  controlling 
the quantity of material used. 

A  larger composition C-4  charge was used in Test 13 than was  used in 
Test  1 through  7.    A faint  light  appeared on Frame   1 which  silhouetted 
the   larger ball bearing;  but  the  remaining frames were unexposed which 
made it appear as  if the event was practically over before  even the  first 
frame was  exposed,  presumably  at 0 ysec,  even though it should require 
about  7 ysec for the  charge to start  detonating  (because of cap and 
booster delay).    To check the  accuracy of the  relative  timing sequence 
between  cap  initiation pulse  and zero  time of the camsra sequence  a 
delay was  introduced in Test  14 to  cause the  cap to be  fired 10  ysec 
after the  zero  time  of the  first  frame setting on the camera.    Test  14 
gave, better lighting results  than any previous  tests.    All of the  frames 

OPAQUE 
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Steel Bol 
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4    LAYER    DISK 
OF DETOSHEET 
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FIGURE 60. Physical arrangement of components used in Test 2 of 
Table 12. 



■108- 

T£ST5:STATIC IMAGE TESTS: FRAME I 

TEST 14: FRAMES TEST 15: FRAME I 

TEST 18: FRAME I TEST 25: FRAME 5. 

FIGURE 61.    Sample Kerr cell camera photographs taken during November- 
December  1964 Eglin Air Force  Base  tests. 
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had about   the  same  contrast  as  Frame 5  of  Figure  61 which shows   an 
excellent silhouette of a 1/4" ball.     From these  results it was  concluded 
that  an internal delay  in  the  timing networks was  delaying the start  of 
the  camera's  framing sequence by  an unknown interval.    The   latter was 
still in doubt  because the introduction of  10  \isec delay on  the  cap 
extended the  light duration from near zero  (Test  13)  to over 30  psec  (Test 
14). 

A  full scale setup was  used in Test  15 which utilized the  same  lightbomb 
charge  as Test  14 except  it was  in a plastic  tube   (Figure 59)  to permit 
evacuation of the  test  chamber.     In Figure 61 may be  seen Frame  1 of 
Test  15 which is overexposed and indicated that   light,   from either the  in- 
flight jet or the  jets'  impact with the  target, was  so brilliant that it 
obscured the backlighting.    The  remaining frames had undecipherable ghost 
images  of  low intensities.    A 9cm   hole  through the  1"  thick  aluminum 
target plate indicated  that  a good jet was  formed. 

Test  16 was made  to determine whether or not   the  frosted front plate of 
the  lightbomb was  obscuring the backlighting since  there was no evidence 
of  the  latter in  any  of  the  frames  of Test  15.     Use  of a  larger light- 
bomb charge  in Test  16  overexposed Frame  1 so that it  appeared to have  a 
shape  and  light  intensity somewhere between  the  first  frames  of Test 5 
and  15  in Figure 61.    The  remaining frames were  also overexposed but the 
Mylar circle   (Figure 60)   could be  seen  in most  of  them,  and even the 
steel ball in  Frame 2. 

The  size  of  the   lightbomb  charge was  reduced  in Test   17 and  the plastic 
tube face was  left  clear to check  light intensity;  however the  charge 
failed  to detonate. 

Since some of  the previous   tests  indicated a  fair amount  of  light from 
lightborab charges  in  the partial vacuum of the back  chamber  (e.g.,  Test  1), 
Test   18 was  conducted in  the same environment.     Results were  almost 
equivalent   to Test  14 with steel ball silhouettes  comparable  to Frame 5 
of Figure 61, but with slightly  less backlight intensity.     In view of 
this performance,  Test  19 was  made with  the  same  thickness  and width  of 
backlighting  charge  as   for Test   18 but   the   length was   increased to cover 
more  event  time  and  distance.     Results were similar to  the  previous   full 
scale  setup  and  several   of  the   frames   compared closely with   Frame   1  of 
Test   15,   Figure  61. 

Test   20 was  conducted without  a   lightbomb  to  differentiate  between   light 
originating  from backlighting  and  from charge,   jet,   and   target   self- 
illumination.     And since   the  event   in  previous   tests  had appeared well 
advanced  by   trie   time of   first   frame  exposure,   the  delay  of   cap   initiafion 
time was   increased   from  10  to  50   -S   in Test  20.     Results were  similar  to 
Test   15,  with  Frame   1  similar  to   Frame   I  of   Figure   15   (Figure  61)   and 
the   rest   of  the   frames   grossly  overexposed.     Therefore  backlighting had 
not been   responsible   for overexposure  in tests  using shaped charges. 
Also,   increasing  time   delay  of  cap   firing  didn't  prevent well   developed 



-110- 

charge  light appearing on first  frame.     The delay was increased to 300 ysec 
in Test 21  and to  1,000  ysec in Test 22, yet  results were  the same with 
identical  charge  light appearing on  the  first frame even though  the  cap was 
supposed  to be  firing up  to a 1,000  \isec after the  start  of  the 250  ysec 
camera coverage sequence.     So  it was  assumed that either the  delay networks 
were not functioning properly or light was   coming through the Kerr cells 
when  they weren't being pulsed.     Test 23 was  conducted to differentiate 
between  these two possibilities  by not pulsing the  first  two camera 
framing channels.     The  first frame picture was  identical  to the  first 
frames  of  Tests 21 and 22,  and  light could be visually observed coming 
through  the  Frame 2  camera.    It was  therefore  concluded that most of the 
foregoing timing ambiguities had  arisen from light  leakage  through the Kerr 
cells.    These were therefore adjusted to minimum light  transmission with 
the polarizers  in  the  cross-polarized position. 

Results  of Test 24 were indeterminate since some of  the  frames had been 
exposed  during adjustment  of polarizers.    Test 25 was   the  first to perform, 
at   least qualitatively,  as would be expected,   that is,  no exposure  on first 
frame  and building up gradually  to peak intensity on Frame 5   (Figure 61) 
and deterioration  to a gas  cloud on Frame 6.    However the  light should 
have appeared on Frame  1,  since exposure  of  the  latter occurred 10  ysec 
after cap  initiation and charge  detonation should be  underway in about 
10 ysec.    Also flash duration appeared short,   lasting about 25  usec. 

A tetryl booster was used between  cap  and charge of Test  26, but had no 
apparent effect on starting detonation earlier as  the  frame by  frame exposure 
of Test 26 was virtually  identical to Test  25.    No  relative  cap-camera delay 
was  used in  Test 27 and a thicker charge was  used,  resulting in the  light 
peaking at  about  75  ysec  instead of 90  \isec as   for the  two previous   tests. 
For Test 28  the  camera sequence was  delayed to expose  Frame  1  80  usec 
after cap initiation.    This should have placed Frame  1 at nearly the  same 
time  sequence  as  Frame 4 of Test  27.    However approximately the  same 
exposure resulted as  in Test 27 with nothing but  apparent   light  leakage 
on the first  three  frames  and the bright  light notappearing until  Frame 4. 
Therefore  all frames were  set  to be exposed at  the same  time   (20  ysec 
after cap initiation in Test 29).     The  first three   frames were   the  same 
as  before,  but  four  and five were  much  dimmer than in Test 28 in which 
they had virtually  the  same  delays.    Frame  delays were  reversed in Test  30, 
relative  to  those used in Test 28,   and  results were essentially the  same 
except  the   light transmitting capability of Kerr  cells  4,  5,   and 6 
deteriorated since  Test  28.    And apparently cells  1,  2,  and  3 had 
transmitted essentially nothing except   light  leakage  after adjustment 
of  their polarizers. 

A resume  of  the foregoing test  results  indicate  the  following.     Light 
leakage  through  the Kerr cells,   and an internal discrepancy  in  relative 
timing of cap  initiation and starting of the  camera  framing sequence, 
through Test  23 produced such  ambiguous   results   that  it wasn't possible 
to set  up proper timing and backlighting intensity.    Whenever a shaped 
charge was   used,  exposures   similar to Frame   1 of Test   15  in  Figure 61 
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resulted which  apparently was  nothing more  than  light leakage through the 
Kerr cells  that occurred at peak intensity of the  light source regardless 
of delay settings  for the camera frames.    The same was probably true when 
the M112A1 photoflash  cartridges were used.    They may not have even come 
on until  long after the  time  coverage of the  frame delay settings, but 
light  leakage  overexposed the  frames.    The best  lighting and  timing 
resulted in Test  14,   and from then on  (with   the possible exception of 
Test  18)   through Test  30  the pulsed  light  transmission  characteristics 
of the Kerr cells  appeared to progressively detiorate,   first with frames 
1,  2,  and  3,   then with 4, 5,  and 6,  until virtually nothing except  light 
leakage was being transmitted by all  cells  in Test 30. 

Another observation which may be made  concerns  the  amount  of backlighting 
available  from a bare  charge in the partial vacuum of the back chamber. 
For example Test  18 produced fairly good  light intensity  (Figure 61)  in 
the back  chamber partial vacuum without benefit of being enclosed in a 
plastic tube(Figure 59).    Therefore  if  a charge produced this much  light, 
a jet would produce more  (e.g.,  see   comparative charge and jet  light 
intensities  in Figure 54);  so in order to use this method of backlighting 
to obtain silhouette pictures  of jet elements  it will be necessary to 
reduce   the  chamber pressure  to a  level  that will prevent  the jet  from 
being self luminous,   and use  light oombs  of  the  type  shown  in Figure 59 
for backlighting. 

TARGET DATA 

A qualitative measure  of jet mass  and  cohesion was  indicated by  the hole 
size and the  depth of penetration of  the jet in  the various  targets used. 
The  type of targets  used and the target damage  for each test shot  is 
contained in Appendix II with  the exception  of  the  IRECO vacuum range 
tests  for which   target  data is   listed in Table 6.    Photographs  of  typical 
target  damage  are  shown in Figures   33,   41,   42,  51,   and 57. 

CONCLUSIONS AND SUGGESTED FUTURE INVESTIGATIONS 

The pertinent  results  of  the  investigation  reported herein  is  summarized 
in Table   13 which  lists  the average performance  of the  various  categories 
of  liners,   as well as  test  conditions  relating to the use  of waveshapers 
and jet  inhibitors.    After averaging    the maximum and minimum velocities 
for each category,   the  velocity  range,  AV, was  divided by  the  average jet 
length  to provide  an index of velocity  gradient.    The   latter expresses 
average velocity  gradient  per unit  length of jet,   thereby  reducing  the 
varying factors   to a common  reference. 

Due  to  the high  initial  velocity  gradient present  in most shaped charge 
jets   (e.g.,   Figures   31  and 32),  use  of  jet inhibitors  is not  ordinarily 
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effective  in  reducing the  velocity gradient except when  only the extreme 
leading element is  allowed  to pass.    However when  a jet possesses  a low 
velocity gradient over an  appreciable  jet  length,   as  Test E-86  showed 
(Figure 30),   then cutting off the  trailing segment of high gradient velocity 
with a jet  inhibitor resulted in  a jet that was  0.4  cm long and a velocity 
that  dropped only 0.2 km/sec from the initial  14.0 km/sec  (Test E-126, 
Figure 32),    Thus by  careful  choice of  liner and  charge parameters,  the 
use of a jet  inhibitor will produce  the desired low gradient jet  of the 
required velocity.    A comparison of  target  damage  resulting from Tests 
E-86  and E-126   (Appendix II),  indicate  that most  of the  damage  resulted 
from the high-velocity  leading segments  of the jets. 

The   lowest  velocity gradient obtained was  accomplished by confining the 
shaped charge,   and this was  achieved without a jet inhibitor which permitted 
the entire jet  length and mass  to come  through with a relatively  low overall 
index  (see  C-43**,  Table   13).    However the  velocity of this  test was below 
requirements  and further investigation will be needed to vary such para- 
meters  as  charge configuration,   liner size  and shape,  degree of confinement, 
etc.  to obtain optimum performance  from this  approach towards   lower 
velocity gradient jets  at higher velocity. -       ■:, 

Reducing the  "S" distance between top  of charge  and liner apex, especially 
to the extent of  truncating the  conic  liner,-greatly increases   the initial 
velocity when  a waveshaper is used to provide near-optimum detonation wave 
impulse  angle with  the wall  at  the  top of the  liner  (e.g.,  C-38-c  and 
C-38-d,  Table  13).    However this  is  accomplished  at  the expense of 
increased velocity gradient  as  the impulse  angle  rapidly decreases  from 
apex to base of liner (Figure 44). 

Conversely,  elimination of waveshaper and employment of an appreciable   "S" 
distance decreases  the initial velocities but also  decreases velocity 
gradient significantly  (e.g.   C-37-a and C-39  of Table  13). 

The  advantage  of more optimum detonation wave impulse angle throughout  the 
length of  the   liner, without  the  foregoing attendant  disadvantage of 
increased jet  velocity gradient,  may be simultaneously  realized by 
modifying  the  charge  configuration from a conventional  cylinder to a disc 
shape.    When  the latter is  symmetrically initiated around its periphery 
there  occurs  a much higher velocity jet of  apparent shorter  length and 
smaller velocity gradient.     Results  of disc-shaped charge jets  are not 
listed in Table  13 since   the  multiple plate method of determining jet 
segment velocities  and  lengths  did not  lend itself very well to disc- 
shaped charges when shot  in  air.     For example in Test No.  E-151,   3.3" of 
air had a greater effect upon reducing the jet velocity  than did the   1/16" 
thick steel plate   (see  Figure 50  and Table   7).    Therefore  conclusions  on 
jet   lengths   and velocity gradients have  been qualitatively  deduced  from 
target  damage  and streak  camera  film records. 

Further development  of  the   foregoing approach,  of which   the  disc-shaped 
charge is but  a first step,   could results,  ideally,  in  a spherically- 
shaped jet  of still higher velocities  and virtually zero velocity  gradient 
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as  an inherent corollary of the jet's shape.    Such a jet would more closely 
simulate  the maximum velocities  and shape  of meteors,  than do the elongated 
jets  from cylindrical charges,   and would therefore provide more  accurate 
simulation of meteor impact phenomena for cratering studies. 

The  contract  requirement  of developing shaped  charge jet velocities 
approaching 14 km/sec has been met with various  types  of liners.     For 
example  the  C-l  conic type   liner consistantly produced jets having maximum 
velocities near or above  14 km/sec (Figure 25).    And of the paraboloid type 
liners  the C-ll and C-15   liners  also produced jets within the  required 
velocity range   (Figure  30  and 32),    Moreover,  maximum jet velocities up  to 
24,3 km/sec from conventional cylindrical  charges have been achieved 
(E-189,   Figure 44),   and which produced fair target damage   (Appendix II), 
And finally,  jet velocities  up  to  32.7 km/sec were attained with  a disc- 
shaped charge   (E-151,  Table  7)   using a 20°   conic  liner  (Figure  49), 

Compliance with  the contract  requirement  of an essentially  zero gradient 
jet  at velocities  approaching  14 km/sec was most closely realized with 
Test No.  E-126  in which  a C-15 paraboloid liner with jet inhibitor pro- 
duced a jet 0.4  cm long having an initial velocity of 14,0 km/sec and a 
final velocity of  13.8 km/sec  (Figure  32),    This  represents   a velocity 
variation of +0,72% of a mean velocity of  13,9 km/sec.    Target damage  and 
streak camera data indicate  that jets from disc-charges may have  low 
velocity gradients,  however further investigation and improved experimental 
techniques will need to be  developed in order for this  to be  resolved. 

Although jet  cohesion was  not   an initial contract  requirement,   difficulties 
arising from attempts  to x-ray shaped charge jets  at extended standoff 
distances  caused lateral dispersion of jet elements  to become  an important 
factor.    After discovering that even the  more massive  liners  produced jets 
with excessive  lateral dispersion  at the  standoff distances  involved*,  a 
decision was made  to attempt photographing jets  at  reduced standoff 
distances^.    Then, when jets  from shaped charges  are used in cratering 
studies,  employment  of an adequate barricade between  the shaped charge  and 
target would minimize  target  damage  due  to the blast  from the  charge  and 
thereby isolate damage due  to the jet.    This was  considered a more 
practical approach because efforts  to reduce jet  dispersion out to 
extended standoff distances would probably entail  an investigation within 
itself. 

* Page   101 
4 Page   102 
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APPENDIX II 

Target data for all shots except IRECO vacuum shots 

NOTES: 

Target schedule data are given on page 

* Indicates  that mutilated or missing target plates prevented obtaining data. 

5^ Indicates  that  disc charge jets  didn't penetrate  first plate  and that 
first plate was  obliterated. 

Omitted test numbers are  due  to charges  that were assigned numbers  and 
never fired or to charge  failures  or failure   to form a jet  resulted in no 
target data. 

TARGET DAMAGE DIMENSION  (cm) 

Target Standoff Depth of 
HOLE SIZES 

Test Maximum Maximum 
No. Schedule (inches) Penetration Diameter Diameter 

E-l 0 4 2.6 1.0 — 

E-2 0 4 0.2 0.3 — 

E-3 0 4 1.1 0.8 — 

E-4 0 4 1.0 2.0 — 

E-5 0 4 1.0 1.7 — 

E-6 0 4 0.8 1.0 — 

E-7 0 4 0.4 0.6 — 

E-8 P 3.9 0.6 >2.0 2.0 

E-U P 3.9 1.9 1.1 0.6 
E-12 P 3.9 1.9 1.2 0.4 
E-13 P 3.9 1.4 1.2 0.2 
E-U P 3.9 0.7 0.8 0.4 
E-15 P 3.9 1.7 1.1 0.4 
E-16 K 3.9 0.5 3.2 1.5 
E-17 K 3.9 >6 2.6 <1.6 
E-18 A 3.9 No Data 
E-19 A 3.9 >3.5 2.5 1.4 

E-2C A 3.9 2.4 2.2 0.6 
E-21 A 2.9 2.4 2.2 1.5 
E-22 A 3.6 2.6 2.0 1.0 
E-23 A 3.6 3.0 1.7 0.5 
E-24 A 3.6 2.4 1.4 0.8 
E-25 A 3.6 2.3 1.4 0.9 
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TARGET DAMAGE DIMENSION  (cm) 

Target Standoff Depth of 
HOLE SIZES 

Test Maximum Maximum 
No. Schedule (inches) Penetration Diameter Diameter 

E-26 A 3.6 >3.0 1.6 1.0 
E-2 7 A 3.6 >3.0 1.5 1.1 
E-28 A 3.6 2.4 1.5 0.8 
E-29 A 3.6 2.4 2.1 0.9 
E-30 A 3.6 2.4 2.0 1.0 

E-31 3.6    " >3.0 2.5 1-0 
E-32 A 3.9 2.4 4.0 1.2 
E-33 A 3.9 >3.0 3.8 1.1 
E-34 A 3.9 >3.0 3.5 1.0 
E-35 .A 4.1 2, ' 1.5 0.8 

E-36 A 4.1 2.4 1.2 1.1 
E-37 A 4.1 1.4 3.0 0.5 
E-38 A 4.0 1.8 1.7 1.4 
E-39 >3.0 1.5 1.3 
E-40 2.4 2.5 1.4 

E-41 D 3.5 >2.4 3.6 1.0 
E-42 0 3.5 2.4 3.0 0.2 
E-43 D 3.4 2.6 1.3 0.4 
E-44 D 3.4 2.0 3.7 <3.7 
E-45 Dx 3.5 1.1 3.0 2.0 

E-46 D 3.5 >3.7 3.3 1.0 
E-47 D 3.5 >1.1 1.4 1.1 
E-48 n 3.5 >I.l 1.3 0.5 
E-49x 0 3.5 1.9 1.2 1.0 
E-50 D 3.5 0.5 0.4 <0.4 

E-51 D 3.5 >1.1 1.3 <1.3 
E-52 D 3.5 1.2 1.2 <1.2 
E-5 3 D 3.5 
E-54 D 3.5 1.1 2.0 1.1 
E-55 

E-56 
E-5 7 
E-58 D 3.5 >1.1 1.2 <1.2 
E-59 D 3.5 >1.1 1.2 <1.2 
E-60 D 3.5 1.1 3.0 1.2 
E-61 D 1.3 1.2 <1.2 
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TARGET DAMAGE DIMENSION   (cm) 

Target Standoff Depth of 
HOLE SIZES 

Test Maximum Maximum 
No, Schedule Cinches) Penetration Diameter Diameter 

E-62 E 3.2 >1.1 >1.4 1,4 
E-63 E 3.2 >0.8 >3.1 3.1 
E-64 E 3.2 1.1 2.0 ^2.0 
E-65 E 3.2 >0.8 >3.5 3.1 

E-66 E 3.2 >0.8 >2.5 2,5 
E-67 E 3.2 >0.8 >3.0 ^3.0 
E-68 E 3.2 >0.8 >2.5 2.5 
E-69 E 3.2 >0.8 5.5 2.3 
E-70 E 3.2 0.5 >1.0 ^1,0 

E-7I E 3.2 0.5 >1.5 M.5 
E-72 E 3.2 0.7 >1.5 1.5 
E-73 E 3.2 0.5 ^5.0 0.4 
E-74 E 3.2 0.5 3.7 ^0.8 
E-75 E 3.2 0.6 3.5 ^1.0 

E-76 E 3.2 0.5 2.5 ^1.2 
E-77 E 3.2 0.5 ^6.0 0.4 
E-78 E 3.2 3.1 >3.4 1.3 
E-79 E 3.2 M.O 4.0 3.0 

E-80 F 3.4 1.6 >1 M},5 
E-81 F 3.4 1.3 >1,5 0,5 
E-82 F 3.4 1.3 >0.8 0.4 
E-83 F 3.4 1.4 >1,3 0.8 
E-84 F 3.4 1.3 >4 4 
E-85 F 3.4 1.2 >4 1 

E-86 F 3.4 1.2 >1.7 0.9 
E-87 F 3.4 1.3 >2 0.7 
E-88 F 3.4 1.3 >1.6 -vl.S 
E-89 E 3.4 2.1 >3.5 1.2 
E-90 E 3.4 2.2 >2.5 1.7 
E-92 E 3.4 1.5 >2.5 2.5 

E-100 S 228 0 Scattered Craters 
E-101 0 212 0 ii 

E-102 q 212 0 n 

E-103 q 212 0 M 

E-10A Q 212 0 n 

E-lll Q 212 0 n 

E-112 R 212 1.3 0.25 -- 
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TARGET DAMAGE DIMENSION (cm) 

Target Standoff Depth of 
HOLE SIZES 

Test Maximum Maximum 
No. Schedule (inches) Penetration Diameter Diameter 

E-113 D 3.2 >3.7 >2,5 0.6 
E-114 D 3.2 1.1 >2.8 2,0 
E-115 E 3.2 >3.4 >2,5 0.8 
E-116 E 3.2 1.5 >2,5 ^0.5 
E-117 E 3.2 0.8 3,5 a.5 
E-118 E 3.2 0,8 * A 

E-119 E 3.2 0.8 >2,5 ^2.5 
E-120 E 3.2 0.9 >2 ^2 

E-121 F 3.2 0.9 >3,5 3.5 
E-122 F 3.2 0.7 ^4 %1.8 
E-123 F 3.2 1.2 >2,7 0,3 
E-124 F 3.2 0.6 * A 

E-125 F 3.2 0,9 >2,5 2.5 
E-126 F 3.2 0,9 * * 

E-127 F 3.2 0.9 >2 2 
E-128 F 3.2 0.8 * A 

E-130 D 3.5 >3.4 3.0 1.0 

E-131 H 3.3 0,4 >0.5 0,5 
E-132 I 160 0,2 0.5 0,1 
E-133 I 160 0.2 0,3 0,1 
E-I34 I 160 0 0 0 
E-135 A 160 0,2 0,6 0.1 

E-153 H 3.3 1.3 1,3 1,3 
E-15 4 E 3.3 >3.4 ^2 0,7 
E-155 H 3.3 0,8 >1 %l 
E-I58 J 3.3 >3,8 2,4 1.2 

E-151 H 3.3 >0.2 i i 
E-152 E 3.3 i 4 i 
E-156 H 3.3 >1 i 4 
E-15 7 H 3.3 >0.7 9 4 

E-163 0 217 >0.3 1 0.5 
E-164 Q 217 >0.3 7.6 0.5 
E-165 Q 217 >0.3 7.0 0.5 
E-166 Q 217 — — — 
E-167 s 217 1 _.. — 
E-16Ö s 217 0,8 — — 

E-i71 H 3.3 2.0 * A 

E-173 L 3.3 5,1 3.5 1,0 
E-180 H 3.3 1,0 ■k A 
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TARGET DAMAGE DIMENSION (cm) 

Target Standoff Depth of 
HOLE SIZES 

Test Maximum Maximum 
No. Schedule (inches) Penetration Diameter Diameter' 

E-182 J 3.3 1.9 * * 

E-184 H 3.3 4 + i 
E-185 H 3.3 1.7 >2.3 1.0 
E-186 J 3.3 2.6 5.0 2.5 
E-187 J 3.3 1.1 * * 

E-188 E 3.3 0.8. A * 

E-189 E 3.3 0.8 >1 1.0 
E-190 D 3.3 2.4 >3 1.5 
E-192 K 3.3 >6 4.2 3.0 
E-196 C 3.3 >5 3.0 0.2 

E-198 D 3.3 1.1 * *' 

E-199 E 3.3 2.7 * * 

E-200 D 3.3 1.8 * * 

E-201 T 8.5 >10 3.2 —» 

E-202 T 8.5 >10 %k _. 

E-203 R 216 <0.6 Scattered Craters 
E-204 R 216 >1.3 ^4.7 — 
E-205 R 216 1.3 1.3 — 

E-206 R 216 >1.3 ^9 — 

E-208 N 3.3 0.4 3.5 0.7 
E-209 N 3.3 2.5 1.7 0.8 
E-210 E 3.3 2.1 >1,5 1.3 
E-211 D 3.3 >3.5 2.5 1.7 

E-212 R 27 >1.3 ^2.5   

E-218 R 73 ^-0.5 Scattered Craters 
E-225 R 45 >1.3 ^3.5 — 
E-226 R 23.5 >1.3 3.2 — 
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