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FOREWORD

o

Fhis memorandum was prepared to provide a brief
unclassified presentation of basic concepts, elementary
dasign criteria and scaling techniques for shaped charges.
The information is intended for individuals with lictie
or no background in this field ¢f munitions to provide
them with sufficient data to understand design recuire-
ments for simple shaped charge items.

Recent literature in this field covers more advanced
methods used to maintain or enhance shaped charge performance;
however that information is classified and therefore not
suitable for inclusion in this report.

Source materidals for this memorandum have been obtained
from textbooks, articles and various government publications
and reports. These are listed on the ''References'' page.
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SHAPED CHARGE SCALING

The design of shaped charge items is governed by two primary
considerations -- the required target penetration and the allowable
configuration permitted by the delivery technique to be usad.

The penetration characteristics have been studied extensively to
establish the effects of explosive, explosive configuration, size,
liner material and shape, orientation relative to the target, spin
and symmetry.

The depth of primary penetration, Pl, depends upon the jet
length, L, and the ratio of the let density, /2, to the target
density, //9 + Actually it is described more exactly as:

P'zL\/—-,/g/—._

As ~2n be seen from this relationship, the strength of the
target material does not have any appreciable effect on the depth
of primary penetration. Since the ultra-high velocity of the
impinging jet develops pressures far in excess of target yield
strengths, the jet and target act like incompressible fluids, and
the target strength can be neglected.

The secondary penetration effect, produced by the lower
velocity tail of the jet, does vary with target yield strength.
Since the tail velocity will only impart pressures in the range of
the yield strength of mild steel, the penetration into homogeneous
armor is 10 to 15% less than mild steel.

Basically scaling of a shaped charge depends on the use of
the appropriate materials, geometry, and spacing which will result
in optimum values for jet length and density to match the target
requirements.

Although maximum penetrations in mild steel of up to 12 cone
diameters may be feasible, actual penetrations are limited to %
to 2/3 of that depth because optimum conditions are rarely possible
under field conditions.

The critical factors, which ccntrol the jet prorerties and
formation, will be discussed in terms of their affect on target
penetration.




E'®LOSIVE PROPERTIES

The penetration of the jet has been shown to correlate with
the explosive detonation pressure. Since the detonation pressure
is related to the square of the detonation rate, it can be said
that the greatest effect will be produced by the explosive
having the highest rate of detonation.

The following table relates the efficiency of four castable
explosives:

TABLE 1 (From Reference 8)
Relative

Density Detoration Rate Penetration

Explasive gm/cc meters/sec Efficiency
Conposition B 1.68 8,000 Ist |
Pentolite 1.64 7,640 Znd f
Ednatol 1.62 7,500 3rd |
TNT 1.59 6,900 bth |
|

CAVITY LINERS

A variety of liner geometries have been studied to determine

the most desirable liner configuration. The investigations have
included cones, hemispheres, cylinders, trumpet shapes, and
various combinations of these. The effects achievad vary due to
the way in which different shaped cavities react. For example,
a conical liner collapses from the apex and leaves 70 to 30% of the
liner to follow the jet as a slug. On the other hand, hemispherical
liners appear to turn inside out, and most of the liner is projected
in the jet; however, rather large standoifs (3 to 4 cone diameters)
are necessary for effective use.

Because of peretration characteristics, cones have become
almost standard with other shapes used nccasionally for special
applications. Therefore, the rcmaining discussion will :elate
primarily to cone shaped liners and the efrects of varying cone
pArameters.




In general the effectiveness of the cone shaped charge will be
discussed in terms of the following dimensions:
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o( - cone apex angle

B - target orientation angle
dl- cone diameter

dy- charge diameter

The material from which the liner is fabricated has a very
marked effect on target penetration. The physical properties of the
liner material, which are considered important, are the density,
ductility and melting or boiling poirnt. The liner deunsity directly

affe:ts the jet density,

7

penatrations.

which should be high for the greatest

It is thought that greater ductility, under high stress, will
pro ide improved performance because more material can be pulled
trom the base of the lirer after collapse. This would result in
r2inforcing the tail end of the jet, thereby increasing the over-all

penetrating power.

The British have felt that relatively low

boiling metals such as lead, tin, and cadmium would definitely melt
and to a certain extent even vaporize during jet formation forming
a more continuous jet.




The following Table 2 will demonstrate the effect of liner
material on target penetration, using constant standoff, for comes
of 90° apex angle and 1 mm liner thickness:

TABLE 2 (From Reference 8)
Approx. Sp. Gr. Hole Depth| Hole Width
Matal Group of Liner Metal mm mm
Coppexr ard Copper Alloys 8.5 58 14
Deep drewing sheet steel 747 55 15
Zinc 152 ol 17
Sheet iron 7.8 47 16
Aluminum 2.7 29 23
Magnesium alloys Iv.7 23 25

Several points should bte noted from this data:

The depth of penetration is related to the specifi:
gravity »f the liner metal.

There is no appreciable difference in penetration
using con2s of metal within the same group -- copper
and copper alloys.

As the depth of the hole decreased, the width of
the cavity increased, so that the hole volume in all
cases was practically unchanged.

These results were obtained for a particular set of conditions.
The relative effectiveness of different metal con2s might be
altered, if the conditions are changed.

Jet penetrations will be increased if the jet can lengthen
appreciably before breaking up. This lengtnening ability is governed
to a great ertent by the metallurgical properties of the jet.

Aluminum and copper both have such superior characteristics. Therefore,
a higa density liner exhibiting these properties will be most

effective for target penetrations. More specific effects of liner
material on charge design will be covered under other discussions

of parameters.

Liner Thickness

The optimum liner thickness will vary with the cone angle,
charge confinement, and liner material as indicated in the following
Figure 2 and 3:
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Figure 2. Depth of Penetration vs. W&ll Thickness
(Reproduced from Figure 5, Reference 3)

Figure 2 points up the possible need for slightly thicker
liners as charge confinement is increased.

It has been concluded from various studies that optimum
liner thickness for a given metal is proportional to the sine of
one-half the cone apex angle; however, the relationship may be
somewhat greater for cones more acute than 45°.

In Figure 3 the range of values indicated for each liner metal
reflects those in common usage.
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e s 0 2
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Figure 3. Liner thicknees versus density of liner
Material showing the Range cof values in
Common usage. (From Figure 1 of Reference 18)
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AVERAGE

CONE
WEIGHT

DEPTH

From this liner data, we can conclude that, in general, liner
thickness for ccnes of various materials should be between (.Cl
and 0.06 cone diameters. The optimum wall thickness for steel
cones with various charge confinements (Figure 2) is also about
right for 45° copper cones.

If one chooses the appropriate cone weight, confinement has
no net effect upon the penetration. Other conditions being
constant, increased liner thickness results in smaller diameter
holes,

Non-uniform cone walls can be used to alter jet characteristics
somewhat. Figure 4 summarizes some liner designs and the resultant

cavity effects.
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0.080"
2%’ 4% 0%’
o.128"
0.008" 0.130 0.119
a7 6. st ¢ e4r 6. 800 G.
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Figure 4. Steel Target Penetration by 4-3/8'" Diameter Steel Cones

have Tapered Walls. Confinement 1/16"; stand-off, 6".
(Reproduced from Figure 4, Reference 3.)
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CHARGE SHAPE AND SIZE

The depth of penetration is a function of both the charge
diameter and charge length; however, increasing charge length
beyond three to five cone diameters does not significantly increase
performance as indicated in Figure 5.

For 1-5/8" Steel Cones {44%) at 3" standoff.

CHARGE Di A
)

d

] ] ) 4 [}
CHANGE LENOTH - CONE DA

DEPTH OF PENETRAT!ON

Figure 5. Depth of Penetration vs. Charge Length
(Reproduced from Figure 2, Reference 3)

The translated German documents indicate t!e following
relationship for varying cone diameter at coiistant charge
diameter.

100 For a 40 Cone of CoLatant
Liner Thickness of and
Constant| Charge Diameter

s ————— /

-l - /

g r,///,

o

L)

&

4 I 4 el S

151

&

v

[ =1 /

&
Cone Dia/Chg Dia 0.2 0.4 0.6 0.8
Cone Dia - mm 10 20 30 40

Figure 6. Depth of Penetration vs. Cone to Charge
Diameter Ratio. (Taken from Figure 7 of
Reference 16)
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Utilization of the maximum cone diameter is apparent from Figure 6;
however, for a fixed charged diameter beyond a certain cone size
improvement does not continue because a minimum width of explosive
layer is necessary, for the charge to function properly.

Another relationship found in the German documents is the
effect on penetration when varying charge diameter with constant
cone diameter.

N

Cone Diameters

100 Curve for] most fave¢rable liner
thickness
;
e
o
ol
®
| ¥
§ \
)
o
50
Chg Dia/Cone Dia 1.25 1.5 1.75 2.0 2.25 2.5
Charge Dia-mm 50 60 70 80 90 100

Figure 7. Effect of Charge to Cone Diameter Ratio on
Charge Penetration . (From Figure 9 of
Reference 16)

It should be noted from Figure 7, that a decrease in penetration
effect takes place at constant cone diameter, with increasing
charge diameter, despite the larger amount of explosive used. This
1s explained by the fact that, at the larger charge diameters, the
difference in particle velocities of the jet and the jet length
decrease.

For reasonable charge designs, if the cone diameter is
increased and the other dimensions of the charge and the standoff

8=




changed proportionully, a corresponding increase in target
penetration will take place. Because such relstionships exist,
the various dimensions and the jet effect are usually described
in terms of the equivalent number of cone diameters.

Other factors, which influence the cavity effect, are the
booster size and external charge shap:. The booster must be
designed and placed such that the necessary detonation is
produced.

The shaping of the charge in the booster region is important,
as well as accurate axial symmetry. For example -- a charge type
(a) below is capable of producing a jet of greater penetrating
power per unit weight of explosive than a cylindrical charge (b)
with a length greater than the maximum effective length, L.

< L <

(a) Booster (b)
STANDOFF DISTANCE

The standoff distance at the time of functioning, to a large
extent determines the effectiveness of the shaped charge. The
minimum distance is governecd by the space required for formation
of the proper jet length before target attack. An excessive
standoff distance, conversely, permits breakup of the jet before
target penetration and consequently poorer performance. In the
following Figure 8, it can be seen that target penetration will
increase to a maximum generally between 0 and four cone diameters
depending upon the apex angle.

CONE O1AMETERS

14

INCHES

(9/ani

CORE DIAMETERS

4

SEPTH OF PENETRATION

L ]
-
[ J

¢ ' | ) 4 L
STANO.0PF N INCNHES

Figure 8. Standoff vs. Penetration (Reproduced from Figure 6,
Reference 3, for steel conical liners of 1-5/8"
diameter and various apex angles.)




Liner material characteristics will also alter standoff requirements
for constant cone dimensions as described in Figure 9.
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Figure 9. Standoff vs. Penetration by Material (Reprodvced from
Figure 8, Reference 3.)

It is obvious from this data that aluminum's physical
characteristics permit development of a longer jet, which requires
standoffs which are abnormally large for many military applications.
Most liner materials will provide maximum penetration at one to
three cone diameters for 45° angle cones.

For underwater applications of shaped charges the standoff
must be provided as an air space.

Figure 10 describes che relationship between the range
in water and the air space for various angle cones of different
materials that provide penetration of %" mild stcel targets.
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Figure 10. Air Space vs. Range (Reproduced from

Figure 9, Reference 3)

CONE ANGLE

The effect of cone angle on liner thickness requirements
has been discussed. Figure 11 describes the results contained
in translated German documents. Penetration falls off with
increasing cone angle using constant charge diameter, cone

diameter and standoff.

200 N Charge diiensious 5
Charge dig - 50mm
Cone di:i.| - 40mm
Standoff - 20mm A
g Liner thi¢kness- 2mm
c {3
2 100 \\\\\\\\h>
& Ty
5 2
&
0
S
- }1
20 40° 60° 89° 90°
Cone Angle

Figure 11. Effect of Cone Angle on Penetration
(From Figure 14 of Reference 16)
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In thig presentation, optimum standoff was not used for the
various cone angles tested. A family of curves, each describing
penetration at a particular standoff, would be required to describe

the effect of cone angle completely.

Available data from NAVORD Report 1248 (Reference 3) indicates
similar curves at various standoff values. It should be noted
that the curve is altered somewhat when the optimum standoff

for each cone angle is used.
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COME ANGLE (DEG.)
Figure 12. Cone Angle vs. Penetration by Standoff. (Repro-
duced from Figure 7, Reference 3.)
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ALIGNMENT AND CHARGE INACCURACIES

Serious impairment of jet formation and subsequent penetration
will result from any of the following:

Imperfections such as air bubbles near the base of
the liner.

Misalignment of more than 0.5° between the cone and
charge axes.

Cone elipticity of only 1.77% (10% drop in Penetration).

Foreign objects inadvertently located in explosive cavity,

=19




The following data were obtained by deliberate misalignment
of cone and charge axes or displacement of cone and charge axes:

TABLE 3 (Reference 9)

EFFECT OF AXES ALIGNMENT
OF
1-5/8"-44° CONES ON PENETRATION

Angle Between Penetration Depth Normal to Surface-Inches
Cone and Charge
Axes 6' Standoff 2" Standoff
0° 5.1 4.9
0.5° 3-5 - -
5.3
1.0° 2.3 ---
3.1
2.2
2.3
2.0° 4.9 4.5
3.3 3.3
3.3
4000 2-0 e
3.2
2 B
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EFFECT

TABLE &4 (Reference 9)

OF LATERAL CONE DISPLACEMENT

ON
PENETRATION

Lateral Displacement
of Cone Axis relative

Penetration Depth
Surface-1i

Normal to Target
ches

to Charge Axis 6" Standoff 2" Standoff

0 4.5 3.7

4.2 3.9
1/64 3.4 ——-
2/64 3.0 36

2.9 2.9
5/64 1.9 -—--

2.3 !
7464 1.5 =
9/64 Ziail o axt

2.1

CHARGE ROTATION

Tha rotation impar+ted to shaped charges to insure projectile
flight stability reduces the depth of jet penetration. The jet is
subjected to the same centrifugal forces as the projectile, which
results in reducing the density of the normally extremely small
diameter jet. The diameter extension at two rotational speeds
Thus the penatration efficiency may drop

is shown Ia Figure 13.
as much as 50% as seen

from Figure 1l4.
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Figure 13. Calculated profiles of the Jet at 50 u sec
after the Detonation wave had passed the
base of the liner a.d the equipment was
rotating at 150 and 300 rps (From Figure 2
of Reference 19)
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Figure 14. Ratio of the depth of Penetration by Rotating

Charge/ﬂepth of Penetration by unrotating
Charges at 7.62 cm standoff distance in mild
steel targets as a Function of the Speed of
Rotation of the Standard M9A1 Steel Liner
in ine Standard C.I.T. laboratory charge
(From Figure 1 of Reference 19)
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This sensitivity to rotation point: up the neced for a method
of spin compensation or use of non-rotating fin-stabilized
projectiles, such as the anti-tank rockets.

IMPACT ANGLE

The impact angle, 8, between the shaped charge axis and the
target surface will also alter the penetration normal to the target
surface. This can be described by the foilowing relarionship:

D =P sin ©
Where D = effective penetration
P = depth of penetration of jet
@ = angle between target and charge axis

Beyond a certain impact angie the depth of penetration is markedly
reduced and non-uniform from round to round. This variability
is due primarily to fuze action.

The following garalizations can be made concerning impact angle:

The critical angle varies for different type of
projecctiles.

The critical angle is greater for rotating thar for
non-rotating projectiles.

Th2 critical angle is greater for heavy projectiles
than for light projectiles.

CHARCE CONFINEMENT

The effect of charge confinement on liner wall thickness has
heen dascribad in Figure 2. In addition i< can bte said that ircreased
onfinerant does inzrease the hole dianeter and hole voluma; howevar,
the cor-espondirg problem of shrapnel must be considered alsc.

In many instancas the degree cof charge confinement depends
upon projectile requir=ments with some sacrifica of shapad charge
performance. Excessive confinement is necessary in artillery
proje:tiles because of the savere setbzck and rotational forces
ancounter«d during firing. On the contrary, minimal coanfinement is
generally vs=2” in rocket warheads, where excess w2ight must be
eliminsted and launching requirements co not demand rugged
conitrictiorn.
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GENERAL SCALING RELATIONS

As mentioned previously a linear relation exists for scaling
Using this concept, penetration
can be increased by increasing cone diameter, provided that the apex
angle is held constant and the charge diameter, length and

charges of the same cone shape.

confinement;
are each increased linearly.

Such a homologous family of shaped charges, as indicated

liner thickness, standoff;

and booster dimensions

in the following Table 5 will produce scaled penetratiorn depths

at scaled standoff distances.

TABLE 5

(From Reference 6)

RELATIONSHIP OF CHARGE AND CONE DIMENSIONS

FOR

42° COPPER CONES PROVIDING 6 CONE DIAMETERS

OF

PENETRATION INTO MILD STEEL

Scale Size

Dimensions 2 3 4 « Change
I
Standoff of 3 cone dia (in) 5.67 8.505 11.34 2.835
Penetration & 6 cone dia(in) 11.34 17.010 22.68 5.670
Cone diameter - inc s 1.89 2.835 3.78 0,945
Conc wall thickne  inches 0.070 0.105 0.140 0.035
Theoretical Altitude 2.6618] 3.6927 4.9236 1.2309
Measured cone mass (gms) 82.53 {278.8 662.9 || =-=---
Charge length-inches 3.271 4.89 6.525 1.627
Charge diameter-inches 1.892 2.837 3.782 0.946
Charge casing wall thickness(in) 0.237 0.35" 0,472 0.117
Boos-erdretryl pellet dia-in. 0.683 1.042 1.378 || ===--
Tetryl pellet length-ind 0.455 0.683 0.912 0.223

A number of aids for scaling shaped charges have been evolved based
upon the relationships already discussed.

These are presented for

specific target materials and usuaily for particular types of cone

metal.,

==




The German documents established a form for scaling up a

40° angle conical shaped charge. By choosing a desired penetvration,

the standoff, charge diameter, cone diameter and liner thickness
are specified.
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Figure 15. Design Graph for Scaling of 40° C'nical Shaped
Charges (From Figure 6 of Reference 16)

For example, if it is desired to penetrate 200mm with a 40°

conical charge, the following cone dimensions should be used:

Charge diameter - 75mm

Cone diameter - 60mm
Liner Thickness - 3mm
Standoff - 30mm

Another German scaling law for 30° cones was drawn up using

the cone diameter for some relationships.
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A design nomograph for perforation of homogeneous armor has
been developed from performance records of actual weapons.
in this presentation are provisions for adjustment of penetration
effects due to rotation and charge to target inclination.
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CRAMPLE: At normel incidence, sn NEAT 105em M67 having a muzzle velocity of 950 ft/s:c end ¢ twlet of | 1a 20 will per-
forets skevt 5 snof ermor. o8 ehown by the index |ines. At 300, the performance will be about 5 x 0.87 © ¥.J in.

PEAFMANCE OF PARTICULAR WEAPONS:

Thickness of Armer
Perforeted, in
(nermal 1ncidense

Veapon

The nomogres glves thickness of homogeneoua ermor perforeted by Nunroe jete
from cone-end hollow charge projected weapons.The underlying empiricel eque
tion, deduced from perforeance records on ectuel weepons le

.8p d
A 1 2L P
snfa/a)

where find) = 1.0, 0.69, ¢.57, 0.48, for nd = 0, 300.600,900
respectively. /vee notstion on aemogrom. }

r.h.5.¢

Fectors such ee thicknese end materlel of 1inzr, type and denerty of explo-
slve, confinemant of cherge, etend-off distence, etc. ere not included in
the reletion, sithough chengss in these quentitior ere reaponsible for some
verletion In observed rasulte. With the empiricel relation uvaed, scatter In
the deta praciudes saking o ¢lstinction betwean depth of penetration in mape
slve plate end thrchnesr of plete perforated. Thus the prasant reletionwill
be useful In estimating performance of any weapon deslgnes eccording torea-
soneble ersctice, dut should Se considered 8 rough guide to be used only In
the sbeence of experimentsl dete.

flaelc dete eramelnlyfor projectiles Maving steel Viners and filled Cyclo-
tol or Pentolite. Explosives cosbining high power with high rate of detons-
tion give greetsst terget damege. As tM equetion above shows, roteted pro-
Joctilen gonorelly form shallowar creters; however, these ere Vikely to be
wider then the creters dve to stetic detonetion.
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Figure 17.

Penetration of Homogeaeous Armor by Weapons
with Cone-End Charges (Reproduced from
Figure 15 of Referance 3)
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For information and comparison with the data given for steel,
some additional graphs follow, which present the penetrations into
concrete and permafrost.
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w s WEIGHT OF EXPLOSIVE ,peunds

The graph shows depth of penetration prodwced In concrete by a cone-end charge placed wiih axis per-
pendicular to the slab face. The mean line was determined by a least squares reduction; shaded bane
includes values 201 adove and bulow mean,

fecavse of scabbingonrear face (see inset sketches perforation often resvits even when slab thick-
ness 13 greater than the penetration depth that would resvit in massive concrete.

TYPE OF CXPLOSIVE: (ffects are nst greetly dependent on explosive type providec charge s thoroughly
cospact and adequately primed.

BEST - THT/ROX Plastic M,E, GOOD - Pentolite Nobel 808 POOR - 60/40 Amatol
TutT/PETH Cycloto! ™1 Picric Acid P. A, G,
IMT/CE P.E, Lyddite Tetryto!l

CONE LINING: Oependznce on saterial and thicknuess is not great,
Materials: BEST - Pressed stcel. Fformr large slug which may stick in hole, especially «f cone
angle is less than about 70°; say thus impair Insertion of dimolition charge,
G600 - Glass. MNole somewhat shallower bt of isrger voleme than with steel, Lasa
debris is left in hole., Cast brass and cast sanganese bronze also good.
Thickness: Variows thicknessas vsed., {Exparlments indicateoptime valueof about 0.1 inch {steel)
{or a charge of b-inch disseter, and welghing sppronisately 10 ibds,

CONE ANGLE: Mot extremely critical, but 60° to 20° wovally adopted.

LENGTH-0VAMETER RATIO: VYalues of W/0 (see sketches) between § and | ere recosmendsd,

STANO-OFF OISTANCE: The cotimus stend-off, S, eppeers te be between about g and 1§ diameters.,

CONCRETE STRENGTK: In general, slightly lerger but net deeper holes resvlt In softer cencrete.

PILLAOX TESTS: Trisls indicete that o 75-1k charge will defeat & 8-ft. thick pllilbos wall and throw
scab capadlie of lethel or Incepecitating effecte on eny occupents.

SAYA FRON CAPCAMENYS OV VS INMEEA DOARS AN9 OV SMVISN BHNSTEY OF SUPMLY

Figure 18. Penetration of Concrete by Detonation of Cone-
End Charges (Reproduced from Page 20 of
Reference 3)
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