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SECTION 1
INTRODUCTION

Conceptually, a barrier weapon system consisting of a
warhead that could deliver a large number of projectiles at
ve 'y high velocities would be an extremely effective method of
defeating armored vehicles such as tanks and personnel carriers.
Assuming that the projectiles could be adequately dispersed, the
principal advantage of such a warhead would be the larger
target area that could be covered with one warhead. Since the
energy required to launch projectiles to a given velocity is a
direct function of the projectile mass, twenty times as many
S5-gram projectiles could be launched to a specific velocity as

a single 100-gram projectile. Thus, for a given launcher weight

and volume, a much larger area could be controlled by the use ;%
of a number of smaller projectiles. Furthermore, the hyper- o
velocity projectiles would not be required to penetrate the i§
armored vehicles since the lethality of the fragments spalled %“

from the rear surface of the armor would be expected to
neutralize the soft components inside the vehicle. For example,
projectiles of 1 to 5 grams with velocities in the neighborhood
of 10 km/sec would cause spallation on l-inch armor plate
currently in use. Of course, one of the most critical items in
such a weapon is a launcher that is sufficiently portable and
compact that it may be delivered ballistically and that is also
adequate to launch a number of small projectiles to the high
velocities that would be required.

Most launching systems
capable of accelerating integral projectiles to 10 km/sec are

too massive to be weaponized. However, an explosively~driven
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launcher (References 1-7) capable of launching multiple 1- to !

5-gram projectiles to 10 km/sec showed promise of weaponization.

The objectives of the six-month program reported here were:
(1) to demonstrate the ability of an explosive driver to
launch a projectile to 9 to 10 km/sec within a total length of

1 meter and, (2) to determine the feasibility of launching
multiple projectiles using the above launcher.
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The first objective was accomplished by launching approxi-
mately 25 gsvojectiles to greater than 9 km/sec. Although the

launching of intact multiple projectiles was not achieved, such
a goal is believed achievable.
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SECTION 2
BACKGROUND
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The program perxformed was a feasibility study to evaluate
the possibility of developing an explosive driver hypervelocity

launcher capable vi launching simultaneously many small pro-
jectiles to velocities of 10 km/sec.

Pyl

Any feasible launcher
developed must be capabie of being incorporated into a weapon

S

system. To design a launcher system effectively, its ultimate
usage must be kept in mind:

armored vehicle tarqgets.

generation of rear surface spall on
The following subsections present
background information concerning the constraints placed on the

launcher, rear surface spall phenomena, and the explosive |
driver concept.
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2.1 CONCEPTUAL SYSTEM CONSTRAINTS

=

The parameters shown in Table 1 define goals for a con-
ceptual system (Reference 8). MNote that the restrictions
placed upon the feasibility study parameters are, in most

cases, significantly relaxed from the conceptual system
constraints.
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TABLE I

HYPERVELOCITY LAUNCHER PERFORMANCE

Item

Impeller mass

Total warhead length
(include acceleration
portion)

Impeller diameter

Environment

Projectile flignht
distance

No. projectiles per
warhead

Mass of individual
projectile

Density of individual
projectile

Projectile aerodynamic
drag coefficient

Projectile ejection
velocity

Impact velocity

Ejection half angle
(with respect to
warhead axis)
Prime target: steel
armor

as

Conceptual
System Parameters

PARAMETERS

Feasibility
Progiram Parameters

2~50 kgm

Less than 1 meter
Less than 40 cm

Ground level Atm.
10-100 meters
20-1000

0.5-5 gm

0.7-20 gm/cm>
Less than 0.2
6-10 km/sec

5-8 km/sec
15°-40°

1.5-6 cm thick

- ol Lz 2 o 2k 2" el ooy MR ET AT,
N P N L T P W AR P 2 LT R Pagw, LIS F 2 LI e ol b g ey i

Less than 10 kgm

No restriction
No restriction

No restriction
No restriction
1-10

1l gm

To ke deternined
No restriction
9-10 km/sec

No restriction
15°-20°

No restriction
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Explosive drivers have been used in the past to launch
single projectiles of different shapes to velocities of up to
12 km/sec. However, these launcher systems were considerably
longer than the l-meter length required for the conceptual
gystem given in Table I. These launcher svstems were neces-
sarily long to have sufficient launcher gas mass without
correspondinyly high reservoir pressures.* Therefore, once a
required system volume, length, and diameter are set and the
areal density of the projectile is given, the minimum required
reservoir or initial projectile base pressure is fixed. Any
relaxation of the warhead length for a feasibility study would
represent a reduction in the reservoir pressure and, therefore,
failure to establish operational feasibility at the required
system pressure.

The launcher system to be developed would therefore have
the following restrictions: length--1 meter; diameter--
less than 40 cm; muzzle velocity--9 to 10 km/sec. All of the
tests would be conducted at range pressures of 1 atmosphere and
in air. By adhering to these constraints, the feasibility of
developing a weaponizable system for launching multiple hyper-

velocity projectiles could best be cvaluated.

* - (3 I3
The final gas pressure in the reservoir is proportional to the

initial gas density and the square of the explosive detonation
velocity.
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2.2 MECHANICS OF REAR SURFACE SPALL INDUCED BY PROJECTILE
IMPACT

The impact of a high velocity projectile upon a slab of
material results in a compressive stress pulse in the target
that propagates away from tha point nf impact. This stress
pulse contains most of the momentum carried by the projectile
prior to the impact. When this compressive pulse encounters a
free surface, it reflects and produces teunsion near the surface;
if the cohesive strength of the material is exceeded, fracture
occurs, and some ox all of the momentum of the stress pulse is
carried off in the resulting fragments of the material. This
process of dynamic fracture by raflection of a compressive
stress pulse at a free boundary js termed "spall.”

The character and depth of the spall are greatly influenced

by the amplitude, shape, and spatial width of the compressive

stress pulse. These factors are, in turn, dependent upon the

size, velocity, and composition of the projectile, and the
material properties of the target.

To illustrate how the nature of the compressive pulse

influences the characteristics of spall, let us consider two

simple cases. First assume a rectangular elastic pulse, as in
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Figure 1, with amplitude Ot moving toward a free surface at
Xy For this discussion stress will be treated as fositive in
compression. The material contaired within the pulse is moving
1oward X with a velocity vy = oo/pc, where p and c are the
density and sound speed of the mate -ial (Figure 1).
the naterial is at rest.

il e ianm 2

Elsewhere,
When the loading portion of the

ke free rear surface, it reflects and becomes an
untaadi-g wave, relieving the stress in the material ahead of

it L» a stvescs~-free state, but in the process increasing its

Ve WA eV

rulse meal .

i oo s
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% suirfyient to produce fracture, spall will occur, and the ;
% mater:ul to the right of the failure location will move off 7
§ with velocity somewhat less than 2vo, leaving the material
g behind at rest, and with both portions stress free (or nearly so).
¥
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‘relocity by a factor of two (Figure 2). As the right-goirg and

" rfr-going unloading waves cross, they each enter unstressed

ne .2rial. Each wave reduces the magnitude of the stress in

the wnaterial akead of it by an amount Ogr 50 @ tensile stress of
=<5 is produce:d as in Figure 3.

‘1 cke magnitude of the tensilc scress at this point is

(a) Stress versus distance

Figure 1 Rectangular stress pulse prior to interaction with
free surface at Xe
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(b) Particle velocity versus distance
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v Figure 2 Rectangular stress pulse reflecting from a free :
i} surface prior to ‘the onset of tension. ;
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(a) Stress versus distance (b) Particle velocity versus distance
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; Figure 3 Onset of tension for a reflected rectangular stri:ss

: pulse.
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Note that the initial tension (and hence failure) develops at a
distance from the free surface equal to half the spatial width
of the incident compressive stress pulse. If no fracture
occurs, the right-going unloading wave reflects from the free
surface and becomes a left-~going loading wave that increases the
negative stress (tension) to an unstressed lavel (Figure 4).

Next, consider a triangular compressive stress pulse, as in
Figure 5. The development of the tension is somewhat easier to
visualize in this case by construction of a virtual reflected
pulse that becomes real as it enters the material. The stress
at each instant is then the superposition of the portions of the
two puldes that lie within the material. The stress state at a
later time~-when the reflected pulse enters the material--jis
shown in Figure 6. Note that the largest tension at each
instant results From the superposition of the peak of the left-

]
i
2.

&
A%

0

PR EY

T

gﬁ going wave with successive portions of the right-going wave,

i; Since the right-going wave is compressive, it always acts to

;;‘ reduce the tension. Once the left-going wave passes the last
o

2 ?,\.\’\
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{a) Stress versus distance (b) Particle velocity versus distance e
of,

Figure 4 Stress pulse after complete reflection by a free
surface at X«
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Figure 5 Triangular stress pulse prior to interaction with free
surface at Xqe
0
ooj Real pulses-—->‘<—-'V1rtua1 pulses
l
:
/ P > X
Resultant x° <_'_/
stress ,/
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Figure 6 Onset of tension for a reflected triangular stress
pulse.
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portion of the right-going wave, no further increase in tension

occurs. Since both waves are moving with the same speed (or nearly
50, even when non-linear materials are encountered) in the

absence of spall, the peak tension is again developed at a

distance from the free surface equal to half the spatial width

of the incident stress pulse.

Now let us consider how the spall process develops when the
nea stress for a triangular pulse is large compared to the
vpval’ strength of the material. 1If, for instance, a spall plane
suddenly formed at the point of peak tension at the time
illustrated in Figure 6, a new free surface would be created
there; no tension would remain in the material, but the
remaining material would still contain a right-going compressive
pulse that would reflect from the new free surface and hence
develop additional tension (Figure 7). The process of the
buildup of tension and spall then occurs repeatedly until the
leading edge of the reflectec pulse passes the trailing edge of
the incident pulse, and no further tensile stress increases
occur,

A Real pulses ->l<—virtua1 pulses

% T Unreflected incident
pulse remaining after
P spall

”~ xo

1

e

L ew virtual reflected stress pulse

-

\
+

- X
//

-qur
ew free surtace

Figure 7 Stress pulse (real and virtual} for remaining material
after spall has occurred.
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A few generalizat.ons can be made from these simplified :
analyses. The maximum depth of spall will not exceed half of §
the spatial width of the incident stress pulse. For a ;
triangular pulse with a peak that greatly exceeds the spall
strength, multiple spalls will occur and will probably produce a
spray of very fine fragments. A more rectangular (flat-~topped)
stress pulse will produce fewer spall layers and will lead to
comparatively large spall fragments. (For an introduction to
stress wave effects, see References 9 to 1l. More advanced
treatments are found in References 12 and 13.) ;

e et T

The impact conditions (i.e., projectile size, geometric
configuration and velocity) will establish the initial amplitude
and duration (and hence spatial width) of the compressive
stress pulse. The material properties of the target will -
affect the form of the pulse as it propagates toward the free
rear surface, especially if the pulse must travel a large
distance compared to its width. For many materials impacted to
high stress levels, the decrease in compressibility with
increasing pressure causes the stress pulse tc become roughly
triangular after propagation. However, the ;ressure~induced
phase transition that occurs in iron and mild carbon steels at
around 150 kbar leads to rarefaction shock upon unloading,
which, in turn, causes a nearly flat-topped stress pulse to
develop. Consequently, the character of the spall fragments in
these materials may be quite different than that in materials in
which no phase changes are produced.

[ P P TRCAY
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R

Typicel armors used in combat vehicles (iron base
armors) undergo this phase transition arourd 150 kbar. The
unloading shock caused by this phenomenon, when subjected to
projectile impact, leads to the creation of rear surface
spall fragments. The goal of the program being conducted is
to study the feasibility ot a launcher capable of accelerating
multiple projectiles to hypervelocities that, when impacting
armored vehicles, would utilize this rear surface spall
mechanism to neutralize "soft components" within the vehicle.
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2.3 THEORY AND OPERATION OF THE LINEAR EXPLOSIVE DRIVER

The linear explosive driver represents a technique whereby
a substantial portion of the chemical energy of an explosive is
converted in a controlled manner to the kinetic and internal
energy of a gas. Basically, the energy densities in the gas are
produced by a strong shock generated by the progressive collapse
of a tube. The collapse of the tube is such that it may be
represented as a piston propagating into a gas. The model used
to describe the ideal operation of the driver is quite similar
to that used to explain the basic discontinuous motion produced
by a piston in one-dimensional gasdynamics.
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The operational characteristics of the linear explosive
driver are shown in Figure 8. A thin-walled metal tube (the
pressure tube) containing the driver gas is surrounded by a
chemical explosive. After a detonation is initiated in the
explosive, a detonation wave propagates in the explosive along
the outside of the metal tube. The pressure behind the detona-
tion wave accelerates the tube wall in toward the axis, sealing
the tube and forming a conical-shaped piston (Figure 8b). The
velocity of the piston is equal to the detonation velocity of
the explosive (D). The motion of this piston generates a strong
shock wave in the stationary column of the cériver gas. 1If the
gas behaves ideally (i.e., the ratio of the specific heats, v,
of the gas is constant), then the velocity of the shock wave, S,
is (y + 1) D/2. The position-time histories of the piston and
shock wtave are shown in Fiqure 8c for an ideal driver gas

(y = 5/3). These trajectories are presented in the dimension- 5
less coordinates:
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where x and t are the distance and time after the shock wave
begins to move ahead of the detonation wave, d is ithe internal
diameter of the pressure tube, and D is the detonation velocity
of the explosive. The use of these coordinates facilitates the
comparison of drivers having pressure tubes cf different dimen-
sions or utilizing explosives with different detonation veloci-~
ties. It should be noted that in this coordinate system all
slopes are normalized with respect to the detonation vélocity of
the explosive. For example, in Figure 8¢ the trajectory of the
detonation wave has a slope of unity, while that cf the shock
wave has a slope of four-thirds:

S _y+1 5
(5'1-2—""1”5)

The thermodynamic state of the shocked gas (subscripts 1)
is described ‘by the following relations:

1
H

. = Y+ 1) 52
Pressure: Pl = Py ( 3 ) D (1)
T p -
Temperature: Tl = g 9 (1—5—5) 02 (2)
o
. . _I+1
Density: Py = {y7=T1)% (3)

Sound speed: a, = vm—;—})— D (4)

where Por Po’ and To are the initial density, pressure, and
‘ temperature of the unshocked gas.

These relations assume that
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the initial pressure in the unshocked gas is quite small com-
pared to the corresponding quantities in the shocked gas. It is
noted that, for a given ideal gas, the magnitude of each of
these properties, except density, is a function of the piston
velocity {detonation velocity).
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Using the ideal theory for reflection of a strong shock
from a rigid wall, the gasdynamic conaitions in the reservoir :
may be calculated. The pressure, temperature, and sound speed,
for example, are found from the relaticns:

S dan I SO L OIS 2

O3y =1 _ 3y -1\ [y +1 2 %

F27y+ Pl‘(y-l)(z)“o" (3) %

0
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The performance of linear explosive drivers has been demon-
strated over a wide range of experimental parameters. Internal
diameters of pressure tubes made of copper, steel, lead, and
aluminum have ranged from 1/4 inch to 16 inches; high-explosive
weight has ranged from 27 grams to 2200 pounrds; the explosive-
to-pressure tube mass ratio has been varied from 0.5 to 10;
driver gases have included helium, air, argon, and hydrogen; the
initial pressure of the driver has‘been varied from 15 to 2450
1 psi; and the detonation velocitiss of the explosives uced
(liquid and solid) have ranged Letween 5.5 km/sec and 8.6
km/sec. While some of these tesits have been one of a kind, the
majority were essential to comprehensive experimental
a particular explosive driver cesign.
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Although the performance of many of the drivers adheres
closely to the ideal predictions, certain departures may occur.
Four phenomena have been incorporated in a model cf explosive
driver operation to account for observed departures from the
ideal driver performance described above. They are (1) radial
expansion of the pressure tube behind the shock wave, (2) decom-
position or predetonation of the driver explosive during the
period of Lressure tube expansion, (3) the effect of boundary-
layer growth behind the shock wave, and (4) formation of a
metal, gas, or metal-gas jet by the collapsing pressure tube.
These phenomena are inter-related through the kinetics produced
by the imploding pressure tub2. Their interdependence is such
that changes in driver behavior resulting from certain experi-~
mental parameter changes cannot be attributed solely to a
particular phenomenon. However, the ability of the model to
explain, predict, and control the behavior of explosive
drivers justifies the categorization of these phenomena. A
detailed discussion of these four phenomena is presented in
References 1 throuch 4 and 14.

In a typical gun design the explosive driver is coupled to
the barrel of the gun by a massive steel reservoir section.
Materials used to form the reservoir section during the
course of launcher development included lead, steel, concrete,
and explosive. Guns have been operated in both the chambraged
and unchambraged mode. When the strong shock generated by the
explosive driver reaches the chambrage plane (or projectile
location in an unchambraged gun), it reflects and forms a
reserveir of very high enthalpy gas. The reservoir of gas is
then expanded to accelerate the projectile, as illustrated in
the example of a chambraged qun in Figure 9.
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For launcher applications the length of shocked gas
generated by the explosive driver is usually limited to less
than 10 tube diameters to preclude *ie major effects of boundacy-
layer growth or pressure tube expansion. The jetting of the col-
lapsing pressure tube that forms the piston is usually neg-
ligible in launcher applications hecause of the high gas
pressures.
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cXPERIMENTAL PROGRAM

The program, as cosnceived, was essentially an experimental
program desigred to provide sufficient information to evaluate
the feasibility of the successful development of a multiple pro-
jectile hypervelocity launcher utilizing explosive drivers. In
this role the program was structured as a "cut-and-try" evolu-
tion of possible launcher designs. Successful features ot launchers
were incorporated into subsequent designs,and features deemed %o
be disadvantageous were replaced@ with more probabie designs.
Throughout the program the design of the launcher system was
aided by computational analysiu. This computational effort
vielded insight into the design of the very hig® pressure
explosive driver system, und, after the successful development
of this driver, aided .in attempts to evolve a launch rycle
carable of accelerating intact projectiles to the required
10 km/sec.

In tne following section the rationale for t“e original
design parameters of the launcher system will be developed.
The results of the testing program on actual launcher hardware
will then be presented.

3.1 INITIAL DESIGN OF LAUNCHER SYSTEM
Past attempts to launch individual projectiles to

hypervelocities have been more successful with prcjectiles
constructed of an alloy of magnesium and lithium, or

21
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Maglith. This metal has a density of 1.39 qm/cm3 and a yield
strength of about 20,000 PSI. It was decided in the initial
conceptualization of the launcher that Maglith projectiles
would be used for this feasibility study also.

A l-gram sphere of Maglith has a diameter of 1.1l cn.
Allowing for an additional ¢.15 cm thickness of Maglith for
a sabot, the areal density of the launch package would be
2.0 gm/cmz. The areal density was thus fixed for the program.
Even if projectile materials werc changed, the overall areal
density of the projectile/sabot package would have to remain
the same. If the areal density were to increase, a longer
barrel would be needed to accelerate the assenbly to a given
velocity with the same pressure on the base of the projectile.
Figure 10 is an example of a projectile/sabot assembly suitable
for launching multiple projectiles from one barrel while main-
taining a relatively low areal density.

Before one can launch a projectile/sabot assembly such as
#llustrated in Figure 10, one must first be able to launch a flat
plate of areal density equal to 2.0 gm/cmz. To reach the final
velocity for which a launcher system is designed, the projectile
must be intact throughout the launch cycle. If the projectile,
or a projectile/sabot assembly, breaks up during the launch
cycle, then the velocity would be less than that achieved by
an intact projectile. It is obvious that if the projectile/
sabot assembly were to break up in the barrel, the integrity

and velocity of the individual projectiles would be questionable
at best.

An overall length of about 1 meter was selected as the
basic requirement for the driver and barrel system. Basic physi-
cal principles show that very high pressures would be required
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Figure 10 Possible projectile-sabot assembly and launch sequence.
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to launch projectiles to 10 km/scc¢ in such short lengths. Since
the 1 meter length included both the explosive driver section

and the barrel length required to reach 10 km/sec, the necessity
of high chamber pressure iy even more clear.
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Experience wich the explosive driver has shown that the
most effective method of creating ané containing very high

NG
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pressure gases is through the use of a lincar explosive driver.
Alternate explosive driver techniques, such as an inverted
driver system, were considered but were rejected on the basis

of the very high base pressures that must be generated and
contained.
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For design purposes it was assumed that the launch cycle
could be approximated by the launch cycle calculated in “The
Theory of High Speed Guns," by A. Siegel (Reference 15).
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Past
experience with explosive driver guns has shown this approxima-

SEEE N

tion to be relatively accurate; some inherent system losses are

overcome by the collapse of the reservoir from external, high
explosive tamping..
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In the design calculations, the configuration of the
launcher is assumed to be that of Figure 1l1.

SAS

A closed
breech was assumed wiich contained a static gas of mass (G),

2

Tt

o

B it

an initial pressure of (Pz), 2nd an initial sound speed of (a2).

25 the gas expands, it accelerates a piston of mass (M) and
area (A).

RN

The assumption made in the gas dynamics cycle is

that the pressure (F) of any element of gas during the expansion
can be given by

P =P, (VZ/V)Y
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where

V2 is the initial rolume of that gas element

s v

1
L5

V is the expanded volume of that gas element

BT R Garate.)

vy is the ratio ofi specific heats for the gas and is
assumed to be constant (for helium, y = 5/3).

T AT

Figure 11 shows the curves (from Reference 15) which relate
the projectile velocity (Up) and the required barrel length
(xp) when the above parameters arc known. Perusal of these
curves indicates that high projectile velocities are facilitated
by having as high a sound speed as pcssible in the gas. This
sound speed is proportional to the detonatiun velocity of the
explosive in the driver (see Equation 7, Sectisn 2.3). For the
system design, therefore, it was assumed that tne explosive used '
would be similar to an HMX-based plastic bonded explosive (PBX)
of the type developed and used by the Atomic Energy Commission.
A typical detonation velocity of these explosives is 8.5 km/sec
with a density of 1.87 gm/cc.
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In the geometry of Fiqgure 9, it is assumed that the gas
from the driver stagnates when the shock impacts and reflects
from the projectile/sabot assembly. Under this assumption, the
conditions of the gas can be calculated to a close approxima-
. tion. After trial and error it was decided that a 25-kbar driver
should be used; i.e., the gas behind the initial shock wave is at a

pressure of (Pl) of 25 kbar. The stagnated pressure (Pz) would
be (from Equation %):
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P2 = 6Pl = 150 kbar
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The sound speed in the stagnated helium would he (from

Equation 7)

a, = 9.8 km/sec

As previously stated M/A was fixed at 2.0 gm/cmz. Reference to
Figure 11 shows that a projectile velocity of 9 km/sec (i.e.,
Up/a2 = 0.92) can be achieved with G/M ratio of 1. Then from
Figure 11, the barrel length was determined to be

a
= My 2 _
xp = 1.7 (A) Pz = 22 cm

The initial gas density required in the pressure tube (po)
of a 25 kbar driver can be obtained from the Equation 1l:
2p

= —— . = 0.026 gm/cc

p
©  (y+1)p?

The required areal density of the gas (ag) for a given gas mass
to projectile mass ratio is

- (G = - 2
69 = (M) Gp (1.0)(2.0) 2.0 gm/cm
The initial length of driver gas (lg) is then

S
[ =:_g.= 77 cm
9 fo

The combined length of barrel and driver is then 99 cm,
which is just within the specification of 1 mweter overall
length. The length could have been shortened by using a higher
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pressure driver. It was felt, however, that the launching pres-
sures should be kept as low as possible to insure the integrity
of the projectiles during the launch cycle. Additionally, a
pressure of 2100 PSI is required to obtain 0.026 gm/cm3 helium
density. This pressure is almost the limit that can be obtained
from conventional gas bottles.

A word is in order concerning the temperature of the helium
gas and the assumption of a known and constant y. Figure 12

shows the calculated temperature and the degree of ionization at
various pressures for helium gas which is first shocked in an
explosive driver and then stagnated. This calculation comes
from the Saha equation (Reference 16). Temperatures are

shown assuming both nitromethane and PBX to be the driver

"

Ak,

explosive, At these temperatures ablation and radiation effects
upon the projectile can probably be neglected. 'Many projectiles
of plastic and metal have been launched at Physics International
by helium at this temperature. Flash radiographs of the pro-
jectiles have shown nc detectalble ablation of the prejectile due
to the launching gas.

Fro.. these calculations, the basic driver and launcher
parameters were defined and shown to be feasible. An explosive
driver that generated a 25-kbar incident shock in helium gas was
required to launch a projectile with an areal density of 2.0
gm/cmz. To achieve these pressures, an explosive with a detona-
tion velocity of 8.5 cm/usec would be used, with the helium gas
at an initial pressure of 2100 psi. The length of driver
required to yield a G/M = 1 would be 77 cm, and the barrel for
accelerating the projectile would be 22 cm in length.
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With these basic parameters and reguirements in mind, the
experimental program was begun. Since a 25 Kkbar driver had :
never been built before, this was a totally new regime in which
to experiment., Reference was made to previous drivers which had
achieved 15-kbar incident shocks, and from the results obtained
in these tests, inferences were made about the necessary
features of a 25~kbar driver.

3.2 LAUNCHER DEVELOPMENT AND TESTING

Eight experiments were conducted in this program over a
period of six months. Three of these experiments were attempts
to launch multiple projectiles. The other shots were attempts
to launch intact flat-plate projectiles to hypervelocities.
These flat plate projectiles simulated possible projectile/sabot
assemblies that would launch multiple projectiles from a single
barrel. Each of these shots will be discussed in the following
section., Table 2 is a summary of the shots conducte’: and the
results of the experiment.

The first test conducted in the program was desigred to be
a checkout of the explosive driver configuration to be used in
the later phases of the program. An aluminum disk, 4.14 cm in
diameter and 0.74 cm thick, was used to simulate a seven-pro-
jectile sabot assembly to be utilized in later experiments. The
thickness of the disk was adjusted to yield an areal density
equivalent to the anticipated projectile/sabot assembly.

Since working with a liquid explosive is simpler than hand
packing a plastic explosive, nitromethane was chosen for the
driver explosive in the first shot. The detonation velocity
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TABLE II SUMMARY

Explosive briver Characteristics

o

Resultant
Observed Ohscrved Incident
Detonazion Shock Shock Initial Nunber
) Velocity Velocity Pressure Driver Pressure Projectile of
Shot Bigh Explosive {cm/vsec) {cm/usee) (kbar) Gasn {atm) Mate-ial Projectiles
Blunderbuss Nitromethane 0.73 0.78 i1.8 Helium 150 Aluminum 1
-1
Blunderbussg Composition 0.917 1.055 19.8 Hielium 143 Aluminum 1
-2 c-4
Blunderbuss Composition 0.526 1.10 21.5 Helium 143 Aluxinum 1
-3 C-4
Blunderbuss Composition 0.92 1.01 ig.1 Helium 143 Nylon 2
~4 c-4 Aluminun 3
Steel 2
Blunderbuss Composition 0.921 1.042 19.3 Helium 143 Maglith 1
-5 C-4
Blunderbuss Nitromethane 0.675 Data Not Helium 64 Maglith 4
-6 inconclusive retrievable
Designed to Aluminum 4
be 6.45
Nylon 4
Blunderbuss Composition 0.916 1.11 21.9 Helium 143 Maylith 1
-7 C-4
Blunderbuss Composition 0.907 1.01 18.2 Helium 143 Maglith 7
-8 Cc-4 Sabot also
of Maglith
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|SUMMARY OF EXPERIMENTAL RESULTS '
0 X
% k)
Frojectile Characteristics Target Characteristics ’
& K
% Projectile Observed
¢ Number Barrel Number Launch Projectile
il of Diam Thicknaess Mass Length of Velocity Condition
&!EEJ&ES{IGS {cm) {cm) (gm) (cm) Barrels (cm/ysec) Down-Range Target Damage
) 1 4.4 0.74 26.9 20.0 1 0.65 Edge of projectile None N/A
¥ sheared off.
3 Projectile warped in
5 flash X-rays
3 ! 3.84 0.74 23.1 20.1 1 Fragments Broken up severely 1 inch thick Punched
0.848 arcund edges armor plate S cm dia hole
Main body X~rays do not clearly through plate
0.71 show main body of with severe
projectile rear surface spall
3.94 0.74 24.4 20.0 1 Fastest Completely broken up 1 inch thick Virtually
Frdagment into many small armor plate no damage
G.91 fragments and some
large larger fragments
Fragwents
0.31
.44 1.75 3.2% 18.3 2 Pastest All projectiles broke 1 inch thick Virtually
1.44 0.74 3.25% 18.3 3 Fragment up armor plate no damage
1.44 0.257 3.26 18.3 2 0.6
3.73 1.43 21.9 25.4 1 0.999 Relatively intact 1 inch thick Severe damage
edges appear to have armor plate S cm dia hole
been broken with much
rear surface
spall
1.27 1.43 2.54 100 4 0.479 Intact 1% inch thick Al & Mg~Li-cratered
nax armar plate plate about
1.27 0.74 2.53 169 4 0.3%0 1.3" dia x 0.25" deep
max nylon did very
1.27 1.76 2.54 100 4 0.492 little damuge
max no spall froc
any impact
3.66 1.43 21,1 25.4 cn 1 0.953 Badly broken up into 2 one-inch Savere damage
plus 12,7 two large pieces and thick armor to first plate,
cm siotted many saaller plates with large spall
barrel separated by fragment thrown
extension one inch off. Nc damage
to second plate
1.0% 1.24 1.62 25.4 cm 1 0.849 Totally broken up. 1 inch thick Virtually
Sabot Sabot aach plus 12.7 Fragments burned up armor plate no Jdamage
diam thickness Totzl cm unslotted in atmosphere as they
3.73 1.43 21.9 barrel progressed down range
extension
31
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' required to yield a 25 kbar driver with a reasonable (2100 psi)
?i initial gas loading pressure is 0.85 cm/usec, however, nitro-
,E methane has a detonation velocity of only 0.625 cm/usec. To
s overcome this low detonation velocity, the phenomenon of
55 predetonation of nitromethane was to be used to increase the
ﬁ detonation velocity. Reference 14 discusses the mechanism of
e predetonation in nitromethane.
& As shown in Figure 13, a heavy steel tamper was placed
ﬁ' around the nitromethane. As the shock wave in the helium
~ "breaks out" in front of the detonation of the nitromethane, it
; sends a shock wave through the undetonated nitromethane. When
3 this shock reflects off the massive tamper, very high pressures
are generated. These would hopefully predetonate the nitro-
methane. Past experiments conducted at PI had shown such an
effect with drivers designed to yield 4 kbar shocked gas,
although the induction time for this effect to occur was

rather long. It was felt that since the experiment would
yield at least a 15 kbar shock (based on the 0.625 cm/usec
detonation velocity of nitromethane), the induction time
required for the predetonation of the explosive would be
considerably reduced.

TR N A et Pt N
g 0 T bl FEISTITH Y 4

Analysis of the shot data shows that the detonation
vaelocity of the nitromethane did, in fact, hegin to accelerate;
however, adverse effects from gas loss caused by incomplete
closure of the pressure tube prevented the eiplosive pre-

A initiation from accelerating to the detonaticn velocity
i required. Figure 14 is a plot of the detonation and helium gas
shock x~t history. Ion pins and cap pins were used in the
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Figure 14 Blunderbuss-1 x-t plot.
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diagnostics to observe the detonation and helium shock
trajectories. 1Icn pins are sinple cuaxial conductors with a
solid sheath that shorts out when the conductive ionized
detonation wave passes over them. <Cap pins, on the other hand,
are basically the same as ion pins with the addition of a

metal cap over the end of the conductor which is sensitive to
pressure and shorts out the coaxial conductor with the applica-
tion of pressure. A simple resistor-capacitor discharge circuit
operating at °00 volts ~ssures high signal levels from the pin
to the oscilloscope. Both ion and cap pins were located every

5 cm along the length of the pressure tube. Cap pins are
passed through the tamper and explosive and are in direct
physical contact with the pressure tube. Ion pins are passed
through the tamper and are in contact with the explosive (sce
Figure 15). Since tiae shock wave does not precede the detona-
tion wave until breekout, both pins react to the detonation wave
up to that point. The shock velocity achieved in this
experiment was 0.78 cm/usec, which yielded a 12-kbar driver.

The flat disk projectile was launched relatively intact to a
velocity of 0.62 cm/usec., This velocity is close to the

ideal velocity that would be achieved for a 12 kbar reservoir
pressure, based on Seigel's work. The fact that the projectile
was launched almost intact (a thin rim section of the disk was
sheared and was launched to slightly higher velocities) under a
12-kbar reservoir pressure was encouraging and pointed out that
the stresses generated by the launch cycle were not excessive in
terms of launching an intact but severely distcrted projectile.
Figure 16 it a flash radiograph showing the projectile in
flight.
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Radiograph of projectile in flight from

Blunderbuss-1.
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Blunderbuss~1l was unsuccessful, partially because the
predetonation phenomenon was not as pronounced as was hoped, and
partially because the collapse of the explosive driver pressure
tube was incomplete. Design review of the driver indicated that
the pressure tube-to-explosive mass ratio was on the borderline
of full collapse, and, from the results of the test, clearly on
the wrong side of the line. 7o aid in the further design of

the explosive driver, numerous hydrodynamic conmputer code
calculations were nonducted. Ihe results of these calculaticns
will be discussed in Section 4. The most important reason for
conducting these calculations was to aid in the predic.ion of
the pressure tube-to-explosive mass ratio that would insure
complete collapse of the driver pressure tube.

Since it appeared that even under very high pressures, the
predetonaticon of the nitromethane explosive would not increase
the Jdetonatinn velocity sufficiently to yield a 25-kbar
driver, it was decided that an explosive of a higher detonation
velocity should be utilized. Various explosives were con-
sidered, and Composition C~4 was selected as the candidate
expliosive.

The second shot of the program was again a driver checkout
shot. PFigure 17 is a drawing of the shot configuration. The
driver was designed to yield a 25-kbar incident shock in the
helium gas. The internal) pressure of the helium prior to the
shot was 2100 psi, which, when coupled with a detonation
velocity of 0.85 cm/usec, would yield a 25 kbar shock in the
gas. As in the first shot, the projectile to be launched was
an aluminum disk 0.74 cm thick bv 3.84 cm in diameter.
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In the first shot the edge of the projectile sheared off,
leading to partial breakup of the disk-like projectile, even
though the reservoir pressures obtained were significantly less
than the pressures required to achieve 10 km/sec muzzle
velocity. To eliminate this edge-shearing phenomenon in the
second shot, the disk-like projectile was designed as a
truncated cone, with the edges tapered at an 8 degree angle.
This taper would seat against a similar taper in the barrel
liner and would hold against the initial pressure of 2100 psi..

Previous experience using Composition C~-4 in explosive
driver systems has shown a tendency for the detonation
velocity of the C-4 to increase. This effect occurs due to
precompression of the explosive by the shock in the helium gas
that out-runs the detonation in the explosive. Thus, while the
standard detonation velocity of C-4 is 0.804 cm/usec, it was

PRI S A S

wa-vv‘:\\

oy
£

felt that the increase in detonation velocity due to precom-
pression would approach tiie 0.83 cm/usec required to achieve a
25 kbar driver. To insure that the pressure tube would ;
collapse, efficiencies and C/M ratios typical of previously 9%
tested high pressure drivers were used in this new driver
system. Additionally, the configuration of the driver system
was checked out on the 1-1/2 D ELK code that was assembled to
assist in the design of the drivers for this program. The
results of this calculation showed that the driver pressure tube
would indeed collapse completely.
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Examination of the results of this shst show some very
¢ interesting phenomena. 1Initially, the detonation velocity of
v the C-4 explosive was the expected 0.804 cm/psec. Howcver,
.- after breakout of the helium shock ahead of the detonation
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front, the detonation velocity of the C-4 increzased to 0.914
cm/usec due to the precompression of the high explosive. Fig-

ure 18 is an x-t plot of the driver for this shot. This increase
in detonation velocity was far above the expected increase and
added to the efficiency of the driver system. However, gas

losses due to bubble entrapment at the closure point of the collap-
sing pressure tube led to a final shock velocity of 1.055 cm/psec,
cr an incident shock pressure of 19.8 kbar. Figure 19 shows the
collapsed pressure tube, partially sectioned, releasing areas of
gas bubble entrapment in the collapsed tube. The bubble entrap-
ment is a manifestation of the growth of boundary layer gases

in the pressure tube.

The projectile was launched to a velocity of approximately
7 ki/sec; however, it was not an intact projectile. Examination
of the flash radiographs showed that the edge of the projectile
had broken off into significant pieces and that various small
fragments of the broken pieces were accelerated to a velocity of
8.5 km/sec. In the radiographs the projectile appeared to be
tumbling; however, a target plate of l-inch-thick armor plate
showed a very neat l.5~-inch-~diameter hole punched through the
center, indicating that the projectile impacted the plate normal
to its line of flight (Figure 20).

From the results of this shot it was concluded that a
workable 20- to 25-kbar driver had been designed and that this
design would be utilized in future experiments. Although the
ultimate incident shock obtained by the driver tested achieved
a shock of only 20 kbar, the effort required to eliminate
the gas bubble entrapment and increase the pressure to
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Figure 20a Front view of 1 inch thick armor target after impact.
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25 kbar was not deemed necessary. If required, a small

extension of the barrel length would compensate for the loss
in reservoir pressure.
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Evidence from the previous shot indicated that the edge
of the projectile was breaking up from shear stre -~ induced : i
when the projectile began acceleration. In the previous shot
the projectile was held in place by a taper designed to fail
only in shear. It was felt that a new design that allowed the
projectile to feel very little shear forces at the beginning of ' :

the acceleration would increase the probability of launching an
intact projectile.
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The third shot of the experimental series utilized the
same explosive driver as that developed for the second sho%,
Blunderbuss~2. The design of the projectile was modified so ;
that a thin, cylindrical section of the rear of the projectile !
would fail in tension rather than allowing the edge of the g
projectile, through its support, to fail in shear. Figure 21 |
is a drawing of the shot configuration. In this configuration
the edges of the projectile would not see shear forces induced
by the breaking up of the prcjectile support. It was hoped that

this design would yield an intact projectile at the required :
velocity. :

b2 pe art W

N s ARl AR 6 L s TR O

The explosive driver of Blunderbuss-3 performed con-
sistently with the previous driver performance, yielding an
incident shock of 21.5 kbar. However, the aluminum disk~like
projectile was completely broken up. Very small fragments of
the projectile were accelerated to a velocity of 9.05 km/sec. %
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Immediately following Blunderbuss-3, Blunderbuss-4 was
fired which was designed to launch seven projectiles to
10 km/sec. This shot utilized projectiles of aluminum,
nylon, and steel. The configuration of these projectiles was
the same as that in the previous shot, i.e., they were
designed to fail in tension along a cylindrical parting
plane behind the projectile itself (Figure 22). This shot
utilized seven individual barrels to launch the projectiles,
eacir projectile being approximately 0.5 inch in diameter
(Figure 23). To insure equal acceleration characteristics, the
areal density of all seven projectiles was maintained at
2.0 gm/cm?.

Diagnostics on this shot showed that the driver again
performed as expected. Once more the incident pressure jump
across the shock wave in the helium gas was approximately
20 kbar. Flash radiographs on this shot failed to operate
correctly, so that no usable data was gathered from these
diagnostics. A target of l-inch-thick armor plate was used as
a witness plate for the shot, however, and it showed that all
seven proj:ctiles had broken up before impacting the plate.
Velocity achieved by the projectile fragments was a maximum of

6.05 km/sec.

Following the unsuccessful Blunderbuss-4, an in-house
review of the technical status of the program was conducted.
Experimental evidence had shown that the explosive driver
portion of the launcher system was working adequately and
would satisfy the requirements of the program. However, no shot
was completely successfui in launching an intact prciectile to
the required velocities. In closely examining the conditions of
projectile launch, a theory that esplains the projectile breakup
in the early stages of launch was developed.
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Figure 22 Blunderhugs-4--projectile design.
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When the shock wave in the helium gas generated by the
explosive driver stagnates against the rear of the projectile,
it experiences a six-fcld increase in pressure (see Section 2.3,
Equation 5). Thus, with an explosive driver that yields an
incident shock of 20 kbar, the reflected (or stagnation) pres-
sure would be on the order of 120 kbar. At early stages of the
launch cycle, therefore, the projectile is subjected to a com-
pressive stress of approximately 120 kbar. This is well above
é the threshold for plastic flow, and the projectile would attempt
to expand radially to relieve the axial compressive stresses.

{ In a tight fitting barrel, which all of the shots up to this
point had had, the edges of the projectile would be expected to
push outward against the barrel. In hydrodynamic flow condi-
tions, the difference between radial and axial stress (i.e., the
deviatoric stress) would be expected to be on the order of

10 kbar or less (for aluminum). Thus, the proiectile would be
subjected to 120 kbar of axial compressive stress attempting to
accelerate the projectile and approximately 110 kbar of

radial stress resulting in very large drag forcecs at: the
periphery of the projectile. The shear stresses that result
from interaction of these forces is extreme, resulting in
breakup of the projectile. To confirm or modify this theory, a
¢ two-dimensional computer analysis of the launch cycle conditions

was begun. The results of this analysis are discussed in
Section 4.
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The fifth shot of the expewimental program, Blunderbuss-~5,
was designed to prevent the induced drag forces and subsequent
shear stresses from affecting the initial launch conditions of
the projectile. To accomplish this the projectile diameter was
made undersize with respect to the bore of the barrel, and a
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layer (approximately 0.015 inch) of Dow-Corning silicone grease
was introduced between the projectile and the barrel. This
luyer of silicone grease would place a strengthless, low-
friction material between the projectile and the barrel which

nopefully would prevent the large induced shear forces from
occurring.

Additional changes in the configuration of the launcher
were as follows. Almost all previous experience with exploszive
driver accelerators has been in launching projectiles of magne-
sium/lithium alloy. Since very little experimental data has been
developed in launching aluminum projectiles with explosive driver
technology, it was decided that a return to Maglithk was in order.
Alsd, the thickness cf the barrel was increased to the point that
there would be very little chance that premature barrel failure
would result in the lowering of the launch valocity through
abnormal gas lcsses. Fiqure 15 is a drawing of the configuration

of Blunderbuss-5. Figure 24 is a Polaroid photograph of the shot
just prior to firing.

This fifth shot was judged to be quite successful. The ex-
plosive driver worked as cxpected and yielded an incident shock
of 19.3 kbar. Projectile launch velocity was increased to
9.1 km/sec. Figure 25 is a flash radiograph ol the projectile
in fFlight at the velocity of 9.1 km/sec. It is obvious that the
projectile is somewhat broken up; however, the thickness of the
laurched projectile is equivaient to the original thickness of
the projectile. Since the velocity achieved by the pr. cctilie
is guite high, it is unlikely that the projectile broke up during
the launch cycle.
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: Figure 25 Projectile from Blunderbuss-5 in flight.
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It was theorized that since the projectile could not have
broken up in the barrel and still have achieved the high
velocity at launch, breakup must have occucred after the pro-
jectile exited the barrel. Since the pressure on the rear of
the projectile is not completely relievad by the time launch
occurs, compressive stresses on the projectile could be severe
enough to cause projectile breakup through the sudden release of
the radial constrainment of the projectile. Since the flash
radiograph of Blunderbuss-5 shows that the thickness of the pro-
jectile corresponds to the original thickness of the projectile,
yet the diameter of the projectile is reduced and non-symmetric,
it appears that radial spall was the probable mechanism of pro-

jectile breakup after launch.

In a further attempt to launch an intact projectile, the
sixth shot of the series (Blunderbuss~7) utilized a barrel
extension to relieve the gas pressure behind the projecctile,

yet maintain radial constraint on the projectile itself.
Figure 26 is a drawing of the barrel extension that was inset
and welded to the basic launcher configuration of Blunderbuss-5.

oo

For this shot the silicone grease of Blunderbuss-5 was replaced
by a Teflon sleeve around the Maglith projectile. Figure 27 is

a drawing of the projectile assembly.

This shot attained marginal success. Driver performaice
was once more consistent with previous tests. The addition ¢
the barrel exten-ion and the Teflon sleeve did increase the
launch velocity of the projectile to 9.6 km/sec. However, the
original disk~like projectile was broken into three smaller

.
B e e R a3

fragments, and, from the report of the flash radiographs
(Figure 28), the sum of the parts did not equal the original

s

whole.
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Figure 26 Blunderbuss-7-~barrel extender.
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Some calculational effort was expended at this point to

characterize the launch process and to examine the collapse of
the reservoir. These calculations matched with observed cxperi-
mental results. 1Indications from these computations were that
the projectile ig still under pressures of about 35 kbar at the
time that it exits the barrel. It appears that the high pres-
sures on the rear of the projectile were great enough to cause
the projectile to extrude into the slots cut into the barrel
extension to vent the gases. When the now cross-shaped pro-
jectile comes to the end of the bharrel extension slots, with
part of the projectile extruded into the slots, the resulting
impact forces cause the destruction of the projectile.

One other experiment was performed during this time frame.
An attempt was made to launch twelve projectiles of three dif-
ferent materials to 10 km/sec from a 6 kbar explosive driver
launcher system. Unfortunately, the explosive driver section of
the launcher failed to collapse completely, and thus, the pres-
sures required to reach 10 km/sec were not obtained. The
average velocity of the projectiles was on the order of
4.5 km/sec. From the review of the shot data it appears that
the charge-tc-mass ratio of the high explosive ito the driver
pressure tube was i:slow the minimum required to fully collapse
the tube against i, 6 kbar shock in the helium. (Note that
this was a totally different driver and launcher design than the
now standard 1 meter, Composition C-4 launcher.) The design of
the shot had been checked by the use of the 1-1/2 dimension
computer code and had been predicted to clcse the pressure tube.
The closure predicted, however, was marginal. In future designs
it is apparent that a greater margin of collapse energy must be
used.
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Blunderbuss~%, the final shot of the experimental program,
was an attempt to launch seven individual projectiles contained
in a single sabot vtilizing a single barrel launcher. This shot
was designed to show that multiple projectiles could be launched
intact from a 20 kbar driver system. The sabot, as shown in
Figure 29, was designed to take advantage of the possible radial
breakup of the projectile as it exits the barrel. If the
mechanism of projectile breakup in the two previous shots was
radial spali caused by the sudden unloading of the projectile as
it left the barrel, this same mechanism would cause the sabot

te break up, yet it might leave the individual projectiles
intact. Additionally, since the breakup was expected to occur
radially, this would aid ir. the dispersion of the projectiles.

Figure 30 is a drawing of the shot configuration. A barrel
extension was added to increase the length of the barrel by
10 ¢m, and the projectile was surrounded by a layer of silicone
grease, as in Blunderbuss-5., There were no slots in the barrel
extension for this shot, its function being to increase the
muzzle velocity of the projectile. The projectile/sabot
assembly was similar to the previous shots in that it was a
disk-like package containing seven individual projectiles.
Figure 31 illustrates the sabot and projectile configuration.

This experimental shot was essentially a calculated risk.
It was felt that the causes leading to projectile breakup were
known. Only one shot remained in which to launch multiple pro-
jectiles and exhibit total proof of concept, and it was decided
that a multiple projectile launch should be attempted. The
shot, however, did not meat expectations. The explo-
sive driver system worked as expected; however, the projectile/
sabot package was totally broken up, and a velocity of only
8.4 km/3ec was obtained. Projectile and sabot fragments shown
in the flash radiographs were tenuous at best znd are not shown

in this repnrt due to the limited definition obtainable in half-
tone reproduétions.
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SECTION 4
COMPUTATIONAL SUPPORT

4.1 INTRODUCTION

The computational effort associated with the program was
directed towards two basi¢ objectives. The first objective was
to provide data to assist in designing and analyzing the per-
formance of the explosive driver used as the energy source for
launching the projectiles. This objective was achieved by per-
forming a serie: of one and one-half dimensional (one-
dimensional Moving Wall Flume, see Appendix B for a description
of the flume option) calculations. The second objective of the
computational effort was to perform a calculation of the inter-
actions at the driver/harrel, barrel/projectile, and driver/
projectile interfaces, and the response of the projectile to
the induced stresses, A two-dimensional calculation of the

early stages of the launch cycle was performed to obtain this
information.

4.2 MATERIAL MODELS AND EQUATIONS OF STATE

The vield models a.ud equations of state used to describe
the helium driver gas, the C-4 explosive, and the steel of the pres-
sure tube, tamper, ané barrel were identical for all the calcula-
ticns. The two-dimensional launch cycle calculation also con-
tained a magnesium~lithium (Maglith) projectile. The equation-~-
of -state models used for these materials in the computational
analvses are gummavized in Table XII,
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4.3 EXPLOSIVE DRIVER CALCULATION

In general the principal information to be obtained from an
explesive driver calculation is whether or not the liner col-~
lapses, the velocity of the point of collapse, the peak pressure
at the shock front in the driver gas, and the velocity of this
shock front. This information may be computed most efficiently
using a one~dimensional, explicit, finite-difference continuum
mechanics code with a Moving Wall Flume (variable area duct)
capability. Until recently, PI's explosive driver calculations
of this type were performed using a one-dimensional Lagrangian
code. Experience proved this technique useful but indicated tnat
a more precise solution of the state of the driver gas could be
achieved if the gas were described as an Eulerian fluid
retaining the Lagrangian description of the pressure tube,
explosive, etc. A one-dimensional Eulerian code, PISCES 1DE,
was available (Appendix A}, and the PISCES 1DE and PISCES 1DL
{Appendix B) codes were dynamically coupled in a manner similax
to that employed in Physics International's two-dimensional,
coupled Bulerian-Lagrangian code, ELK. The code resulting from
the coupling of the PISCES 1DE and 1DL codes was used to perform
the driver calculations for this program. In these calcula-
tions the driver gas is treated in an Eulerian frame of
reference while the pressure tube, explosive, and tamper are
treated using the conservation equations in their Lagrangian
form,

Figure 32 shows the computational grid for the final
Composition C-4 explosive driver configuration at a time of

10 psec after explosive initiation. Also shown are vector
velecities of the tamper, explosive, pressure tube, and helium

67

e e w R Rl RIS 5




3

2

R

>

¥ AT IS

VA

g

N,

R KN AL

MNP ML 3.4 Somfie )0 Ll

Ry 8 AT

Y e,

SRR SR G

& FREQSTR
e
#

Sy venn

S CARE TN RN T SO A2

B At

. . RN .- - 4
AR e N s mear v e d s A . oax - s 3oy -

D T VUV S

‘Desn T JO SWI] ® 3 IDATIAP 9ATSOTAXS

y~0 uoTirscdwoo Teursy syl jo zord 103534 A3100T3A 2E 3andrg

L L A O N X T oMow
e L N LR W3R 2 T Y
e et e = n v bt e e v—— e .. T e e e e e Ty € 3 bt eyt 4 —————————r——— et .
LiL , . o, I IS¢TH
R & ST SOy —e e am . .. . Betgcns em roybeivessrediaganc oys g 9»02.¢I*f.¢.4>+»4.:+—~.mm.wum* mw—
m e e e e B S N L e S e e e e e I Y %155;%1&“13”?‘

e e T T feareaesene eteinia = o4 maa a

PRI B R g

S by e aag e IR BRI R IR P~
e -t Sttt e S B4 RS N S S MR I S A
e PR S mee o die s e - o2 L o4 40 oIS TR N P2 )
T Tram [ R A PRI NI N 3
-0 i T S e S 4 — e L el LDl Ll Ll oA S WS
e SARLAL) 1R
ADR AR
N R ey o % v e e o L. . .

!

3]




ARG S A S S DR ] S R AL

1S

TR

e

%
BN

R

0
“

3
A

EAAIS
‘:j)

LAY
s

2

u'«? !:o
A

>Y A Ve Laaf’

S Y
LIPS

sy

%
. ‘:}f‘\“.

N

& MOQAY I S R b
SRR i

5

St

R, Rt RS S e P Lo At £

e s

g
Y4
iﬁ
5
gﬁ

g

0
7 ;‘é
b

at this early time. Figure 33 shows a portion of the grid awnd
vector velocities for this computation at a time of 80 usec. As
can be seen, the pressure tube is collapsing on axis as

required and by a time of 80 usec. The helium shock has

broken out and is leading the explosive detonation front. The
calculational results show the velocity of the intersection
point of the axis and pressure tube to he 0.75 cm/usec, The
velocity of the helium shock is 1.20 cm/usec. The peak pres-
sure of the shocked helivm s 25 kbar.

This calculation and the corresponding experiments verified
the design of the 25 kbar explosive driver.

4.4 TWO-DIMENSIONAL LAUNCH-~CYCLE CALCULATION

A critical aspect of any gun designed to launch projectiles
at very high velocities is tc insure that the dynamic loading of
the projectile does not result in projectile breakup. A two-
dimensional calcualation aided by complimentary one-dimensional
calculations was performed to examine the loading of the pro-
jectile for the launch system designed in thic program.

A complete two-~dimensional calculation, including the
explosive driver startup and complete collapse, is a very complex
and lengthy computation and was beyond the scope of this pro-
gram. Therefore, 2 one-dimensional Moving Wall Flume calcula-~
tions were performed to provide a reasonable approximation for
the time~history of the pressure tube collapse as well as the
final shocked gas velume and a velocity versus time function
describing the helium gas. Both of these calculations were
identical to the previously described explosive driver calcula-
tion except that the full tamper and barrel of the final
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launcher design were included. The initial finite-difference

) grid for these calculations is shown in Figure 34. The differ-
g ences between these two calculations was solely in the treatment
of the right boundary condition for the helium yas (Eulerian
fluid). 1In one calculation the right boundary was a simple flow-
through condition, i.e., zero velocity gradient at the boundary.
In the second calculation, the right boundary was fixed, i.e.,
zero velocity at the boundary. These cases bound the real
problem of an accelerating projectile in the barrel. The
results of the two calculations were used to obtain approximate
descriptions of:

S e

e The time-history of the pressure tube collapse

e The time-dependent volume and velocity field
associated with the helium just prior to interaction
with the projectile

o IR R A YRGS R g

A R R A S B R B D SN s

These rasults were used as initial and boundary conditions for
the two-dimensional calculation of the responge of the pro-
jectile during the first 10 usec of the launch cycle.

e W R gt S

Figure 35 shows the initial zoning for the two-dimensional
launch cycle calculation. The non-shaded region represents the )
helijum gas. This region is bounded radially by a fixed boundary
and on the left by a moving piston. The prescription for the
moving piston was based on the results of the 2 one-dimensional
calculations described above and models the collapse of the
pressure tube, The zones for the helium gas had initial veloci-
ties approximating the conditions of the gas behind the helium
shock front as determined from the one-dimensional calculations.
The initial velume of helium gas was also based on the one-
dimensional results. The shock front in the helium was at the

o,
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base of the projectile at time t = 0. "he zones representing
the magnesium~lithium (Maglith) project.le are those shaded
zones to the right of the helium. The Maglith zones were
initially at rest, simulating the state: just prior to the pro-
jectile interacting with the driver ¢as. The zones immediately
above the helium and projectile represent the steel barrel. The
equations of state and yield models used in the two-dimensional

calculation were identical to those previously described in
Table III.

Figure 36 shows the computatiorial grid at the final time of
180 usec. As can be seen, by this time the projectile has
separated from the barrel and is beginning to deform. Figure 37
shows “he state of stress in the projectile at times of 2, 4, 6,
8, and 10 ysec. Until the time of about & ysec, the gradient of
stress in the radiai direction (away from axis of symmetry) is
very small., Howaver, beyond a time of about 6 psec the reflec-
tion of the strecs wave from the free surface and interaction of
the projectile with the barrel result in severe radial stress
gradierts being zstablished in the projectile. Between a time
of 8 and 10 usec, the projectile and barrel separate.

Due to programmatic restrictions, the zoning used in the
two-dimensional launch cycle calculation was coarse, especially
with respect to the steel barrel in the region near the pro-
jectile. This had the effect that a single zone in the barrel
dominated the response of the projectile. This, in turn, resulss
ir a somewhat imprecise determination of the stress field in the
projectile. A much more finely zonred computation would be required
to determine the details of the time~-dependent stress field in the
projectile. Thereforc, the results of the launch cycle
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Figure 37 State of stress in the projectile for the two- ;
dimensional calculations. J
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calculation must be interpreted with caution. However, on the

basis of the calculation performed it is considered likely that

the l~.ding conditions that were modeled would have resulted in

projectile breakup. This tentative conclusion is consistent
with experimen*al results and the subsequent introduction of a

gap between the periphery of tlie projectile and the barrel.
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SECTION 5
ANALYSIS AND CONCLUSIONS

Significant accomplishments have been made during this
six month program towards the goal of developing a multiple pro-
jectile hypervelocity launcher. Although the actual launch of
intact multiple projectiles from a single barreled gun was not
accomplished, the experimental results and ~he computitional
analysis completed during this program give added confidence
in the ultimate feasgibility of utilizing an explosive driver
in a weapons system to launch multiple projectiles.

5.1 ANALYSIS

5.1.1 25-kbar Explosive driver. Saection .1 described the
requirements in performance of an explosive driver that could be
used to launch projectiles to 1¢ km/sec in a 20 cm barrel length.
From the experiments conducted, it is evident that the explosive

driver developed in this program is sufficient to accomplish the
task.

Examination cf the pecformance characteristics of the 25~
explesive driver yields some interesting insicht into the
operation oi very high pressure explosive drivers. Referring
back to Figure 18, the x-t diagram from shot Blunderbuss-2, it
can be se2n that neither the detonation velocity nor the shock

kbar
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velocity are constant. Up until the time of breakout, that

Nl A e A g o % moe | ae o e A -

point at which the helium shock begins to lead the detonation in %
the explosive, the ion pins and cap pins repcrt at the same g
time. From Figure 18, it can be seen that the detonation velocity 5
of the C-4 explosive is 0.8 cm/usec, the detonation velocity %
) observed in detonation velocity tests. %
: 5
j After breakout of the helium shock in front of the detona- %
: tion wave occurs, there is a marked acceleration of the detona- g
! tion velocity of the C-4 to a velocity of 0.914 cm/usec. Th:is g
‘ is an increase of 14 percent over the conventional detonation %
velocity. The mechanism whereby this increase in detonation %
velocity occurs is a precompression of the C-4 by the shock in ] %
the helium. As the shock in the helium moves out in front of %
the detonation wave, it transmits a shock through the metal 4
pressure tube into the explosive. For the driver designed here, z
the pressure transmitted to the explosive would be on the order A %
of 25 kbar., This precompression of the explosive increases its 3 g
density. and the detonation velocity is increased. While this z
phenomenon increases the energy density of the explosive, the . é
volume of the exriosive is decreased due to the precompression, é 3
and, as would be expected, total energy is conserved. { é
g :
As the detonation velc:ity increases, the shock velocity in p §
the helium gas also i-creases to a relatively stable velocity of ’ i
1.147 em/usec. This shock velocity corresponds to an incldent 3 é
shock pressure of 25 kbar. However, as the detonation proceeds % %
down the explosive driver, losses begin to occur that degrade & g
the performance of the driver. The most significant losses ; §
arise from the eatrapment of bubbles of high pressure gases at P %
the collapse point of the pressure tube and the radial e¥pansion ’g )

of the pressure tube behind the shock front due to the extremely :

high pressures. This loss of gas behind the shock front sends
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rarefactions towards the shock, and results in a net lowering

of the incident shock velocity and a corresponding lowering of
the incidcat pressure.

%
2
e
)
3
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Again from Figure 18, the final shock velccity is about
1.055 cm/usec. This equates to a shock pressure of 19.8 kbar. 4
A reduction in shock pressure from 25 to 19.8 kbar has taken
place due to driver losses.
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The first task required in this program was the development
of an explosive driver capable of producing pressures or the
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order of 25 kbar in order to luunch disk-like projectiles to ’ﬁ g
velocities of 10 km/sec. An explosive driver was developed that ¥ i
was designed to yield a 25~kbar incident shock in helium, and g E
which actually yields an incident shock on the order of 20 kbar. 3 ;
Experimental evidence in launching projectiles obtained during ) ;
this program indicates that the driver developed is sufficient e '
for the program requirements. .% f
.

5.1.2 Hypervelocity Launcher System. This program was :ﬁ :

designed to study the basic feasibility of a method that would
be able to launch multiple projectiles to velocities of ;
> 9 km/sec. As such, the goals of the program were not to design . ,
operational or prototype systems for field use, but rather to

. examine the basic explosive driver launcher techniques to
determine the feasibility of developing a launcher within the
parameters of the conceptual system requirements.
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The approach to the problem was as follows: Two capabilities
must be developed to be able to launch multiple projectiles to
hypervelocities within an overall length approximating one meter.
(1) An explosive driver must he developed that will yvield reservoir
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conditions capable of launching a projectile package of 2 gm/cm2
areal density, ard (2) a projectile-sabot assembly must be de-
signed tc launch multiple individual projectiles from a single

barrel. 1In order to maintain a 2 gm/cm2 areal density, this

projectile-sabot assembly will be in the form of a flat disk.
Therefore, to prove feasibility of the concept, ¢ metlhod of

launching this disk-~like projectile to hyperveio. :ties must
first be developed.

This initial feasibility study concentrated on the ability

to launch intact disk~like plates. For this reason, all shots

(with the exception of three) dealt with the development of a
launch cycle capable of accelerating a flat disk-like projectile
to velocities of 9 km/sec (30,000 ft/sec).

In the first design (Figure 13}, the edges of the plate
(projectile) broke up rather early in the acceleration process.

Several other methods of support were tried (Figures 17 and 21)

without success. Intuition (later confirmed by a two-dimensional

calculation) indicated that the interface between the steel
harrel and the outer periphery of the low-density metal plate
was the source of the problem.

At least two problems stem from
this interface.

When stresses of the order of 100 khar are

applie~ to the two mctals, the stress across the interface must

also be of this magnitude. T™e shear stress as the plate tries

to slide down the barrel will be in the tens of kilobars.

edge drag caused by these stresses can result in the cdges
lagging the raest of the plate,

breakage of the edges.

The

‘his would obviously lecad to

The second problem comes from the severe

impedance mismatch beiween the two metals. This mismatch results

ultimately in a stress gradient across the interface which
causes an inward radial motion of the periphery of the plate.
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With axial shock waves of approximately 100 kbar, the radial

motions caused by such phenomena can be large enough to cause
break-up of the plate.

It was for the above reasons that the design of the plate

was changed to that shown in Figure 15. The space between the
edge of the plate and the steel Larrel was filled on one shot

with silicone grease and in another with Teflon.

It was hoped

that this geometry would improve the impedance mismatch problems

and eliminate the edge drag.

The change was quite effective--

the plate must have held together until the plate emerged from

the barrel in order to achieve the observed velocity.

Our analysis

indicates, however, that at this time the plate was still subjected

to approximately 35 kbar of axial pressure.

The edge rarefactions

resulting from the sudden release of such a high pressure would

also cause a plate to break-up.

In the final shot, PI took the

chance that these rarefactions would lead to the expansion and
breakup of the sabot but not of the 1 gram particles embedded

in the sabot.

Unfortunately, both the sabot and the particles

broke up.

5.2

CONCLUSIONS

The objectives of this six~month program were: (1) to demon-

strate the ability of an explosive driver to launch a projectile
to 9 to 10 km/sec within a total length of 1 meter and, (2) to
determine the feasibility of launching multiple projectiles using

the above launcher,

During this program the following specific

tasks were accomplished:

® An explosive driver capable of producing an incident shock
in helium gas of 20 kbar has been produced and has been
shown to work reliably and repeatedly.
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# A series of one~-dimensional and one and one~half dimen-
sional computer calculations was performed to understand
driver performance and tc aid in the two-dimensional cal-
culation of the initial stages of projectile launch.

S

e Experimental shots were conducted with a l-meter-long
' launcher that were successful in launching 25-gram pro-
jectiles to a velocity of 9.6 km/sec. The projectiles
’ were only partially intact at distances of 2 feet down
range. It is felt that the cause of projectile breakup

is interaction between the projectile and the barrel
; during the launch cycle.

e A two-dimensional Lagranglian computer calculation was 3
performed to analyze the initial launch cycle characteristics
of the hypervelocity launcher. This calculation showed
that the most likely cause of projectile breakup is in-
duced inward radial velocities in the projectile due to

the passage of the shock wave in the steel barrel over
the projectile.
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With the results of the computer calculation and a careful i

¢ review of the test results, it is felt that the cause of projectile 2
breakup can be isolated and corrected. 1If this deficiency is i
corrected, then it appears feasible that a launcher can be pro-

duced using the techniques developed in this program to launch
intact multiple projectiles.
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SECTION 1}
INTRODUCTION

What follows i{s a description of a numerical method for thc sclution
of the time-dupendent equations of continuum meckanics expressed in an
Eulerian framework. The method i general in that a wide range of mate-
rial models may be incorporated into it, The differential equations
solved are the Eulerian counterpart of the Lagrangian cquations formulated
by Wilkins (Reference 1). The difference method used is essentially that
made popular by MacCormack (Reference 2). It is shown to be of second-
order accuracy in both space and time and stability criteria are derived.
The results of sceveral sample problems using this method are presented

and compared to solutions obtained using the PISCES DL ¢omputer code.
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SECTION 2
THE DIFFERENTIAL EQUATIONS

The parcial differential equatfons listed delow are those solved by

e YR R con e el ekt Tt A R RS TR A
¥ Wy "M,-YM lfﬂtfwb' %I‘MKY v\g;’}‘

the computer code. For flow in onc space variable (r) and time (t), the
cquations for plane (d - 1), cylindrical id=2), spherical (= 1) and
I flume (d=4) geometries are (Refercnces 1.3,4):

Equation of continuity

: 3,9 YY- .
3 + al_(m) + (d l)r () d=1,2,3

) e
'a-t(PA) + ‘;.(M) =0 ds=/

Equation of motion

8 3, .2 d-1 . Ny
GO ORI A ol L TR R

- 3 %, .
- ac(‘”“)*ar“’"”‘“ar 0 d=4

Energy equation

¥

Precedicg gage blank 7 °
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a | 1 - 1. 1. 1
[o(¢+-21-u’)] + -g-‘;l.w(ci'-z-u‘ --Ez.r):!] 4 (dolg (e+-2-u‘o-air) =0 d=1,2,3
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An cquation of state must be provided -to determine the pressure, p,
as a function of the relative volume, V= pé/p, and thie internal energy,

E= p,es For example, a typical equation of state might be
2 3
p=a(M-1)+ ay(n-1) + a;(n-1) + bnE
where a;, a,, a, and b are constants and 1= 1/V = p/po.

For flume symmetry (d=4) the area A(r,t) must be supplied (along
with initial and boundary conditions) to complete the specification of
the problem. This area function may be either pre-specified or it may
be determined dynamically during the course of the calculation.

For the other geometrics (d=1,2,3) we need additional relations to
determine Er(dz 1,2,3) and Ee(d= 2,3) as these are not, in general, deter-
mined completely by the pressure, p. These relationc are

L = -p+s,

r

Ly = -p+s,

vhere the stress deviators s, and s, are determined from the following
relations.

The first stress deviator equation:

8 2 G W, (D (23 "y
S7(ps,) + fpusy) - g S 4 LR (5 420} 20 (9=1,2,3)

‘The sccond stress deviator equation:

) 2 2, Y, - Hs, +2y) . -
Seires) + 3p(ousy) + Fupse - w0C + (d-1) (sz+3u) 0 (d=2,3)

s.‘,rz--%-s1 (d=1)
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The thivd gtress deviator equation: H
i

s, = -[s +s,] (d=1,2,3) :

where n is the shear modulus, :
The stress deviators as determined ahove are then modified by a yield *
condition, For cxample,
F+sh 48 -3 50 ;

wherc Y is the material strength. {
Next, we revrite the above equations in vecctor form, introducing the
viariahles N

= M |
ole + u?/2)
Ps,y
ps,,

- n 3 O
.

it

The equations assume the compact form

(=33
+
o'lo'

~
a3
L}
hol
®

otiw

L2 ]
(=3}
4
=}

where
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SECTION 3
THE DIFFERENCE EQUATIONS

The two-step difference method used to approximate thc solution to
Eq. (1) is defined by

% —=n jAt/=p o n At/#*n  =n “n
v, =0 - &(Fj”.Fi )4- CIDI cj“-cj)+ Lt R

-+l 1|=* —n Atfok =% * Arfnk —% k=
o Z[Uj + 00 SFS-FLL) ¢ o], (6 -0 ) + ae®r+D

where the subscripts refer to a spatial mesh of points x

/,

j with spacing
/x and the superscripts refer to the times

n
= X Ati
i=1

where Ot' is the time increment that the solution is advanced during
cycle i. Also, an Ejn, and i(‘j" equal f-"(ﬁjn). E(Gjn), and E(ﬁjn),
respectively.

3;‘ is the artificial viscosity operator given by the cxpression

-n Aty n ni/on on n n =n =n
Oy = G K[“ju ~uiI(T5, - T5) - - o, (G, '”j-x)]

where u'j' is the material velocity at position x, and at time t" and
(:(l is o constant of order unity, A value of cq different from zero is
ot needed Lor stabflity in calculations for which the linear stability
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analysis applies, but may be needed to preserve stability when computing a
strong shock, motion near the axis of cylindrical or spherical symmetries,
or other violent cr nonlinear phenomena. For these calculations, a value
of Cq of 2.0 should suffice to preserve numerical stability.

The finite-difference method of Eq. (2) first obtains the approximate
value ff; at each point by Eq. (2s) which uses forward differences to ap-
proximate the spatial derivatives, The approximate solution is then used
to calculate -[;j*’ Ej*’ and ’:ij*' which are used with backward differences in

Eq. (Zb) to obtain the new value of the solution ﬁjml.

The specification of the solution is complete if, in addition to the
prescription (2) for advancing the solution in time, we provide initial

-0 -n =n

conditions Uj  J=0,1, 000, jm&x’ and boundary conditions "o » Uj

.
»

n=0, 1""’“|ux’ max

The accuracy and stability of the difference method (2) is analyzed
the Appendix. It is shown thers that the method is of second order accu-
racy and that the linearized stability criterion is given by the well
known Courant Friedricks Lewy (CFL) condition % (|u|+c) 2 1 where
u is the local fluid velocity and ¢ is the local sonic velocity. The
linearized stability criterion is a necessary but not sufficient condition
to insuie stability of the actual difference equations which are nonlinear.
Thus, to apply the CFL criterion, we introduce a time step "safey factor"
rts (where 0 < f__ -2 1) and determine the stable time step from the con-

dition

ts

b
bt =
£ s Talwe )

The CFL stability criterion i{s obtained by ignoring the effect of the
vector R. It is casily seen that the inclusion of R does not significantly
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3

? affect the linearized stability criterion quoted above as the change in ¢
the cigenvalues or the associated amplificatfon matrix is only the order i
:'"l of At. Also, § is included in the two-step difference scheme in such :
a manner that the method retains its second-order accurzcy. Although the 8
v method is strictly accurate to second oxder, the vector 'il‘ may be of such j
g - a magnitude that the third-order inaccuracy in R dominates the other error :
%} terms, resulting in an effective loss of accuracy in the spatial deriva- ;
i tive terms, 9
i §
é;;i, To insure that this is not the case, we subject the time step At
£ to the additional constraint ‘
i :
ke : e} :
i be s (£, ) R, (%)
i i
if:' vhere U, and R1 a-e the first components of the vectors U and R and !
3 H
}J (fac) is an "accura‘y factor" which satisfies 0 < fnc < 1. A recom- :
r ;
f:.‘l mended value for £, is 0.2, :
ff"f The actual time step At used in each cycle of the calculation is ‘
; the maximum value of At which satisfies the two criteria of Eqs. (3)
' and (4) at cach lomation in the mesh.
o :
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SECTION 4
SAMPLE CALCULATIONS

The results of seversl simple calculations are presented in graphical
form in this sectfon for the purpose of illustrating the computational
capability of the wumerical method presented. Each problem was runm both
with the FISCES 1DE code and with the PISCES .1DL code to facilitate
comparisons betwien the accuracy.and the efficiency of the two codes in
solving a.wide clasz of one-dimensional continvum mechanics problems,

In each case, the two code: used the samse mumber of zones (or mesh points)
and were run for the same amount of problem time. The number of compu-
tational cycles and the computer time needed to run differed between the
two codes because of different time-step stability criteria for Lugrangiasn
and Bulerian codes, Timing tests have shown the zone cycle time (t;.lie

time (O ccmpute one zone for ome cycle) to be virtually identical in
ZISCES 1DL and PiSCES 1DE,

Test Problem 1: Elastic-Plastic Plane Plate Impact

At time t =0, a steel plate of thickness 25 » = {100 zones) moving at
a velocity of .004 cm/psec impacted a stationary steei plate of thickness
25 cm, The steel was modeled with p=7.85, K=1.69, C» .822, and a
von Mises yield strength of Yos .003.

The results of the Eulerian and the Lagrangian calculation are sum-
marized in Figures la and 1b, where a series of stress profiles at dif-
ferent times are superimposed, No artificisl viscosity was used in either
calculation, PISCES IDE required 102 cycles to run this problem to 35 psec
while PISCES 1LL required 129 cycles.
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Test Problem 2: Flume Test A

At time t =0, there exists & gas with p= {01, y=5/3 in a straight
flume of length 40 cm (100 zones). A center section of 4 cm initially
has an energy density of 10" (hot gas) vhile the remainder of the :gas
has an initial energy density of 1,5.x 10°* (cold gas).

Figures 2a and 2b show the pressure distributions in the pipe at
three successive times. The DL problem uioﬁ'l«hu:dx"i;ic srtificial vis-
cosity -coefficient of 2.0 and a linear -artificial viscosity coefficient
of 0.1, The 1DE problem used CQ~2.0. DPISCES 1DE required 115 cycles
to run this problem to 250 psec, while PISCES 1DL took 354 cycles,

Test Problemw 3: Flume Test B

This problem is fdentical to Test Problem 2 except for the-shape of
ti:e. flume, In Test Problem 2, the flume was straight. In this problem,
the flume has = straight section in the center section of 4 cm and - :n
diverges outward from the center esch way with a slope of 1/8.

The results of this problem are illustrated in Pigure 3. PISCES 1DE
required 116 cycles ard PISCES 1DL required 330 cycles to run this problem
to 250 usec.

Test Problem 4: Cylindrical Implosion--Paynes Problem

This is a problem vhose solution by other mithods appears in the
literature (Refecrences 6 and 7). The initfal conditions in cylindrical
coordinates (r,0) are: p=1,67, p=1, m=0 for r< 1; p=6.67, p=4,
m=0 for r > 1. The gas is ideal with y=5/3. The material was divided
irito equally spaced zones of width .02 cm,
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Figures 4a and 4b summarize the results of the calculations using
PISCES 1DE and PICES 1DL. The Lugrange calculation used a quadratic
artificial viscosity coefficient of 2.0 and no linear artificial vis-
cosity, The Euler calculation used a coefficient of 2.0 for artificial

vigcosity. The problem required 258 cycles in 1DE and 492 cycles in 1DL
Lo run out to time 1.4,

Test Problem 5: Elnsttc-?laqtic Cylindrical Plate Impact

At time t =0 a stéel spherical shell of thickness 37.5 (150 zones)
moving inward with a radial velocity of .004 impacts a steel sphere of
radius 12,5 (50 zones).

-~

Stress profiles from the 1DE and the 1DL calculation are illustrated
in Figures 5a and 5b, PISCES IDL used 2.0 for a quadratic viscosity coef-
ficient and 0.0 for linear viscosity. PISCES 1UE used a coefficient of

viscosity of 2,0. It took 198 cycles for 1DE to run out to time t =60
and 198 cycles for 1DL.

Test Problem 6: Spherical Implosion

This problem is identical to Test Problem 4 except that the symmetry

is spherical rather than cylindrical. The results are fllustrated in
Figures 6a and 6b,

Test Problem 7: FElastic-Plastic Spherical Plate Impact

This problem is identical to Test Problem 5 except that the symmetry
is spherical rather than cylindrical, The resuits are illustrated in
Figures 7a and 7b.
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SECTION 5
COHCLUDING REMAKKS

1. The PISCES 1DE and the PISCES 1DL codes have been shown to be
of comparable accuracy when each uses the same numder of zones. However,

since for msny problems over twice as .yny cycles are used by PISCES 1DL
to run to the same problem time, uci:, PISCES 1DE is often much more cost
effective than using PISCES 1DL,

2, The PISCES 1DE code could and gi:guld be extended in the near
future to accurately handle more than one aaterial in a given problem.
The material interface must be treated in a second-order manner consistent

with the accuracy of the rest of the calculation, Once this is accomplished,

the PISCES 1DE code will have virtually sll of the capabilities of the
PISCES 1DL code sand may be used to solve 3 wide class of problems that
have traditionally been considexed to be strictly Lagrangian in nature.

3. On:ze the material interface problem has been solved for ome
dimension, serious thought should be given toward extending this compu-
tational method to two and three dimensions., The accuracy of the elastic-
plastic calculation combined with the inkerent ability of an Eulerian
cvode to handie problems involving large deformations should make this
method an extremely useful computational tool for multi-dimensional calcu-
lations. It should be able to accurately compute phenomena which have
heretofore been amenable only to s coupled Eulerian-Lagrangian computer
code,
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APPENDIX A
ACCURACY AND STABILITY OF THE DIFFERENCE EQUATIONS

The accuracy and stability of finite-difference methods such as those
previously described cannot be completely analyzed in the general non-
linear form. The method of analysis we will use is to first linearize the
set of differential equations (1) (with the vector R absent) and then to
study the amplification of Fourier components of the solution by the dif-
ference method applied to the linearized set.

The set of cquations we will analyze is

o = 9 33 =
B'E'” -a;U = OIJB'a—xU (A-1)

>il

where A and B are the Jacobian matrices of ? and C with respect to

ﬁ and are considered to be constant,
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Application of the difference method to the set (A~1) gives ?{ Ei
d
~% =n At3|en =n LF[sn  on ] "
Uj = l)j - &A{an-uj] + pl.leB[Uju-Jj]
-+l 1i—=% -n At: ~k —k At:r-o* %
= = - A =U + ~—B:U,  -U
Y; z‘"j U {“j - j-t] PHEA s~ Y 1” P
= =
Next, rewrite, letting C < A-puB

“n¢3  =n Ot Bl=wn  =n 1 At:_~ d2{an =0 =0 .
U=y - mc[ o1 —uj_l] +3 (Ax) c [uj“ 2Uj +uj-,} (A-2)
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Truncation error

The trincation error of the difference approximation (A-2) to the
equation (A-1) is readily obtained from Taylor's series expansions. Thus,
letting

-~ 2 2-0
ﬂn’l = .*n ;a]- A& u L N ]
Uj - Uj + e ot 2 a2 +

“n —-‘n ‘3-—6 & ﬁ o660
Ujﬂ-uj +Axa(+-£-f—2 ax=+

and using the differential equation

=
LS

vlg;

to eliminate highei order time derivatives in favor of spatial derivatives,
- the difference equation {A-2) can be shown tn be equivalent to the equation

where the leading terms of the truncation error T, are

i}
- @ [, 2 442, 21 #u 22 2 32, 27 '
TAw-ng\Aw) -C (At)] '&'5“*--4"!"“[(&() - C(At) ] ;‘—;-0- oo

It is interesting to rg)te A:Kh:t this m;thod would be exact (f.c., zero
trurcation 2rror) if C = -EI where I is the identity matrix., The
leading term in the truncation erxror i3 seen to be responsible for dis-
persion while the second term causes dissipation,
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Stability

We investigate the effect of the difference equation (A-2) on a single
Fourier component of the solution by making the substitution

on ~tneikj bx (A-3)

where U is the amplitude vector of this Fourier component, i=J-_1— s
k is the wave number, and r"=eiwnAc is the growth factor, The stability
criterion will be that |t' « 1, 1f this condition is satified, no har-
monic is amplified at all, whereas if it is violated, there is some har-

monic that is amplified without limit as n increases.

Making the substitution (A-3) into (A-2) yields, after simplificationm,

~ |3 A 2 AR 32 ~

rtv=41-14 & Csin(kéix) + szc [cos(kmc)- 1] l U
4 : %
;«.‘ or, upon defining the "amplification matrix" Z by
%
£ 2 2 3n A 22 ;
Lg Z = T-1C% sin(kix) + (Ax) - [cos(kix) - 1)
E we have
3 3 B N
; {(r1-2z}.U=0

S

X

A unique solutjon will exist only if the determinant of the matrix in

.
22

o1

=7,

brackets vanishes, i.e.,

det {r? - ?} =0 (A-4)
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This is equivalent to the statement that r must equal one of the eigen-

=3
values of the matrix Z,

The eigenvalues of the matrix ? may be expres-
sed in terms of the eigenvalues of the matrix 3 by making use of the
Spectral HQpinLTheoregwhich states that {if ? = f(i:.) u:a rational
function of the matrix C and Ac are the eigenvalues of C, then ](Xc)

are the eigenvalues of 2 Thus,

taking the square of the absolute magnitude and imposing the condition

ot
&x

2 .
r=1-i xc—gx!‘- sin(kix) + (—-—) X: [con (ki) - 1]

|r| £ 1 gives the requirement

This is seen to trace out an cllipse in the complex plane as (kix) varies

2

2 XcAt
el = e (S5

from 0 to 2n.

2

2
A At
{cos (kix) - 1]‘ + (—%x—\) sin®(kéx) s 1
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The stability requirement can now be seen to be that the unit circle {
encompasses this ellipse, This is equivalent to the condition :
Xci\t
| m | ~1 (A-5)
This relation must hold for each of the cigenvalues of 3 :
To complete our analysis we must next find the eigenvalues of the :
» N
matrix C, These are given by the equation :
det{C- )‘:I'}- 0
or,
=X 1 0 0 0
2
m . % S5 m op 2 1
Fret R ptam A 3¢ b 0
LYY SRS 1% .8 LY A .o -0
02(nap g p+2p) p(mam+e+p p) p(l+b€) xc 2 0
m 4 m S 4 m
-5+ pu= 2.2 0 2. 0
W 5+ 3 H P p 3 H )‘c
m 2 m T,2 m
-E;T-:,up p+3u 0 0 5 Xc
(A-6)
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It i{s easiest to evaluate this determinant by going back to the

primitive variables p, u=m/p, e=(€/p)-u°/2, and s, =s/p. Making
use of the relations

IRRAAED

414
|
o=
104
P R e G L e R 4 AT T
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gl
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| °1
+
oo
+
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S
Pl

Equation (A-6) can be factored to give

al.2 4 1 9
(lc-u) [Xc-zu)‘c*.u’-s‘%-%E'-?SE(P.SI)] = 0

PR 5ia 1K O AW LI PR G NI AT W SO A0 PR R YA

e

3
Thus three of the eigenvalues of the matrix C are degenerate and are

equal to the particle velocity u. The other two are obtained by sclving
the above quadratic. This gives

~
RS ALY G AT R W H A S i

kc- { u y (A-7)

ERECNSHER T

24

where it
1 4 g
TR R (p-s,) + 3b (A-8) .

The quantity c¢ is seen to be the sonic velocity for a general equation
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of state p=p(p,e). To verify this, we look at two example equations
of state.

Example 1: Ideal Gas

e A m e s AP et AP o I W E e e VAT W T o e nh e T SR T A

In this case, p= (y-1l)pe, U=0, s, =0, and the expression for ¢?
reduces to the well known formula

2._m
"%

Example 2: Linear Elastic

T e St O A Y e oY SIS

The equation of state for linear elasticity is ps= K(f—- 1), where
K is the bulk modulus. Substitution of this into Eq. (A-8)°s£ves

a1

by
= K -
¢ o +3p

which 1is the formula for the propagation velocity of a li.:gitudinal wave
in an elastic medium,

We are now in a position to state the complete liuicarized stability
criterion. Substituting each of the eigenvalues in Eq. (A-7) into (A-5)
and selecting the most restrictive gives the stability criterion

Ax
Jul +e

at =

vhere ¢ 1is given by Eq. (A-8). This is seen to be just the (CLF) sta-
bility criterion (Reference S5).
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i
! ;;;; APPENDIX B

i INPUT
Tt

¢

g The PISCES 1DE code is input exactly the same as the PISCES 1DL code

(’: with the following exceptions and/or restrictionms.

3

24

% 1. A single TYPE 57 card must be input with the number 1.0 in

; the first field. This tells the code to do an Eulerian

*’; rather than a Lagrangisn calculation.

{

{g:: 2. Only one material type is allowed in a problen and it must

Q have material number 1.

¥

;1; 3. The Boundary Options card (TYPZ 41) must be included in the

y{ input but it is ignored by the code. Standard boundary con-

" ditions, unless otherwise supplied are:

B LEFT BOUNDARY: Kept at initial conditions for plane

5 and flume symmetries, symmetry axis

24 for cylindrical and spherical sym-

é metxies.

v RIGHT BOUNDARY: Zero gradients at grid point (JMAX - 1)

P

I 4. Yield models based on the distortional energy may not be used s
f?j\ as the distortional en2rgy is not explicitly calrulated by the I:;;
£ code, §:u
: £
¥
;5: 3. The shear modulus is assumed to be constant and to be equal

:: to Goo

; 6. The input parameter DISL must always be included, but it is

ignored for cylindrical or spherical symmetry problems,
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70

Instead, DISL is computed by the code so that the first two
grid points are centered about the symmetry point. The
values at the first grid point are then not to be interpreted
as being physical, but are chosen to provide a "symmetry"
boundary condition,

The code has perhaps its greatest usefulness in calculating
“moving wall flume" (NSWD=5) problems. In these calcula-
tions, Subroutine MOVWAL is not called as it is in PISCES
1DL. Instead, the user must supply a Subroutine AREE(AT,AX,
Al,DH) which is called twice for each zone for each cycle.
The variables Al and DH are not presently used by the code.
(These should be set to 1.0 in the subroutine.) The variable
AT must return the derivative of the area at zone J with res-
pect to the time, divided by the area, Similarly, the vari-
able AX must return the derivative of the area at zome J with
respect to r, divided b)} the area. For the method to by ful-
ly second order, these derivatives must be evaluated at time
n on the first call and time n+ 1 on the second call,
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3 GENERAL DESCRIPTION

LQUATIONS OI° MOTION

PISCES DL is a onc-dimemsional, time-dependent finite<ditference Lagrange code
which is used to caleutate the dynamic motion of continea including clastic-plastic and
hydrodynamic media. The differential equutions that govern the motions of these medis
are approximated by difference equations applicd to a network of zones that describe
the physical space occupicd by the media. Groups of contiguous zones of the sume material
are described by constitutive equations which are coupled to the equations of motion.
Time is aiso discretized and its formulation insures stable difference equations. The
Lagrangian fcrmulation of the differential cquations requires that cach zone contain a
constant mass element of material that moves and distorts in space and time. the motion
for ali the zones approximating the continuum motion. In a one-dimensional formulation
only one space variable exists, symmetry considerations account for the other two. There
are three possible symmetries plane, cylindrical. and spherical. In planc symmetry, Zones
are infinite slabs and the thickness of a slub is the zone size. In cylindrical symmetey.,
5 zones are concentric hollow cylinders of infinite length. Spherically symmetric zones are
concentric hollow spheres. In both of these latter geomctries. zonal widths are radial
thickuesses of the cylinders and spheres. respectively. The partis! differential cquations
that govern the moticns in PISCES IDL are shown on the following pages. !

L0 YN

2108 o

mater £ah IRER N BAAR T it T B B ate Y RS BT AT n e R e, vl 31404

Momentum Equations

st an MU BLA B 4 e A U BT AR S AL TR

Fx

: vV _ ar

< - a—

vV dr

g :
{ Plane symmetry ;
?

[ : :

: pr = = :
H or :
¥ M
:
f{ Cylindrical symmetry i
. ;i
: & E -L i
: pf w %+ L L ;
! or r :
Z Spherical symmetry »
i

e PP el
s p ar r 3
L i
¢ . !
: Continvity Equations 3
H

! Plane symmetry :
; }

.
;_'. \)‘)!"' '.'a"; r"s' :
arruas

0

’
Pyt
ik

l‘t3 r
e

k,“'\at-‘m‘,‘.r Hr ah s AV

e
k4

S TP NS RIS ORI 20

Lo SRR A2 ) %\*&{w 3




. A T L A TS T T I e e s PO T A RS P e G T PR O R L L, ev e o
W TR R TF TR NG T e T AT TR - Al -

&
4
b

%
f;E
2
3
¥
¢
:

1DL.A .

g Cylindrical symmetry é
T b
% {
53 o . . :
e ! - AE + I.

V or ' r

o

L7

i1 Spherical symmetry

g ;

r.‘ ~e .

5 Ya2,

e v At r

.
S TTENN

i

Yl
S.ih <

Enengy Equations

g%

Y,
Wl

Plane symmetry

I O O T L TS Tt Al sl AT S A

h,
LAl SN

I::- -(p ¢+ q)\'r + V{s
\l.'

r

Niddan A

Cylindrical symmetry &

&%&\ e

FaNg!
A

L %]

i

vt s memvem ety JBA W we ¥ etV s b

AR

é'-(p+q)\.’+V(sr-g%+s ;)4-;’; % ]

T oaay OF

Spherical symmctiy

e e
o

ﬁ - - ﬁ. 3 'L
£ E=-(p+qW+vfs 2X,25 X}4 :
%h (p+s r ar tr : !
E B
¥ where §
v -
;‘ A= anaw density :
i r o= mdependent coundunte .
4 :
i; t = veloity of mdependent coordinate

L .
# T = geecleration of independent coondiate :
AN -

&
4"3
]

normal ¢ steess = s5.-(p+q)

AR, TR

e = langentil tostrew %, - (p+2n)
¥
i "“’ﬁ . r ot deviedog

8 = 1 shres devitog

it TR Y

’
-
4
b
- P
g "
pd R
P e e
BRIy -~ g
t
*
N s Yo - - TP s Lt ermd
. R T N i e R P T AL L I o e A I A SRt SR S8 oF o o Y T S =
PR R W A N R P 2 SO o BRI




. S ——
R R P A

AT P » . ;
. N

N

T R R T S S R R TR R

x

2N

53 3
- '%
4 i
E% IDL-A g
;[z{, p = hydrostatic pressure 5
: q = artificial viscosity :
E , Po _ ;
g V. = relative volume = ==, p, = reference density ;
4 E = internal energy per original volume, H = heat flow.

In the equations of motion the position and velocity of a particular zone are defined
at the zone corners (grid points that define the zon:l boundary) while other varjahles
such as pressure, stress, energy, etc., are defined as averages over the zonal intenor. Thew
differential equations are approximated by the finite-ditference equations developed by
Witkins (Reference 1),
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CONSTITUTIVE EQUATIONS

ot %

e

Besides the equatioas of motion it is necessary to have constitutive equations that
describe the media. These material description equations are the cquations of state,

1 stress-strain models and transport property descriptions. In general, these functional
Bacicd . . . . P
gﬁ. relationships may take any form-discontinuous functions as well as tables are used to

describe phase changes, hysteresis, cracking, etc.

The equations of state calculate pressure from the density and the total internal
encrgy density of a zone in a two-step iteration. The interim internal energy density is
evaluated from the old internal energy density, the new heat flux, the old pressure, and
the new change of volume in the zone. Thic first approximation of the internul cnergy
density is then used in the equation of state to get a first approximation of the new
pressure. A revised estimate of the internal energy density comes from tms first
approximation of the riew pressure and the new distortional energy density. Finally, the
new pressure in a‘zone is determined from the second approximation to the internal energy
density. In this way a simultaneous solution of the constitutive relations und the second
law of thermodynamics is effected independently of the form of the equation of state.
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An example of an available stress-strain model is the so-called elastic-plastic yicld
stress model, A yield stress model is a law that regulates the stress deviators. In a calculation,
the stresses are decomposed into a hydrostatic component and a deviatoric component.
The ctress deviator describes the resistarice of the material tc shear distortion aad is
caiculated in terms of an incremental stress resulting from an incremental strain. The
deviators are limited by the yield stress according to some rule that describes the
elastic-plastic behavior of the material. In this model, the deviatoric behavior of materials
is determined by the shear modulus and the yield stress. (For a fluid, both are zero.)
A rcmperature-dependent shezr modulus is available and should be chosen to be consistent
with the bulk modulus and Poisson’s ratio for the material. The yield stress is defined
- as the stress at the vielding point in a uniaxial stress test and may be dependent on
% thermodynamic vasiables. For example, the code has available work-hardening models in
which yicid stress is a function of distortional encrgy. Mohr-Coulomb models i which

2
PR
S F

}"‘«\*s'xzﬁgﬁﬁwﬁai, R ,4:*‘&

I S N R e S

R N . -




R

Pt

>

iDL-A

yicld stress is a function of pressure, von Mises models in which vield stress is @ constant,
stress relusation models based on dislocation motion., and temperature-dependent models
in which yield stress s o tunction of internal cnergy.

Eoergy transpor) via Pourier’s Jaw of heat conduction is available, Specifie heat sl
cotductivity may be lunctions of temperature.

BOUNDARY AND INITIAL CONDITIONS

Time-dependent pressure profiles as well as time-dependent velocity profiles (pistons)
can be automatically applied to either boundary. Fixed and free boundary conditions are
merely sub-cases of the ubove capabilities. Energy boundary conditions are specified by
applying temperature and heat flux histories at the appropriate boundaries. Internal or
kinetic energy can be deposited into any region as an initial condition. Time- and
space-dependent energy deposition and a zone-by-zone detonation description may be

included in the solution of a problem as required. The code logic simulates o
Chapman-Jouguet detonation.

Once the geometry, material properties, initial conditions, and boundary
conditions are specitied, the caleulation of the problem is readv to proceed
The fiest tine step that the problem takes must be speciticd, but trons thit
point on, the code automatically calealates the subsequent time steps accord-
ing to stability entetia imposed by tiw tinite-difference equations. Physically,
the restriction imposed on the calealation is that no signal miy cross i zone

in one time step so thal a zone reacts only to activity being transmitted from
a neighboring zone.

The accuraey of the solution m a Lagrangian code depends on the
density of zones. With coarse zoning. gross features of the solution such as
total encrgy and momentum in a region may be realistic, but the actual values
of a variable at a point are apt to be in error. The resolution in both space und
time is proportional to the zone size. A strong shock is handled by the finite-
ditference equations by using Von Neumana's artificial quadratic viscosity
(Reference 2), which is introduced to spread any shock front over a distance
of about three zones. Zone-to-zone noise may be smoothed by an artificial
lincar viscosity logic.
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PISCES DL contains seversl options that are worth special mention. Among these
are the void, remap. tlume, static, extending rezone, microzone, heat How, restart, und
data display options. These capabilities are described us follows: -

R SR I P S WO W O,

i

VOID OFTION

Between any two mass regions it is possible to define o void of finite thickness,
Motion in these regions can expand or shriak the void. However, once the void s closed,
it cannot be reopened. This option is valuable when deshng with pasticle interaction N
problems and would probably be wetud when deabng with some types of structural
fesponse.
SPECIAL FILE OPTION

R A T

The special file capability allows information calculated by PISCES 1DL to be

punched onto computer cards, written onto tape or disk, or stored by any computer re- 3

source on its media. This output can be formated in such a way as to be input to another t

code. :

: %
; FLUME OPTION ;
3

4 The flum» option turns the code into a one-and-one-half-dimensional code by defining ! ‘
: a variable area duct as a boundary condition along the direction of flow. The duct moy i ‘

g be fixed or free to respond to the flow pressures. In the lutter case motion of the duct 1 ;
walls may be programmed to have some pre-described resistance or motion. A real strengsh ;

g wall model is available upon request. For material maving in o dircction parallel to o : §
§ fixed or slowly moving boundary, the flume option may ebviate the need for a more .
g expensive two-dimensional calculation. Flume materials must always be flwds while wail 3
g materials may be solid. ; b
: STATIC OPTION

2 P
? Nondynamic, equiliSriunt stresy distributions may be computed using PISCES 1D
3 An input switch changes the time varizhle to sn iteration variable converting the code 4

§ to a stre.s diffusion equation solver rather thun a stress wave equation code. This option 4
?, is relutively new but very powerful., N :
2 ] :
% EXTENMDING REZONE OPTION 5

The rezoner aflows 2 user to extend asutomatically the spatisl domain included in
a calculstion white a problem is in progress. For explosions eninating from o point, line,
ot plane, the spatial length of the problem is doubled wien activity nvars the outside
boundary. The total number of zomes with which the problett starts is held fixed o
that the effect of this rezone procedure is that all zones are approximately doubled m
size. There is no limit to the number of rezonings thii may be allowed in a problem,
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but since the accuracy of a solution depends on the zone size, resolution can beconw
poor arier several rezonings. Generally, for one-dimensional explostoss, thiy procedure has
the advantage of having the finest zonthg when it s most necessiry.

MICROZONE OPTION

The microzoner 15 used when fine zoming requirements at a shock front are
economically too stringent for the entire grid. This option allows line zoning to be imtially
specified only where it is necessary, while coarse zoning is defined elsewhere. Then the
code automatically moves the microzoned (finely zoned) region to follow the activity
that needs the fine zoning. A single pulse in a slub where the entire pulse is small compared

to the width of the slab is an example of a problem that may need the microzoning
option.

HEAT FLOW OPTION

Diffusion Jogic is availiable to handle heat conduction problems Pounier™s faw i
cotpled to the difference equations of material motion under the assumption that the

heat conduction need not be ime centered i the energy cquation when momentum citects
vontrol the time step.

RESTART OPTION

The resturt option allows the user to complete a problem in sequential steps. Edits,
rezones, boundary conditions, and material parameters may all be redefined at restart time,

DATA DISPLAY OPTION

Automatic piot display is available in PISCES 1DL through the PI-PLOT'™ Plotting
System. The plotting capability allows parametric plots of any varable as a function of
any variable at @ point in Lagrange space with time as a parameter or at a particular
time with laboratory coordinate as a parameter. These plots may be plotted automatically
on a Cal Comp incremental or zip-mode plotter, an SC-4020 CRT plotter, or on the printer.
In addition. shock front plots (values of a variable at the shock front as a function of
distance and time) are available snd are plotted on a log-log wcale for convenience, Pezk
vitlue printouts and plots are also availuble,

Automatic print edits are avalable as o function of problem time, cycle number
and activity {ront

s
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FINITE-DIFFERENCE EQUATIONS

IR TR VDY aN

The difterential equations solved in PISCES 1DL have been summarized in the general
duescription. The first order explicit finite-lifference equations that have been used to
approximate the ditferentinl equations are discussed below.,

t'or the following discussion there are a few definitions and conventions which must
be addressed. First, PISCES iDL is a one-dimensional Lagrange code. The space variable
is divided into zones of fixed mass. Grid points bound cuch zone. An interior grid point
is bounded by a zone on cither side while 2 boundary grid point has one of the zones
replaced by a boundury condition. A left boundary grid point has a zone only on its
right: a right boundary grid point has a zone only on its left. Indexing of grid points
is generally denoted by j and increases from left to right. Indexing of zones is done by
associating o zone with ity right side grid point index. Thus, the feftmost boundary grid
point (or the lowest index number) has no zone sssociated with it.

The calculations are divided into two types--grid point and zone. Associated with
cach interior grid point is a Lagrange position. velocity, acceleration, half of the mass
of cach of the neighboring zones. and a heat flow ares. Associated with each zone is
the fixed zone mass, relative volume. density, compression, pressure, artificial viscosity,
stress deviators, yield stress, internal energy density, distortional encngy density, sound
speed, and temperature.

Two basic conservaticn equations are solved- one for cach of the two types of caleulu-
tions. The Lagrange cquation of motion. derived from conservation of momentum and
conservation of mass, is used to update grid point variables. The Lagrange thermal encrgy
equation, derived from conservation of energy and continuity, is used to update sone
variables.®

Updating of grid point variables is donce in subroutine MOTION. First the equation
of motion is used to calculate grid point accelerations of the previous cycle from stresses
catculated in the previous cycle.

»

For NSWD = | (plane symmetry)
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For NSWD = 2 (cylindrical symmetry)

_Laz';+i E:"fc‘].
pnbr pn 4 j

*Derivation of basic equations Is availahle upon request.
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For NSWD = 3 (spherical symmetry)

t n.
;“,.L?i 2 ____.z:-zt .
pn or on r

For NSWD = 4.5 {flume symmetry)*

s

pnr

"

on 1
r ——

A peneral form of these equitions may be weitten in the following way:

where d = NSWD and for NSWD > 3, set d = 1. Thiv equation may be rewritten in
terms of the relative volume, v® = po/ p'? where Py 15 @ reference density usually set

equal to the initial density

n
§“=£E§+ﬂ(d.l) Er-Z:.
P, Or Fo r

The finite difference analog of the coelficient of bZr is the reciprocal ol the grid point
areal density. The arcal demsity to the Ieit of the grid point j and the arcal density
to the right of the grid point j are, respectively,

m;‘ = poj(r?- r'j'_,)/v?

*See Appendix A for derivation,
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The stress difference in brackets is caleuluted from an average of the stress difference in the
zones to the left and right of the grid point. ‘These are. respectively.

[ n r:“l_l + r? _V;- :
(Z:j B Ztj) / 2
[ n n n :
r +r v i
82 (2: - x“t‘ )/ p : :
= hL3! oju

Thus, for an interior grid point, i.e.. 2 non-boundary grid point, the finite difference formula
for the equation of motion is

o
“n 2 £ & 01"’ 02
r, = s - + (d- )|~} . (1))
i m‘;m‘;] [ Fjer T3 2

When caleulating a free left boundary, m 1 is zero and 2‘61 is.zvro. For a pressure
time history applicd to the left boundary, m‘ ic stitl zero but z‘él takes on the values
of the prescribed pressure. For a fixed boundary, the above equation is superfluous and
sDey
3 is set o zero. Sxmﬂgly. a velocity condition on the boundury (piston) is
automatically set equal to 7 Right boundarics are handled in a similur way, but
mg and LN are adjusted. 'bnly one difference exists, Z‘é takes on values of minus J .
the pressure time history when a pressure profile is used.

Void boundaries are calculated us free boundaries. A left void boundary is a right
free boundary of the solid region on the feft. A right void boundary is u left tree boundary
of the solid region on the right. VoiG ciosure resuits in the two boundary points hecoming
onc interior point. The velocity of closure is computed to give exact closure while
conserving momentum. This will result in an induced energy crror. To sce this, consider
the formulas for closure velocity derived from conservation of momentum

amd from conscrvation of energy

n‘r: + “‘b*:
Mgt ™y,
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When m, m, = m. the formulas become

. . 2 2 %
: . ra + rb and : . ra + rb
aveH 2 aveE 2

Furthermore, if £, = 0. then

b

'% The differences ave clear,

1'%

& . . \ . ell . .

»,;é-j When Equation (1) is used to get aceeleration. Ty, subsequent caleulations for new
3 velocity. ;.‘j“"%. and new position, r'j‘”. are computed from the following time-centered
equations:

ol

X
ot - o

§§ * ¥, t ¥ + e (2)
2] n+l + +

4 FUARIIE AR U Tk . 3)
3 37

g

»

Z . - - . -
*i In cases where a velocity boundary condition is used, cnly Equation (3) applies. Then r? ¥
; and :,';j‘ are the velocity and position trom the previous cycle (or initial conditions): at™ and
) A:"’ come from stability considerations bazed on the previous cyele (or an initial value).
Bj

: Once the positions and velocities of grid points forming @ 7one have been updated
3 in subroutine MOTION (and/or VOID). pressure, volume, energy., cte.. citn be caleulated
k. tfor the zone. These and other zone interior variables are computed in subsoutine ZONL.
¥

g The first zone intesior variable caleulated in subroutine ZONE is the relative volume.
5 it should be obvious thut once aew coordinates are available. one can compute o new
¥ volume,
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For NSWD = | (plane synnnetry)
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For NSWD = 2 (cylindrical symmetry)

o e A AN AR A i /T SLN B bk £ T Redn e wed £

QL2 A

5 2 2
21 TRUE VOLUME™® = n (““) . (-"”) .
! 3 &) T3 .

!

RYSTS

f‘? For NSWD = 3 (spherical symmetry)
3
3 3
73&; TRUE VOLUME™ * = %n [(r““) - (r“") ‘
2 3 J J=3
(3
iy
% For NSWD = 4 (fixed wall flume)®
e
m{“y nl
%@‘3 Ty
W]
»Q n+1
- TRUE VOI.UMEj = (frustums defined by Ri)
% P
3
}[ where Ri are wall points between r'j‘:i and r?n.
? For NSWD = § (Moving wall flume)*
i
_ a2
& !
d
3 TRUE vowua'j‘” = S(fmstums defined by ")
!
¢ 3=

fe

n+l . 1 1
where Ri are wall points between r“"1 uand r?" .

3

i
g

e
Becs

To compute relative volume, V., form the expression

e,

PRGN

£y w
!‘.:\(\_{‘

(‘I'RUB VOLUHET‘)(REFERENCE DENSITY j)
MASS

ne
vl oz
b

3

*Sce Appendix A for a picture of a typical flume scction.
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and Trom this. the change in refative volume (needed o compute chinge of enersy) would
by

r’O
W% = (TRUE vOLUME™® - TRUE vOLUME®) — .
J T 3 m,

Expanding, the chinge of relative volume cquation yields (c.g.. plne symmetry)

P
oy e (5 - - -] =

Rearranging.

p
o
n+ n+el .n . n
Avs‘fs (r -r)- r, -r, —d.
3 3 RS m.

J
This form of the equation reveals possible numerics! dilticaltics when the change m «
coordinate is smaller than the number of significant digits svalable in o specitic computer.,
I change ol relative volume were calculated this way, it is possible to change the distance
between zones a small amount without getting u correspondingly small change in relative
volume. For this reason PISCES IDL does not caleulate change of relative volume from

coordinates as shown above. Instead. change of refative volume is computed directly from
velocities in the following way.

For plune symmetry

AV?"5=-——'1 i'?"l‘ -m? A
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Computing new selative volume, VT . from g chanee of refatiVe volume, &V S,

could abw introduce round-oft errer i 2 7Y < YUy penerad. Vi near 1.0
and V™Y iy very small. To chmirat  cae possibility ol this kind of round-off. o

ke
2

tranmsformation ol variables is made. ™he variable compression. C. is defined as follows:* é
P

cs1l,-V f

4

!

M= A(l.-V) = =4V, 4 E
Compression and change in compression are generally both numbers of the same order S
"g

of magnitude. The cquation

B
&

3

\,‘300-1 - C;‘+ m;u»;

therefore, does not introduce a round-off crror. New relative volume comes directly from
ne+l
c

3

Al

n+l n+l
v =1,-C" ",
] 3

The formula tor change in compression in plane symmetry is

NG

et AL A A s ot 2 oA g e e 703 iom mon A

po
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What we have here is a formula for the change of relative volume that depends on velocitics,
not position. If the velocities yield no change in relative volume, then one is guaranteed
‘ that the distance betweer zones actually is unchanged since new positions ire computed
’ from new velocities.

To use this formula, one musi be sure that it agrees with the devejopment based
: on coordinates. This must be a requirement since the TRUE VOLUME formulas are exact
for large displacements. Again, looking 4t the plane symmetry case, we e

Po L RS
oAk Jns § | ub SRS 1 DRy (o L S L QWL
3 mj Atm?’ a™

which reduces to the result obtained previously,

e [l )- ()

*Sce Appendix B for relations between volume, relative volume, dilation and compression.
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For cylindrical symnwtsy, change of relative volunie Srom coorditites is
nel ;o_o_i f{, nary may ;n n ¢
S ™ ""l (5) - (‘j-x)l - l(rj) - ('j—x)i
n+k poi n+} 2 n ? nel 2 n N '
o x - s - - -
bR CAS IR CH N I (G R GO |
From velocitics
m1) o p -
d(vj ) . %i4 T mx)‘ n )a
dt m, dt ('j - ('j-;
ay 0o b ek onek mek), onek
s ak nek  enek me N
Aj m, 2n THRT Ty tj-1| &t
[
ac™¥ o amd pME [0 0 ek ney 4.2
j mj j j j'l jvl ¢ ( --)
Expanding. we achivve agreement with the formula from coordinates:
[
0 n+s o on w1 on
W ] o TN K2 Ti1 " Tia SE ]
3 mj Mmk ] acms j=1
Po e eyt
nely ] net o0 _ [0 _on i 12 S 3
A\lj = 29 Ty T 3 (rj_1 rj_;) 3
nek f_f_‘l n#+1 ny’ ne1y? n o\
s P o EY)- .
3o twm " [(j (5) l [(’J ) (j-:)]
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Finally. in spherical geometry the change of relative volume from coordimutes is

)] |6
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if this tormuja is expanded, @t will not agree with the formula derived dircetly from
coontinates. There is an crror reflecting the fack of sccond-order accuracy in taking the
derivative, The formula in terms of velacities becomes

n+k p_:l Lok / nek)?
6\'1 z-nj 1017[rj (!'j )

where

when the error is accounted for. The change i compression is
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where again . 3
nel ¥ s 3 ’ ﬁ‘
ol . At ¢ (;ml; _ (;ndg\ 3
X3 1z 7Y - G :
| ;
New relative volume is now computed from mew compression. i f
; 3
n+l n nt ! :
c C, + &C (s 4
 BERS Iad | 3
i
' el ntl )
: vV, =1.-C . 6 i
{ i i © b
v
' Change in relative volume is of course the negative of the change in compression, 3
o z\v;“’f .- Ac‘j"‘f . ) ;
. The rate of change of relative volume can be computed dircetly, ’
i A ?}
: M ™™ :
vm§ - vmg . ® j
J h] :
Once the new relative volume has been determined, the astificial viscosily. pressure, eaergy. :
stress deviators and new time step may be determined. g
Artificial viscosity, q?d“. is computed in tix following way (Appendix C):
H 7.5
n+ n+y n+y
q = + q‘ Y (9) 3
R T
} The artificial viscosity s the sum of an artificiul quadratic viscosity, qz”’ »and an artificial ’:
: fingar viscosity, N+ J i
; ) ! :
v § S
i 0 sk endl ! !
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n+ \ e
¥ = relative volume, Lr is distance scross the zone,

where p = relerence density, V
and cQ = coefficient of quadratic viscosity.
n+y poj n#% n ‘.,Mj h
q = - C. Or c X (9.2)
L.i Vn+?5 L j J b vr}H‘;
j i
where ¢ = coefticient of lincar viscosity und ¢ = sound speed.

The computation of pressure and energy cannot be done in a straightforward manner
because one depends on the other. Thersfore, an iterative approach* is required. First,
a preliminary caleulation is made, estimating the new energy from new change it relative
volume, new artificial viscosity, and oid pressure. Distortional cnergy change is ignored
since new stress devigtors have not yet been caleulated. This first estimate of the new

energy is called E™ . .
s
&
antl n 1/n n n+k n+
- - -~ + v .
B - - 2] 4 g) | o) (10)

If cnergy is deposited from outside the grid. it js added into E® prior to the first
approximation to the energy, v.g..

1 ElAtn-O-&

n n
- Ej + 7 Ef

Ey = Ej

where Ej' is the total energy to be deposited in a zone.

Now using the energy estimate, ¥, subroutine STATE is called to get an estimate
o B 1 j
of pressure, pg" .

n+l n+l  oned
¥y - (E Y )-. an

Returning to subroutine ZONE, stress deviators are computed by first caleulating
the “‘clastic™ deviators at plus time from strain rates at halt time. The clastic
onedimensional deviators are computed from

/\Vm)’
a1 n + +
6, =8 +20§n,’At“l"-l-‘L,— (12)
r r e 3 . n+k
j J b v 3
*Appendix D,
C_ v
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. +X
where 26 equals two times the shear modulus, 6. W

n+k
[

+d
cand A™T? have been
previously defined. and

Rk (;“*5 . (13)

entk n+X .
3 ol B} T ) /b

In PISCES IDL only the radial deviator is independent. The tangential deviator and
the deviator normal to the radial and tangential deviators are caleulated from symmetry
considerations. *

For NSWD = | (plane symmetry)**

on+ sntl
€ = GN =0

] J
s L M1 1 M
t, SN, T 7 %,
3 ] J

: §re
; eek o § émg é""!? =0
£ v, nk r, °* N
f J v J J
% ™
L] 1
{ s:” = s: + 26 e:“i Atmlj - %-—;‘{? ’ s;‘l = —(s':1 s:+ ).
{ J b J v ] J J
’
% For NSWD = 3 (spherical symmetry)**
3
: Mog
1 UC TP L S ¥ S IR Lot
: t N 21 ,n¢ r
: i it
x A 1 ne1
, t, "N, T2 %, -
b] B ]
7
5 — .
i These clastic deviators may now be reduced in subroutine YIELD so that they do not
exceed o von Mises yield surfuce. The chintie yield stress sptrared i defined by
. *In PISCLES 2DL there are three independent deviators
**See Appendin - for relations hetween ¢, ¢ and €
‘ "
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(02”) = -‘21 (s:“) + (s?") + (s;:”) . (14)
J J J J
e L . . n+1\2
This quantity is compared with the computed allowable yicld stress squared. (Y j ) .
N+ - n+d n+l nel n n+l (]5
TN (AR A AT I )
(Notice that p?“ and Btj"'1 are really ?jl“ and E?”.)

The zomparison is made in the following way:

AY;"I . % [(02;1)2 N (Y?H)z] )

. LI . . . . n+
w ™ is negative, the deviators are correct already- everything is elastic. If 0Yj
is positive, the deviators are adjusted by the ratio of aliowable to clastic yiekd stress

Y:@l - 3‘01/0:4‘1
h] J
n+i n+sl N+l n+l nel N+l
sr = Y* e’ St = Y* St N (16)
J J J J 3 ]
1 1 o e
"t Y?ﬂ =0,, then 3:“ = 8:' = s:’ = 0, exactly. This is the condition for

3 b] |
hydrodynamic flow.)

From the new stress deviators one can calculate the change in distortional cocrgy.

a™E L yE A:“”"[.“"’ ™ (g- 1Y d] an
b Ty ty ey
where
nky  ifn nH) w1 n nu)
s «~=ls. + s , 8 = =ls. 4+ 8 .
rj 2( rj rj tj 2( tj t)
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Now the encrgy is recalculated.

o o nel 0tk n ~n41)_1_ n+y i8
F.j Ej+Azj Isv-1 [(pj-l-pj 3+ 9 ]+}ij (18)

where Hy is the energy transfer due to conduction (Reference 3). This value of energy is
used to compute the final value ol pressure.

n+l n+l n+l
3 .,f(rsj ) V] ) (19

Stresses are caleulated from pressure and the deviator tensor

zx:-l - sm-l _ (pnu + qn+§)

i T 3 3
(20)
’ n+l n+l n+1 n+k
Lt < s, -(pj +qj ).
J §
The sound speed squared is calculated in subroutine SSPD *
n+1)\2 n+1 nel
(57) =n (5 v) @
and upon the return to ZONE, a time step squared based on the just caleulated sound
; speed and the zone width is computed.
5 2
) n%)
— t (Atn¢%)3 . (Arj
f ¥ 02 40 pex® gtk (22
n+ 2
(5 ) (1+ach)+ (2cqj) (o] ) J—vn'f%)
3

2
The smallest (At'j“"i) is suved to be used to get the time step for the nest eyle.

AcMJ/Z . fz("/ M;N (At3|0’5)2 ).

¥Sev Appendix F for definition of adiabatic sound speed in werms of ditterent demity pani-
meters for clastic-plastic materials,

20
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APPENDIX A

DERIVATION OF EQUATION OF MOTION IN FLUME SYMMETRY

R{r+dr)

- ~ 7

rHdr

The external force on the left fuce of the frustrum is

Fp= -E()m (r() )?

Similarly, the external force on the right face is

Fp = I(r+ dryn(R(r +dr)])°

The axial component of the force of constraint due to the rigid wall may be given by

Fw = -5(r*) x [area of frustum] x sin @ where i < * S r+dr

= L(r*) x ﬂi:R(r) +R(r+ dr)]ﬁdr)z + [R(r+dr) - R(r) ]2

R(r+dr) - R(r)

Jdr)® + [R(r+dr) - R(OY

= Z(r*)n(R(r) + R(r+ dr) J(R(r+ dr) - R(1) ]

Preceding page blank
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Newton's second law takes the form

prlR(r* Tdr ¥ = -2(e)n{R(r) )+ Z(r + drynlR(e + dr)°

~E(™)nlR(r) + R(r + dr) J[R(r + dr) - R(x) ]

Letting

R(r+dr) = R(r) +dr %g » etc, gives

2r¥ = dr 2. R R
ARdrr = dr BrR 2dr2R&+ 2t'h:)3Rar
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APPENDIX B

PR

RELATIONS BETWEEN MEASURES OF VOLUME CHANGE /
Notation:

Vo =  imtl volume

V = actual volume

|<

v = relative volume

"
<

o
V-V
o

A = cubical dilation V"- 1=

Q

(]

v YV

v v
o

¢ = compression =1 - Vr =1
o

©
]
©

-
.
(2}

©
L
©
b
1]
L2
©
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©
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APPENDIX C

THE q STABILITY CRITERION

The derivation of the q stability criterion may be found in the references listed
at the end of this appendix. When reading these references, it will hielp to know the
corresponding notation. PISCES 1DL is ¢ in Von Neumann and Richtmyes's article
and a in Richtmyer's book. The 2 in Richimyer's book is times the zone size ahead
of the shock. Richtmyer’s V is specific volume, and his E is internal energy per unit
mass. Richtmyer’s R is the same as PISCES IDL r, but for the distance across a zone
he often uses the more complicated expression,

p° r Q=1
AR = ‘—p' Ar(-R)

where x is the original coordinate and a. is 1, 2, or 3 for plane, cylindrical, or spherical
symmetry, respectively.

A simplified derivation of the quadratic qq stability criterion will be given here.
The same method may be used to derive the linear 9 criterion. The differential cquations
in plane symmetry are

r+gp)

ou
L T
1y
Vot ox
2 1w 1
qQ---cQ p(&x)® 'V'a?'ii'a‘:"

where U is velocity and Ax is the zone size. We want to examine the case where pressure
is negligible compared to q,. Set p equal to zero in the first equation. Eliminate refative
volume from the last two equations.

6= - G e 1) 8,

These equations may be combined into one:

ol 2 20 ot at
Ll CQ(AK) 3 [9 i-g;;l "a';].
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In order to make this equation look like the diffusior equation, we want to take the
density out trom inside the derivative on the right. Say that the variation of density is

smali compared to the other denvatives (Von Neumann and Richtmyes make the same
gruss assumption),

AU 2 -] N
3 = GIf g [l'gl 3;}

. < ﬂ b‘U i
= CQ(Ax) P'L’lax pw 20

Reuarranging.
oY 2 2 (AU U
% ° ZCQ(AK) I_bxl j&;.

Again following Von Neumann and Richimyer, say that the first derivative of velocity
varies slowly compared to the second derivative. Then the fast equation is the diltusion

equation i
ﬂ = C -a—.‘:‘!—J
ot ox®

with the diffusion coefficient

o = 2c2(ef 1€

Q
= 208 2 v
26y () .VI.

In Chupters 1 and 8 of Richtmyer’s book, you will find that all explicit finite difference
approximaticns for the diffusion equation must satistv the stability criterion

2
)
T

L3

Applicd 10 the present case, the diftusion stability criterion is

1

b < -
2V

This result may be found in Von Neumann xnd Richtmycer’s articlke at Equation 65 with
the ditvusion coefficient defined ot Equation 45, I the fisst vdition of Richimyer's ook,
this result is Equation 10.32 and in the seeond edition it is Equation §2.4%.
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Von Neumann and Richtmyer did not stop their derivation with this result, which
applies in general, but went on to relate this criterion to the sound speed behind the
shock front for the case of a steady uniform shock in s gamma-faw gas. Their final result
depends on the shock strength, on the equation of state, und on the assunption that
the state is uniform behind the shock. The lesson to be fearned here is that even the
greatest mathematicians sometimes do not know when to stop an analytic derivation of
a refation to be used in a general purpose finite difference code. The simplest, most general
relation should be used. I one works toward a more specitic analytic result to put into
a code, the code will be moge complicated, fess flexible, and less general.
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1. ). Von Neumann and R. D. Richtmyer, J. Appl. Phys., 21, pp. 232-237 (i950).
2 R. D. Richtmyer, Difference Methods for Initial-Value Problems, Interscience
Publishers, Inc., New York (1957). First Edition, pp. 218-222 or Second Edition,
pp. 320-324.

3. G. E. Forsythe and W. R. Wasow, Finite-Difference Methods for Partial Differential
Equations, John Wiley & Sons, Inc.. New York (1960), pp. 78-82.

E.m

s ¢ ativond 28 54

Ao e ne nt

S ememme




7 , ﬂ':é?' t%,‘s‘\g‘ ";: :ku“é”‘z'm?':.)Mgr‘:&#;ﬁwﬁ 5,»;" v ‘ VSRR R

APPENDIX D
ACCURACY OF THE PRESSURE-ENERGY ITERATION
Consider two simuitaneous cquations in two unknowns
y = f(x)
x = g(y)e

A procedure is to be devised to solve the equations when the functional form of for
g is not known a priori. An iteration may be defined by

X, = 8[[(’(0)]
xy v glf(x)]

x4, = 8lf(xp)]

where x_ is 2 first guess and x is the ithapproximation. The iteration converges if the
derivative of the combined function gf is less than one in absolute value.

[9BL . jg's'] < 1.0

dx °

{See Courant, Differentisl and Integral Calculus, Vol. 1,p. 358.) If the derivative is greater
than 1, an iteration using the inversc of the two functions will converge.

L4

If bti is the crror of the 1th approximation, the error of the next approximation
is

Axbl * S'I'Axi'
in PISCES tDL 2ad 2DL the updated pressure and internal encrgy density are related

by a pair of simultuncous equations,

E™ . fp™?) = - %(pnn + Pn)Avn*’t + "

PG R ER IR  A  a T

1 1 -1

: p™1 L gy, g™1y
:
)7
¢ where the superscript is the cycle number and g is the equaticn of state. Following the
g notation above,
3 ’ 1

J =~ 5 &V

g’ =T/

DO ORI ST R
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*
where T o= V(-oq'n) s the Gruaeisen ratio, Then the convergence Lictor Tor the itecation
in ’
Y I
8l =-5%"

The Gruncisen ratio is usually near 2 or smaller. Therefore. the crror atter one iteration
i about -AV/z‘J times the error of the first guess and the error after two iterations is
about (av/vy times the crror of the first guess.
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A?PENDIX E

RELATION BETWEEN €,. €, AND COMPRESSION
IN PLANE, CYLINDRICAL AND SPHERICAL GEOMETRY

Notation:

R = undeformed coordinate of material point

r(R) coordinate of material poiat in strained state

u{R) = r(R)-R = displacement of material point
€ = du/dr= radiul strain
C = compression

€ = tangential strain

R+dR i (R +dR)

&V = [final volume] - [initial volume]

{c(R+dR) - r(R)] - [(R+dR} - R]

r(R) + r/(R)dR -~ r(R) - dR
(r‘(R) - 1JdR

= u/(R)dR
I u’(R)¢™ '
c---v-a-——(a—kl—u-nou(n)s-cr (')
g =0,
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Cylindrical Symmetey

e

«R)

I I

R+ dR HR) + dR)

i

unstrained stramned

T LAV gt PR

& = [P(R+dR) - r3(R)] - [(R+dRY - R?)

P R O o AT T UL

et s PP e T~ AR i AP R S e RO - mer

= [r®(R) + 2rx' (R)dR - r2(R) ] - [R®+ 2RdR - R®]
= [2(u(R) + R)(u' (R) + 1) - 2RJdR
= Lzu(a)u’(a) + 2u(R) + 2Ru’ (R) + 2R - 2R]dR )
) C=_i\_\1__2uu'+2u+2au'
‘ v 7R :
- . ;
;:’ €. +1 :
= -[cr R (2a)
i € +1 :
' €t = u R (2b) :
j
C=-c-¢ . (20 4
£
; 34
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Spherical Symmetry

) R
R+dR = UR +dR)

unstrained er-ained

g
"

(final volume] - [initial volume]

[r*(R+dR) - r*(R)] - [(R+aRY -R*)
r? (R+ dR)

[x(R) 4+ (R)AR]® = 2 (R) + 3r?(R)r’ (R)dR
(R+dRP = K°+3R?.IR

v = [P(R) + 3 (R (R)AR - 2 (R)] - [R® + 3R%aR - &)

3r?(R)r'(R)dR - 3R3*dR

3[u(R) + R}*[u’(R) + 1JdR - 3R%dR

c. N [3u?u’ + 6uRu’ + 3R%u’ + 3u® + 6urdR
3R%dR

2,/ ’ 2

/. u<u 2uu u 2u
- —— .-—'-; + av—
[u + -TR + " + e R]

]

]
[ |
<,

L2 ]

+
~Ne
[

(4]

+

—
+
<

(4]

+

[

| SNSS— ]

)
"
[
+

5

m

[3u® (R)u / (R) + 6u(R)Ru ‘(R) + 3R*u'(R) + 3u®(R) + 6u(R)R+ 3R% - 3R? MR

(3a)

(3v)

(30)
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APPENDIX F

FORMULAS FOR SOUND SPEED IN ELASTIC-PLASTIC MATERIAL

v = qpeeific volume = 1l/¢
v, = inttial specific volume = 1/p,
V= v/vo « relative volume
M= (v -V)/Y
C= (vo-v)/vo :
o = initial density )
£ = true density
The definition for the iongitudinal adiabatic sound speed is :
. (Z)
] op ;
VoPo
v =
Py v P
5 = 3-
° - S LN ‘
op p? Dovo
:
v
f AL dLacdw AL/ 1\ ¥V a1 (v¥ 1 3%
é = = ...-— - u_..__(__)-vz___—-
: BT DY '&:(vo) (povo, o by \v, P,
% v
% 3L 9L du dv _ 3F o) v 1 af
b ndit -l omes §B esmm - — - o
% op oM av I o v? DOVO po oM
E Thus,
H
,‘ ¢, (92)‘* v(..t. .az.)* . (,L A-::)”
; * 3 * b, M
i
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