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ABSTRACT

This report describes the research conducted during the period
May 1968 through May 1969 to develop an explosively driven gun that
would accelerate models of known mass to high velocities. A two-
stage gun has been used to launch intact 2-g models to 12.2 km/sec
in several experiments. A single-stage gun has also been developed
to accelerate 2-g models to 12 km/sec, although it has a lower veloc-
ity limit and the peak projectile base pressures generated are con-

siderably higher than those produced in the two-stage device.

The performance limits of the one~ and two-stage guns are dis-
cussed. In the two-stage gun, the design problems associated with
the first stage have been resolved; however, unfavorable operation of
the second stage has prevented higher velocities from being achieved.
In particular, the second-stage explosive lens was operated in an
asymmetric mode for ease of fabrication and instrumentation. The
asymmetric collapse of the barrel to form the second-stage piston
appeared not to be complete and the anticipated performance was not
achieved. It is postulated that in future experiments the second
stage would be operated in a symmetric mode. The symmetric collapse
process has been studied in greater detail, and it is felt this mode
is more suited to collapsing the barrel to form the second-stage '
piston. Velocities of 13 to 20 km/sec should be possible with this

second-stage design.

In support of the experimental work this report includes
sections on current explosive driver design criteria, a discussion
of gasdynamic cycles for achieving high velocities, and a calcula-

tional method to predict explosive gun performance.

ii



ACKNOWLEDGMENTS

The author wishes to express thanks to the staff of the
‘Shock Dynamics Department for their contributions to this program.
Particular acknowledgment is given to Mr. E. T. Moore, Jr. for
his advice and supervision of the program, to Dr. S. P. Gill
for his calculations of phased and jetting drivers, and to
Mr. Steve Hancock for his work on the GANG-POD computer program.

iii




IT.

ITT.

IV.

VI.

CONTENTS

INTRODUCTION

CURRENT DESIGN CRITERIA FOR EXPLOSIVE DRIVERS

A. Radial Expansion and Collapse of the
Pressure Tube

B. Variable Piston Velocity Drivers

C. Jetting of the Collapsing Pressure Tube

GASDYNAMIC CYCLES FOR ACHIEVING VERY HIGH VELOCITIES

A. Single-Stage Linear Guns

B. Two-Stage Systems with Constant Base
Pressure Acceleration

C. Two-Stage Systems with Auxiliary Pump Cycle

CALCULATION OF LAUNCHER OPERATION

A. The GANG-POD Computer Program
B. Single-Stage Performance Calculations
C. Two—Stage Performance Calculation

LAUNCHER EXPERIMENTS

A. High-Pressure, Single-Stage Experiments
B. Low-Pressure First-Stage Experiments

C. Two-Stage Launcher Experiments
CONCLUSIONS

References

iv

Page

10
16
22
22
30
43
47
47
51
60
67

67
80
90
100

102



Figure

10

11

12

ILLUSTRATIONS

Ideal Operation of the Linear
Explosive Driver

Radial Expansion Histories of the Inner
Tube for Explosive Driver Designs

(Computer Solutions for Tamped and Untamped
Drivers with Constant Internal Pressure of
6 kbar) :

Radial Expansion Histories for an Explosive
Driver (Observed and Calculated Solutions for
a 4-kbar Untamped Driver)

Calculated Expansion and Collapse Histories
for a 3-kbar Driver Using One-Dimensional
Lagrangian Program (POD)

Operation of an Explosive Lensing System

Interaction of a Tilting (Phased) Detonation
Wave with a Thin Plate. (Shown in the Frame
of Reference in which the Detonation is
Stationary)

Terminal Plate Angle as a Function of Phase
Velocity for Various Residual Pressures

Schematic of Tube Collapse Process in the
Frame of Reference of the Detonation Wave

Operation of a Single Stage Explosively
Driven Launcher

Saha Equation for Helium
Ballistic Eguations for a Closed
Reservoir Gun with D21 =2, v =5/3

(Reference 5)

Ballistic Equations for an Open-Ended
Reservoir Gun with D21 =2, vy =5/3

Page

11

13

15

18

23

24

27

29




Figure

14

15

16

17

18

19

20

21

22

23

24

25

ILLUSTRATIONS (cont.)

Operation of a Two-Stage Explosively
Driven Launcher

P3/P4, M3, and 1/Py4 dP3/du3
as Functions of Driver Detonation
Velocity for a Steady Expansion to

uy = 5.5 km/sec

Projectile Location at uz = 5.5 km/sec as a
Function of Base Pressure for a Nitromethane
Driver and a Steady Expansion of Reservoir Gas

Time to Accelerate to uz = 5.5 km/sec as a
Function of Base Pressure for a Nitromethane
Driver and a Steady Expansion of Reservoir Gas

Ideal Second-Stage Mechanics

Equilibrium Projectile-to-Piston Distance
as a Function of Second Stage Acceleration

Schematics of One~ and Two-Stage Guns with
Auxiliary Pump Cycles

Dimensionless Radius-Time Plot of Reservoir
Expansion

Early Attempt to Include Wall Motion in the
Calculation of Gun Performance

GANG-POD Computer Program to Include Wall
Motion in the Calculation of Gun Performance

Calculation of a High-Pressure Single~-Stage
Gun Using One-Dimensional Lagrangian Code (POD)

Calculation of a High-Pressure Single-Stage
Gun Using the GANG-POD Computer Program

Calculated Projectile Base Pressure

Histories Using the GANG-POD Computer
Program

vi

Page

31

34

35

37

39

41

46

49

50

52

54

55

56



Figure

26

27

28

29

30

31

32

33

34

35

36

37

ILLUSTRATIONS (cont.)

Calculated Inner Wall Contour for a High-
Pressure Single-Stage Gun Using the
GANG-POD Computer Program

Calculation of a High-Pressure Single-Stage
Gun with Auxiliary Pump Cycle Using the
GANG-POD Computer Program

Calculated Inner Wall Contour for a High-
Pressure, Single-Stage Gun with Auxiliary
Pump Cycle Using the GANG-POD Computer
Program

Calculated Inner Wall Contour for a Two~Stage
Gun with a 5.5-deg Transition Section, Using
the GANG-POD Computer Program

Calculation of the Start-Up of a Two-Stage
Gun Using the GANG-POD Computer Program

Calculated Base Pressure for the Initial
Acceleration of a Two-Stage Gun

Calculated Inner Wall Contour for an Abrupt
Area Change Gun Design with Reservoir
Explosive, Using the GANG-POD Computer
Program

Range Radiograph of a 2-g, 1/2-caliber Long
Projectile Launched to 8.1 km/sec (Shot 397-3)

Range Radiograph of a 2-g, 1/2-caliber Long
Projectile Launched to 9.35 km/sec (Shot 351-111)

Range Radiograph of a 2~g, 1/2-caliber Long
Projectile Launched to 8.3 km/sec (Shot 397-1)

Two-Dimensional Gas Dynamics at an
Abrupt Area Change in a Breech

Two-Dimensional Gas Dynamics in a 5.5~deg Conical
Transition Section. (Isobaric Contours of the
flow behind a 6-kbar shock at Mach 8.8 in Helium
calculated by a two-dimensional coupled Eulerian
Lagrangian computer program ELK)

vii

Page

57

58

59

61

63

64

66

69

70

71

73

75




Figure

38

39

40

41

42

43

44

45

46

47

48

49

ILLUSTRATIONS (cont.)

Range Radiograph of a 2-g, 1/2-caliber Long
Projectile Launched to 7.8 km/sec by a ,
High-Pressure Single-Stage Gun (Shot 397-5)

High Resolution Range Radiograph of a
2-g, l1/2-caliber Long Projectile Launched
to 10.6 km/sec by a High-Pressure Gun
with Auxiliary Pump Cycle (Shot 397-7)

Observed Performance of a High-Pressure
Single-Stage Gun with Auxiliary Pump
Cycle (Shot 397-9)

Observed Performance of a Low Pressure 13:1
Area Ratio First-Stage Gun (Shot 351-108)

Range Radiograph of a 0.67 g, 2/3~caliber
Long Projectile Launched to 5.5 km/sec by a
Low-Pressure First-Stage Gun (Shot 351-108)

Observed Performance of a Low-Pressure First-
Stage Gun without Auxiliary Pump Cycle
(Shot 397-8)

Range Radiograph of a 2-g, 1/2-caliber
Long Projectile Launched to 10.2 km/sec
by the First-Stage Gun with Auxiliary Pump
Cycle (Shot 397-10)

Observed Performance of a Low-Pressure
First-Stage with Auxiliary Pump Cycle
(Shot 397-10)

High-Speed Framing Camera Record of the
First-Stage with Auxiliary Pump Cycle
(Shot 397-10)

Two-Stage Explosively Driven Guns to
Launch 2-g Projectiles to 12 km/sec

Observed Performance of a Two-Stage
Gun (Shot 397-11)

Range Radiograph of a 2-g, 1/2-caliber Long

Projectile Launched to 12.0 km/sec by
a Two-Stage Gun (Shot 397-11)

viii

76

78

79

81

83

85

87

88

89

91

92

93



ILLUSTRATIONS (cont.)

Figure Page

50 Observed Performance of a Two-Stage

Gun (Shot 397-12) 95
51 High Speed Framing Camera Record of the

Second-Stage Explosive Lens Operation

(Shot 397-12) 97
52 Range Radiograph of a 2-g, l1/2-caliber

Long Projectile Launched to 11.5 km/sec

by a Two-Stage Gun {(Shot 397-13) 98
53 Observed Performance of a Two-Stage Gun

{Shot 397-13) 99

ix




SECTION I

INTRODUCTION

This report covers the progress made in the past year toward
developing an explosively driven gun that would launch models of
known mass to 20 km/sec. The primary purpose of this effort was
to extend the range of velocities obtainable for laboratory simula-
tion of meteoroid impact. At present nearly all impact testing is
carried out with conventional two-stage light-gas guns operating
from 2 to 10 km/sec. Those who design future spacecraft will re-
quire a knowledge of impact phenomena occurring at velocities two
or three times higher than those presently attainable in the

laboratory.

A secondary purpose of this effort is to be able to launch
reentry configurations to 20 km/sec in order to provide laboratory
simulation of planetary reentry phenomena in which radiative heat
transfer dominates the flow field., These and other applications
of such a high-velocity gun have been considered in developing the

explosively driven gun described in this report.

In 1967 a two-stage, explosively driven launcher was used to
accelerate a 0.170~g projectile to 12.2 km/sec. However, the
projectile was damaged because of a mismatch between the first and
second stage of the gun (Reference 1). 1In the present program the
mismatch between stages has been corrected and the problem of
projectile integrity has been satisfactorily resolved. The mass
of the projectile has been increased to 2 g and several models

have been accelerated intact to 12.2 km/sec.

The explosive driver used as the first stage of the two-stage

system provides proper conditions for augmentation by the second




stage. The second-stage explosive lens was made in an asymmetric
geonmetry (Reference 1), but was not entirely satisfactory in form-
ing the second-stage piston. The unfavorable operation of the second
stage in this year's program prevented the attainment of even

higher velocities.

In addition to reporting the progress of this year's effort,
this report discusses some of the current principles used in the
design of explosive drivers. Representative calculations and
experiments which illustrate some of these design criteria are
presented in Section II. This is followed in Section III by a
discussion of several possible gasdynamic cycles for obtaining
high velocities. A method of calculating launcher performance
is given in Section IV. Section V summarizes the single- and
two-stage launcher experiments that led to launching an intact
2-g model to 12.2 km/sec.



SECTION II

CURRENT DESIGN CRITERIA FOR EXPLOSIVE DRIVERS

This section presents experimental and theoretical results
that contribute to the knowledge of explosive driver design.
These investigations include both linear and phased explosive
drivers. For example the two-stage gun discussed in this report
uses a linear driver as the first stage and a phased driver (the

explosive lens) as the second stage.
A. RADIAL EXPANSION AND COLLAPSE OF THE PRESSURE TUBE

The ideal operation of a linear explosive driver is shown in
Figure 1. The progressive collapse of the pressure tube behind
the detonation wave drives a strong shock into the helium driver
gas. Over the range of temperatures and pressures in which most
explosive drivers operate, the helium can be considered a perfect
gamma-law gas where y is the ratio of specific heats of the gas.
The pressure, P2, in the gas behind the shock is related to the
initial gas density, 017 and the detonation velocity of the explo-
sive, D, by the equation

~ +1 2
(Pz = p1)1‘2“’3 (1)

The shocked-gas pressures typically reach several thousand

atmospheres, causing the thin-wall pressure tube to expand radially.

The primary method of controlling this expansion is to surround the
explosive with a thick-wall steel tube that will inertially contain
the pressures for the desired period. The result is that the inner
pressure tube will expand at a much slower rate which is controlled

by the inertia of the thick-wall outer tube.
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As an example, calculations using a one-dimensional Lagrangian
computer program (POD) are shown in Figure 2 for a driver with a
thin and thick wall outer tube. The radius~time plots of expansion

are expressed in dimensionless coordinates

—_ r
I'—--r-—-—l
o
and
T =2
r
o)

where r, is the initial internal radius of the pressure tube and

D is the detonation velocity of the driver explosive. For purposes
of the calculation the gas pressure inside the pressure tube is
constrained to be constant. This type of calculation accounts for
the strength of both the inner and outer tube as well as the wave

dynamics of the steel and explosive.

Experiments were carried out under another contract (Refer-
ence 2) in which 600-kV flash X rays were taken of an explosive
driver in operation. These X rays were used together with measured
shock and detonation wave trajectories to obtain expansion histories
of the pressure tube. The experimentally measured expansion his-~
tories were compared with calculations such as described above.

Two cases are considered. In the first calculation the pressure

on the inside of the pressure tube is held constant, and in the

second calculation the pressure is allowed to vary isentropically

as r-2Y. The observed data (Figure 3) appear to follow the constant
pressure solution over the entire range of measured data, suggesting
that the expansion does not reduce the driver pressure as much as
would be expected. The increased volume of gas caused by expansion
appears to be compensated by an adjustment in the length of the column

of shocked gas.
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This type of calculation is used in driver design to optimize
the thickness of the pressure tube wall, the explosive layer, and
the outer tube so that expansion of the pressure tube is held below
a certain arbitrary limit (usually 30% to preclude its dynamic

rupture during driver operation).

In determining the size of the pressure tube, the thickness
of the explosive layer, and the size of the outer tube, considera-
tion must also be given to the collapse process. Care must be taken
to provide enough explosive energy to overcome the strength of the
pressure tube and to collapse it against the driver gas pressure
while allowing for losses by Taylor rarefaction in the explosive
products and expansion of the outer tube. The method used in this
aspect of driver design is essentially that described for calculat-
ing expansion. A one-dimensional Lagrangian computer program (POD)
is employed to calculate the combined expansion and collapse his-
tories. In the design case the pressure tube is allowed to expand
to its maximum value as described above. At the appropriate time
the explosive equation of state is changed from an inert liquid
description to a volume-burned explosive products description. The
expansion and collapse history of the pressure tube calculated in
this manner is shown for a typical design case in Figure 4. Care
must also be taken to prevent the pressure tube from collapsing too
quickly. If the collapse angle is too steep, a significant jet

can be formed (Reference 3).

The actual collapse process is a two-dimensional phenomenon.
The conditions in the explosive products are relieved in the axial
direction by the Taylor rarefaction, and the axial gradients in the
gas in the pressure tube may be substantial. In addition, there
may be jetting of the collapsing pressure tube or leakage of boundary-

layer gas. Therefore the one-dimensional calculation method described
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described above is not exact. It does, however, provide a figure
of merit for comparing various driver designs. For instance, the
collapse calculation of a new driver design may be compared with
the calculations carried out for a proved driver design. A com-
parison of the calculations will often suggest if conditions for
significant jetting or incomplete tube collapse are present in the

new driver design.

B. VARIABLE PISTON VELOCITY DRIVERS

The highest detonation velocity obtainable in an explosive is
9.1 km/sec. To accelerate projectiles to 20 km/sec it will be neces-
sary to increase the effective detonation velocity by about a factor
of two. This can be accomplished by phasing the detonation wave.
A phased detonation wave is one whose point of contact with the
plate or tube it is to collapse travels at a phase velocity, V,
greater than the detonation velocity, D. An explosive lens developed
during the past two years' effort (Reference 1) has been used to
phase a detonation in a programmed manner. The most common mode of
operation of the explosive lens is to provide a uniformly accelerat-
ing phased detonation wave that can be used to collapse the barrel
and form an accelerating second-stage piston for an explosively
driven gun. The operation of this lens system is shown schemat-
ically in Figure 5. After the lens is initiated, a detonation wave
front proceeds along the steel tube at a velocity equal to the
detonation velocity in the slow explosive. However, the higher
detonation velocity of the fast explosive combined with the chang-
ing contour of the interface between the fast and slow explosives
produces a continuously tilting wave front (phased detonation
wave) in the slow explosive. As a result, the piston formed by the

collapse of the steel pressure tube begins to accelerate.

10
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The accurate and precisely controllable operation of the lens
has been experimentally demonstrated (Reference 1); however, the
uppér limits of the lens phase velocity have not yet been investi-
gated. In particular, the energy density of the explosive is fixed
and the maximum inward velocity which the explosive can impart to
the tube must therefore be limited. As the phase velocity of the
explosive is increased, the conical piston region (in the case of
the collapsing barrel) elongates. For very high phase velocities,
the collapse cone can become unrealistically long. Therefore, it
is the fixed energy density of the explosive that will ultimately

limit the phased piston velocities that can be achieved.

A calculation has been carried out which indicates that phase
velocities of two to three times the detonation velocity of the
explosive will not result in prohibitively long collapse cones
(Reference 4). Although the details of this calculation are much
too involved to present here, the assumptions, methods, and results

of the approach will be given.

In the calculation a phased detonation interacts with a metal
plate (Figure 6). The explosive is assumed infinite so there are
no boundary conditions and the state of the detonation products is
constant at Chapman-Jouguet conditions except where affected by
the accelerating metal plate. The flow, in the frame of reference

of the detonation wave, 1is assumed steady.

Phased detonations differ from unphased detonations in that
the disturbance first caused in the detonation products by the
accelerating plate is a reflected shock rather than a rarefaction
(Figure 6). The pressure behind this reflected shock is subsequehtly
reduced by rarefactions generated by the accelerating plate. If the
initial shock is weak enough, the increase in entropy across the

shock can be neglected and the flow field calculated by means of a

12
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Prandtl—-Meyer compression followed by a Prandtl-Meyer expansion.
This approximation can be shown to give good results even in the
worst case of normal impact against an infinitely massive plate

(Reference 4).

As shown in Figure 6, the detonation products undergo a Prandtl-
Meyer compression followed by a Prandtl-Meyer expansion. Numerical
calculation of terminal plate angle, o, as a function of the ratio
of phase velocity to detonation velocity, V/D, is carried out in
Reference 4 for both polytropic and Livermore equation-of-state
descriptions* of the detonation products and are shown in Figure 7.
The terminal angle is bounded and has a maximum for V/D > 1. In
the limiting case of a detonation normally impacting a massless plate,
the terminal velocity of the plate in laboratory coordinates is equal
to the escape velocity of the detonation gases in one-dimensional

flow, as would be expected.

From Figure 7 it can be seen that the terminal plate ahgle
reaches a maximum at approximately V/D = 1.1, and that the terminal
plate angle at V/D = 1.6 is still slightly greater than its value
for an unphased (V/D = 1) detonation. For values of V/D > 3 the
terminal plate angle is less than one half of the value for an un-

phased detonation.

The reason for this behavior is that as the detonation wave

tilts, the directed kinetic energy of the detonation products 1is

*
The Livermore equation of state is of the form

-R,V -R,V
1 \ 2 wE
+ B(1 - ﬁ) e + —

2 \%

where P is pressure, V is relative volume py/p, E is the chemical
energy density of the explosive, and A, B, Ry, R2, W are exper-
imentally determined constants.

= - W
P = A(l Rlv) e

14
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available for accelerating the plate. The directed kinetic energy
increases as the detonation wave tilts, causing the terminal plate
angle to increase initially. However, the increased phase velocity,
combined with the limited energy density of the explosive, begins

to dominate and causes the terminal angle to begin to decrease.

At infinite phase velocity the terminal angle is zero.

In the case of the explosive lens, the simplifying assumptions
made for the above calculation do not apply. In particular, the
explosive is not infinite, there is a large internal pressure in
the tube, and the phase velocity is not constant but usually
increases slowly in time. However, the tradeoff between directed
kinetic energy and increasing phase velocity still exists and the
above calculation is valuable as a figure of merit. That the
terminal angle is approximately constant for V/D < 2 would seem
to be a reasonable expectation in the case of the explosive lens.
Based on this calculation, we would expect that the collapse or
piston region would begin to elongate unrealistically for V/D > 2.
With explosives such as Astrolite (D = 8.6 km/sec), this would
indicate that piston velocites up to about 20 km/sec would be

practical for launcher applications.
C. JETTING OF THE COLLAPSING PRESSURE TUBE

There are three phenomena that complicate the otherwise ideal
operation of an explosive driver. Expansion of the pressure tube
behind the shock wave and prior to the arrival of the detonation
wave has been extensively studied experimentally and analytically
and is discussed in Part A of this section. A second phenomenon is
the growth of a boundary layef behind the shock. Since the boundary-
layer gases receive little axial momentum when they encounter the
pistoﬁ, these gases tend to be trapped by the collapsing tube.

The resultant leakage of boundary-layer gases ultimately limits

the length of shocked gas obtainable with present driver designs.
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This phenomenon is reported in Reference 3 and, since there has
been little work done in this area under this contract, the
subject will not be discussed here.

The third phenomenon encountered in explosive drivers is the
possibility of forming a metallic jet upon collapse of the pressure
tube. The theory of jetting is well established and can be found
in References 3 and 4. A simple analysis will be presented here
to illustrate the large effects that irreversible processes such
as shock heating and plastic working have on the size of the jet
formed. This analysis assumes only the conservation laws and the
condition of steady state. The collapsing tube is shown schemat-

ically in Figure 8 in the frame of reference of the detonation wave.
From conservation of mass

MD = M_D(1 - eg) + MD(1 - ) (2)

where M is mass/unit length of the collapsing tube, D is detonation
velocity, subscript s denotes the slug of the collapsed tube, and
subscript j denotes the jet. The velocities of the slug and jet
are less than their classical value of D by some small amount, €D,
due to irreversible processes. The irreversible energy deposited
in the slug and jet as residual heat is subtracted from the energy
of motion of the slug and jet in accordance with the first law of

thermodynamics.
Similarly, for the conservation of momentum
2

_ _ 2 2 _ 2
MD cos 6 D = MsD (1 es) MjD (1 ej) (3)

where 6 is the angle through which the tube is turned by the

detonation (Figure 8).

17




HAYVM NOTILV¥NOILIQ IHI A0 IONIIIITY JO
dWVEd dHL NI SSHD0dd dASAYTIOD HINL HHL J0 DILVWIHOS 8 dINDIA

*ssa00xd ssdelToo Syaz Ul psjeasusb
Abrous STQTSIDABIAT O Snp @3 JUnowre TTRWS
e Aq psonpoax sae soI13To0T2A 38[ pue bnys

AN N AN AN AN N N AN . A

€——[3-1)q A3t00T™A
YaITM 390

aqny pesdeTTod
Jo bnts

a K31ooTeA UM —mm8m8—> \\\\\\\\l\\\\\\\\\\\\
ISUTT buTtwoour

sAB)M UOT3RUO0LIDJ

18



Solving Equations (2) and (3) for Mj/M,

M. (1 - cos 8) - €
Ml:u—e =€) (1 - e.) (4)
5 J J
If €. << 1 and g << 1
3 S
M. (1 - cos 8) - ¢
_J = S
which compares to the classical formula (es = Ej = 0)
M.
~J _ (1 - cos 6)
I 3 (6)
Typically (1 - cos 8) is small so that e, can have a significant

effect on the mass of jet produced.

As mentioned previously, the velocity deficit, ¢, arises when
irreversible work is done in the collapse process. The irreversible
work can be caused by various forms of plastic working or by shock
heating of the metal if the collapsing liner is supersonic with
respect to the frame of reference of the detonation wave (Refer-
ence 3). The irreversible work appears as heat and this is quite
evident when picking up the collapsed pressure tube after an

experiment.
The irreversible work may be expressed as

_ 1.2 1 2. 2
AE = 5 D 5 DL - e) (7)
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where this expressidn is evaluated along a stream tube which forms
the slug of the collapsed tube. Therefore AE = Dzes. Reference 4
considers the plastic shear work done in collapsing the tube by
applying the two-dimensional steady equations of motion. The result

is

W =

2y
p /3 P

| Aa] (8)

where Y is Von Mises yield strength, p is liner density, and |Ac]
is cumulative angle through which the liner bends. From Figure 8
it is clear that |[Aa| = 26.

If the irreversible work resulted only from plastic shear work

p
or
Dzes = 2 X 26
/3 p
Therefore
4 Y
e, =— 1% (9)
/3 Pp
From Equation (5)
M (1 - cos B) - 4 Xﬁ_
i /3_eD
M 2
Using the small angle approximation 1 - cos 6 = 62/2
0% _ 4 ve_
M 2
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As an example consider a steel liner (Y = 6 kbar) collapsed
by nitromethane (D = 6.3 km/sec) and a representative collapse

angle of 10 deg:

- 0.0153 - 0.0008
2

=| =

Thus the jet mass is reduced by 5% from the contribution of plastic
shear work alone. The contribution of bulk plastic work in the
tube collapse process, for instance, should be considerably greater

because of convergence effects.

The conclusion of this analysis is that small irreversible
processes are important in the determination of tube jetting and
should be included in any analysis of explosive driver performance.
In an explosive driver, the internal pressure, the growth of a -
boundary layer, and all the irreversible processes occurring in
the collapsing liner tend to suppress jetting. This is experi-
mentally verified in the sense that jetting has never been a

problem in the high pressure drivers used in launcher work.
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SECTION III

GASDYNAMIC CYCLES FOR ACHIEVING VERY HIGH VELOCITIES

At the beginning of this year's program several methods of
using explosively driven systems to achieve high velocities were
considered. Three approaches using fairly well developed tech-
nigques were addressed. In this section these three types of gas-
dynamic cycles are described in detail with reference to calculations

and experiments. The performance limits of each are pointed out.
A. SINGLE-STAGE LINEAR GUNS

With explosive drivers in their present state of development,
very high enthalpy columns of driver gas may be generated. The
schematic operation of this type of gun is shown in Figure 9. If
the moving column of gas is brought to rest by a strong shock
reflection, very high reservoir sound speeds may be produced.
Using the strong shock relations for a perfect gas, the reservoir
sound speed is found for a particular gas to be a function of the

detonation velocity only

a, = \/(3Y‘1)2(Y‘1) D (11)

where a, is reservoir sound speed, Y is ratio of specific heat of
driver gas, and D is driver detonation velocity. For helium

(y = 5/3) a, = 1.15 D and for hydrogen (y = 7/5) a, = 0.8 D.
Helium however is very nearly a perfect gas for driver pressures
of several thousand atmospheres and driver detonation velocities
of 5 to 8.6 km/sec, as shown by the Saha equation for helium in

Figure 10.
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FIGURE 9. OPERATION OF A SINGLE-STAGE EXPLOSIVELY DRIVEN LAUNCHER
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With nitromethane (D = 6.6 km/sec), reservoir escape speeds
of 22 km/sec may be achieved using helium, as can be seen from the
well-known relation for the unsteady escape speed for a gas expand-

ing from a stationary reservoir

~ 2a4
u = —Y-:T (12)
Explosive drivers using helium (y = 5/3), have been operated with
gas pressures of 2 to 6 kbar for several years. If this gas is

brought to rest by a strong shock reflection in the reservoir, pres-
sures up to 36 kbar may be generated, as calculated by the equation
_ {3y-1
P, = (Y"l ) p, (13)
where P4 is the pressure behind the reflected shock in the reservoir
and P2
existing technology using a nitromethane driver, reservoir conditions

of P4

ditions to accelerate a 1l/2-caliber long, 2-g projectile, it can be

is the pressure behind the driver shock. Therefore, with
= 36 kbar and a, = 7.6 km/sec may be achieved. With these con-

shown by applying the standard ballistic eguations (References 5 and 6)
that the final velocity would be 11.2 km/sec. Using another

ligquid explosive, Astrolite (D = 8.6 km/sec), to obtain reservoir

sound speeds of 9.9 km/sec, the projectile velocity was calculated to
be 12.8 km/sec. In these calculations the projectile is assumed to
have an areal density of 1.1 g/cmz. The barrel is 100 cm long and

the driver-driven area ratio is taken as 2. The gas mass-to-
projectile mass (G/M) ratio is assumed to be infinite. This assump-

tion is valid in the examples cited above.
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Although it would be desirable to lower the base pressures,
operating the gun with reservoir pressures as high as 36 kbar
is feasible with certain projectile shapes and materials. This
has been demonstrated in References 2 and 7. However, to reduce
moael distortion and reservoir expansion (which is discussed
later), it would be necessary to reduce the reservoir pressure.
With the length of explosive drivers being limited by boundary-
layer growth the assumption of infinite G/M ratio would no longer
be valid with reduced driver pressures and the high performance

estimates would not apply.

Two cases that are possible in an explosively driven gun
operated with a limited length of shocked gas are now considered.
In the first case the explosively formed piston remains closed
when it stops, and in the second case the piston vanishes when it
stops. This latter case may occur when the reflected shock from

the breech interacts strongly with the piston.

Seigel (Reference 5) has calculated the performance of the
gun for the case of the piston that remains closed. In this analysis,
which will not be repeated here, he plots dimensionless velocity,
a = u/a4, as a function of the ballistic parameter X = P4x/(p2)a42
for various values of the parameter G/M. Here u = projectile
velocity, a, = reservoir sound speed, P4 = reservoir pressure,
x = barrel length, (p2) = areal density of projectile, G = driver
gas mass, and m = projectile gas mass. The curves for a driver-to-

driven diameter ratio (DZl) of 2 are shown in Figure 11.

For the case of the open or vanishing piston, several computer

solutions have been nondimensionalized and shown to correlate, not
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FIGURE 11. BALLISTIC EQUATIONS FOR A CLOSED
RESERVOIR GUN WITH D21 =2, v =5/3
(Reference 5)
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with the G/M ratio, but rather with a dimensionless reservoir length
parameter L = x/xo where X, = reservoir length and x = barrel length.
This correlation is shown in Figure 12, again for the driver-to-

driven diameter ratio (D2l) of 2.

In the piston-~stop or closed reservoir case where the G/M ratio
is used, the limited mass of driver gas is felt when the rarefaction
waves generated at the base of the accelerating projectile reflect
from the end of the reservoir and overtake the accelerating pro-
jectile. The upstream end of the reservoir in this case, it should
be noted, is stationary. In the open or vanishing piston case where
the x/xO ratio is used, the complete rarefaction generated when the
piston "vanishes" dominates the problem. The rarefactions generated
at the base of the accelerating projectile never reflect from the
upstream end of the reservoir which is now formed by a head of the
strong upstream-running rarefaction wave, which moves at nearly

the characteristic velocity.

The analysis presented here is correct for a single~stage gun
operating ideally. With the high sound speeds possible in the explo-
sive guns, very high velocities (up to about 13 km/sec) should be
possible. However, the high reservoir pressures cause the reservoir
walls to expand; this unfortunately limits the velocities attainable
through this approach. If the reservoir pressure is lowered to
acceptable limits (for instance to the yield strength of the reser-
voir walls), the explosive gun is limited by a low G/M ratio

because boundary-layer growth limits present driver performance.

Several designs of single-stage explosive guns have been tested

experimentally. The G/M ratio in these guns is effectively infinite.
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In all cases the predicted performance has not been achieved and

a large fraction of this performance loss has been correlated with

reservoir expansion during the launch cycle. The calculations and

experiments supporting this conclusion are presented in Scctions IV

and V respectively.
B. TWO-STAGE SYSTEMS WITH CONSTANT BASE PRESSURE ACCELERATION

The most desired type of launcher operation is that in which
the pressure on the base of the projectile is low and nearly con-
stant. The theory for a complete two-stage, explosively driven
system of the type shown schematically in Figure 13 is presented
here. 1In the first stage, consisting of a linear explosively
driven gun similar to that described in part A of this section,
the projectile is accelerated in a controlled manner approximating
a steady expansion of the reservoir gas. This is accomplished by
using a large driver-to-driven diameter ratio as pointed out by
Glass (Reference 6). The base pressure on the projectile is approxi-
mately that obtained through a steady expansion and this is wvalid
until the flow Mach number behind the projectile reaches unity.

This is expressed by the relation

2 Y/Y"l -
M (14)

where the subscript 3 refers to the gas conditions at the base of

the projectile and the subscript 4 refers to the reservoir conditions.
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With this type of acceleration, the reduction in base
pressure with increasing projectile velocity is minimized.

With helium for example P3/P4 = 0.488 when M. = 1, which is

3
the limit to which the equation is valid. 1In addition
9 1/v-1
dP3 M y-1 Eﬁ Yu3P4
ao 5 \a p (15)
3 4 a,

which gives the decrement in pressure as a function of increment

in velocity. This . is an important variable for consideration in

3
dP3/du3, and M3 are plotted as functions of driver detonation

augmentation. For the case of u, = 5.5 km/sec the guantities P3/P4,

velocity (D) in Figure 14 by expressing P4 and a, -tn terms of D

4
3y~-1 +1 2
p, = (25 (5F) erv (13)
ay - \/(3Y-l)2(Y-l) b (1)
where Py = loading or initial gas density. Also of importance in

augmentation are the position and time of the projectile when a
given velocity and base pressure are achieved. These are obtained

in the standard way using the equation

_ Mdzx
F=—
dt
(16)
oxr 2
d
P = (p2) ——)2{-
: dat

where (p!) is the areal density of the projectile.
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For the position

_ du
Py = (04 u(dx)
inserting
2 Y/Y_l
P4 2 a,

and integrating we obtain

P, x

2 .
4 yY-1 U3
—s = |1 - 5= = -1 (17
(00 a,’ ? <a > !

This can be expressed in:terms of driver detonation velocity and

loading pressure by inserting

_(3y=1\/[y+1 2
py = (352)(F) oo 13)
and
a, = \/(3Y”l;(Y'l) D (11)

For the case of y = 5/3 (helium), D = 6.6 km/sec (nitromethane) and

u, = 5.5 km/sec (a special case discussed later), the position of

3
the projectile is plotted as a function of base pressure in Figure 15.
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In order to determine the corresponding time, the equation

to be used is

Again

To perform the integration P3/P4 is expanded in a binomial series.

The result to four terms is

(p) 6
6a4 4Oa4 336a4

The series converges rapidly. The equation is plotted in Figure 16
for time as a function of P3 for the case Y = 5/3, u, = 5.5 km/sec,
and D = 6.6 km/sec. In Figures 14, 15, and 16 the velocity

u, = 5.5 km/sec is chosen since this is a very likely choice of

pickup velocity for the second stage. The second stage in this
system would be an explosive lens (Reference 1), and the minimum
starting velocity of this lens is the lowest velocity obtainable
with the lens explosive (Figure 5). With diluted nitromethane this

minimum velocity is around 5.5 km/sec.

For the case of a 0.94~cm-diam, 2/3-caliber long projectile

of density 1.4 g/cm3, the pickup conditions of P3 = 5 kbar and

u, = 5.5 km/sec are achieved at x = 21 cm and t = 70.5 usec for

a detonation velocity of 6.6 km/sec from Figures 15 and 16. The
3 = 0.8 and dPB/du3 =

1.2 P4. Since P, for this case is 8 kbar, a variation in pickup

flow Mach number behind the projectile is M
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velocity of * 0.5 km/sec results in a change of pressure of
approximately * 0.48 kbar or + 9.5% of the pickup pressure.

If the gun were operated in the unchambered mode then the pickup
pressure corresponding to a projectile velocity of 5.5 km/sec
would be 2 kbar. A variation in pickup velocity of # 0.5 km/sec
results in a variation of + 0.3 kbar in pickup pressure or * 15%

of the pickup pressure.

The advantages of operating the first stage in the infinite
chambrage mode are clear: The variation of pickup pressure with
pickup velocity and the decrease of pressure as the projectile
accelerates are minimized. If the second-stage acceleration is
constant, the entire gun cycle would be véry close to the ideal

constant base pressure system.

The second-stage acceleration is accomplished using an
explosive lens such as described in Section II. This lens can
provide a constant acceleration beginning at pickup conditions.
Therefore, using the lens in conjunction with the above example,
we could start with a constant base pressure of 5 kbar and continue
the acceleration in a uniform manner from 5.5 km/sec to the final
velocity. Using the results of Part B of Section II, velocities

up to 20 km/sec should be possible.

The second-stage piston, which is explosively formed, is
conically- shaped and care must be taken to avoid an interaction
between the projectile and the second-stage piston region. The
second-stage gas dynamics are illustrated schematically in Figure 17.
In this simple model, the second-stage gas is assumed to be isen-

tropic and no boundary layer or jetting effects are assumed present.

The conservation of mass is written as

L L
1 _ 1
<§—+Lz>pp‘<3—“+Lz>p (19)
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where Ll is length of gas in the collapse cone, L

5 is length of
gas at barrel bore diameter, p is gas density, and subscript

p denotes pickup conditions. For an isentropic gas

Y
P = prg—\ (20)
\Pp/
and for the piston with acceleration, a
Ly
P =1(p2) + (§— + L2> Ppl @ (21)
p
where (pf) = areal density of the projectile.
Combining these relations we obtain
1
- 1
L L L Yy -=
1 S /v <_ ) Y
<3 +L2>—<3 +L2> Py (p2) + 5=+ L, oo a
p p
or (22)

When the second stage is matched to the pickup conditions provided

by the first stage the quantity (Ll/3 + L2) should not change from
its value at pickup. Egquation

(22) is plotted in Figure 18 for
several values of y.

This graph gives the equilibrium value of
(L1/3 + L2) for any acceleration of the second-stage piston.

’

As the piston accelerates, the conical piston region tends to
elongate (see Section II, Part B). Thus although (Ll/3 + L2)
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remains constant for a constant acceleration, L, decreases and L

2 1
grows. The equation of motion of the piston for constant acceler-
ation is

u = (uo2 + 2ax)l/2 (23)

where u is second-stage piston velocity, u is initial second-stage
piston velocity, and x is distance along barrel from initial posi-

tion of the second-stage piston.

Using this equation along with Equation (19) and assuming

L, = u, it can be easily shown that

1

u02 3L2 2
X='—2—a—— l+i‘-——— -1 (24)

1
P

is the condition for~L2 to vanish. This corresponds to the
situation where the projectile encounters the second-stage conical
piston region. 1In this situation all the second-stage driver gas

now resides in the conical region.

Experiments have been carried out to test some of the ideas
and calculations presented in this section. Preliminary tests to
develop a first stage with effectively infinite chambrage were
not completely successful. Even at low reservoir pressures of
8 to 10 kbar there seems to be a loss of reservoir pressure and
temperature because of reservoir expansion. In addition, therc
can be some temperature loss due to flow contamination by the
projectile or material eroded from the reservoir walls since the
calculated gas temperature is nearly l6,SOOOK. The experiments
in support of this approach, and the apparent performance limits

are described in detail in Section V, Part B.
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C. TWO-STAGE SYSTEMS WITH AUXILIARY PUMP CYCLE

It became evident that the high reservoir pressures possible
with an explosive driver would be difficult to contain. Radial
expansion of the reservoir walls under pressures up to 36 kbar
act to reduce the amount of energy available in the reservoir.

If we consider the effect of wall expansion alone on a stationary
reservoir, the ratio of wall work (W) to initial reservoir enthalpy

(Ho) is

W _
H 7 (25)

If the pressure decays isentropically with wall expansion

ro ZY
= Po\r (26)

]
\

The result is

w_
H
o]

(27)

i
< |+
et
1
P
HI [ad
0]
SN——
N
3
ot

For vy = 5/3 and a wall expansion of 15%, W/HO = 0.105 or about 10%
of the reservoir enthalpy has been used in wall work. As will be
shown later, an expansion of 15% usually occurs quite early in
the launch cycle of a high-pressure gun. Clearly a way must be

found to prevent this energy loss.

One convenient method is to surround the reservoir with

explosives and initiate the explosive when it is appropriate to
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prevent reservoir wall expansion. This method may be extended

to partially or completely collapse the reservoir walls, thereby
adding energy to the reservoir gas and enhancing the performance
of the gun over that expected, assuming ideal one-dimensional
behavior. This method also allows a reduction in peak base pres-
sures experienced by the projectile while still maintaining
performance. As will be shown in the nexf section, the base
pressure decays in the normal manner as the gas expands from

the reservoir. The base pressure then begins to rise as the
reservoir conditions are increased by the reservoir explosive

or auxiliary pump cycle.

Coupling the variable reservoir conditions to a general solution
of the projectile equation of motion is not easily done and recourse
has been made to computer techniques. A computer program has been
developed by Physics International for this application. A series
of one-dimensional Lagrangian problems has been ganged to couple
the description of wall motion with that of the dynamics of the
driver gas and projectile. This computer program and several

examples are discussed in the next section.

This technique of surrounding the reservoir of a single-stage
gun with explosives has been tested experimentally and has proved
successful. Velocities higher than those predicted with a one-
dimensional analysis have been achieved. The addition of explosives
around the reservoir has also proved useful in the design of a
successful two-stage gun. These two types of guns are shown sche-
matically in Figure 19. The auxiliary pump cycle is used to collapse
the reservoir completely, thereby pumping most of the driver gas
into the barrel behind the accelerating projectile. Gas pressures
and projectile velocities in excess of minimum requirements for

matching the first and second-stages can be generated.
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There 1s one limitation to this approach, which has been of
minor importance in the present fast-~gun program. Initiation of
the reservoir explosive (auxiliary pump cycle) must be timed so that
the stress wave driven into the reservoir does not overtake and inter-
act with the accelerating projectile. During this year's contract
a 1.56-cm-diam, 0.5-caliber long lithium-magnesium projectile was
used and in this case the projectile accelerated rapidly to a veloc-
ity greater than the stress wave velocity in the stecl (~ 6 km/sec).
The projectile always kept ahead of the stress wave in the steel
and no damage from this source was ever observed. In another program
1.5-caliber long projectiles were accelerated to 5.5 km/sec. In this
case, the auxiliary pump cycle had to be delayed to allow the pro-
jectile to keep ahead of the stress wave. Unfortunately the delay
was long and the reservoir expansion reached nearly 35% before the
auxiliary pump cycle could be started. By this time it was too late
to reenergize the reservoir in time to enhance the performance of

the gun.
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SECTION 1V

CALCULATION OF LAUNCHER OPERATION'

This section describes a computer program that has been used
to predict the performance of explosively driven gﬁns. Several
examples of the use of this program are presented. The perform-
ance of a single-stage gun, a single-stage gun with auxiliary
pump cycle, and a two-stage gun with auxiliary pump cycle are
calculated and compared to experiment. In the case of the single-
and two-stage guns with auxiliary pump cycles, the performance
calculations were carried out prior to the experiments and used
to establish design criteria. These designs proved successful
and were ultimately used to launch a 2-g projectile to 12 km/sec

in both the single- and two-stage guns.
A, THE GANG-POD COMPUTER PROGRAM

In previous launcher development programs performance was
calculated either by hand (References 5 and 6) or by Physics
International's one-dimensional Lagrangian computer program, POD.
This computer program included an elastic-plastic description of
the projectile, and using the streamtube approximation, could
simulate area changes. Predicted velocities, however, were always
significantly higher (by 5 to 30%) than those observed. Radial
expansion of the reservoir was felt to be the major cause of this
performance loss since the reservoir pressures far exceeded the
yvield strength of the steel walls, often by an order of magnitude.
Reservoir expansion histories have been measured using high-speed
framing and streaking cameras (Reference 2). The measured expan-
sion histories have been compared to simple analytic and one-

dimensional Lagrangian computer calculations. A typical comparison
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for a 24-kbar reservoir is shown in Figure 20. The steel is assumed
to have a yield strength of 6 kbar in this case. It is seen that

the measured expansion rates are accurately computed at early times;
however, the observed expansion is substantially less at later times.
The reason for the inability of this method to predict the complete
reservoir expansion history is that the one-dimensional calculation

in cylindrical geometry is not a valid representation of the reservoir
cxpansion problem, which is axisymmetric and highly two-dimensional

at late times.

One of Physics International's two-dimensional computer programs
would be suitable for calculating reservoir expansion and coupling
the effects of this expansion to the calculation of the launcher
performance. Although such an approach is feasible, it is considered
too expensive as a design aid. A complete performance calculation
by this method would require approximately ten hours of computer
time. It is, however, necessary to be able to calculate gun perform-
ance accurately since the successful operation of a two-stage system
requires a detailed knowledge of the position, velocity, and projec-

tile base pressure as a function of time.

To fill this need Physics International's one~dimensional POD
code was modified in an attempt to approximately describe the wall
motion. Point masses were placed at discrete points along the
walls of the gun. These masses (Figure 21) were allowed to move
in response to the average gas pressure under them., The radial
motion of these points then modified the gas pressure in the zones
under them. Attempts to calculate launcher performance were un-
successful as it was not clear what mass to assign to the wall
points. Since the wall velocity in a real gun is usually on the

order of the wall sound speed, the wall motion is controlled by
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the discrete waves reverberating in the wall. In the above
method, the entire wall mass was concentrated at the wall point,

with the result that the early wall motion was underestimated.

To overcome this difficulty, the concentrated wall mass points
were replaced by one-dimensional Lagrangian calculations in cylin-
drical geometry (Figure 22). With this scheme, the wave propagation
in the reservoir walls is properly accounted for. As in the previous
approach, the gas pressure under the location of the wall calculation
is used as a pressure profile for the wall motion calculation. Any
motion of the wall then modifies the pressure in the gas under that

wall point.

This program, called GANG-POD, can be further utilized to
calculate the action of the auxiliary pump cycle. A wall calcula-
tion can consist of a layer of steel surrounded by a layer of
explosive. This is illustrated in Figure 22. The explosive in
the wall calculation can be initiated at any given time to reverse
the motion of the reservoir walls. The effect of the collapsing
reservoir wall is then automatically coupled to the gas and pro-
jectile dynamics in the axial calculation. Several examples of
the use of this program are presented in Parts B and C of this

section.
B. SINGLE-STAGE PERFORMANCE CALCULATIONS

An experiment was carried out in which a 6-kbar nitromethane
driver was used to accelerate a 2-g, l1/2-caliber long projectile.
The reservoir was fabricated from steel with a yield strength of
about 4 kbar. The 3.48-cm-diam pressure tube was coupled to the
1.59-cm-diam barrel by a 5.5-deg conical transition section. The
projectile was placed 2.8 diam downstream of the nozzle outlet
plane. The outer diameter of the steel reservoir was 10.2 cm. 1In

the experiment the projectile was accelerated to 7.8 km/sec. A
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one~dimensional Lagrangian (POD) calculation of the launcher
operation that assumed no wall motion yielded a muzzle velocity

of 11.1 km/sec. The calculation is shown in the x-t plane of

Figure 23. The calculation was repeated on the GANG-POD program,

with a yield strength of 4 kbar assumed for the steel. The calcu-
lation, shown in Figure 24, predicted a muzzle velocity of 7.8 km/sec,
which agreed with the velocity measured experimentally. Moreover,

the predicted and observed muzzle exit times are in good agreement.
The base pressure histories calculated by both the POD and GANG-POD
programs are shown in Figure 25. Typical inner wall contours for

the GANG-POD calculation are shown in Figure 26,

The success of this method and the insights gained from examin-
ing the calculation in detail led to the conclusion that considerable
performance increase could be obtained by adding an auxiliary pump
cycle to the gun. Therefore the calculation was repeated, this time
with a layer of explosive surrounding the reservoir. The results of
the calculation are shown in Figure 27. The initiation of the explo-
sive was programmed to coincide with the arrival of the driver shock
at the nozzle entrance plane. This timing ensured that the stress
wave generated in the reservoir walls by the explosive would not
overtake the accelerating projectile. The calculation, which was not
carried to completion, did demonstrate that the initial expansion of
the reservoir was under control. Based on the extrapolated trajec-
tory (Figure 27), a muzzle velocity of 10 to 11 km/sec could be
expected. In the actual experiment a muzzle velocity of 10.6 km/sec
was observed. Typical inner wall contours for the calculation are
shown in Figure 28. The projectile base pressure history is shown
for comparison in Figure 25, and the effect of the auxiliary pump
cycle can clearly be seen. Notice that the peak pressures generated
in the launch cycle are the same as those where the auxiliary pump

cycle was not used.
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The above examples illustrate the accuracy of the GANG-POD
program. Although the program is not a full two-dimensional code
(the wall points are not coupled to each other), it does appear
to provide a useful description of the launcher operation at a
reasonable cost. A complete calculation, for instance, requires
between 30 and 45 minutes of computer time, depending on the

complexity of the problem.
C. TWO~-STAGE PERFORMANCE CALCULATION

The calculation of the first-stage operation and the startup
of the second stage is included here for two reasons: (1) It
represents the calculated performance of the gun used to launch a .
2-g model to 12.2 km/sec, and (2) it was the first use of the
GANG~-POD program as a design aid to determine when second-stage

operation should begin.

In the calculation a 3-kbar nitromethane driver with a 3.48-cm-
diam pressure tube was coupled to a 1l.5%-cm-diam barrel by a 5.5-deg
conical transition section. The 2-g lithium-magnesium projectile
was placed 4.5 cm (2.8 body diameters) downstream of the nozzle
outlet plane. The 10.2-cm-diam steel reservoir was surrounded by
a 3.8-cm layer of nitromethane. The 3.8-cm outer diameter of the
barrel was surrounded by an effectively infinite layer of nitro-
methane. This simulates the second-state explosive lens. The situa-
tion is shown schematically in Figure 29, The‘steel was given a
yield strength of 4 kbar.

The calculation begins with the driver shock at the nozzle
inlet plane. After the calculation had proceeded for 8 usec, pro-
jections showed that it would be safe to initiate the reservoir

explosive., That is, the projectile would not be overtaken by the
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stress wave generated in the steel walls by the explosive. At

~this time the driver shock had just reached the nozzle exit plane

and the projectile had not yet begun to accelerate. The problem

was then run uninterrupted until t = 42 usec. At this point in-
spection showed that the projectile was 10 cm into the second stage
at a velocity of 5.7 km/sec and with a base pressure of nearly

20 kbar. The auxiliary pump cycle had forced a substantial amount
of driver gas into the second-stage portion of the barrel. At this
time the explosive surrounding the barrel was initiated. The problem
was then run for another 14 usec and terminated. At this time the
projectile velocity was 7.9 km/sec and the base pressure was 13 kbar.
The second-stage piston had not yet formed although the barrel walls
were accelerating inward. Enough information had been obtained to
design the second-stage explosive lens so that the projectile would
never be overtaken by the accelerating second-stage piston. The
results of the calculation are shown in Figures 29, 30, and 31. 1In
the plot of projectile base pressure as a function of time, the effect
of the auxiliary pump cycle is quite evident. The effect of the
second~stage piston formation has not as yet been communicated to
the projectile. The inner wall contours shown in Figure 29 illus-
trate that nearly all the driver gas is forced into the second-stage
portion of the barrel. From the point of view of any augmentation
scheme this is considered a desirable feature. 1In fact, the high
pressures generated in the barrel by the auxiliary pump cycle appear
to be making it very difficult for the explosive surrounding the

barrel to collapse the barrel rapidly.

The calculation was not carried to completion because there
were not enough wall points available to describe the entire second-
stage gasdynamic cycle. If necessary, the calculation can be completed
by reassigning wall problems and discarding those problems in that

portion of the collapsed reservoir.
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It is appropriate to include here another example of the
GANG-POD program as a design aid in the launcher program. The
original first-stage experiments utilized a 3~kbar nitromethane
driver coupled to the barrel by an abrupt area change. Calculations
showed that during the operatidn of the auxiliary pump cycle, the
breech section was first collapsed at the area change, trapping a
large fraction of the driver gas in the reservoir. The inner wall
contours calculated by GANG-POD that demonstrate this are shown
in Figure 32. By using a 5.5-deg conical nozzle to couple the
driver and barrel, it was felt a more natural reservoir collapse
would result during the auxiliary pump cycle. Figure 28 shows the
inner wall contours calculated for the case of the 5.5-deg nozzle.
It is evident that more of the driver gas is'pumped into the barrel

and made available for second-stage augmentation.

Use of the nozzle rather than the abrupt area change at the
breech results in higher performance; however, the peak pressures
in the case of the nozzle (30 kbar) are higher than those in the
case of the abrupt area change (18 kbar). This was not considered
serious in this program as projectiles have been accelerated intact

in the same geometry with peak pressures up to 60 kbar.
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SECTION V

LAUNCHER EXPERIMENTS

In this section, the experiments supporting the calculations
presented in Section III are described. Three approaches were
made during this year's program and two of them have proved suc-
cessful. The first approach was to use a single-stage, explosively
driven gun to accelerate a projectile to 12 km/sec. This goal was
accomplished by adding an auxiliary pump cycle to the gun. The
second approach was an attempt to develop a low-pressure, first-
stage gun with large chambrage. This first stage would be matched
to the second stage which is an explosive lens, to provide a nearly
constant base pressure acceleration to very high velocities. This
approach was not completely successful in preliminary tests. The
third approach was to test a complete two<stage system based on the
knowledge gleaned from the single-~stage experiments. These tests
were successful and a 2-g projectile was launched to 12.2 km/sec

with reasonably low base pressures.

A, HIGH-PRESSURE, SINGLE~STAGE EXPERIMENTS

The purpose of these experiments was twofold. First, it would
be advantageous to develop a simple single-stage gun capable of
accelerating 2-g models to 12 km/sec. Second, the knowledge gained
by extending the limits of single-stage gun technology could be
used to help design the first stage of a two-stage system that
would operate at considerably lower pressure levels. The single-
stage experiments, which led to the development of a single-~stage
gun capable of accelerating a 2-g projectile to 12 km/sec, will now

be briefly outlined.

The first single-stage experiments utilized a 6-kbar nitromethane

driver with a 3.48-cm-diam pressure tube. This driver was coupled

to a 1.59-cm-diam barrel by a massive reservoir section. The driver-

to-driven transition was accomplished by an abrupt area change and
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the 2-~g projectile was placed successively at the area change and
then - -two and three body diameters downstream of the area change in
three separate experiments. The predicted velocity in all three
cases was 10.8 km/sec and the different initial projectile positions
were tested to determine the best position for reducing deformation
of the projectile. The range radiographs of the three projectiles
are shown in Figures 33, 34, and 35. The observed velocities were
8.1, 9.3, and 8.3 km/sec respectively, The failure to achieve the
predicted velocity of 10.8 km/sec was attributed to excessive ex-
pansion of the reservoir during the launch cycle (Figure 20).
Moreover, adding mass to the outside of the reservoir in an attempt

to contrcl wall expansion did not improve the performance (Table I).

As far as projectile integrity is concerned, the best initial
location of the projectile is 3 diam downstream of the area change.
At this location the initial pressure loading of the projectile
was most uniform. This problem has been studied previously and
the calculated and experimental results of this investigation are
shown in Figure 36. The calculations were carried out using a
two-dimensional coupled Eulerian-Lagrangian computer program (ELK).
In the case of the projectile at two diameters downstream of the
area change, the calculation predicted a grossly nonuniform initial
loading with a very high pressure applied to the center of the pro-
jectile. In the comparison experiment the projectile was launched

with a hole in its center.

One other experiment was carried out to investigate this type
of gun. The driver-driven transition was changed from an abrupt
area change to a 5.5-deg conical nozzle. The two-dimensional flow
down this nozzle was calculated using Physics International's two~

dimensional coupled Eulerian-Lagrangian program (ELK), and it was
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FIGURE 34. RANGE RADIOGRAPH OF A 2-g9, 1/2-caliber LONG
PROJECTILE LAUNCHED TO 9.35 km/sec (Shot 351-111)
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FIGURE 35. RANGE RADIOGRAPH OF A 2-g, 1/2-caliber LONG
PROJECTILE LAUNCHED TO 8.3 km/sec (Shot 397-1)
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8 to 12 kbar

t = 5.0 usec

! 4 to 8 kbar
s/ 8 to 12 kbar =

0 to 4 kbar 12 to 16 kbar

12 to 16 kbar
16 to 20 kbar

20 to 24 kbar

24 to 28 kbar

Projectile in flight that was initially located two
diameters downstream of the area change.

The calcu-

lated pressure distribution at the beginning of ac-

celeration is shown.

8 to 12 kbar
12 to 16 kbar
16 to 20 kbar
20 to 24 kbar

t = 7.0 psec

28 to 32
kbar

4 to 8 kbar kbar

My

12 to 16 kbar
16 to 20 kbar
20 to 24 kbar

N z 1
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Projectile in flight that was initially located three

body diameters downstream of the area change.

The cal-

culated pressure distribution at the beginning of the

acceleration is shown.

FIGURE 36. TWO-DIMENSIONAL GAS DYNAMICS AT AN ABRUPT AREA

CHANGE IN A BREECH
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determined that the flow became reasonably uniform between 2 and

3 diam downstream of the nozzle outlet plane (Figure 37). The

2-g projectile was placed 4.5-cm (2.8 body diameters) downstream

of the nozzle outlet and in the subsequent experiment the projectile
was accelerated in good condition to 7.8 km/sec. The range radiograph
(Figure 38) shows the projectile intact but with some damage to the
front face. This damage was later attributed to the violent muzzle
release and flight of the projectile into air at 1 atm. Again, the
performance of the gun appeared to be limited by expansion of the
reservoir. In this particular design with the conical transition
section, the peak base pressures experienced by the projectiles were

nearly 60 kbar (Figure 25).

In this last experiment good correlation was obtained in the
performance calculation using the GANG-POD computer program that
included the effects of reservoir wall motion during the launch
cycle. It was concluded from these experiments that the gas even
at pressures of 36 to 60 kbar could be controlled and used to
accelerate an intact projectile. However, velocities of 10 to
12 km/sec could not be achieved because of reservoir expansion

during the launch cycle.

The next step in the single-stage gun program was to use
explosives to control the early reservoir expansion. The launcher
described above with the 5.5-deg conical nozzle was modified to
include a 3.8-cm layer of explosive around the 10.2-cm-diam steel
reservolr. The arrangement was duplicated on the GANG-POD computer
program (Figure 27) and the performance calculation indicated a
muzzle velocity between 10 and 11 km/sec. The initiation of the
reservoir explosive was timed to coincide with the arrival of the

driver shock at the nozzle inlet plane (Figure 27). This timing
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Direction of Flight

fogsan-

4 e

Model is 31 body diameters down-
stream of the muzzle. (Range
atmosphere is air at 1 atm.)

FIGURE 38 RANGE RADIOGRAPH OF A 2-g, l/2-caliber LONG
PROJECTILE LAUNCHED TO 7.8 km/sec BY HIGH PRESSURE
SINGLE STAGE GUN (Shot 397-5)
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would ensure that the accelerating projectile would not be
overtaken by stress waves generated in the reservoir walls by

the explosive.

The projectile was accelerated intact to 10.6 km/sec; however,
the projectile was launched into air at one atm and the muzzle
release and subsequent flight were quite violent. During the
flight, for example, the stagnation pressure and temperature were
computed to be about 1.2 kbar and 7800°K respectively. The range
radiograph taken 200 diam downstream of the muzzle shows the pro-
jectile intact but badly ablated (Figure 39). 1In fact, in Figure 39
the ablation products are faintly discernible streaming from the
upper edge of the projectile. The white blots are a result of
debris impact on the film, which was left unprotected to obtain a

high~resolution X ray.

This experiment was repeated with two modifications. The
reservoir explosive was extended farther downstream in an attempt
to achieve better performance. The range atmosphere was changed
from air at 1 atm to helium at 1 atm to reduce the damage due to
muzzle release and the subsequent flight down the range. Unfor-
tunately, when this experiment was carried out, the range radio-
graphs were lost. The target showed a large impact, indicative
of an intact projectile; however, the streaking camera suggested
the projectile may have been broken. The velocity was recorded
as 12 km/sec, and the observed performance of this system is

shown in the x-t plane in Figure 40.

This test ended the single-stage gun experiments. It was
demonstrated that high velocities were possible if reservoir
expansion were controlled. Other experiments have shown that

the nitromethane (D = 6.6 km/sec) in the explosive driver can be
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Direction of Flight

Model is 200 body diameters downstream
of the muzzle. (Range atmosphere is
air at 1 atm.)

FIGURE 39. HIGH RESOLUTION RANGE RADIOGRAPH OF A 2-g, 1/2-
caliber LONG PROJECTILE LAUNCHED TO 10.6 km/sec
BY A HIGH PRESSURE GUN WITH AUXILIARY PUMP CYCLE
(Shot 397-7)
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FIGURE 40. OBSERVED PERFORMANCE OF A HIGH-PRESSURE
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{(Shot 397-9)
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replaced by Astrolite, (D = 8.6 km/sec), with no modifications

to the driver design. If the driver is operated at the same pres-
svre, the use of Astrolite results in significantly higher sound
speeds (a4 « D). Therefore, it is felt that the performance of
high-pressure, single-stage guns can be improved further simply

by changing the driver explosive. Such a gun would be useful for
impact work; however, it should be kept in mind that equal or better
performance can be obtained by two-stage guns, which operate at

about one-~half the peak base pressures.
B. LOW-PRESSURE FIRST-STAGE EXPERIMENTS

Two designs of low-pressure first-stage launchers are des-
cribed. The first design embodies the principles described in
Part B of Section III, in which the first-stage acceleration is
approximated by a steady expansion of the reservoir gas. The
second design evolved from the results of the high-pressure
single-stage experiments. An auxiliary pump cycle is used to
pump most of the driver gas into the second stage. It is this

design that was chdsen for the successful two-stage experiments.

Two experiments to develop the low-pressure large area ratio
gun were carried out. In these experiments a 1.67-kbar nitromethane
driver with a 3.48-cm-diam pressure tube was coupled to a 0.95-cm-
diam barrel by an abrupt lB;l area change. This large area change
results in an unsteady reservoir expansion, which can be approxi-
mated by a steady expansion to Mach 1 and then an unsteady expansion
to final velocity. The 2/3-caliber long projectile was placed at
the area change. The predicted velocity for this experiment was
7.6 km/sec; the observed velocity was 5.5 km/sec. The performance
of the gun was monitored in detail and is shown in the x-t plane in

Figure 41. The experiment was repeated with extensive modifications
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FIGURE 41. OBSERVED PERFORMANCE OF A LOW-PRESSURE 13:1

AREA RATIO FIRST-STAGE GUN (Shot 351-108)
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to the breech design, because breech collapse was suspected

during the critical part of the launch cycle. The results of

this experiment were identical to the first and the projectile

was again launched intact to 5.5 km/sec (Figure 42). The breech
section was recovered and found to be slightly expanded. The
framing camera record of the gun during operation showed no notice-
able reservoir expansion, but did show expected barrel expansion.
It is speculated that even with reservoir pressures as low as

10 kbar, some reservoir and barrel expansion was present and con-
tributed to the performance loss. This particular design, which
relied heavily on "ideal" gas dy;amics, could also be affected by
cooling of the reservoir gas (peak reservoir temperatures are
16,5000K) because of flow contamination by projectile material

lost by friction during acceleration down the barrel and by erosion

products from the walls of the reservoir and barrel.

The above experiments were discontinued and the investigations
into high-pressure single-stage guns were carried out as reported
in Part A of this section. After the program to develop a high-
pressure single-stage gun, effort was redirected again toward de-
veloping a low-pressure gun, this time with controlled reservoir
expansion. This gun would serve as the first stage of a two-stage

system. These experiments are summarized in Table II.

In one of the first experiments of this ‘series, a 3-kbar
nitromethane driver with a 3.48-cm-diam pressure tube was coupled
to a 1.59-cm-diam barrel with a 5.5 deg conical transition section.
The 2-g projectile was placed 4.5-cm downstream of the nozzle outlet
plane. No explosives were used to surround the reservoir. The
projectile was launched intact to 8 km/sec, as shown in the x-t

plot of performance (Figure 43). This velocity, incidentally, was
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Direction of Flight

.

FIGURE 42. RANGE RADIOGRAPH OF A 0.67 gm, 2/3-~LONG PROJECTILE
LAUNCHED TO 5.5 km/sec BY A LOW PRESSURE FIRST STAGE
GUN (Shot 351-108)
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FIGURE 43. OBSERVED PERFORMANCE OF A LOW-PRESSURE
FIRST-STAGE GUN WITHOUT AUXILIARY PUMP

CYCLE (Shot 397-8)
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about the same velocity recorded for the same gun operated at twice
the pressure. Because of radial expansion of the reservoir and
barrel, there appears to be an optimum operating pressure beyond

which performance increases are negligible.

This experiment was repeated with the addition of a 3.8-cm
layer of nitromethane around the 10.2-cm-diam steel reservoir. The
addition of the auxiliary pump cycle resulted in a projectile veloc-
ity of 10.2 km/sec, or an increase in muzzle velocity of about 28%.
The projectile was accelerated into a range containing air at 1 atm
and is shown in the range radiograph of Figure 44. The damage to
the front of the projectile has been attributed to violent muzzle
release and subsequent flight into air at 1 atm. The performance
of this launcher is shown in the x—~t plane of Figure 45. A typical
framing camera record (Figure 46) shows the barrel rupturing 30 usec
after the passage of the projectile. This rupture occurs after the
second stage, which when added, would begin to operate and does not
present a problem. In fact, this rupture was expected based on
expansion data from the GANG-POD computer calculation (Figure 29).
The rupture does indicate the high gas pressures in the barrel and
the timing of the rupture coincides with the predicted surge of

reservoir gas from the auxiliary pump cycle.

This experiment concluded the development of the low-pressure
first~stage gun. Augmentation conditions required to provide proper
matching of the first stage with the second stage are generated.
Based on calculation and supported by experiment, the second stage
could be started when the projectile is between 5 and 6 km/sec and
the gas pressure behind the projectile is 20 kbar. With the.comple—
tion of the first-stage development, the remaining experiments were

directed toward investigating second-stage augmentation technigues.
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Direction of Flight

— 127 cn

Model was launched into
air at 1 atm

Model is 78 body diameters downstream of the muzzle.
(Range atmosphere is air at 1 atm.)

FIGURE 44. RANGE RADIOGRAPH OF A 2-g, l/2-caliber LONG
PROJECTILE LAUNCHED TO 10.2 km/sec BY THE
FIRST-STAGE GUN WITH AUXILIARY PUMP CYCLE
(Shot 397-10)
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FIGURE 45. OBSERVED PERFORMANCE OF A LOW-PRESSURE FIRST-
STAGE WITH AUXILIARY PUMP CYCLE (Shot 397-10)
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Projectile
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Barrel Rupture

Projectile
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FIGURE 46. HIGH-SPEED FRAMING CAMERA RECORD OF FIRST-STAGE
WITH AUXILIARY PUMP CYCLE (Shot 397-10)
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C. TWO-STAGE LAUNCHER EXPERIMENTS

Using the low-pressure first stage with auxiliary pump cycle,
three two-stage experiments were carried out. The second stage of
each gun consisted of an explosive lens in asymmetric geometry. As
shown in Figure 47, the barrel of the gun rests on a thick steel
plate. BAn explosive lens is used to phase a detonation wave in the
explosive surrounding the barrel and crush the barrel behind the
accelerating projectile. While the collapse process is not symmetric,
there is more than sufficient energy in the explosive to collapse the
barrel. The asymmetric secoﬁd—stage design was chosen for ease of
fabrication, to reduce costs, and to allow a high-speed framing camera

to record the operation of the lens.

In the first experiment, the second-stage lens was designed
to form a piston that accelerated uniformly from 6.3 km/sec to
12 km/sec over a distance of 100 cm. Two aluminum tubes of Astro-
lite were used to phase the detonation wave in a tank of nitro-
methane (Figure 47). Initiation tests were conducted and showed

that the Astrolite could indeed initiate sensitized nitromethane.

The timing of the second-stage initiation and the auxiliary
pump cycle was determined from the computer calculation (Figure 30).
The reservoir explosive and lens were initiated by the arrival of
the driver shock at capped shorting pins located just upstream of
the nozzle inlet. Gun performance was monitored in detail by ioniza-
tion and pressure sensing pins, strain gauges, flash X rays, and
high-speed framing and streaking cameras. The measured performance
is shown in the x-t plane of Figure 48. The projectile was launched
in good condition at 12 km/sec into helium at one atm. The range
radiograph of the projectile (Figure 49) shows the projectile tum-
bling, prbbably because the barrel was not perfectly straight and
the stagnation pressure on the projectile in flight was moderately
high (0.2 kbar). Unfortunately, the Astrolite initiated the nitro-

methane in the lens intermittently, for reasons that are not yet
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a. Shot 397-11 Showing Second Stage Lens

b. Shot 397-12 Showing Modified

Lens Design
Construction of 397-12 and 397-13

FIGURE 47. TWO STAGE EXPLOSIVELY DRIVEN GUNS TO LAUNCH
2g PROJECTILES TO 12 km/sec
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Model is 87.5 body diameters downstream
of the muzzle. (Range atmosphere is
Helium at 1 atm)

Figure U49. RANGE RADIOGRAPH OF A 2-g, 1/2-caliber
PROJECTILE LAUNCHED TO 12 km/sec BY A
TWO-STAGE EXPLOSIVELY DRIVEN GUN
(Shot 397-11)
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understood, and the second-stage piston acceleration was erratic
(Pigure 48). The recovered barrel was sectioned and found to be

incompletely collapsed along its entire length.

The experiment was repeated with two modifications. The
fast component of the lens explosive was changed from Astrolite
to EL506-A8, which had been used previously for initiating nitro-
methane. The change of the phasing explosive reguired a new lens
contour and made the lens construction slightly more difficult.
The lens again was designed to provide a constant piston accelera-
tion from 6.3 to 12 km/sec over a distance of 100 cm. The range
atmosphere was changed from helium at 1 atm to argon at 20 mm Hg
to reduce the range stagnation pressure while ensuring a reasonably
bright streaking camera record.

The projectile was accelerated to 12.2 km/sec (Figure 50), but
unfortunately it collided with a dummy projectile mounted in the
range. Because of this alignment error no X rays of the projectile
were obtained. The streaking camera record showed one bright con-
tinuous line up to the position of the dummy projectile. At this
point the streak broadened rapidly as a result of the collision.

X rays of the fragmented particles were used to reconstruct the

origin of the breakup. The projected trajectories of the pieces

came together at the position of the dummy projectile, again confirm-
ing that projectile breakup was a result of an alignment error. The
evidence seems to indicate that the projectile was launched intact.
The operation of the explosive lens was flawless, as shown in the
sequence of framing camera records of Figure 51. Again, the sectioned

barrel showed incomplete collapse over the entire length.

In the final experiment of the program, the lens was modified
to provide a second-stage piston acceleration from 6.3 to 14 km/sec
over a distance of 80 cm. Based on the results of the previous two

94




500

EL506 A-8
Nitromethan Explosive
wQ:jN Lens Barrel )
// 712.2 km/sec
400 ﬁ@v‘7!k’4’]‘lfk‘l IVIIAI_J_AH‘_V
\\ X\\ Projectile
Helium EER
Muzzle
300 Second Stage
L. Le
) - TORS Projectile
& Auxilialr Trajectory
3 S
o First Stage
- ~—-Driver "
200 |- Phased Detonation Wave
6.7 km/se
100 Reserv01r Explosive
1 1 i 1 i
0 100 200 300 400 500
Distance (cm)
FIGURE 50. OBSERVED PERFORMANCE OF A TWO-STAGE GUN

(Shot 397-12)

95




Fast Explosive
Component EL506-A8

Slow Explosive
Component
Nitromethane

t = 137 upsec
Lens has been
Initiated

Reservoir

t = 161 usec
Reservoir Explosive
. Has Been Initiated

Barrel

t = 185 usec

t = 209 usec
Barrel Collapse
Has Begun

t

i

233 usec

FIGURE 51. HIGH SPEED FRAMING CAMERA RECORD OF SECOND STAGE
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experiments, it was felt that the second-stage augmentation would
not be as successful as originally anticipated. Therefore, the

initiation of the lens in this experiment was delayed somewhat to
ensure that the phased detonation did not overtake and destroy the

accelerating projectile.

The experiment was carried out and the projectile was acceler-
ated to 11.5 km/sec in good condition (Figure 52). The measured
velocity (Figure 53) was somewhat low, probably because of the
delay in second-stage initiation. Again, the recovered barrel

was sectioned and found only partially collapsed.

The results of the three two-stage experiments described above
suggest a fourth two-stage experiment in which the barrel would be
surrounded by a 2.54-cm layer of Astrolite explosive. The second
stage wowld therefore consist of a constant velocity piston at
8.6 km/sec; howéver, the barrel collapse process would be symmetric.
A conservative performance calculation of the linear augment gun
gives a predicted final velocity of over 13 km/sec. Therefore
the proposed experiment,.if successful, will demonstrate the superi-
ority of the symmetric collapse over the asymmetric collapse.

In conclusion, the three two-stage experiments resulted in
an augmentation of about 2 km/sec over the velocity of the first
stage alone. All the evidence indicates that the higher velocities
anticipated were not achieved because of incomplete collapse of the
barrel by the second-stage asymmetric lens, although there was cer-
tainly enough energy in the lens explosive to collapse the barrel
even against the large gas pressures generated by the auxiliary
pump cycle., Based on the performance of the two-stage guns and
the incompletely collapsed barrels, it is postulated that the
asymmetric geometry is not suitable for augmentation and that

symmetric geometry may have to be used in future experiments.
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SECTION VI

CONCLUSIONS

During this year's program progress was made in understanding
and improving the operation of explosively driven guns. A simple
method of computing pressure tube expansion has been demonstrated
and new insights into tube collapse and jetting have been gained.
Calculations have been made that indicate phased detonation veloc-
ities as high as two to three times the explosive detonation
velocity will be effective in collapsing a tube and forming a
piston. Therefore, piston velocities and prdjectile velocities

as high as 20 km/sec may be feasible.

With present explosive driver technology, it has been shown
that the performance of single-stage guns is limited in part by
reservoir expansion. It has also been shown that this expansion
can be controlled by using explosives to collapse the reservoir.
The addition of an auxiliary pump cycle to a high-pressure, single-
stage gun has resulted in velocities up to 12 km/sec with 2-g
projectiles. Peak pressures of 60 kbar are developed in this gun.
For a limited range of projectile materials and shapes, these
extremely high pressures were applied in a controlled manner and

used to accelerate projectiles without loss of integrity.

Two-stage guns operating at lower peak base pressures (30 kbar)
have been used to launch 2-g projectiles in good condition to 12.2
km/sec. The present performance of this gun seems to be limited in
part by the asymmetric geometry of the second-stage lens. In this
geometry the lens does not appear to be able to collapse the barrel
completely to form the second stage piston. It is anticipated that
when the barrel is collapsed in a symmetrical manner, the performance
of the second stage will be improved and projectile velocities in
the range of 15 to 20 km/sec should be feasible.
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The capability of calculating launcher performance accurately
and inexpensively has been developed. The validity of the GANG-POD
computer code was demonstrated in the experiment with a single-stage
launcher and then applied in the design and development of the first
stage with auxiliary pump cycle, and the two-stage gun.
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