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FOREWORD

The objective of the research reported herein was to calculate
the performance of explosive impulse generators as part of a study of the
feasibility of an expTosive]y driven missile guidance system. This
research was conducted for the U. S. Army Ballistic Research Laboratory,
Aberdeen, Maryland, under Contract DAAK11-78-C-0049. It was monitored
by Dr. Norman E. Banks of BRL to whom the authors wish to express their
appreciation for his interest and guidance. The authors would also like
to thank Dr. Yong S. Park of BRL for reviewing this report. Finally, we
would Tike to thank Ms. Gayle Wathen and Mrs. Peg Hubbard for preparing
the manuscript.



TABLE OF CONTENTS

Page
FOREWORD  « v v v v v e v v e e e e e e e e e e e e e 3
LIST OF TABLES. .+ + & v v v v v e e e e e e e e e e e e e e 7
LISTEF FIGURES = £ 6 £ 0B ® 5 o oo 1 6 6 £ G EIE 3 5 o b o 9
INTRODUETION & o m w RuES S0 . A WA B K 4 . 0% 90 & @ b B 11
HE IMPULSE GENERATOR DESIGN CONCEPT . . . . . + . v v v v . . . 13
STRESS ATTENUATION METHODS. . . & & v v v v v v e e e e o v w s 17
80 ETAL FOMMSis v amm 0 ¢ 1 9 B EEE R BEE 306 8 6 17
B2 MIRGAP s 2 s DB 5 51 6 @ s 4G 4 CNERET D = B E 21
3.3 EFFECTS OF SHOCK IMPEDANCE MISMATCHING. . . . . . . . . . 23
1D FINITE DIFFERENCE CALCULATIONS OF THE STRESS ENVIRONMENT . . 25
1D IMPULSE CALCULATIONS . » v v v v v v e e e e e e e e e e 33
SUMMARY AND CONCLUSIONS . . . &+ v v v v v e e e e e e e e e 41
REFERBNEES: n v s e 43 8 99 wb AN w s 4B OB 30 b6 & 45



LIST OF TABLES

Table Number and Caption

Table 1.

Various Flyer Plate/Charge Thickness Combinations to
Meet Required Thruster Impulse . . . . . . . . . . . . . ..



Fiqure

LIST OF FIGURES

Number and Caption.

Figure
Figure

Figure

Figure
Figure
Figure
Figure
Figure
Figure

Figure

1% Impulse Generator Concept . . . . . . . . . .. ... ..
Z; Typical Configuration of Explosive Impulse Generator. .

8k Peak Stress Attenuation Produced by Neoprene Rubber

Foam (reproduced from Reference 2). . . . . . . . . . ..
4, Low Pressure Hydrostat for Distended Aluminum . . . . . .
5l Effects of Impedance Mismatching. . . . . . . . . . . ..
6 Configurations for 1D Calculations. . . . . . . . . . ..
7/ Configurations for 1D Calculations. . . . . . . . . . ..
8. Configurations for 1D Calculations. . . . . . . . . . ..
9 Revised Design for Increased Impulse. . . . . . . . . ..
10. 1D Impulse Predictions. . . . . . . . . . o o o . . ...

Page

15

18
20
22
27
28
29
37
38



1. INTRODUCTION

This report describes analyses done in support of a program to
develop a missile guidance system which employs small explosive charges
to provide the guidance thrust. Such a system would be capable of pro-
viding a considerably shorter response time than more conventional systems
which use rocket motors,

The principal problem in designing such a system is to provide
the impulse required to maneuver the vehicle without generating a stress
environment within the vehicle body that would cause damage either to
internal electronics or to remaining undetonated impulse generators. The
work described in this report addresses this problem. In particular,
methods of minimizing the peak loads on the vehicle were investigated
using a series of 1D finite difference calculations. Some promising
techniques were identified. In addition, charge size requirements for
producing the desired impulse were analyzed and some preliminary designs
were identified for further study in a subsequent phase of the program.
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2. HE IMPULSE GENERATOR DESIGN CONCEPT

The general configuration for the HE thruster system being
considered is shown in Figure 1. Thrust is provided by pairs of charges
located on the surface of the vehicle body as shown. In the system in-
vestigated here, these charges are located in grooves approximately four
inches long and 3/4-inch wide with a roughly semicircular cross-section.
(In other studies, other thruster shapes are being investigated.) A total
of sixteen pairs of thrusters are required; each must be capable of gener-
ating sufficient impulse to provide a change in the vehicle velocity of
30 feet/second. Therefore each thruster must be capable of producing a
velocity change of 15 feet/second. The nominal weight of the vehicle is
twenty-four pounds so the impulse required from each thruster is 11.2
pound-second or in cgs units 5.0 x 106 dynes-éecond.

The general configuration of the explosive impulse generator is
shown in cross-section in Figure 2. The explosive charge is PETN and is
located on the Tower surface of a tungsten plate. The plate provides
confinement for the charge after detonation and thereby increases the
impulse produced per unit charge mass. Tungsten is used because of its
high density. The cavity in the vehicle body shown here is semicircular
in cross-section with about a 3/8-inch radius. However, the dimensions
and shape are considered variables in the study, within obvious Timits.
The length of the cavity is four inches. For purposes of this study the
vehicle was considered to be titanium, although other materials are
being considered in other studies.

In the intervening space between the explosive charge and the
vehicle a variety of buffer materials have been considered in an attempt
to reduce the peak stress loading on the vehicle body. An air gap, shock
absorbing foam, layers of materials with differing shock impedances as
well as various combinations of these have been investigated. These are
discussed in the next section.

18
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3. STRESS ATTENUATION METHODS

The detonation pressure of PETN is about 335 kilobars. Since
this stress level would cause substantial damage to the vehicle body it
is necessary to brovide some type of buffer to reduce the peak stress.
Three methods have been investigated in this study:

shock absorbing foam
air gap
impedance mismatched layers.

The significant features of all of these will be discussed below.

3.1 METAL FOAMS

The shock attenuating properties of foams are well known and
have been used in the past for a variety of explosive loading applications.
In one particularly pertinent example, a neoprene rubber foam was used to
attenuate the shock wave produced by detonating EL-506K sheet exp]osive.(l)
In this case the explosive was being used for structural testing of re-
entry vehicles. However, since the detonation pressure of the explosive
was considerably higher than the peak stress of the load being simulated,
it was necessary to attenuate the peak pressure while still providing the
required total impulse.

Figure 3 shows the peak stress attenuation produced as a function
of foam thickness. Although this figure shows a lower stress range than
we are interested in, we can see that a foam-to-explosive thickness ratio
of about 50 is required to attenuate the peak stress to 10 kbar. Because
of space Timitations in the HE thruster, the largest possible foam-to-
explosive thickness ratio would be about ten. This means that to achieve
the desired stress attenuation (nominally down to 10 kbar) a foam providing
more attenuation is required for our application.

‘1. G. R. Abrahamson, "Explosively Induced Impulses,' Int. Report No.
009-62, Stanford Research Institute, Menlo Park, California, July
20, 1962.
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The shock attenuation properties of a foam depend primarily on
two variables, the porosity and the crush strength; increasing either

parameter results in more energy from the high pressure part of the stress
wave being expended in compressing the voids. It turns out that metal foams
have a fairly high crush strength while still having fairly high porosity,
so we decided to investigate their effect in the HE thruster system.

We chose to investigate an aluminum foam that is described in
Reference 2. It has an initial density of 1.93 gm/cm3 and a fully crushed
density of 2.7 gm/cm3 (the normal density for aluminum) for a distention
ratio of 1.4. Figure 4 shows hydrosataic loading and unloading curves for
the idealized equation-of-state we used to describe this material. On
initial Toading the material begins to crush at .5 kbar and is fully crushed
at 5 kbar. For peak loads between those two levels the material is partially
crushed and releases to some intermediate density when unloaded. It should
be noted that in constructing this equation-of-state no attempt was made
to fit details of experimental data for loading and unloading of metal foams.
Rather, the equation-of-state was intended to reproduce the general proper-
ties of this type of material, assuming certain physically realistic values
for distention ratio, crush strength, etc. Details of the computerized
model used for this equation-of-state, including the high pressure, energy
dependent part that we have not discussed here, can be found in Reference 3.
This model was patterned after the Tillotson equation-of-state for metals
described in Reference 4. The high pressure properties for solid aluminum
given in this reference were used in this model to describe the behavior
of the fully compacted state.

Results of calculations using this material will be presented
in Section 4.

2. W. Herrmann, "Equation of State of Crushable Distended Materials,"
SC-RR-66-2678, Sandia Laboratory, Albuquerque, New Mexico, March
1968.

3. D. E. Maxwell, "Improved TAM Equation of State," TCAM Technical
Memo 72-1, Physics International Company, San Leandro, California,
1972,

4. J. H. Tillotson, 'Metallic Equations of State for Hypervelocity
Impact,' GA-3216, General Atomic, La Jolla, California, July 1962.
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3.2 AIR GAP

As we said earlier, the shock attenuating ability of a foam
increases with increasing porosity. Carrying this to the extreme, the
maximum porosity is no foam at all but rather a void or an air gap. We
would expect that the peak stress in the vehicle body would be sub-
stantially reduced over the detonation pressure by separating the explosive

from the body by a sizeable aik gap. In this case the detonation products
would expand from the detonating charge, fill the gap, and stagnate against
the vehicle body. This stagnation will produce a considerably higher
pressure at the interface than if the detonation products had expanded
quasi-statically, but that pressure should still be much Tower than the
detonation pressure.

The Tower Timit for such a pressure is the pressure for a quasi-
static expansion. To get a rough idea of the magnitude of this lower limit
(primarily to see if it was unacceptably high) we calculated the quasi-
static expansion for a configuration approximately as shown in Figure 2.
Using the JWL equation-of-state for PETN,(5) this turns out to be about
3 kbar. Thus we can expect the stagnation pressure to be considerably
higher than that.

Several calculations involving an air gap are presented in
Section 4. In turns out that for the configuration in Figure 2 (3/8-inch
radius cavity, .04-inch thick flyer plate and explosive charge, 1/2-inch
wide charge) the stagnation pressure is about 60 kbar, which is higher
than we would like. However, this stagnation pressure is independent of
the solid material at the interface (since the shock impedance mismatch
is essentially infinite), so by lining the cavity with the proper materials
we can take advantage of some of the properties of shock waves propagating
through impedance-mismatched materials to reduce this stress further.
This is discussed in the next section.

5. E. L. Iee, et al., '"Adiabatic Expansion of High Explosive Detonation
Products,' UCRL-50422, Lawrence Radiation Laboratory, Livermore,
California, May 2, 1968.
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8.8 EFFECTS OF SHOCK IMPEDANCE MISMATCHING

If materials with widely differing shock impedances are com-
bined properly, a shock wave propagating through them can be substantially
reduced in magnitude. The mechanism for this is shown graphically in
Figure 5. The case of two materials is shown first. In this case a shock
wave in the higher impedance material is transmitted to a lower impedance
one. The Hugoniot curves for these materials are shown in pressure-
particle velocity space, with the higher impedance material having the

higher slope. When the initial shock wave reflects from the interface, a
rarefaction propagates back into the first material, and a Tower pressure
shock wave is transmitted into the second material. The state of the material
in the rarefaction region is described by an adiabat through the initial

state (shown dashed), and the magnitude of the transmitted shock wave is
determined graphically by the intersection of that adiabat with the Hugoniot
for the second material.

In the case of three materials arranged as shown in Figure 5, the
stress can be reduced even further. The three materials are designated as
high impedance, low impedance and intermediate impedance, and the shock wave
propagates through them in that order. As was demonstrated for the case of
two materials, the magnitude of the shock wave transmitted to the low impedance
material is determined by the intersection of the release adiabat for the
first material with the Hugoniot curve for the second. This is Tlabeled as
the second shock state in Figure 5. When this second shock reflects from
the interface between the lTow and intermediate impedance materials, the
pressure increases as a rear-facing shock is reflected back into the middle
material and a shock wave is transmitted into the third material. The state
of the material in the region of the reflected (rear-facing) shock is repre-
sented by a Hugoniot curve for the low pressure material. This Hugoniot
curve has the second shock state as its initial state; furthermore, because
the reflected shock is a rear-facing or stopping shock, the slope of the
Hugoniot curve is negative on the pressure-particle velocity diagram. This
curve is shown dotted in Figure 5. The final shock state is then determined
by the intersection of that reflected shock Hugoniot for the second material
with the normal Hugoniot for the third.

23



If, for example, in the two material case the first material is
tungsten and the second is the titanium vehicle body, a substantial reduc-
tion in the pressure transmitted to the vehicle occurs. If for the three
material case we insert a low impedance material such as lexan or some other
plastic between the tungsten and the titanium, the stress is reduced even
further. As we said earlier, the stagnation pressure of the expanding
detonation products is independent of the material at the interface. There-
fore by 1ining the cavity with tungsten and lexan, it appears that we can

reduce the stress substantially below the stagnation pressure.

The actual situation is not quite as straightforward as described
above. The analysis presented pertains only to the first shock transmitted
through the materials. Following this first transmission there are subse-
quent reflections within the layers that serve to increase the transmitted
stress. If the incident stress wave is a step function, the transmitted
wave will eventually "ring up" to the peak incident stress and the net effect
will be to round off the front of the transmitted wave. If, however, the
incident stress wave decays behind the peak, the peak transmitted stress will
be Tower. The layered materials effectively cause a dispersion of the wave,
removing the high frequency part in the peak of the wave and spreading the
transmitted impulse out over a Tonger time. The amount of this dispersion
and, hence, the reduction in the peak stress, depends on the thickness of the
layers and the width of the incident stress puise.

The only way to effectively analyze this phenomenon is through
numerical computations. Such calculations for a variety of configurations
employing impedance mismatched layers are presented in Section 4.

24



4. 1D FINITE DIFFERENCE CALCULATIONS OF THE STRESS ENVIRONMENT

A11 finite difference calculations done in this program were
performed using the STEALTH codes.(G) These are 1D and 2D Lagrangian
finite difference codes modeled after the HEMP family of codes(7)
rently in use at the Lawrence Livermore Laboratory. The codes have a
broad range of capabilities for problems involving the dynamics of fluid
and solid continua. They contain a full range of material property models

cur-

including elastic-plastic flow, compaction of porous solids and high ex-
plosive detonation routines. In addition, the 2D codes contain both
slideline and rezone capabilities which are often required for explosive/
solid interaction problems such as the ones under consideration here.

As a first step toward evaluating the stress environment pro-
duced by the candidate HE thruster designs and to analyze the effectiveness
of the various buffering schemes mentioned in the previous sections, a
series of 1D calculations was done. In these calculations the one-
dimensional motion along a 1ine through the center of the cavity is cal-
culated as if all materials were infinite slabs. This is a fair approxi-
mation for motions along the axis of symmetry but poorly approximates the
motions in other regions where 2D effects are more important. Because
they are inexpensive and can be run quickly, however, these calculations
provide an effective method to compare the relative effects of a wide
variety of configurations in a short time.

In the first series of calculations several things were inves-
tigated:

1. The effect of aluminum foam in attenuating the
shock wave from the HE detonation;

2. The effect of an air gap in reducing the stress; and
3. The need for a flyer plate confining the explosive

charge in order to reduce the total quantity of
explosive required.

6. "STEALTH - A Lagrange Explicit Finite-Difference Code for Solids,
Structgral and Thermohydraulic Analysis," Volume 1-4, EPRI NP-260,
Electric Power Research Institute, Palo Alto, California, August 1976.

7. M. L. Wilkins, "Calculation of Elastic-Plastic Flow," UCRL-~7322,

?SV.lé%BLawrence Radiation Laboratory, Livermore, California, April
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The configurations analyzed in the first series of calculations
are shown in Figure 6 along with the peak stress calculated at the titanium
interface. In all cases the cavity depth is 3/8-inch. In the first
three the flyer plate and PETN thicknesses are 0.041 and 0.044 inches
respectively whi]g in Calculation 4 the PETN thickness is .167 dinches.

This charge thickness is designed to produce the same total impulse as
the PETN/tungsten configuration in the other three calculations.

Calculation 3 provides an estimate of the stress at the
titanium interface when a non-attenuative material is used in the cavity.
This is to be compared with Calculation 1 in which the porous aluminum
foam discussed in Section 3.1 was used. The calculations show a signifi-
cant stress reduction for the foamed aluminum although it is probably
necessary to reduce the stress even further to avoid damage to the
vehicle body.

From Calculation 2 we see that an air gap is even more effective
in reducing the stress than the aluminum foam. However, the stress re-
duction is not sufficient in this case either.

From Calculation 4 we see that by eliminating the flyer plate
and compensating by increasing the charge thickness, a substantially higher
stress results. This demonstrates the need to use a flyer plate to maxi-

mize the impulse per unit mass of explosive and thereby minimize the total
charge size.

The next series of 1D calculations investigated the combined
effect of an air gap and foamed aluminum and also analyzed the effect of
a high impedance layer at the titanium interface. The two configura-
tions are shown in Figure 7. The dimensions for these configurations
and the ones for the next series of calculations (Figure 8) were the
same as for the previous series except for the noted exceptions.

The results of these calculations showed that the combined air
gap/foamed aluminum was less effective in reducing the stress than either
one used alone. However, the high impedance material at the interface

26
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reduced the stress by 20 kbar for reasons discussed in Section 3.3. The
overall reduction was still not sufficient, however.

We concluded from the first two series of calculations that the
air gap provides the best means of attenuating the stress wave. Next we
began to investigate methods to reduce that stress even further using
impedance mismatched layers as discussed previously. The next series of
four calculations, shown in Figure 8, was intended to analyze those
methods. |

Calculation 7 shows that a high impedance layer reduces the
stress significantly (as compared with Calculation 2 - Figure 6). Com-
paring Calculations 7 and 8 shows that increasing the cavity size from
3/8 inch to 1/2 inch reduces the stress, as one would expect, but the
magnitude of the reduction is not as impressive as we had hoped. The
1/2-inch size is about the upper Timit on the radial extent of the
cavity considering the Tocation of the adjacent thrusters. However, it
is possible to make the cavity somewhat deeper.

Calculation 9 shows the effect of impedance mismatched layers
(in the three material configuration discussed in Section 3.3). This
calculation is directly comparable with Calculation 7, and we see that a
relatively modest stress reduction results.

The effect of multiple layers of impedance mismatched materials
without an air gap was evaluated in Calculation 10. The result of this
calculation demonstrates the importance of the air gap.

The primary objective of this group of 1D calculations was to
determine the best methods for reducing the peak stress in the titanium
missile body. From them we have identified an air gap with impedance
mismatched layers at the cavity interface as a promising buffering scheme.
At the same time these calculations provided an estimate for the impulse
that would be produced by a given thruster design (although 2D effects
are ignored). The results showed that the impulse for the charge/flyer
plate thickness used in these designs is substantially lower than the
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target value discussed in Section 2. A design utilizing a larger charge
is required. This is discussed further in Section 5.
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5. 1D IMPULSE CALCULATIONS

A first approximation to the impulse produced by a charge/flyer
plate combination can be obtained from an approximate analysis. It has
been shown that the Gurney formulas, which can be derived from the
principles of conservation of energy and momentum using a few simple

assumptions, provide a reasonable approximation to this 1mpu1se.(]’8)

The
first gives the momentum delivered to a flyer plate by an explosive charge
in contact with the plate and with a free surface on the other side. This

formula is

- m
I"/Z_E_E 5 )

c

where
If = momentum of the plate per unit mass of explosive,
m = mass of the plate,
c = mass of the explosive charge,

Y2E = the "Gurney constant" where E s approximately
the heat of detonation of the explosive.

The second formula gives the momentum of a flyer plate and the
detonation products when the rear surface of the explosive is confined
rather than free. This formula is

. m,1 3 s
S et B 2

In the second case, IC would be equivalent to the impulse delivered to
the vehicle if the charge was fully confined, i.e., no air gap. If an
air gap is present the detonation products can expand freely initially
so that momentum of the flyer plate is initially given by Equation (1).

8. I. G. Henry, "The Gurney Formula and Related Approximations for
High-Explosive Deployment of Fragments,' Report No. PUB-189, Hughes
Aircraft Company, April 1967.
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However, as the detonation products stagnate the momentum delivered to the
flyer plate increases above that value. It is conceivable that eventually
the momentum of the flyer plate and the detonation products, and therefore
the momentum delivered to the vehicle, would reach the value predicted by
Equation (2); however, this is unlikely. First of all, the "Gurney
constant", v2E , is a measure of how much of the explosive energy can be
converted into kinetic energy. In this case this constant will be some-
what below the ideal value givén by assuming that E 1is equal to the heat
of detonation. Secondly, considering 2D effects, the flyer plate will
probably be accelerated out of the groove allowing venting of the deto-
nation products before all the impulse is delivered. This effect cannot
be evaluated in this 1D analysis. In any event we expect the final impulse
for the cases involving an air gap to fall somewhere between the values
predicted by the two formulas.

As we said in Section 2, the impulse required to produce a

15 foot/second velocity change in a 24 pound vehicle is 11.2 pounds-second
or 5.0 x 106 dynes-second. It is interesting to use the two approximate
formulas to calculate the various charge/flyer plate combinations capable
of producing that impulse. For purposes of this analysis we have assumed
that the flyer plate is tungsten with Py = 19 gm/cm3 and the explosive
is PETN with o = 1.77 gn/cn® and E_= 5.71 x 10%
various flyer plate/charge thicknesses are given in Table 1.

n

ergs/gm. The

The designs calculated in the 1D calculations described in
Section 3 had a flyer plate mass to charge mass ratio of 10. Since the
flyer plate and charge thicknesses were .041 and .044 inches, respec-
tively, we see from Table 1 that the Gurney formulas would predict that
those designs would not produce sufficient impulse. This was supported
by the 1D calculations.

Using what we have learned about stress attenuation methods
from the first group of calculations and using the Gurney formulas to
estimate the size requirements for the PETN/flyer plate combination, the
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Table 1.

Various Flyer Plate/Charge Thickness Combinations

to Meet Required Thruster Impulse.

Equation (1) (unconfined) Equation (2) (confined)
Flyer Plate -Charge Flyer Plate Charge
m/c Thickness* Thickness* Thickness* Thickness*
0 N/A N/A 0 .196
1 .029 .310 .012 .131
5 .102 .220 .033 .071
10 .194 .208 .048 .052
20 .376 202 .069 .037

* Dimensions are in inches.
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design shown in Figure 9 was developed. For this design Equation (1)
(unconfined case) predicts Ie=1.3x 106 dynes-second while Equation (2)
(confined case) predicts 6.22 x 106 dynes-second. This is to be compared
with the design impulse of 5 x 106 dynes second. Since the design con-
tains an air gap we expect the impulse produced to fall somewhere between
the value predicted by the two equations.

Although a 2D calculation is required to determine the actual
impulse produced (in order to account for the 2D effects in the equili-
bration of the detonation products within the cavity and venting of the
products after the flyer plate Teaves the cavity), useful information can
be obtained from a 1D calculation. Therefore a 1D calculation was per-
formed for this design in order to estimate both the peak stress at the
titanium interface and the time history of the impulse generation.

The peak stress predicted for this new design was 41 kbar. This
should be compared with 27 kbar for Calculation 9 which had a similar
configuration but had a smaller charge and a correspondingly 'smaller air
gap. Since the air gap was scaled to correspond with the thicker HE
charge, it is Togical to expect the peak stress to be the same. However,
the thickness of the tungsten/lexan liner was not changed. Since the
stress wave for the new design is broader because of the increased charge
size, the liner is less effective in reducing the stress. To achieve the
same attenuation it appears that the liner should have been scaled up also.
The effect of varying the Tiner thickness on the attenuation of the stress
pulse was not studied in the first phase of the program but should be
studied in the future to optimize the effectiveness of the buffer system.

The impulse generation predicted for this new design is shown
in Figure 10. The momenta in the flyer plate and detonation products
are shown separately, as is the resultant impulse imparted to the
vehicle. By conservation of momentum the three curves should sum to
zero. Positive momentum is in the upward direction as shown in Figure 9
so that the vehicle momentum will be negative.
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We see that initially the flyer plate momentum reaches a value
just above that predicted by Equation (1). At the same time the momentum
in the detonation products is approximately equal and opposite. This is
what we had predicted in our earlier discussion. At about 2 usec the
detonation products begin to stagnate at the cavity interface. At this
point the momentum in the vehicle begins to increase dramatically. This
stagnation also sends a shock wave back through the detonation products
which reaches the flyer plate at about 10 psec and causes its momentum
to increase. Waves continue to reflect back and forth through the
detonation products causing the momentum of both the flyer plate and the
vehicle to increase continually.

The momentum predicted for the vehicle by Equation (2) is
6..22 % 106 dynes-second. We see that although the vehicle momentum is
increasing steadily, it is still far short of the Equation (2) value at
a time of 50 usec. However, it has reached almost 80% of the design
value of 5.0 x 106 dynes-second by this time.

The shortcoming of this analysis is that it does not take
into account 2D effects, particularly venting of the detonation products.
To date no studies have been done to determine how venting affects
impulse generation, but it is fairly certain that it will cause a
reduction.

If we assume that venting will begin when the flyer plate has
moved a distance equal ‘to its thickness, then the 1D calculation predicts
that venting will occur at about 10 usec as shown in Figure 10. If no
further impulse is generated after this time, then this thruster design
will generate only about 50% of the design impulse. However, this is an
underestimate for two reasons.

First of all, the time for venting will actually be longer
than predicted by the 1D calculations. This is because in the 1D
approximation the equal flyer plate and explosive thicknesses of .080
inch give m/c~11l. Since the flyer plate extends a short distance on
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either side of the charge, the actual value for m/c is about 16. This
means the flyer plate will be accelerated more slowly and venting will
occur later. It also means that the impulse generated by a given time
will be slightly higher. These two factors combined mean that the impulse
delivered to the vehicle before vent time will be somewhat higher than
predicted by the‘lD calculation.

Secondly, we expect.some impulse to be generated after the
detonation products vent. When venting occurs, although the flyer plate
momentum will probably level off, the detonation products themselves
will be accelerated rapidly as they become free to expand. This should
give a final kick to the vehicle, although the magnitude of this kick is
uncertain at present.

To assess these effects more fully, 2D calculations are
required. Such calculations, both to determine the effects of venting
on the impulse generation and to analyze the 2D stress environment, have
been started and should be completed in the next phase of this program.
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6.  SUMMARY AND CONCLUSIONS

The principal problem in designing an explosive impulse generator
is to achieve the desired impulse without generating an unacceptable stress
environment in the vehicle. To that end we have performed a number of
analyses, uti]izing 1D finite difference calculations, to determine effec-
tive methods for reducing the stress environment. In addition, these same
1D calculations have been used to estimate the impulse generated by
various explosive thruster systems in an effort to achieve a design that
will produce the required impulse.

A variety of buffering or stress attenuation schemes were in-
vestigated involving metal foam, an air gap, and impedance mismatched
layers. It was concluded that an air gap used in conjunction with
impedance mismatched layers lining the cavity provides the best buffering
of the systems investigated. However, additional analysis (e.g., the
effect of thickness of the air gap and liners) is required to optimize
this scheme.

The 1D calculations also show that it should be possible to
produce the required impulse within the size constraints imposed by the
overall system. However, we have shown that 2D effects are important
in the impulse generation and need to be analyzed further. In particu-
lar, the effect of venting on the generation of impulse is a critical
effect that should be analyzed in the future. Such a calculation for
one of the systems developed here has been started and will be com-
pleted on the next phase of this program.

Although we are confident that the required impulse can be
generated, at this point we do not know whether the stress environment
from such a design will produce unacceptable structural damage to the
vehicle. Two factors are involved in this uncertainty. First of all,
this study has been limited to 1D calculations of the stress environ-
ment in order to identify promising buffering schemes. Now that a
promising scheme has been identified we need to perform 2D calculations
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of the stress environment. We have started such a calculation for the
design shown in Figure 9; that calculation will be completed in the next
phase of the program. 1In addition, more calculations of this type will
be required as the designs are refined.

The second factor is related to our lack of understanding of
the structural response of the vehicle. Although we now have at least a
rough estimate of the peak stresses to be expected in the vehicle, at
present we have no idea of what types of loading will produce structural
damage. Large magnitude, short duration stress waves may produce damage
near the cavity interface but not to other regions of the vehicle.
Certain types of stress waves may produce little damage near the cavity
interface but may produce spall at the inner surface of the vehicle.
These are the types of phenomena that need to be analyzed.

In this study we have used titanium exclusively as the vehicle
material. In another parallel study lexan was chosen for the vehicle.
For a given thruster design the stress environment in titanium will be
considerably higher than in lexan because of the higher shock impedance
in the titanium. On the other hand, the velocity field and the strains
in the Texan will be higher. Since we presently have very little under-
standing of the structural response of either type of vehicle to the
predicted Toads, there is no way to compare the results of the two
studies and no quantitative way of evaluating any of the designs with
respect to the stress environment produced.

To rectify this situation a series of 2D finite difference
calculations of the structural response of the vehicle is required. A
variety of stress histories corresponding to realistic thruster designs
should be used and the response of the vehicle (including plastic flow,
fracture and spall) to this loading should be calculated. Such a study
will not only be useful in evaluating the designs developed thus far,
but will also provide guidance in modifying those designs or in develop-
ing new ones.

As a final note, all of the analysis done thus far and planned
for the future is based on 1D and 2D finite difference calculations. At
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some point experimental testing of candidate designs will be required.
As a preliminary step, it would be worthwhile to perform some simplified
experiments in order to verify and perhaps, in a way, to calibrate the
finite difference code calculations.

Code calculations such as those described in this report are
useful in undersfanding physical processes and in making relative com-
parisons of various systems. They are also very useful in helping to
interpret the results of experﬁments. However, it is a mistake to rely
too heavily on these calculations for absolute predictions without the
accompanying experimental verification.
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