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ABSTRACT

An experimental investigation of the verformance of the 8-inch diameter
MK II and MX 271 Implosion-Driven Hypervelocity Launchers was carried out. Many
problems were eucountered in operating the launchers. They include off-centre
jmplosions, prajectile integrity, preparation of the hemispherical, explosive-
liner pacsare and the erretic operation of the velocity detecting units. The
performance of the velocity measuring system vwes perfected by using a sequential
hold-off programmer. The damage from extreme off-centre implosion problem was
prevented by the addition of a conical-liner plate. Progress was made in the
direction of obtaining a very uniform, explosive-liner package.

In order to launch a half caliber 0.22-inch diameter titanium pro-
Jectile intact, it had to be placed 3 inches downstream of the urigin. Measured

. velocities of the projectile (a maximum of 13,500 fps was obtained as a result),

were found to be 30-50% lower than the computed values. Heavy erosion and

expanaion.a of the gun barrel were noted which could possibly account for the low
measured velocities.

An investigation of a technique of initiating the PETN liner by light
sensitive explosive was also carried out, and is presented in Appendix A. The
results were insufficient to draw a conclusive evaluation of the technique,

although the PETN was successfully initiated by this technique at initial gas
pressure of less than 6 psi.

The poss.bility of measuring in detail the velocity and acceleration
of the projectile in the launcher barrel using a laser interferometer technique
was investigated and is reported in Appendix B. A 12-gauge shot gun was used
to accelerate plastic projectiles to a final velocity of approximately 3500 £t/

sec to test the technique. The expected signals were found to be masked by
signals due to the vibrations of the projectile.

Appendix C is a summary of the work carried out on the K I launcher
including the evaluation of the impanrt craters on lead targets by projectiles,
testing of the various projectile materials, effect of projectile locations in
the barrel on performance and projectile integrity, flash X-ray observation of
the moving projectile irnside the barrel and dynamic stresses in the wall of
the implosion chamber. Scme theoretical and experimental results on the pro-
Jectile integrity problem are also presented.
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NOTATION

Area

Acceleration

Longitudinal speed of sound

Speed of sound, speed of light

Implosion chamber diameter

Barrel or projectile diameter

Young's modulus

Specific internal energy

Laser modulation frequency

Height of a spherical sector defined in Fig. 19
Delay leg length in the laser interferometer (Appendix B)
Projectile recess distance from the origin

Mass, decay rate csonstant

Pressure

Initial chamber loading pressure

Radius or jarticle -,osition relative to the origin
Irplosion chamber radius

Radius of the base of the spherical sector (Fig. 19)
Projectile radius )
Time

Time for light to travel a distance L (Ean. B.2.k)
Velocity
Specific volume
Explosive weight
Distance from spherical wall of the jmplosion chamber

Yield strength

Angle of the conical entrance geometry (Fig. 19)
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A fraction as defined in section B. 4.5 in Appendix B

Wavelength

Angle of the conical liner plate (Fig. 18)
Shear modulus

Poisson's ratio

Density

Incident normal stress

Transmitted normal stress

xi

iy 2l & oy B

A sl S A

il ) ad v

)

RE T PR

LE24atis,

Alk

Atk




caiad RIS

1. INTRODUCTION i

Up to now the most successful and widely used hypervelocity launchers
are still the conventional light-gas guns. However, projectile velocities produced
by them have long been realized to have reached a plat=eu desplte the variaous
modifications introduced into the basic system. The miximum ve10c1ty of 11.3 km/
sec (37,000 ft/sec) for a 45 mg polyethylene projectile has been attained at
NASA, Ames (Ref. 1). 1In order to overcome this limit, researchers’have been
trying a number of new ideas such as the exploalvely driven linear accelerator
(Refs. 2,3,4) and the magnetohydrodynamic hypervelocity gun (Ref. 5). Recently,
a velocity of 12.2 km/sec (40,000 ft/sec) has been reported for a 2g projectile
in Ref. 46;. The UTIAS Implosion-Driven Hypervelocity Launcher suggested ih
1959 by Prof. I. I. Glass of the Institute for Aerospace Studies (Ref. 6) was
another direction of researcn toward overcoming the Lypervelocity limit by making

use of the extremely high-pressure and high-temperat:re gas generated by explosive-
driven, spherical implosion waves.

The principle of operation cf the UTIAS Implosion-Driven Hypervelocity
Launcher is shown in Fig. 1 (a detailed description can be found in Refs. 7 and
8). The hemispherical cavity is filled with a mixture of stoichiometric H,-0,
which is ignited at the geometric centre of the hemisphere by an expleding !
wire creating a hemispherical detonation wave (Fig. 1A). This outgoipg detonation
wave hits an explosive liner placed against the wall of the hemispherical cavity
and simultaneously and uniformly initiates it, thus:generating an implosion
(Fig. 1B). The strength of the implosion wave increases as it travels towards
the centre at which presumably infinite pressure!and temperature can be generated
ideally. As the implosion wave reflects from the origin it leaves behind a
region of high pressure and temperature gds which can be used to propel the
projectile along the barrel (Fig. 1C). ;

v
H

While the basic concept is rather simple, to bring it into practical
reality nevertheless involves quite a number -of problems:never before encountered.
A considerasble amount of research and development had been expended in the past
decade at UTTIAS (Ref. 6-33) in the various stages of development of'the project.
These include the study of the properties of pyd:oéen-oxygen—helium reactions
(Re*s. 1k, 18, 19, 22), the uaitistion of the hemispherical explosive iiners
(Refs. 8, 13, 1T), the study of the implosion and explosion wave systems (Refs.
12, 26, 27, 30, 31), the theoretical performance calculations of the launchers
(Refs. 15, 20, 21, 23, 27), the measurement of the projJsctiie velscity inside the
barrel (Ref. 28) the projectile integrity problem (Ref. 23) and the design and
construction of the various models af the implosion-driven launcher (Refs. 9, 10,
29, 32). Without these significant ‘efforts in development, the present cali-
bration runs would have been impossible. However, as will be shown later, .con-

siderable difficulties were still encountered in the experlments, some of. which
still have to be overcome.

i

In the following section a description of the experimental equipment:
and set-up will be given. In Chapter 3 the numerical compuier program used
to calculate the performance corresponding to the runs carried out ard descrided
in the present report will be discussed. Chapter 4 is devoted to the presen-
tation and discussion of the experimental results 1nclud1ng the off<centre

implosions and gun barrei expansion and erosion. In the last chapter scme
general conclusions will be made. : ’
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2. EXPERIMEZNTAL EQUIPMENT AND PROCEDURE

For the investigations in:earlier reports, tae UTIAS MK I Implosion-
Driven Hypervelority Launcher was used. For details see Refs. 8 and 20, For .
the results in the present report, only the newer models:MK II and MK III were
used. Figure 2 shows the MK III launcher in tne firing position. The outside
appearance of MK II is'quite:similar to-MK III. ' While some cf the electronic
- squipment was built especially for the present calibration runs,most of the
other equipment such as the ignition unit, the plumbing system, the range, etc.,
were the same as those used in Ref. 8 and 20. They will be described here
briefly and the details can be found in the above cited references.

2.1 'l‘he UTIAS Ig}aaion-Driven gypervelocity Launchers.

2.1.1 T™he MK II Launcher

Figure 3 shows the construction of the 2U-inch diameter MK II leun~
cher. The 8-inch diameter or 1/3-scale ‘model was used in'some of the calibration.
runs for the present report. The design of the-1/3-scale model is basically
the same as for the full scale, with slight differences mainly in the con-
struction of the barrel and its holder. Detailed descriptions of the design
a.nd calculations can be f'mnd in Refs. 29 and 32. ’

me launcher consists of two halves, nsmely, the Front Plate and

the Explosion Chamber Block. A hemispherical cavity was machined in the
expiosion chamber block and it holéds the explosive liner:assembly which will be
discussed in Section 2.1.4. The frort Plate consists of a segmented cone
vhich supports’ the barrel assembly and the liner plate. In vhe later runs a
conital liner plate was added on top of the regular liner plate. This addition
was to guard against any possible extreme oft—centre impinaions directed to-,
wards the rim of the hemispherical cavity causing eerious dnmage to the chamber.
Depending on the sngle of the conical liner plate (10°, 15% and 20° liners
have been used), there :are & number of different cavity geometriess produced.
An exploded view of the launcher top-half is shown in Fig. 4, where the barrel
azd half of the segmented cone are shown in their respective seating positions
in the front rlate. In front of the top-plate ars the liner plate and the
ccnical liner piaie, snich is normetlv screwed on top of the liner plate. On

the lefthand side of, the picture is tle explosive liner package and on the right
is another half of the gegmented cone. °

Gas is let in through the gas ’ill-linﬂ vhich is made of high pressure
tubing and .can be seen on the upper part of the front plate in Fig. 4. The

- positive electrode for ignition is provided by the ignition 1ine which consists

mainly cf a steei rod insulated from the chamber block by e teflon sleeve. It

can be seen on the lower part of the front plate in Fig. 4. ‘The chamber block
acts also as the electrical- ground for the exploding wire.

2.1.2 Shortcomings of the MK II Design and the MK IIT Mcde)

The pressure experienced by the parts close to the origin during a
run vith an explosive-driven implosion was tremendous. After 2ach run the top
iiner plate, the segmented cune and the barrel assembly were usually distorted,
the' amount of distortion was generally dependent on the amourt of explosive used
and the symmetry of implosion. Even if the implosion was well centered, the
ancunt of distortion after a few rung was found to be too large to sllow the

N

e o A A

§ st v bt e b0 B L e L a2 Y i

st LY

TR TRV VPRI TNTYY

-
!

i

)

4 .
h ak



W P

YT L

T AT, hE 2 YT T P P W e R T
et v e eI NN & 2SR S ST AT TN & g bl Bt b e *

parts to be reassembled inside the launcher, the design of which called for close
tolerances on all mating parts. Hence, when this happened either re-machining
and/or replacement was necessary. The liner plate was relatively easy to manu-
facture and was generally replaced after a few runs. However, the segmented
cone require more serious considerations. The MK II has a double truncated-ccne
design for the segmented cone, with a large diameter, relatively short, trun-
cated conical base and a slender conical end (seec Figs. 3 and 4). It was found
that the amount of machining invclved was comparstle to that required for
maechining the freat plate. Also, the expansion of the external diameter of the
tarrel, which becomes practically nil 3-4 inches from the origin, shows that

the ultra high pressure region for the present loadings must be concentrated
within this region. Thus not the entire length of the slender cone was fully
made use of. Based on these and other reasons (Ref. 32), the top plate of the

launcher was redesigned. A new version of the launcher called MK III was manu-
factured and used in the later series of runms.

A schematic drawing of the MK III Launcher is shown in Fig. 5 and s
photograph of the top half of tne launcher in exploded view is shown in Fig. 6.
In the MX III model, the idea of a segménted cone was retained; however, the
shape of it *7as much simplilied and the length reduced. One-half of it lies
on the left hand side in front of the front piate in Fig. 6. Special stairless
steel (17-4 PH precipitation-hardened type) with a very high tensile strength
(210 K psi) was used. Manufacture of the segmented cope has thus been simpli-
fied significantly. It was hoped that the combtined improvements in design and
strength of material would reduce the amount of distortion experienced by the
segmented cone. Despite these changes after four runs with explosive wéighing
from 113 gm to 176 gm, the cone was again distorted and re-working was required
to rectify it. Although the amount of work involved in re-working was much
less than the MK II cone, it was still disappointing. However, the range of
pressure involved was an order of magnitude high~r thea the yield strength of
any high-strength material. The distortion was probably unavoidable and re-
placement must be taken as part of the running ccst of the equipment.

Notice also that the MK III liner plate was slightly modified for
simplicity and strength. The thickness was increased to 1/2" and the outer
O-ring groove was replaced by a simple "V". The use of a 15° conical liwer
plate becar2 sta:lard practice for all explosive runs in this model. “The use
of these combinations Qid result in muth less distortion on the liner plate,
hence, less frequent replacement was necessary.

2.1.3 Barrel Entrance Geometries and Gun Barrels

While it is possible to place the projectile flush with the top liner
of the hemispherical cavity, it is undesirable and, in fact, detrimental from
the point of view of production of stress in the projlectile. A collapsing
hemispherical implcsion wave would subject the projectile to non-planar
loading even if the implosion is symmetrical about the gecmetri: centre. At
the magnitude of pressure we are concerned with here {cver 5 milJlion psi
for a 0.22 in. piojectile) any significant degree of uneveuness on lcading
would c~rtainly disintegrate the projectile instantly. To allow the imploding
hemisphericai shock wave to become more planar when it hits the projectile,
it is necessary to recess the projectile from the origin. Also, recessing

the projectile would remove it away from the wall disturbances close to tne
origin.

Four types of entrance geometries were used for the recessed
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Projectile mode of operation. They are shown in Fig. T.

Type A was used with the 5/16 in. barrel which vas made of 5/16 in.
I.D. stainless steel high pressure tubing Witk 1/8 in. wall thickness (Aminco*
type No. 45-11220). The barrel was held in place by an entrance plug as shown.

The projectile was recessed 3/4 in. from the origin, 0. The barrels used
were 3 ft. long.

Type B was used with the old type of 0.22 in. barrel which was also
hed 1n positicn by an entrance plug as shown. 'The projectile was recessed
1/2 1n. from the origin. The barrel used was the same type as described in
Ret. 8. It has & 0.22 in. nominal bore diameter, 1 in. O.D. and 2 ft. long
machined tc dimensions shown in Fig. 7, to fit into the barrel holder. Outside
the chamber bicck the original 0.D. was retained to obtain maximum rigidity.

Type C was an improved version of the barrel and eantrance design.
The entrance plug and the barrel holder are all dispensed with and substituted
by a new type of barrel and a shoulder piece. The barrels used were 0.22 in.
ncminay bere, 1-i/4 in. 0.D. and 2 ft. in length, supplied by Canadian
Arsenals Ltd., Small Arms Division*®* The projectile recessed distance could
easily be changed for the investigation of projectile integrity probtlems.
The barrel assembly could only be used once, since erosion and barrel bore ex-
pansion were found to be too serious to sllow the barrel to be reused.

Types A, B and C were used witk the MK II launcher. For the MK III
launcher type D was used which was basically the same as type C except &
change in the diameter of the shoulder piece and tne bore diameter upstream
of the recessed projectile. The projectile recess distance was fixed at
3 in. for the present series of runs, For this configuration the projectile
flenge thickness was reduced from .006 to 0.002 in. so that it would be re-
leas2d right after the gaseous detonation ieacheés it instead of by the impact
~f the imploding shock had the 0.006 in. fiange thickness been used. This
change was thought to reduce the chance of projectile disintegration by the
imp.:ding shock impact. Results did show that the projectile came out intact
vs-me retained the original cylindrical shape) for all runs. All barrels
used were honed and polished to obtain a smooth bore.

2...4 Explosive Shell Liners

With the preseni way of prepsring the explosive liners, a detachable
carrier of the explosive shell is desirable not only from the point of view
3f efficiency of operation and ease of mamifactare. Another major consid- 5
eraticn is the fact that the detonation pressure of the explosive (3.9 x 10
psza for "superfine" PETN with a relatively low loading density of 0.588 gm/cc)
exceeds the yield strength of the chamber :naterial by almost an order of
magnitude. Plastic flow and distortion of the chamber wall can be expected if
the explosive is in direct contact with tbe cavity wall. The metal liner
1s therefore used to protect the cavity well ard take up at least part of the
plastic deformation due to the explosive Josdii:g, &lthough in the original
design calculations {Ref.29) the liner effnct was not taken into consideration.
In aiddition, the metal liner protects the accurately machined cavity surface
frem imprints generated by interacting waves in the detonating PEIN.

*  Aperican Instrument Co, Inc., Silver Sprir  Maryland, U.S.A.
#%Canadian Arsenals Ltd.,Small Arms Div,long tranch,Port Credii,Ont.Canada.
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Aluminum was originally chosen for the full scale 30-inch model (Ref.
29) mainly for its light weight, in handling, and for its relative ease in
manufacture. For the 8-inch MK II model 1/8 in. thick aluminum, laminated
steel-aluminum and laminated aluminum shells were used for the first few runs
with explosive and in some of the gas runs. In the case of the laminated
liners, the inner liner was invariably bucklied probably due to the expansion
under heat of the gas trapped between the liners. Solid shells spun from
3/16 in. thick aluminum plate with the cutside machined tvc final dimensions
were then used. Aluminum has a fairly low melting point and being a very
chemically reactive metal, it was reascnable to find that in all runs, in-
cluding the gas runs, part of the inner surface was corroded. Reacticn
between aluminum and oxygen is & highly exothermic phenomesna. This is a
very undesirable feature as far as protecting the steel cavity is concerned.
(This mey have %“uen partly responsible for the accident we once had in which
a hole was burnt through the chamber wall). Subsequently, &li explosive
runs were carried out with copper liners. Although copper shells are far more
difficult (and hence more expensive) to manufacture, it has many advantages
over aiuminum. Copper 1is fairly inert to chemical reaction with oxygen
compared with aluminum and has a higher melting point (1481°F vs. 2220°F).
No appreciable corrosion was ever coserved in the shell after the runs. Cocn-
sequently, a liner under normal conditions could be used cver a few times.
(In fact, one liner has been used for five runs). In addition, the acoustic
impedance of copp2r as shown in Table 1 is quite closely matched with that
of steel; consequently the ratio of transmitted to initial wave strength 1s
only 1.072 compared with 1.315 for aluminum. Using copper thus reduces the
magnitude of stress on the steel cavity. Also shown in the tatle is lead which
was used in the runs carried out in the MK I implosion-driven launcher (Ref.
8). The ratio of transmitted to incident stresses ot/aI for the lead-steel

combination is the highest amongst the three ccmbinatioue. This, plus the fact
that lead is too soft for handling and has too low a meiting point, make it
a very undesirable material for use as an explosive container shell.

2.2 Projectile Design and Materisl

The projectiles used in a1l runs kave a simple cylindrical shape
with a shear flange machined on the rear end of the projeztile (Fig. 8) (both
types 1 ana € ha.o Deen wo2l) slinducting the :ecd of u metald dizphragh.

The flange acts as a seal against the high pressure loading gas used in the
chasber and to keep the projectile in place prior to ignition. Dif¥erent
lengths (1 to 1/3 calibre) have been tried. The diameter of the prcjectile
was machined to a push fit for each barrel. The front and the rear eands
were polished.

Materials such as titanium, magnesium ané Lexan have been used for
manufacture of projectiles. Laminated materials composed of titanium and
Lexan, and titanium and magnesium were also tried. As a compromise between
strength and weight of the projectile, in the later series of runs half calibre
titanium was generally used. The titenium used (MST 6 Al-4V annealed alloy)
was obtained from Atlas Alloys Co., Torontc. This MST 6 Al-LV has a density
of 4.43 gm/cm3, tensile strength of 130,000 psi and yield strength of 120,000 psi.

The choice of material and the shape of the prajectile depends on
a few factors. First, in order to achieve high velocity, the weight of the
projectile must be low. Second, the shape of the projectile should be such
that minimum tensile stress should be kept throughout the entire launch cycle
in order to keep the projectile intact throughout the acceleration period.
Thirdly, the projectile should have a goocd gas seal, such that the diiving
gas shoald not leak around it ceusing a loss of driving pressure. All these
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imply the use of materials with a high strength/weight ratio and a one-
dimensional shape to awvoid reinforced stress due to two or three-dimensional
eftects, (For furtner discussion see Appendix C).

2.3 Rangs, Plumbing and Control Room

The range (Figs. 9, 10) measures 2 ft. in diameter by 15 £t. long.
It has three viewing stations; each consists of 4 windows allowing optical
observations, recordings and velocity messurements by the light beam detectors
of the prolectile in flight. Upstream of the range is a blast tank (Fig. 9)
which is 2 ft. in dianeter by 6 ft. long with 18.8 cu.ft. volume, intended
to contain the dbulk of the driving gas. At the end of the range is a target
station which consists of a replaceable lead target and an impact accelerometer.
Figure 9 shows the overall dimensions and relative positions of the implosion
chamber, blast tank, range, observation stations and the target station.
Figure 10 shows two views of the range snd instrumentation.

The control room has 12 in. concrete dlock walls, sand-filled and
reinforced with rods. After sssembly of the launcher, the operation of the
entire range including monitoring pressures, vacuum pumps and filling up of gas
can be remotely controlled at the control panel (Fig. 11) in the control ¥oem.
The control panel is "human engineered”" (Ref.8) for esse of operation and to
guard againet any accidental damage to the instruments caused by following a
wvrong sequence of operation. The gasea used were all direct from commercial
compressed gas bottles. They are placed inside the blast room. A sketch of
the pressure and vacuum manifolds associated with the launcher driver chanber
is shown in Fig. 12.

2.4 Velocity Measurements and Photographs

2.4.1 Light Screen Detectors and Associated Electronics

The velocity measuring system consists of & photomultiplier-light
screen detector unit at each of the three measuring stations. These detector
units (Fig. 10a) were designed and manufectured by the Aerophysics Branch of
Computing Devices of Canade Ltd*. They have the capability of detecting
1/32«inch diameter particles 1ip to velocities of 30,000 fo= and 0.22 in.dis.
particies well in exceas of this. Ic was found that the intense magnetic radia-
tions from the discharge of the ignition unit to the exploding wire in the
chazber and that from the shadowgreph spark source and the Xeray unit strongly
interfere with the proper operation of the detectors. Nany ways of shielding
were tried but none was found to be satisfactory. Finally it was felt that
the only solution to this was to build a Sequential Hold-Off Programmer (SHOP).

The SHOP was designed to prevent spurious triggering of the elec-
tronic counters or the oscilloscopes by the light screen detectors. This was
done by ensuring that the detectors were prevented from operating the counters
for a pericd long enough to allovw for sufficient Gamping of the magnetic and
other radiations. The system consists of & series of lock-out astadle and one-
shot multividrators (Fig. 13). The delay for each detector has been set to

low maximum velocity nmeasurement and yet iong enoughk to stop any unwanted
pulses to reach the counters through gates coatrolled by the delaying system,
Before firing of the gun, all gates are closed by a single pushbutton. A laxmp

®* Computing Devices of Canada Ltd., Gttawe 4, Ontario, Canada.
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for each time interval section indicates that the gate is locked. The trig-
gering pulse from the firing unit is applied to a light-emitting diode which
turns on a photo-diode, triggering the first delay multivibrator. (The pur-
pose c¢f the combination of photo diode-light emitting diode is to isolate the
system electrically from the ignition unit which may interfere with the proper
functioning of the system). After 300 p:sec, the multivibrator resets and opens
the gate connected to the first light screen detector. When the projectile
passes through the first light screen, the detector sends a pulse through

the now open gate and triggers the counter and/or spark and/or X-ray generator.
At the same time the same trigger signal starts the second delsy multivibrator.

After 100 us, the second gate opens for the next light screen detector signal,
and so on.

The system cen only operate in sequence; that is, the first gate must
be energized before the second gate can be operated and ther. the third. A
manual pushbutton test system is built-in allowing a slow check of the operation
of the detectors, the seguential iock-out circuit and counters This is paral-
leled by a high-speed, sequential, test system that sends a train of three
pulses with time intervals of the order of 160! usec (the same order of the
maximum expected performance of the experimeut). This gives a general test
to the whole measuring system. The Sequential Hold-Off Programmer can be seen
in Fig. 10a above the three electronic counters in the instrument cabinet.

The electronic counters used were Hewlett Packard 3T34A which normaliy
have a resolution of 10 usec. The accuracy was improved to 1 pysec by using a
1 M Hz crystal as an external time base. The accuracy of the average velocity
calculated from the time counted is 0.5% for a projected velocity of 20,000 fps.

An Endevco 2218 accelerometer mounted at the end of the target station
(Fig. 10a) was used to monitor the impact of the projectile on the target at
the end of the range. This was primarily used as a back-up system for velocity
measurement. The output of the impact accelerometer together with the three
triggering pulses from the sequentail programmer were displayed in a Tektronix
555 oscilloscope, £ typical output is shown in Fig. 14.

2.4.2 Flash X-nay Units

A Flexitrcn p.4el 720 .1,2710 300 Kv flash X-ray unit (Fig. 10b) was
used in the first measuring station {to teke an X-ray radiograph of the pro-
jectile). It has a 20 nanosecond exposure time. The units are cperated at
approximately 150 Kv. The X-ray head can be seen on the top part of Fig.
10b while the triggering system is on the righthand side of the same picture.

2.k.3 Shadowgraph System

The shadcwgraph system is a folded beam arrangement (Ref. 8 and 20).
The projectile was photograrhed on polaroid film using a spark light source
with an effective pulse width of approximately 400 nanosec. The light source
is trigger=d by the same electrical pulse from the sequential programmer that
triggers the electronic counter.

Figure 15 is a schematic diagram of the range of inutrumentation
circuitry showing the various instruments used in the experiment as described
above.
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2.5 Ignition System

In order to produce a spherically symmetric detonation essentially a
point source of ignition with large energy output is necessary. The ignition
3 is accomplished by discharging a 7.0 uf capacitor through a hydrcgen thyratron
3 into an 0.1~inch long 4 mil copper wire. The capacitor is normally charged
to 6 Kv, thus giving a stored energy of approximately 130 joules. Comparing
the discharge current wave forms between the discharge through 2 short circuit,
it was found (Refs. 13,20) that the resistance of tne explcding wire was only
about 1G% of the total resistance of the discharge circuit. Hence the energy
reiease in the exploding wire must be only a small portion of the stored energy.
No rigerous studies had been carried out to determine the exact amount of
energy dumped in the exploding wire to date. (The stored energy was alweys
quoted as a parameter in determining ignition characteristics). However, this
setup was found to be quite sufficient to initizte detonation in the stoichio-
3 metric hydrogen-oxygen mixture used in the present serjes of experiments,

2.6 PETN-Explosive and the Preparation of Explosive Liners

In all experiments, superfin2 PETN was used as the explosive to generate
implosions. Extensive work has been carried out by Flagg and Makomaski (Refs.
] 8 and 13) in search of suitable explosives which can be initiated by the

4 detonation wave of a stoichiometric oxygen end hydrogen mixture. PEIN is one

} of these and it was chosen on the grounds of handling safety, uniformity of

3 initiation, and explosive yield. PETIN also has an added advantage that its

3 initistion properties can be changed by using different loading densities which
4 can be varied over a wide range (0.59-1. gm/cc). Superfine PETN has a rela-

] tively low loading density (0.588 gm/cc), and is correspondingly more sensitive
to initiation (Ref.8) and has a lower detonation pressure (Ref.35) compared
with the higher density PEIN formulations. Despite all these advantages, PETN
crystals have no mechanicel binding strength by themselves and manufacture of

homogeneous hemispherical explosive liners with close dimensional tolerances was
found to be a very challenging problen.,
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Considerable effort has been put into developing a manufacturing
process by Canadian Safety Fuse Ltd., Brownsburg, Quebec. Four basic methods
of making liners were tri: 1 in each of which a thin slurry of Superfine FEIN
mixed with water and binder (Cellosize) was used. The £ ne) dimension was ob-
tained by machining, whick gave very clcse toierances and smooth surface finish.
However, in all cases, it was found that the binder materisl genersally tloated
to the surfece on drying causing the lirer to shrink and cracks developed as a
consequence . Also, becaus ' of the thin slurry used the finish liner thickness
could only be obtained by building up layer by layer with drying in between.
Cohesions between layers were found to be poor. In view of these difficulties

and the amount of labour involved, the development was terminated for economic
reasons .
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At UTTAS, Flagg (Ref.8) used a shell made of open ccre plastic foam
sheet® to provide the dry PETN with a support matrix. Four orange peel segments
: of open ccre foam plastic were cemented to the metal liner then the PEIN
3 slvrry (PETN mixed with 50% water) was forced into the cores of the foam until
the PETN was flush with the fcan surface. The assembly was dried slowly by é
warm eair. Figure 16 shows tne steps in nanufacture. This type of liner was i
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used quite extensively in the early runs of the launcher. However, it was

felt that the homogeneity of this type of liner was doubtful since the presence
of air pockets inside the liner were unavoidable. Also, the dry PETN was quite
fragile, a few times when the launcher hed to be opened up after assembly it
was found that some explosive was blown away by the high velocity gas Jet from
the gas inlet. Other wayes of manufacture had to be tried.

A new technique was developed by Professor G. F. Wrignt and Mr. -T.

Huber of the Chemistry Department, University of Toronto. In this method
cotton linters was used as a binder. No detailed studies were carried out to
determine the degree to which the initiation properties of the Superfine:PETN
might have been affected. However, it was found that the liner always
initiated under 400 psi initial gas preszsure. Details of preparation are re-
ported in Ref. 32. The procedure of preparation ecan be briefly described ia
the following. A thick slurr- of Superfine PETN with 0.5 to 1.5% of cotton

inters was prepared with app.ox’mately 5G% of water. The slurry was put into
the metal lirner which was placed in a moulé-press (Fig. 17) and the final
hemispherical shape of the explosive liner vas formed by pushing the hemis-
pherical plunger into the slurry. The assem)ly wes then dried slowly in warm
air. Most of the explosive launcher runs werz carried out with this type of
liner. However, the results were not particuiarly good. (See Chapter U '
on Results and Discussion). Slight off-centre implosions were still experienced
in most of the runs. A check on the densityofe “inished liner showed
variations up to 50%. This was thought to be cwused by the uneven pressure
exerted by the plunger on the explosive surface. Hence considerable effort
still hss to be spent in order to perfect this technique.

Each of the above twc techniques hss its ovn advantages. and short-
comings. To date a satisfactory technique is still unavailable in that the
homogeneity of the liner before ignition was still nnt certain. Cotton linters
as a binder is quite promising; it gives the fragile PETN a very positive
support as a closely interwover matrix. A combinsation of the cotton linters
as a binder and the plastic foam as a matrix for support while drying the slurry
is presently being tried. Results (see Chapter L4) on two runs were quite
promising. However, further development is still needed.

H

3. FPERFORMAKCE CALCULATIONS

3.1 Dagcriptior of the Computer Prograw

i

The computer program used in the present study was developed from a
one~d:mensional numerical code used by Piacesi et al (Ref. 36) using the von
Neumann-Richtmyer (Ref.37) technigue of artificial vi.cosity to deal with the
shock discontinuities numerically the origina®l code was used to predict the
performance of a two-stage light gas gun. Tais code was adapted and modified!
by Sevray (Ref.21) and Flagg (Ref.8) tc study the performance cf the UTIAS
1mp1031cn~d.iven hypervelocity launcher. For the case of the detonating ges,

Wilkin's tcchnique (Ref. 38) was used to spread the detonution front over a
number of zones.

The process in the hemispherical chamber and in the barrel can be
described by a set of cne-dimensional equations in Lagrangian form.
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- configurations were tried. These invclved the use of
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. Conservation of Mass

i1
p—A&- (1)
. Conservation of Momentum %%-= A gs (2)
Conservation of Energy g%-= -p %% {(3)

This set of eguations is essentially one-dimensicnal and theoretically should
bg sufficiently described by a one-dimensional numerical code. However, many
difficulties were encountered in practice in dealing with flows in the hemis-
pherical cavity and in the entrance region into the gun barrel as discussed
extensively by Sevray (Bef. 21), Flagg and Mitchell (Ref.23), Poinssot (Ref.
25!, and mcre recently by Brode (Ref. 39). The first difficulty stems mainly
from the large change in surface area A(R) in the hemispherical cavity. It
is thus very Gifficult to have a proper !division of zones to keep the difference
in mass in the adjacent zones small in order to avoid spurious shocks if the
total number >f zones have to be limited to keep the expensive computer time
short. The second difficulty is in the transition region Joining the hemis-
pherical flcw region to the planar berrel flow region. 'The flow in this region
is basically two-dimensional and can cnly be rigorously represented by a

two~dimensicnal code. Any resuits bbtained from a one~dimensional code can at
best be aprrox!mate.

Al1 of the work done sc far (Refs. 8, 21, 25) comsidered a simple
hemispherical cavity jJoining the barrel at the origin (Fig. 18a). This was
the first configuration used in the UTIAS MK I Launcher. In some of the runs
in the MK II and all runs in the MK III launchers, some slightly different
conical liner plates of
various angles 4, on top of the hemispherical cavity and recessing the pro-
Jectile from the geometric ‘centre by a distance Lr as shown in Fig. 18b and des-

cribed in the previcus chapter. Flagg and Mitchell's scheme of zoning end

their continuous treatment at the transition regicn can be easily adapted to

this configurati-n and is physically more mearningful with a miaimum of disturbance
generated. A modified version cf their. prcgram (Ref. 23) was used in the present
computations fosr the configurations shown in Fig 18. The entrance geometry is
shown in Fig, 19. Also shown in Fig. 1§ is the 2oning scheme. Upstream of

the plane AB (Fig. 19) the zore toundmries are defined in a'way identical to
_that used by Flagg (Ref. 8). The zone boundaries are defined by sectors of
sphe:'ss with the respective: radri from origin O until the radivs is smaller

than ~r equal +: OA.  Then the 2cne boundary surfaces are defined by sectcrs

of an expanding sphere with base radius r,. Dcwnstream of the plane AB and
upstream 5% the prcjectile, the boundary Surfaces are circular planes with

‘radius depending on the position of the rlane in the conical entrance.

Accord-
ing to the ab

ove, the following relations sre used for defining the boundary

areas: -
A= 2 R ~x)? (1-sin6) 05x s (R -OR) ‘ (3.1)
A= m{H + rbe) . (RC—BK)Q x <(EC—55) (3.2)
a= et (B -xitana)® (R BCig x <(R+ L) (3.3
A= 7 rpa : : x z(a'c+ L) : (3.8)
:
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The volume is calcuiatec hased on the areas found above. A total number of 65
zones were used with 25 for the explosive liner and 40 zonee for the gas region
assuming & vacuum ahead of the projectile. FPlagg's scheme cr zoning divisions
was again used here. Since the finsl velecity and the appearance of tne proe
Jectile base pressure history were quite similar, whichever scheme was used

(Fig. B-1, and B-2 in Ref. 23), and since the present program was not meant to
be extremely Yigorous without considering loss mechanisms, it was therefore con-
sidered satisfactory for the present purpose. In order to compare the present
numerical code with the more rigonsus one used by Brode (Ref. 39) a calculation
was perfarmed using the present code with the same boundary conditions. The re-
gults are plotted in Fig. 20. It can be seen that the numerical code presently
used gives a velocity which is lower than that obtained by Brode "without 1ngs"
using an "0ld" equations of state. While both are lower than the result obtained
by using an "improved" equations of state including losses for the first 3 meters.

3.2 Results and Disc¢ussions

For the MK ISI launcher runs the projectile is recessed 3 inches from
the origin with @ = 15 and a = 5°, This configuration is slightly different from
that shown in Fig. 7D. However, it was thought that with the volumes of gas in
the transition region approximately the same, the results for the two configurations
would not differ significantly. Therefore, no effort was spent on reproducing
the sntrance geometry exactiy as many changes in the program would be reguired
to represent all the different configurations used in the experiments.

It is interesting to compare the intermediate cases as the hemispherical
configuration is graduslly changed to that finally shown in Pig. 18b, 1In Fig. 21,
four pressure history curves as a function of projectile travel distance are shown.
Figure 22 shows the velocity versus distence curves. The curves represent the
following cases: (1) a hSmiSpherical configuration with 100 gm PETN and zero pro-
Jectile recess; (2) a 15 (6) conical liner plate with 74.12 gm PETN (which has the
same thickness of PETN #s in case (1); and (3) and (4) heve 15° conical liner plates
with projectiles recessed 3 inches (L_) from the origin and barrel entrence angles
(@) of 10° and 5° respectively. Both the projectile base pressure and the pro-
Jectile velocity curves for the first two cases are quite similar. The final pro-
Jectile velocity for case (1) is 8.79 Km/sec (at the barrel exit 72 cm downstream
of the original projectile position), compared with 8.37 Km/sec for case (2) which
is ayproximately 95% of the former although the amount of explesive used is only

T4%. This justifies the use of a conical protective iiner plate in the hemispherical

cavity. In fact, experiments showed that “ne performance of the two configurations
wers similar. Frojectile velocit .. for cases (3) and (4) showed merked increeses
from cases {1) and (2), The base pressures also remain higher for longer periods
compared with cases (1) and (2). Thus, recessing the projectile with the two
entrance geometries considered should theoretically increase the projectile velo-

city begides the other obvious reasons which will be considered in the next
Chapter »

It should be noted that the above runs were not meant to optimize the
muzzle velocities. As Sevpay has shown (Ref. 21) this requires an explosive
thickness of about 1/10 the initial radius, or about 400 gm PEIN, in this case.

4, EYPERIMENTAL RESULTS AND [ISOUSSRANS

4,1 Raw Data

Table 2 shows the initial conditions and results of all projectile
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runs carried out in the 8-inch diameter MK II and MK III lauachers.

The integ-

formed on the lead target. The latter is usually quite sufficient to determine
the integrity cf the projectile except when the projectile hit the wall of the
range and disintegrated, such as in the last »un 3.7 in which the X-ray picture

showed that the projectile was intact while the cratering on the target was com
pletely scattered.

Tables 3(a) and 3(b) show the initial conditions and results of all
contained gas and explcsive runs in which a copper witness plug was placed in the
position where the projectile normally sat. Listed in the tables are also the
conditicons of the imprint .3 't by the implosion. The contained runs were carried
out mainly to test the various techniques and improvements in the chamber configu-
raticns before they werz used in launching a projectile.

4,2 Off-Centre Implosions

4,2,1 Observations

In the case of gas runs only, all implosions uere well-focussed and

centered. Of the 41 explosive runs carried out, 20 of them show well-focussed,
centred implosions. The rest exhibit various degrees of .eing off-centre from
1/h inch from the origin (Fig. 23) to the worst cases of side implosions where
the impioding waves focussed at “he rim of the hemispherical cavity (Fig. 2k).

The positicns of implosion are shown in Figs. 26 and 27(a) ani (b)
for the cases of hemispgere cavities without the conical liner plate, with 10
liner piate and with 15 liner plate respectively. In the figures, the circles
indicate the position of the imprint left by the off-centre implosion while the
number{s) accompanying the circle are the run number of that run(s). The orien
tation of the off-<entre implosion imprints varies rather randomly although
about half of threm are in the vertical direction (the direction joining the
ignition inlet to the gas inlet. In the normal launching condition this direc-
tion is vertical with respect to the ground level). The imprints due to off-
ceprtre implosicn were mostly fairly well defined and had roughly circular shape
fe,g., See Tigs. 23 and 25). However, in Fiz. 25 we ses that the secondary
imprin*.(s) appears to be an elongated trough which is mucn shailower than the
accumpanyirg primary imprint (p). The size of the various imprintc varies
also from 2 inches (Fig. 24) to a fraction of an inch (Fig. 23).

t

In general, oif-centre implosicas cccurring within approximately
2-1/2 inches diameter were toleratle in thal they would hit on th: disposable
barrel asserbly only and no o%aer parts were affected. However, wnen the
implosion occurred outside the barrcl assembly, it would hit the liner place,
rendering it unusable again. The worst cases were when the implosion hit the
wall of the hemispherical ca.ity iirectly., This invarizbdly damaged the cavity
wall which cccurred in runs 7, 10, 33 and 36. (Run 36 is shown in Fig. 2h),.

In this table,
the dimensions, material and weight of the projectile, explosive weight and the

binding agent used, the initial gas loading pressure, the measured projectile
velocity, the number of craters on the lead target, the cff-centre-implosion dis-
tance rrom the origin, and the conical liner plate angle 6 are given.
rity of the projectile as quoted in the following are judged from the X-ray,
shadowgraph photographs of the projectile, and also from the numkber of craters
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k,2,2 Ppossible Causes of and Ways to Improve the Off-Centre Implosions

One of the most important parametvers for a successful operation of the
implosion-driven launcher is to have stabie and symmetrical imploding shock waves
focussing at the geometric centre of the implosion cavity. Due to the extreme
pressure generated by the imploding shock at the point of focus, any implosion
which is not centered would definitely cause damage to the chamber parts. If
the implosion offset is more severe, it may even damege the whole chamber ren-
dering it unworkable until repaired. This was a costly and time-consuming opera-
tion when it occurred. Hence it is extremely importent to achieve a high degree
of reprcducibility of centered implosions if the operation of the launcher is to
be carried out smoothly.

Up tc now tuere has been very little theoretical and hardly any experi-
mental work done on the stability and behaviour of the imploding shock waves in
the range of shock Mach numbers we are interested in. Huni (Ref. 40) and Lee
et sl (Rief. 41) observed that converging cylindrical detonation waves were stable,
The stabilizing mechanism was suggested by Huni to be the supposed increase in
detonation wave velocity at the regions lagging behind the circular wave front
which have higher curvature and a reverse effect at those regions ahead of the
circular wave which have lower curvature. However, his argument was based on
the Chester-Chisnell-Whitman model developed by Lee and Lee (Ref. 42). This
model is essentialiy one-dimensional and could net possibly account, for the effect
of a change in wave curvature on the wave front velocity. In fact, any region
lagging behind the circular wave front has an increase in surface area which
according to the C-C-W model would result in a reduced »ave velocity rather than
an increase as suggested by Buni. Likewise, regions ahead of the circular wave
frent haye smaller surface area and would result in an increase in wave velocity.
To this effect then, both regions anead of and lagging behind a converging cy-
lindrical wave are unstable. In other words, a converging cylindrical (or
spherical) wave is unstable by itself. A similar argument would show that a
diverging cylindrical (or spherical) wave is intrinsically stable. Therefere
the observed stabilizing effect in the cylindricai imploding detonations must
be due to some external mechanisms other than the wave front itself. A stabiij-
zing mechanism was suggested by Lee et al (Ref. 41) to be the rctating transverse
waves following the contracting detonation front. These transverse waves are
distinctive features of a detonation front and are lacking in a converging sheock
wave. Therefcore their findings are not contradictory to the argument above or
to the theoretical predicticns by Butler (Ref. 43) and Zaidel and Lebedev (Ref.hb).

Butler (Ref. 43) and Zaidel and Lebedev (Ref. 44) considered the sta-
bility of spherical and cylindrical self-similar converging strong shock waves
perturbed by small disiurbances. While Zaidel and Lebedev considered enly
the y = 7 case, Butler proved that all imploding shock waves, spherical and
cylindricali, are unstable to disturbances in that the shape of the disturbed
wave will not regain the original shape. This agrees quaiitatively with the
argument above based on the C.C.W. model, However, it was noted that the ccn-
vergence of the shock wave to a point may still be quite sharp. This is only
a first order perturbation solution for the Guderley (Ref. 45) type of strong
irploding shock and cannot accocunt for any pcssible offset in the final focus
position which was observed in experiment. ior large disturbs~nces, it is
quite logical to expect that the final focus position would be perturbed also
and the amount of displacement shouvld depend on the degree of the perturbation.
This was, in fact, observed in the beautiful schlieren photcgraphs obtained by
¥erry and Kantrowitz (Ref. 46) who perturbed the converging sylindrical shock
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wave by a small obstacle in the path and the final focus was observed to have
shifted towards the disturbed side. In most of our experiments where there was
an off-centre implosion the convergence was still quite sharp. This agrees witn
Butler's conclusion even though our average implouding shock Mach number was only
of the order L&S which carnot strictly speaking be compared with the Guderley type

of intense implosion except near the origin. However, the theory does give the
right trend.

Althoegh the exact causes of the off-centre implosions are yet unknown,
according to the above they must have been due to some disturbances to the im-
rLoding shock causing the focus point to shift from the origin. A number of

vossibie sources of disvurbances and the methods to eliminate or to try at least
to reduce their effects will be described.

4.,2.2.,1 Asymmetry in the Initiating liemispherical Gaseous Detonation Wave

The PETN liner should be initiated ideally by a perfect hemispherical
dencnation wave in the stoichiométric HQ—OQ mixture. However, since the
hydrogen and oxygen mixture is initiated by dumping a finite amourt of energy to
exp.ode an elongated copper wire in the gas, tne initial svage of the detonation
wave was highly unsymmetrical (Ref. 30). The asymmetries could probably smooth
out as the wave propagutes outward because an expanding spherical wave is stable
compared with a converging wave (Ref. 40) provided the gas mixture is homogeneous
and does not introcduce any more disturbances after the initial stage. In a

number of gas runs by Elsenaar {Ref. 28) is studying the focussing of the implosion

wave due to the 1eflection from the wall of the gaseous detonation wave alone, he
found that the implosion was offset by 0.03 to about C.6 inches, always along

the vertical axis to the bottom side no matter in which direction the ignition
vire was. He suggested thev gravitational effect must have played an important
rcle in bringing about this type of offset. It -as thought that if the gases
were allovwed to go in the chamber slowly as it was done in his runs, the much
heavier oxygen gas would stay at the bottom, thus introducing gradients in the
rroportion of the mixture along the vertical direction. This gradient intrbduces
continuous disturbances to the detonation velocity (Ref. 19) and hence to the

symmetry of the wave. These disturbances are reflected into the imploding shock
wave causing its focus to be off-centre.

Because of safety reasons, we could not pre-mix the gases, since a large
amrount of hydrogen and oxygen mixture at hig . pressure is very dangerous. The
diffusion process of the gus mixture seemed tu be very siow. In four runs
{Run 14, 15, 16, 17) the hydrogen gas was pumped in before the oxygen and the
firal mixture was allowed to settle by 0, 3, 5 and 20 mirutes, the mixture failed
e detonate in the first three runs and only partially detonated in the last
run, Since the sonic velécity of oxygen is about 1/4 of that of hydrogen, even
assuming oxygen choked flow in the gas inlet porty the final mixing jet velocity
is at most only 1/% that of hydrogen. These results show that there is in-
sufficient mixing with this order of filling while diffusion up to 1/2 an hour
was not sufficient in bringing zbout a uniform mixture.

Finally, the hydrogen was alloved to nump in after the oxygen in a
few fast strokes, deliberately introducing turbulent mixing to the gas mixture.
The mixture was allowed to settle for a few minutes before ignition. The re-
sults were very good ia that all implosion imprints on the copper witness plug
were found to be almost exactly centered and the imprints were very sharp
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(Fig. 28, runs 13, and 3.1). To ensire that the gas mixture weuld detonate pro-
perly (Ref. 30) all runs were carried out with an initial gas pressure of 400 psi.
Judging from the well-centered implosion imprints, the outgoing detenation wave
vhen reaching the chamber wall must have been very symnetrical, otherwise any
asymmetries would have affected the implosion focus. The slight asymmetries in
Fig. 3c in Ref. 30 which used the fast pumping techaique at gas pressure of

LOO psi, could probably be due to optical effects and the fact that the chamber
conditions were not exactly duplicated.

Instead of initiating the PETN by the hemispherical detenation wave, a
light initiation technique has also been investigatied as reported in Appendix :
A. This method would insure an instantaneous initiation' of the explosive liner
thus getting rid of any uncertainties in the irregularities in the detbnation
wave. Unfnrtunately, the results were not very conclusive. ’ ' ‘

4,2.2,2 Nonuniformities in the PETN Liners

To date two basic methods were used tu produce PETN liners a&s described
in Section 2.6. The open-core, plastic-foam technique allows the PEIN slurry to
dry by slow evaporation, the density of the explosive should be fairly uniform.
However, air bubbles can be trapped inside the plastic-foam cokes making its
uniformity uncertain. Also the surface finish of the liner was not Very smooth -
and the dry PETN although supported by the foam cores can still crumble by
shaking and by the high-velocity gas jJets from the gas inlet of the implesien
chamber. In this sense, the cotton linters PETN mixture worked with. the Iiner '
preparation-mould press was far superior. The latter technique preduces liners
.ith very smooth surface and the cotton linters provides the liner surface with
& tough texture. However, one setback of this techrique so far is that pressure
applied on the press to dry the wet PETN slurry can be quite nenuniform eover the
entire hemispherical surface and the final product was obtained by patching the
air pockets left on the liner surfece by the press. Thus the density of the
finished liger can be quite nonuniform. In fact, one typical 0.1" thick exple-
sive liner was tested in which 19 saiples were taken equidistant on a circle .
approximately 1-1/2 inches from the edge of the explosive liner. it was found
that the densities measured from these samples differed by up teo 20%. (Admit-
tedly this depended a lot on the skill of prodiction). Hewever, the nonuniform
density could have accounted for at, least same of the offset implesions shown!
in Figs. 26 and 27, and also the same could &lso have been the reason for the
irregular shapes of the implosion imprint on the witness ceppe~ plug shown in
Pig. 28 (runs 26 and 56). The, centre copper witness plug in Fig. 28 was from
run 2k where a plastic foam type of liner was used and the imprint is very well
focussed and symmetrical. This shows that the plastic feam type of liner in
general detonates more uniformly and .introduces fewer disturbances into the
implosion than the cotton lintere type of liner. In fact, the size of the
noruniformity caused by the air pockets could at most be of the order of
the size of a single core in the plastic foam which has approximatzly 10 cores
per lineal inch. Cemparing the relative number of off-centre. irplosions, the
foam-type liners have 31% compared with 76§ for the cetten linter type.

Until & mere reliable technique of drying the cetton linters liners
is found, it seems that by combining the cctton-linters technique with the
plastic-foam would be a compromise. Thus, we can pre-xmix the PEIN with cotten
linters and force this wet slurry into the plastic feam in the same way as
described in Sectien 2.6 in prepering a plas-ic-foam type of liner. The finished
liner shotld have & fairly uniferm density and the texture of the explesive
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should be improved making it less susceptible to shaking and blowing away by
the incoming gas., Although this concept has still te be proved by’ many experi-
ments, runs 3.6 and 3.7 used this type of liner and the results were very-goed.

As far, as explosive liner menufacture is concerned, 1t is still far

from being,perfeat, Further development will 'be necessary before we can come up -

with a'more reliable and practical techriique which would produce.the type of

i liners which are homegeneous, geometrically uniform and with high mechanical

strength,

4,2,2.3 Other Causes and Extreme Off-Centre Implosibns

Besides’ these potential disturbances described above, there can still
be some other causes. In the MK II model the pesitive elecirodé inlet is only
1/2 inch from the explocive liner. If, there is electrical breakdown here, then
the gas could detonave lotelly and prematurely, initiating the part of the ex-
.plosive iiner close to the electrode. This type of offset initiatien can pre-
duce the worst type of off-set implosion focussing on the edge et the opposite
side of the hemispherical cavity causing a tremendous amount. of damage to the
launcher chamber. Altheugh fhis may be possible; it is net suggested here that
this was the cause of this type of effset implosion.

Qut of the three mbre serious off-centre implosiene of this type, runs
7, 10 and 36, the first two imploded on the wall oppcsite to thé electrode,side
while the third imploded in & direction at right angle te it. It is unlikely
chat, premature local devonation of the gas by electricel breakdown at the
electrode ceuld have 'accounted for the last oue, To aveid this type of devasta-
ting side implosion a conical liner plate was added en top of the reguler liner
plate, The idea is that even if:there is side initiacrion of .the explosive liner,
the presence or the conical liner plate mekes the imploding wave physically
impossible tc focus at the other side of the wail. instesd the impleding wave
would hit on the surface of the conical plate, (Not=: No abrupt changes should
be sllowed in the geomeiry of i1ue conical liner plate. This could have accounted
for the results of some contained gas runs (e.g. Runs 39, 40, 41 afd 42) which

" had either deflegration ef the gas or extremely d‘ffused implesien without im-

print on the copper witness plug),

Figure 29 snows a postuleted developing wave patterns in the implesion
chamber ‘with and without & conical liner plate 'due to side initiation éf the
explosive liner., If we assume & constent detonatien'velocity in the explesive
liner, a side initiation of a hemisphericai explosive liner (Fig. 29a) will
always lead to an implesien at a peint "B” in the figure, 180° frem the point
of initial "A" because point B i: aquidistance from A in all directiens elong
the surface of a Lemisphere on which the explosive liner lies. However, if
we add to the hemispherical cavity a conical plate as shewn in Fig. 29L), the

ituation will be changed. Since new a pelnt C eopposite to peint A on the rim
of the conicel plate will have different spherical distances along different
directions on the spherical explosive liner, with the minimum distance along
the great circle centaining these twe points. Thvs it would be physically im-
possible for tie detonation to collapse o & point-at peint C from all directions
and the implesie. will be away frem the rim of the cavity.

In the old tyre of explosive liners the liner had a square edge. It
#as thought that aroeund this region where the det¢nation wave could diffract

; areund the cerner thus forming a locally higher pressure region compared with the.
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rest of the explosive surface. Since the initiation of the explosive is strongly
dependent on the strength of the incident shock (Ref. 8), the explosive is more
readily detonated at this region compared with the other parts of the liner. In
order to minimize the chance of any premature detonation at the edge, the square
edge was replaced by a chanfered edge.

4.3 Projectile Integrity and Velocity

(i) Progectile Integrity:

The projectile is photographed on both X-ray and shadowgraph pictures
at the respective station along the range section. Typical snadowgraph and X-ray
pictures of an iatact projectile are shown in Fig. 30a and 30t. At the end of
“he range, a 1-3/8 in. thick, 6 in.dia., lead target is placed in the pith of
the projectiie. Judging from the crater(s) formed on the target, we car tell
whether the projectile is intact or not. When the projectile is disintegrated
they ncrmally do rot show up in the sladowgreph nor the X-ray pictures. Thus the
impact formation on the lead target is a more positive way of telling whetler the
prcjectile launched is intact or disintegrated, A lead target with a crater
foimed by the impact of an intact projectile is shown in Fig., 31. The projectile
integrity for each run is shown in Table 2.

The projectile integrity depends on a number of factors such as the
type of material, geometry, amount of explosive, and its distance downstream of
the geometric centre of the chamber. It is further complicated by the fact that
the implosion wave is not always symmetrical, nence intreducing non-planar
pressure profiles on the projectile thus straining the alrcady critical environ-
ment for the projectile., In order to eliminate the effect of the off-centerec
implosion, the data shown in Table 1 were regrouped in Tab.e 4, leaving out all
runs with significant off-centre implosions (more than 1/2 in. off-centered).

At a 1/2-inch projectile recess distance frem the origin and moderate loading
of explosive, 1/2 calibre Lexan, 1/2 cal. and 1 cal. Mg, 1/2 cal., titanium and
a composite projectile made up of two 1/2 cal, pieces of titanium and Lexan were
all disintegrated. However, a compositie projectile made up with titanium

and magnesium (each of 1/2 cal. length) was found to remain intact over twe runs
(31 and 32) with explosive weights of 102 and 142 grams. At a l-inch pro-
Jectile recess distance from the origin, 1/2 cal. Ti projectile failed in all
four runs with explosive weights from 102 to 122 grams, At 2 inches frem the
origin the same 1/2 cal. Ti projectile survived i one run but failed in the
cther with 73 and 125 gm explosive, respectively. 4t 3 inches from the origin
1/2 cal. titanium projectile survived in all runs. However, the Ti-Mg pro-
Jectile which survived at 1/2 in. from the origin failed here. Failure of

the projectile in this run was judged from the fact that the size of the pro-
Jjectile measured from the shadowgraph was found to be about half the original.
The cause of the reduction in projectile size was not ascertained. (Further
discussions on projectile integrity problems can be found in Appendix C).

4,3.2 Projectile Velocity and Barrel Expansion and Erosion

Figure 32 is a plot of the launched velocity versus explosive weight
for the intact 0.22" diemeter, 1/2 calibre titanium projectiles launched from
both the MK II and MK III Launchers. (The condition of the implosion and the
projectile recess distance from the origin ere all irdicated adjacent to the
data points). The meximum projectile launch velocities and weights (Ref. 47,
4B8) are replotted in Fig. 33 with the additional data from The Physics Internationai
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Co. (Ref. 49) and the present report. This gr-.ph thus brings up-to-date the
present launcher performance limi* and the relative position of the UTIAS facility
at the present stage of the development. Shown on the same graph are also the
theoretical results obtained by Brode (Ref. 39), Sevray (Ref. 21) and from the
present report, The data obtained from the MK II Launcher using 5/16" diameter,

1 calibre length titanium projectiles are shown in Fig. 34. Also shown in the
same figure are the corresponding numerical solutions for the runs. Figure 35
shows the theoretical and the experimental performance of the MK III Launcher

rurs using 15 conical liner plate with 3 inches of projecitile recess. Two

theoretical performance curves were shown with 5° and 10° barrel entrance angle
(@) respectively.

While the theoretical performance curves (Fig. 35 and 36) snow tnat
the projectile velocity shovld increase with the amount of explosive used, the
experimental performance as shown in Figs. 34 and 35 show that the projectile
velocity increases only very slightly with the increase in the explosive weight.
For example, from Fig. 34, the numerical results show that for the 5/16 inch
diameter, 1.73 - gram projectile the velocity should increase ty over 3%
whiie the measured velocity for the centered implosion runs increases b only
3% increasing the explosive weight from 80 grams to k4 grams., From Fig. 395,
the numerical results indicate that for the 0.22 inch diameter, 0,28 grams
projectile the velocity should increase by 21 and 17.5% for & = 10° and 5°

respectively, while the measured velocity increases by only 10% increasing the
explosive weight from 80 to 176 grams.

Although the experimental projectile velocity depends only slightly on
the explosive weight, it depends strongly on the projectile weight as shown in Fig.

33.

While theory (Chapter 3) predicts an increase in velocity by recessing
the projectile downstream from the origin, the few experimental resulis shown
ir Fig. 32, however, cannot verify the prediction very positively. This is
due to the fact that projectiles with recessed distance less than 3 inches al-
ways broke up. Also, due to the complication of the off-centre implosion prob-

lem, the conditions of the runs are not identical, making it difficult to com-
pare experiments with theoretical predictions.

Finally, it can be seen in Figs. 34 and 35 that the experimental per-
formance falls well below the theoretical performance lines. Although the same
numerical program used here gave results which for the 2k-inch launcher compared
favourably with the results obtained by Brode {Ref. 39) whose calculation in-
cluded more realistic equations of state for the PETN and for the:2H, + O,, wall
loss, effects including radiation, heat conduction and wall abrasion, projectile
losses and air resistance ahead of the projectile. However the relative effect
of the loss effects and especially the barrel expansion problem for the 5/16 -
and 0.22 -inch diameter barrels could have been more severe and could possibly
account partly for the low efficiency of the experimental runs. In fact, heavy
wall abrasions have been cbserved for all runs. A sectioned view of the first
5-1/4 inches of a typical gun barrel after a single shot is srown in Fig. 36.

In this run 143 gm of PETN was used. The implosion was well centered. The
original shape of the bore of the barrel is also shown in a sketch at the bottom
of the photograph to the same scale. A step on the bore is allowed for the

seating of the projectile which was recessed 3 inches from the end of the barrel
for tnis run.
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It can be seen that the shape of the barrel bore is completely changed
after the run. The bore diameter increases considerably and very unevenly along
the first four inches of the barrel. The enlargement from the original contour
of the barrel must have been due to both erosion and :spansion by the extremely
high temperature and pressure driver gas. The bore diameters at a few places
along the rest of the same gun barrel were also weasured and are shown in Fig.

37. The ariginal bore diameter was 0.214 inches. Thus there are erosion and/

or barrel expansion along practically the entire length of the barrel judging
from the increase in bore diameter. In fact, during this run a total amount of
45 gm of barrel material had been removed. This is 160 times the weight of the
projectile and 2.3 times the weight of the driver gas Erosion of the barrel

wall would contaminatve and cool the driver gas reducing the escape speed and intro-
ducing rarefaction waves into the flow thereby lowering the effeciive driving
pressure, Barrel expansion would further reduce the driver pressure. In fact

a recent calculation by Watson (Ref. 49) showed that the wall expansion effect
reduces the final calculated velocity of their gun (with a peak projectile tase
pressare of about 66 k bars) by approximately 30%. Since the peak driver pressure
is higher in our launcher, it is reasonable to expect that the effect of barrel
expansion on the performance of the gun wculd be even more significant. In view
of these effects, it is therefore hardly surprising to find the measured veloci-
ties to be less than 40% of the theoretical predictions (Figs. 34 and 35). In
fact, the erosion effect and the barrel ~xpansion problem could also have accounted
for the fact that the centered implosion ruas (e.g., runs 62, 64 and 3.6) give
approximately the same projectile velocities compared with the off-centre implo-
sion runs (e.g., runs 52, 55, 32, 34 and 36), which would definitely produce lower
driver pressure and resulted in relatively less erosion and expansion. Further-
more, the apparent ineffectiveness on projectile velocity of the increase in
explosive weight in tne driver novw becomes apparent in view of the effect of the
barrel expansion and erosion. A higher explosive loading would increase the peak
driving pressure which would increase the degree of barrel expansion and erosion
which in turn reduce the original driving pressure. Therefore, the increased
driving pressure due to an increase in explosive weight could be balanced by

the decrease due to barrel expansion and erosion thus offsetting the predicted
increase in the effective driving pressure and the final projectile velocity.

Another possible cause of concern is the gas leakage around the prejectile
as suggested by Elsenaar (Re~. 28). Normally the 7irst inch of the barrel
suffered the maximum amount ¢ ¢ distortion as can be seen in Fig. 36. Therefore,
it we place the projectile w .hin this region the high pressure gas could easily
open up the barrel allowing gas to leak around the projectile before the pro-
jectile could move away from this regicn. The leaking of high temperature and
pressure gas around the projectile could be very detrimental to the projectile
itseif and could have contributed to the breakup of tae projectile. In the runs
reported oy Elsenaar (Runs 4, 5, 6 and 9 in Table 2), 5/16 -inch diameter, one
calibre length titanium projectiles were placed at 3/4 inch from the origin.
Tonized gas was detected well ahead of the prcjectile suggesting that the
driving gas had leaked around the projectile. The shadowgrajh pictures of the
projectiles also showed that the rear ends of the projectile were rounded, proba-
bly caused by the gas flow from behind. Thus this is anoth:r contribution to the
severe conditions at positions close to the origin. In the later series of runs
in the MK III Launcher, the projectile was yrecessed 3 inches from the origin.
All shadowgraph pictures o1 iLi> projectiles in flight {e.g., Pig. 30) showed
that they retained the original shape which did not show any effect caused by
leakage around the projectile. Also, the barrel expansion at the original pro-
jectile pcsition as shown in Fig. 36 was much less compared to the first 1 inch
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of the barrel. Thus the driving pressure of the projectile must have been re-
duced appreciably by the expansion of the first inch of the barrel. Watson's

calculation (Ref. 49) also showed a similar expansion around the original position

of the projectile, However, no appreciable barrel expansion was obserbed within
4 few diameters from the travelling projectile. No gas leaksge was reported.

Except close to the original projectile position, dur calculated projectile base
pressure was compprable to that of their gun.

to be a serious factor reducins the efficiency of the gun for the later series
of runs.

CONCLUSION

A total of 35 explosive runs (including contained runs) were carried
out in the 8-inch diameter MK II launcher. Based on the experience gained fram
these runs, an improved version, che 8-inch diameter MK III launcher was manu-
factured and a total number of 6 explosive runs were carried out in this model.
Despite all the improvements incorporated into the MK III launchk-~r, significaat
distortions of the launcher parts were still experienced althougn re-workiag
of the parts was simplified. The distortions were perhaps unavoidable in a de~
vice of this nature encountering gasdynamic pressures up to a few million psi.

The problem of edge implosion seemed to have been solved by adding
a conical liner plate on top of the regular liner plate. However, the problem
of the less severe off-centered implosions were still largely unsoived. In
this respect the nonuniform explosive liner density seemed to be responsible for
at least some of the off-centre implosions. A new technique of preparing the
explosive liner package was used in the last two runs. The results were quite
encouraging. However, further development and tests would still be necessary
before a satistactory technique of producing explosive liners becomes available.

With the use of the Sequential Hold-Off Programmer, the efficiency
of obtaining the correct projectile velocity measurements, X-ray and shadowgraph
pictures of the projectile were proved to be almost 1C0%.

While projectile integrity was proved to be a serious prablem close
to the origin, we were able to launch an 0.22-inch diameter, 1/2 calibre titanium
projectile intact from the gun with the projectile initially placed at 3 inches
downstream from the origin. However, the measured projectile velocities were
less than 50% of the computed results and was probably due to excessive barrel
expansign and erosion. About 45 gm of material was fourd to have been removed
from the 0.22 inch bore diameter, 2-feet long barrel, after a single shot. In

order to improve the efficiency of the launcher, the serious barrel expansion
and erosion problems must be solved.
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1 TABLE 1 E
: i
Density 3 Longitudinal Characteristic 3
3 slugs/ft Sound Speed CL Impedence pCp
L ft/sec. Slugs/ft3-sec 3
Steel 15.2 19,525 2.97 x 10° ;
; Lead 21.9 7,100 1.55 x 10°
] Aluminum 5.22 20,900 1.09 x 10° 3
Copper 17.2 14,900 2.57 x 10°
; The stove materirs” properties are taken from Ref. 3k
Transmitted Wave Strength _ o4 /0
Incident Wave Strength I
Lead/Steel 1.L6 ]
: Aluminum/Steel 1.315
Copper/Steel 1.072 ]

(R iELA A

where ot/aI = 2p20L2/p1CL1+ p20L2 s E

subscript 2 and 1 refer to materials on the left and right hLand . ;

3 side of a boundary respectively wien the wave is traveliing from
3 right to left.
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TABLE 35&2

CORTAINED RUNS -~ “AS

Run Eoading Gas Imprint on Copper Implosion
No.  ©Pressure psi Witness Piug Distance from 9 Remarks
Origin mm
1 200 no 0°
2 200 no 0°
3 500 sharp 4 0°
1 400 sharp 1 0° chember pointing
up
12 400 sharp x 0° " "
12 400 sharp 0 0° " o
fast pumping of
gas 3 mins.
settling time
1h Loo no 0° chazher pointing
up, H2 in first,
3 minT settling
15 Loo no 0°  same as 1%, 5 min.
settling
16 400 diffuse 1 0° same as 14, 30 min.
settling
17 Loo no 0° same as above,nc
settiing
18 400 sharp 0 0% cramber launching
direction,fast
pumping of gas,
suomerged elec-
trode
19 420 sharp 0 0°  chamber launching
direction,fast
pumping of gas
20 400 i 0° same as 19
21 L09 whole plug 0° copper witness
surface non- plug recessed
uniformly de- 3/4" from origin
formed

22 500 0° same as 21

23 Loe 0° copper witness plug

recessed 1.5 in.
37 400 sharp 0.1 10°
39 Lo ne 10° conical plate nas

27

3" dia.centre hole
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Table 3 (a) continued......

Lo
la
42
143
by
L5

46
N7

54

3.1

Loo
400
Lgo
Loo
400
Loo

koo
koo

Loo

koo

no
no
no
a0

sharp
no

faint

sharp

sharp

sharp

28

conical plate has
3" dia.centre hole

1" " 1"

same conical plate
as used in Runs
39-42

same as U5

new design of coni-
cal plate, reduce
centre hole diameter
less &dbrupt change
in surface slope

done to prove
cavity geometry

MK III Launcher
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FIG.3 THE UTIAS IMPLOSION~DRIVEN HYPERVELOCITY LAUNCHER,MK II,
24 IN.DIA.OR 8 IN.DIA.CAVITY,1 IN.OR 0.22IN.DIA.BARREL.
7
3
1
FIG.L PHOTOGRAPH OF THE TOP HALF OF THEE 8 IN,DIA, M II
F LAUNC3ER IN EXPLODED VTEW.
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FIG.5 THE CTIAS IMPLOSION-DRIVEN HYPERVELOCITY LAUNCHER,MF III,

24 IN.DIA. OR 3 IN.DIA. CAVITY,1 IN.DIA. OR 0.22 IN.DIA. BARREL.

reproisd . S

PHOTOGRAPH OF THE TOP HALF OF THE MK III LAUNCHER
IN EXPLODED VIEW.

FIG. 6.
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FIG. 14 SEQUENTIAL PROGRAMMER OUTPUT PULSES AND PROJECTILE
IMPACT ACCELEROMETER OUTPUT
TIME SCALE : 200 uS/CM
VOLTAGE SCALE : 1 V/CM

%oy Unit
o4
- Light-Seuree Power
s & & L R
I | tom——— ————btoa
Chamber 1 et | *Rey.Tado b oy
[ Renge Spork
' Chomber ' Ligh-Seurce | ,J—-}
e e o . J Sy p———_ - | _I/’
Myg—mnﬂon
) ] 3
-
o O
U*Hl:m 4o [ - Mmm
Vel O =
Pewer bappiy voi + l )
. U_J
., alc
1t L]
igeitien Swite . . Seope
Klestronie Cousters
L K1Y

SCHDAATIC OLVRAL OF THE AANGE INSTAUMENTATIONS AND CIRCUITRY

39

3
o
A
E
3

ops b i

RPN Or T

PIVRRTS PRI




———L

TP

i €
FIG. 16 FULL VIEW OF A MOCK-UP SHOWING THE STEPS TAXEN
IN THE MANDFACTURE OF THE EXPLOSIVE LINER PACKAGE
1 COPPEP LINER
2 THIN COAT OF CEMENT
3 OPEN CORE FOAM PLASTIC MATRIX
% PETH SLURRY FORCED INTO PLASTIC MATRIX
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PROJECTILE

a) HEMISPHERICAL CAVITY b) HEMISPHERICAL CAVITY WITH THE
ADDITION OF A CONICAL LINER PLATE

Figure 18
IMPLOSION CHAMBER CEOMETRIES USED IN THE COMPU1ER CODES

The actual geometries were not very different except that smooth flared
entrances to the barrel were provided in bcth cases.
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FIG. 19. BARRLL ENTRANCE GEOMETRY AND 20KING SCHEME USED
IN TAE NUMERICAL PROGRAM.
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Figure 20

PROJECTILE VELOCITY VS ILAUNCHER BARREL 1 ENGTH FROM SEVERAL SOLUTIONS
BY BRODE (REF. 398) AND THE PRESENT REPORT

Brode's no wal loss :ay be comipared vith Flagg-Chan showing very good agreement
between the two independerit analyses. Brude's improved equation of state (EOS) " losses

shows a suprising improvement in performance, despite losses, resuvlting from increased
pressure and density from the eroded barrei constituents.
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' " NUMERICAL SOLUTION OF PROJECTILE VELOCITY VS DISTANCE ALONG THE BARREL. }
) - - . OF A TYPICAL EXPERIMENTAL RUN . 3
__ Driver gas 2Hg +Ug, 400 pai rnatial, haif<abibee (0. 22 in diu) ::5.::... projectile, 0,298 g, . . )
{ . and a 7 7/8 in dia chamber: -Various weights of explesives with and wiihout a conical - b
! - . - lner, recess, and flare angle are shown in the table.  The antount of explasive and . 3
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FIG. 25 IMPRINTS OF PRIMARY (p) AND SECONDARY (s) OFF~CENTRE IMPLOSIONS
(5 T.59 , HEMISPFERTCAL CAVITY CONFIGURATION, 129 GM PETN
WITH COFTON LINTERS. %00 701 oW o, A /B T4, GAP EXISTED
BETWEEK THE EXPLOSIVE LiNER vhuE ARL Thl IT%R TLATE)
IGN- IGNITION ELECTRODE INLET
GAS-GAS INLET PORT
G.26

SCHEMATIC DIAGRAM SHOWING THE POSITIONS OF THE OFF~CENTRE

IMPLOSIONS (IMPLOSION CHAMBER WITH HEMISPHERICAL cormrtum
ATION) 46
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(d) 8 =15° FOR CONICAL LINEAR PLATE (a) 8 =10° FOR CONICAL LINEAR PLATE

FIG. 27 SCHEMATIC DIAGRAM SHOWING THE POSITIONS OF THE OFF-CENTRE
IMPLOSIONS (IMPLgSION CHAMBER WITH (a) 10~ CONICAL LINER
PLATE AND (b) 15 CONICAL LINER PLATE)

FIG. 28 IMPLOSION IMPRINTS CN COPPER WITNESS PLUCS FROM CONTAINFD

GAS AND EXPLOSIVE RUNS WITH k0O PSI 2H +02

2
RUN NO. EXFL.WEIGHT CON.LIN.PL.ANGLE
oM )

13 0 0°

3.1 0 15°

2k 88(F0AM) 0°

26  103{COT.LINT.) 0°

56 94 (COT.LINT.) 10°
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DIRECTION OF
DETONATION OF
THE EXPLOSIV

N\Ya
ORI

POINT OF INITIATION S-SHOCK WAVE

ARROWS ON SHOCK WAVE INDICATE
DIRECTION OF PROPAGATION

(o) HEMISPHERICAL CONFIGURATION

DIRECTION OF DETONATION
OF THE EXPLOSIVE

EXPLOSIVE
S e~ LINER
W% 22D
“‘ (S l‘(-?
<

~,

POINT OF INITIATION

(b) CAVITY WITH THE ADDITION OF CONICAL LINER PLATE

FIG. 2 SCHEMATIC OF THE POSTULATED IMPLOSION WAVE PATTERN DUE TC SIDE
INITIATION OF THE EXPLOSIVE LINER
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FIG. 3¢ SHADOWGRAPH (LEFT) AND X-RAY (RIGHT) PHC'TOGRAPHS OF 'FHE
0.22 IN.DIA. HALF CALIBRE TITANIUM PROJECTILE IN FLIGHT
TRAVELLING FROM LEFT TO RIGHT (PROJECTILE VELOCITY =

13,200 FT./SEC,

IG. 31 CRATER FORMED BY A 0.23 GM 0.22 IN.DIA, HALF CALIBRE
TITANIUM PROJECTILE AT VELOCITY OF 13,200 FPS ON A
€ IN.PIA. LEAD TARGET
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Figure 33 - !

ACTUAL AND CALCULATED PROJECTILE MUZZLE '

VELOCITY VS PROJECTILE WEIGHT (AFTER REFS.

47, 48) WITH ADDED RESULTS FROM UTIAS (REF. 8 ' !
AND THE PRESENT REPORT) AND PHYSICS INTEX -
NATIONAL (REF. 49 AND CAL.CULATED PERFORMANCE
FROM UTIAS (REFS. 21, 23 AND THE PRESENT REPORT)
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/ ‘\ NUMERICAL SOLUTION

! PROJECTILE MATERIAL -TITANIUM

PROJECTILE WEIGHT - 1:-73 GM
BARREL DIAMETER- 5/16 IN
CHAMBER DIAMETER -7 7/8 IN
LCADING GAS PRESSURE
200-300 PSI 2H,+0,

CHAMBER IN HEMISPHERICAL
CONFIGURATION
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90 100 o i20° 130 140 150
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THEQRETICAL AND EXPERINMFNTAL PROJE-TIIE
WEIGHT FOR A SINGLE-TALIBFE TITANIU
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FIG. 35 E
<IN OF NUMERICAL AND EXPERIMENTAL PERFORMANCE OF THE MARK [l 3
3 i, AUNCHER OF PROJECTILE VELOCITY VS PETN WEIGHT :
it e v 1, +09, 400 psi initial; half-calibre (0. 22 in dia) titamum projectile, 0.29 g;
upper ¢ - .«ie points are numerical results, lower discrete pints are for focused implostons 3
{open triangle) and off- focus runs (attached circle). The amount of -xplogive is by no means ”
1 an optimum nor that of the recess or entrance angle for the 15-degree protector plate-
3 optimum calculated values yield abo;xs,ﬁc, 000 ft/sec.
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A SECTIONAL VIEW OF THE FIRST 5 1/4-INCHES OF THE LAUNCHER BARREL
Upper:  Barrel after a run using 400 3s1 2H2 +O2 and 143 g PETN ard a
titanium projectile, half calibre (0. 22 in dia), 0.28 g. Note that
45 g of barrel material was eroded during the run-about 160-fold
the masgs of the projectile.

Lower: 3Sketch of the original geometry of the barrel. The step in the bore
is where the projectile flared base is seated.

FIG. 36
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APPENDIX A: THE INVESTIGATION OF A TECHNIQUE OF INITIATING THE PETN
LINER BY A LIGHT-SENSITIVE EXPLOSIVE (by G. Cappelll)

Simultancsous initiation of the entire explosive surface is one of
the most important factors in the successful operation of the UTIAS Implosion-
Driven Hypervelocity Launcher. The use of & light-sensitive explosive seems to
be very attractive in this respect. In addition, by using a light-initiation
technique, it is also possible to utilize a cold, light driver gas, rather
than the heavier stoichicmetric oxygen-hydrogen mixture, which is necessary
for the present way of initiating the explosive liner (see Chapter 1). Because
of these advantages, en investigation into the initiation of the light-sensitive
explosive technigue was carried out and is reported in the following.

L
ARy

. et

In this wcrk a primary light-sensitive explosive was used. This pri-
macy explosive is sprayed on or mixed with FETN. The experiment was conducted
using the one-dimensional, cylindrical chamber (see Fig. Al). The distance
between the explosive and the exploding wire is equal to the radius of the
hemispherical implosion chamber (approx 4"). The exploding wire used was a
0.005 in. diameter silver rather than a copper wire. A voltage of 6 KV was

applied and the wire was vaporized giving a strong flash of light in the blue
3 region, which vas condugive to initiation.

X v

A.1 Silver Acetylide - Silver Nitrate as a Light-Sensitive Explosive

kit A

The light-sensitive explosive silver acetylide-silver nitrate

3 (Ag.C...AgNO.) is a complex salt. It can be prepared by bubbling a stream of

] ace%y%ene térough a neutral soiution of silver nitrate (A8N03). It can also
be prepared in a non-neutral sclution (ammonia solution, nitric acid soluation,

etc., ) obtaining a product with slightly different properties. The most
probable chemical reaction in the formation of AgQCZ.AgNO3 is:

3 AgNO3+€2HéP6g29£gNO3 + THN03

with the formetion of nitric acid after the reaction.

Not much information is available from the literature on the depen-
dence of the light-sensitivity of the salt on the way of veparation. It was
found that the following factors have to be taken into account:
(1) The AgZCQ.AgNO3 being a light-sensitive salt is decomposed by light.

Experimental data show that high-frequency light (biue, violet or
ultraviolet) is responsible for fast decomposition of the salt. On
the other hand, low-frequency light (red) decomposes the salt very
slowly. As a conseguence, the salt has to be prepared in darkness
or under red light to have a product which is not desensitized.

(2) The conzentration of the salt in the solution is important. For
instan.>, with a concentration greater than 25% we will obtain
A3202.6dgno3 instead of Ag,C,.AgNO,; the Ag,C,.6AgNO, has slightly
different properties. Also using a 5% neutral solution the final

product appeared yellowisn, while using a 10% neutial solution
the finel product was white.

(3) The way of washing the final product and the time waited before

!
"
)
i
1
!
|
3

y
i +
" }
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washing can be also important. ihe vey the A3202 .AgNO was washed :
will be described lster.

The safety problem is very important when handling this kind of ex~
] plosive. The dry procuct ignites at a temperature slightly over 200°C (this
temperat\.re also depends on tbe method of preparation). . fo get an idea of the
gensitivity of the explosive, the ary product was ‘gnited by striking it with
a small hammer. A small amount of dry salt was also put on a raper and,:

setting the paper on fire, the salt went off when the flame was more than two
3 inches away from the salt.

On the other hanl, when the Ag,.C,..AgNO. is in the wet state, it is,
in our opiuion, quite safe. We tried to ignite tisa we: salt by haimmering
3 it and placing i on matches which were 1lit at their neutral ernd. - In no case
: did we have ignition. This fact also suggests that tc obtain good results
with the light initiation the salt hes to be very dry.
H 1
Being aware of the safety hazarde, it was decided to try to ignite

FETV bty Ag C AgNO using different procedures, starting with what seemed to
be the s

Mtk 250N,

A.2 PEIN Initiation by Light-Sensitive Explosive: First Attempt

N, TRy U TR, T

The safes: way of preparing light sensitive éxploaive (Ag‘,gc2 AgNOB)
-

mixing 1t with PETN and drying it, is to carry out the whole process.‘in: a '
blast-proof chamber (in the present case in the one-dimensional chamber). )

o atid bbb it

L S

1 The first attempt was to mix AgNO, solution with PETN, press cut some

2iquid from this mixture in order to have tﬁe right consistency, put the wet
mixture in the container {cup of the one-di.nensiona;. chamber) and put it in
the chamber. After this, acetylene was injected in the chamber at a given
pressure. It was hoped that the AgNO_ ions had enough mobility to react with
acetyiene (at least in the vicinity oé the contact surface between the gas and
the PETN mixture) giving Ag,C,-AgNO,, or Ag,C,. 6AgNO

The method has some good points:

{1} It is perfectly safe because we are handling wet PETN and a silver

nitrate solution. The Agz 2,AgN0 is only formed when the chamber ) i
is closed. _ i

{2) Because Ag,C,.AgN0, 18 Tormed inside the chambezi, that 1s in:complete
darkness, it is not desensitized by any light.

Tne initigl experimental apparatus is shown schematically in:
Fig. A2. 1In this cese the acetylene in the chamber is at a pressure
equal to atmcspheric pressure plus or minus the pressure corres- ) ]
ponding to the height L of the water. An attempt was made tc ’ %
measure the volume of acetylene absorbed.

: : i

The procedure wes as follows:. . ,

Clcsing valve A, tne system was evacuated to a pre.ssure corresponding '
tc the equilibrium between the speed of the pump and the speed of = 3
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evolution of water in the burette. ‘he intent was to remove most ot

the air from {he system trying to avoid any possibility of explosion

with the air-acetylene mixture. The equilibrium pressure was sbout
‘ 15 mm Hg.

H

(2) Opening valve C, acetylene was injected into the system a.t about 1
#tm pressure.

(3) Opening valve A, atmospheric pressure was applied tc the acetylene,
in the burette. The starting situation was with a height h equal
] . . . td zero (the reservoir was moved to ¢btain this value) and readings

cf water level:in the burette, atmospheric pressure, and room
temperature were noted.

(4) For each experiment a certain periocd of time was allcwed to elapse

‘ and then the reservcir was raimed in order to adjust the initial
pressure. The reading of the water level in the burette was noted.
The difference between this and the previous reading of the gradua-

\ . tion gave the volume absorbed in that particular time. Knowing

the prassure and temperature the mass of acetylene absorbed wes
determined approximately.

(5) Closing valve B, we again evacuated the system in or.’2r to dry the :
PETN - Ag2C AgNO mixture. The indication that the mixture was

* dry .came from closing the vacuum pump from the remaming system and
the pressure read on the vacuum gauge remained constant.

T

(6) After drying, gas was in,jected into.the chamber (driver gas) and ‘ ’
attempts were made to ignite the PEIN - Aggc AgNO nmixture with

light generated by an expioding wire.

It was not possible ‘to ignite the mixtur« with light. Only in a

few cases, after exploding the wire, did the surface of the mixture turn

partially gray {this is an indication that some reaction started)

e Sl AP Vs AN U ARMELAA

E ' Attempts were made to put acetylene at higher pressure in the chamber ;

(up to 5 atm) in order to have a greater sbsorption of acetylene. In no case
was there.igrition of -the PEIN - Agzc AgNO mixture.

In some cases formation of Agzc .AgH0. was observed. However, owing
to the increase in volume when going from A3N03 to AgQCZ.AgNOy the suirface
of the explosive which was sm~-*h at the beginning, becaze quite uneven.

o

S a0 e S &

e It shouid be mentioned that the exploding wi:e was not the only
3 light source which was tried. Different kinds of flash bulbs were tried in .
3 order to have more light going inta the light-sensitive explosive. In no

case was there ignition of the explosive with the preceeding methed of
preparation.

It was decided to try another method less safe than the previous

one, but in our opinion safe ‘enough to be handled and perhaps safe enough
to be used in the hypervelccity launcher.
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A.3 PEIN Initiation by Lizht Sensitive Explcsive: Second Attempt

L ot

In the first attempt an effort was made tc prepare AgEC2.AgNO3 from E
& siiver nitrate solution mixed with PETN when the mixture was enc.:sed in 3
the chamber. In that case it was not possible to determine the percentage
b Aggce.AgNO3 formed or if it had formed at all.

Ty YT R Ay

In the second attempt, Ag C .AgNO_ was prepared with a separate
orscedure snd after 14 was formed, 1t was m?xed with PETN or PEIN was coated
) with 1t. In this regard, the easiest wey of loading the explcsive woula be
[ T mix Ag2C AgNO3 with PETN. On the other iand, loading and coumpressing .
the PEIN = AgZC2. AgNO3 mixture is rot very safe, ever if they a:e wet. It :

was thererore preferred to have firs+ the PETN laye:r pur down aad -.mpressed
] an¢ then a ccat of AgECQ.AgNO3 applied on top of it.

3 For the preparation of Agzcz.AgNO3 we proceeded &s Iol.oWs:

v1; First we tried to avoid any light from getting inside the c.htainer
: in whach the Ag C .AghO_ was prepared. So the ccntainer, a glass ;
2 Jar, was coated wlth twg layers of sprayed vernish. The fizst .iayer E
§ {sprayed on the outside) was black; the second liayer, sprayed .ver ;
3 the first one, was white. In this way any light coming irca cutside :
3 was reflected by the white surface and light going inside was ab- i
sorbed by the black surface. 3

k!

1 12) Af<er some attempts it was decided to use ar AgNO_-water soiuticn 1
- with a concentretion ct 10% of AgNO.. The solutién was put 13
1 the Jjar and the jar was closed; the cover of ths jar had two

smail pipes through it in oSrder to bubbie acetyiene through the
E. s:luticn.

.3) The acetylene was bubbled through for sbout ten minutes, then
a.iowed to stand ten minutes more before .pening the jar. The jar
was opened in darkness to wash the precipita:e

14) Under red iight the precipitate was p-ured on a f:i.ter =nd washed

three times with waver, stirring every time. In this Wa¥ miST I
: the nitric acid, formed during the chem:cal reactiin, W. Jashea
BvaYy .

< ok Ak

-
\n
~

The A82C2'A8N03 was stored in a Jar simisar o che .ne used 1.z k
the preparation.

The sacond phase was to load the PETN and Agzc AgN03 in the cupe used

: the cne-dimensicnal chamber. One of these cups 1is shown in Fig. A4, A
1sk ¢t .pen core plastic foam is glued to the bottem of the cap . helid the
Xpi:st e snd PETN is squeezed intc this. To press the exp.osive a steel
tyiiader was used. The problem was thet, after compressicn, the €xp..sive
was =u;~k’ng t. the cylinder and some p&'ches of exg.:sive were torn ff.

T: soive this problem, a thin piastic foil was put between the expissive

ad the zylinder. After compression the cylinde:r caxe i1 :ery eas.iy and :
the plastic was wveeied off with no damage 1o the exp.ossive su:lacs
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Over the moist PETN we put a layer of AgQC,.AgNO3. Operatirg in red
light the two different procedures described below were followed:

(a) Some wet Agzcz.AgNO3 was put approximately evenly over the PETN
and then it was pressed using the same procedure as before
iplastic foil). The comsistency of the wet Ag2C2.A3N03 was like

tcothpaste. The thickness of the layer obtaired was generally
over 0 5 mm.

{bj It was &.s> tried to spray Ageca.AgNO3 ovar the PETN. In this

case, *he complex sait was in a much more dilute suspension

in water 1in oSrder not to obstruct the nozzle of the sprayer.
Neverthe.iess, the nozzle was obstructed mary times because of
the fact that the AgQCE.AgNO3 crystals sometimes stick together

forming particles of the same magnitude as th2 nozzle hole.
A.sc, 1n scme cases, the water coming ovt with AgZCQ.AgNO

3 started
washing away the PETN.

In summary, even if this second method was sorecimes successful, it
was gr:erally preferred to use the first method because it was more convenient
wath the cne-dimensional chamber.

Having put the explosive in the cup, the cud was placed in the one-
dimensional chamber and the chamber was closed w:-lking under red light. The
cham-er was evaczuated to dry the explosive and, a; refcre, it was pumped until

~he gauge showed a steady reading (the reading was generally a fraction of
mm Hgl.

With this method the explcsive was igni<ted by the light coming from
the expirding wire.

A.+ Possible Dependence 5f the Ignition on the Pressure of vhe Driver Gas

In the first few experiments (following procedu.e (a) described
sbove; the explosive was ignited right after vacuin dryiag.

In these cases
the pressure cf the driver gas was less thean one nm Hg.

In subseguent experiments, the driver ges (generally He) was used
&t higher pressure and in some cases, with prassrvies in the range of 15 to
3C psi, there was no ignaition. Because of this we started to determine the
rercentage ruas with ignition as a function of gas pressure {le) in the

chamber. The number of runs for every fixed pressure was 4. Up to the end
cf the present experiments Table Al was obtained.

The use :f this technique in the hemispherical launcher is more
compiicated. We must always keep in mind that Ag2C2.A5NO

3 is a dangerous
materia: and in many aspects an unpredictable explos:ve.

We rfeel that more tests have to be done before using this explesive
with iarge quantities of PESTN. A series cf tests coulé te made to determine

at what degree of dryness the “6299~A8N°3 can be iguited, for instance, by
hamrering 1t.
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We should keep in mind that loading a hemispherical liner with 60-
fold the amount of explosives is more complicated than loading a cylindrical
cup. In the case of the hemispherical iinsr the best results will probably
be achieved by spraying the Agacz.AgNO3 on the PEIN. Hence a better techn.que
of spraying should be developed.
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FIG. A3 STEEL CUP AND PLASTIC FOAM PAD

N A adire i

L A P a1 AL

bd bk s d RN

wilidr

A-8

NPT

PR PPY AN




| e foat e Ll

Y

i il

APPENDIX B: AN INVESTIGATION OF A LASER INTEKFEROMETER TECHNIQUE FOR

PROJECTILE VELOCITY MEASUREMENT IN THE BARREL OF THE UTIAS
IMPLOSION-DRIVEN HYPERVELOCITY LAUNCHER (by G. Cappelli)

B.1 Intrcduction

From Nevwton's Second Law the pressure behind a projectile i» vro-
portional to the acceleration neglecting friction and counter pressure.
Therefore a detailed meas irement of the acceleration history can give direct
informatiocn for the presswre history. On the other hand a knowledge of the
pressure history can give useful information on the wave system developed in-
side the hemispherical implosion chamber Up to now “he only information
availabie on the pressure and velocity historles of the launcher were from
numerical solutions of a one-dimensicnal computer code. While there was some
doubt on the validity of this code; it is therefore desirable to obtain some
experimental verification. Elsenaar (Ref. E.l1) used a microwave technique to
measure the projectile velocity quite successfully in the gas runs. Hcwever,
signals from explosive runs were found to be affecied by leakage of gas in
front of the projectile and no conclusive results were obtained for the ex-
plosive runs. In the following a laser interferometer technique based on the
work of L. M. Barker (Ref. H.2) will be described., This was an attempt to
overcome the difficulty encountered by the microwave technique.

.2 Theory

Figure B.1l shows a schematic setup of the apparatus and the optical
path of the laser light beam., The light beam reflected from the projectile
is spiit in two by beam splitter Bl. One beam goes to the photomultiplier and
the other follows a delay path which differs from the previous one by a
delay leg with length of, to a good approximation,

£=NNA (B.2.1)

where N is an integer constant and A 1is the wavelength of the laser light.

When the projectile moves, A undergoes a Doppler shift according to the
fcrmula:

2» _¥(t)
oA(t) = B —-g—- (B.2.2)
where Ao is the initial laser light wavelength, u(t) is the velocity &f (e

projectile while ¢ AN will be observed in

2 is the vel. :igy of light in air.
the photomultipliier as interference fringes. Since any practical projectile

velocity is much smaller than the speed cf light, therefore AA(t) << A .

Differentiate Eq. (B.2.1) and get

dN = - % d?\ (B.203)
A

Combine Eqns. (B.2.2) and (B.2.3) and get

+

u(t) = f
Jo o
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u(t) = 57 W=K M (B.2.5)
o
This relation gives thesppedd of the projectile, starting from rest, as a function
of the total number of interference figures, AN, observed in the photomultlplier.
The constant of proportionality K = cko,el can be accurately determined. The

time rate of change of the velocity then gives the acceleration of the projectile.

B.3 Experimental Apparatus

1

B.3.1 General Setup

A schematic drawing of the setup of the experimental aﬁparatus is shown
in Pig. B,1. The laser is a 1 niW University Laboratories He-Ne gas laser. The
beam divergence is 0.8 milliradians. The mirrors are first surface mirrors flat
to within a quarter wavelength, The beam splitters have 50% reflection and are
also flat to within a quarter wavelength. All mirrors and beam splitters are
mounted on adjustable holders. The photomultiplier was an EMI type 9558, with
S-20 spectral response, with approximately 6% quantum efficiency at 6328°A. A
6328°A interference filter was used to protect the photomultiplier from extra-

neous light. The photomultiplier housing and the dynode chain circuit are shown
in Figs. B,2 and B.2 respectively.

The delay leg of tkL. present setup has a length of £ = 68 cm. Hence
the constant K in Eq. (B.2.95) has a value of

chb
K= 7 - 140 m/sec

Therefore every interference fringe observed at the photomultiplier-oscilloscope
system will correspond to & velocity change of 140 m/sec. Assuring that only
half cf a cycle can be read on the oscilloscope record of the photomultiplier
outpuv then the present system should havera lower limit on the resolution of

a velocity measurement of 70 m/sec. While the photamultiplier-oscilloscope
system had a frequency response of up to 1 MHz, the meximum frequency of the

observed interference fringes in the present experiment. was expected to be of
the order of 10 KHz only.

The experiment was carried out using diffevent types of firearms
for ease and economy of aperation instead of the hypervelocity launcher,namely
a 0,22 caliber rifle and a 12-gauge shotgun loaded with special billets.
(The latter was used in most of the experiments). The choice of the bullet is
very important and will be discussed later.

The oscilluscope was triggered in two different ways, one using the
internal trigger system regulated to trigger at a chosen amplitude, the other
using an external signal (this method was often used with the shotgun)., The
circuit for the external trigger is shown in Fig. B.4. Tne contact to ground
was closed in the way shown in Fig. B.,5. When the firing pin of the shotgun

hits the primer of the shotgun shell, the circuit is closed tou ground giving
the trigger signal,

B.3.2 Use of Projectiles in a 0,22 Calibre Rifle

As mentioned before, the choice of the right oullet configuration
is extremely important in this experiment. In fact we cen say that we Lave
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not been able to find an ideal bullet confiéuration which would reflect the
incident laser beam back parallel to itself in the way shown in Fig. B.l.
In the present base, when the projectile starts moving, it is subjected to

vibrations causing the reflected beam to be completely out of alignment with
the incident beam, ,

Also, the laser light (and the light reflected by the bullet) carries a
uolse sig:el that gives, with a photomultiplier output of 1 V, & neise output of
about 50 mV. This vatio of 1/.05 is not constant but decreases when the total
output decreases and depends also on the type of projectile used. The frequency
of the noise signal is about 10 KHz, as shown in Fig. B.5. 1f the amplitude
of the signal due to beating is of the same order of magnitude as this signal,
it is impossible to read any cycle due to the Doppler effect. In other words,
the light reflected by the head of the bullet has to be strong enough to give
an eventual beat signal stronger then the nolse signal. Ist any case the total
sigral registered by the photomultiplier has to be well above the noise signal.

'

A first attempt to reduce variations of the light reflected by a
moving bullet was made using a 0.22 calibre rifle as follows: the 0.22 bullet
was shot into a 5/16 in. dia. aluminum bullet placed in a 5/16 in. dia. barrel.
Different reflecting surfaces at the head of the bullets were used. The oscil-
loscope traces were not reproducible in the experiments; the traces generally
indicate very strong ve iations of light in the photomultiplier. It was then
decided to accelerate bullets using a different system. .

B.3.2 Use of a 12-Gauge Shotgun

A second attempt to obtain reasonably small variations of light re-
flected from a moving projectile was made using a "2-gauge shotgun loaded with
special plastic bullets. The @ptimum diameter of che plastic bullet for a good
fit in the shotgun barrel and high velocity was found {0 be .731 in., Different
types of bullets were tried; three of them are shown in Fig. B.7. The one on
the left shows 8 cengave pyramidel shaped reflecting surface. Every face of
the pyramid is at 45 with respect to the axis of the bullet. With this
configuration, the in-going beam having a certain angle with respect to the
axis of the projettile will emerge parallel to itself as can be seen in Fig.
B.8, using simple geometsical considerations. In practice it is very difficult
to obtain the desired 45 angles with respect to the axis of the bullet and
all attempts 'with this kind of projectile were unsuccessful. Alsc, we have to
consider the fact that in the launcher, 0.22 in, dia. projectiles are geunerally
used and the difficulty of obtaining the desired pyramidal configuration would
be much greater because of the small dimensions.

A second Kind of bulldet tried is the central one shown in Fig. B.7.
In this case the head of the bullet is hemispheirical and made out of polished
alumirum. The laser beam will be reflected back in spherical waves by the
head of the bullet. Only a small fraction of light will go back in the same
direction as the ‘in-going beam; however, owing to the spherical surface, there
will always be a fraction of light going back parallel to the in-going bean,
no matter what cscillations the projectile can be subjected to. The difficulty
with this configuration was that, at least with the laser used, the fraction
of light reflected parallel to the in-going beam was not stromng enough to give

a signal bigger than the noise signal of the laser. Also, it was very difficult
to obtain a good spherical reflecting swrface.
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The third bullet shown on the righthand side o7 Fig. B.7 was used in
most of the shotgun runs. More details of this bullet are shown in Fig. B.9.
The total weight of this bullet is approximately 4.2 gm., and the shell was loaded
with approximately 3.1 gm of smokeless gunpowder type 700-X. The reflecting
surface was obtained from a piece of stainless steel sheet, .015" thick, with
a good polish. The reflecting disk is convex with a radius of curvatwe of
sbout 4 in, These disks obtained their curvature from the puaching process
when they are stamped out of the sheet with a 7/16 in, punch, The light
»eflected by the convex surface is enough to give a total signal fram the photo-
multiplier at least 10 times bigger than the noise signal, The reason for using
this bullet becomes clear from Fig. B.1l0. Because of the convex surface the laser
bean is reflected back in a cone of light. If the aperture cf the core is suffic-
iently large there will always be a portion of .ligh- going back to the mirror M2
in the same direction as the in-going beam., Thnis is true if the vibretions of
the prcjectile do not exceed certein limits, This convex-headed bullet repre-
sents an irtermediate situation between the hemispherical -aded bullet and a
flat-heeded bullet. A loaded shell is shown i.a Fig. B.1). The edge of the
plastic shell is important obtaining high projectile speed. The edge has been
chtained using a l2-gauge case trimmer. The speed obtained with this bullet
wes generally over 1,000 m/sec.

Because of the smaller variations of reflected light with respect
to previous types of bullets, it was decided to use this bullet for further
investigatdons. Also, it was found that, using this bullet, an almost repeat-
atle signal from the photomultiplier was obtained.

P.3,4 Other Experimental Details

The l2-gauge shotgun was mounted on a heavy adjustable stand as shcwn
in Fig. B.1l2. Before every run it was checked so that the in-going laser beam
was coincident with the axis of the shotgun barrel. This operation is important
because if the laser beam is not parallel to the barrel axis, it can meet the
moving refiecting surface in different regions of the reflecting surface itself,
giving variations of light. Alsoe, to initially have the axis of the reflected
cane of light coincident with the in-going beam, the iaser beam must be coinci-
dent, with the barrel axis.

Before every run the shotgun shell wvas moved and rotated in the barrel
to choose the pcsition that gave the maximum reflected ilight back into the
rhotomultiplier (this was done in order to have similar initial conditions every
time), Many times the position chosen was too critical, th~t is, a small rotation
<r novement of the shell was sufficient to give strong variations of light
received by the photomultiplier (and hence large signal changes to the cscillo-
~cope). In such a case the shell was always replacec,

P.b Ané;xsis of Experimental Results

With the convex-headed bullet described above; we started to study the
light refiected back by the bullet accelerated in the shotgun bsrwel. Ve interded
to answer the following questions:

1., How much variatien or the amplitude of the refliected beam was due to
projectile vibrations?

<. How can these variatiens 'interfere with a possible beat signal due to
the Doppler effect?
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In Fig. B.13, three oscilloscope traces registering photamultiplier
outputs corresponding to three different shotgun runs are shown. Of these three
runs the one on top can be considered a good run; the other two are average runs,
as will be discussed later. To interpret these oscilloscope traces and also to
answer ,the previous questions, we have to consider the following calcuistioas.

B.k.1l Calculation of the Exit Time of the 12-Gauge Bulle: from the Shotgun
Barrel

In all oscilloscope traces shown in Fig., B.13, a strong variation of
light is observed after a time of approximately 1.1 - 1.5 msec. This variation
of light cculd have been due to the bullet leaving the barrel. Hence iv is
important to calculate the travelling time of the bullet in the barrel and to
corpare this time with the time observed in the oscilloscope traces. Moreover,
more dete will be found from this calculation as it will be seen later. Also
the projectile can only accelerate while still in the barrel and so we can ex-
pect beat fringes only within this travelling time.

For simplicity we assumed a lirearly decreasing acceleration profile
for the bullet as shown in Fig. B.14. This profile is only a first approximation
and consequently the time calculated will give an approximate value., With the
lirear profile assumed for the accelerstion we can write:

ax *58 =88 (B.b.1)
vwhere &, is the initial acceleration and S the length of the barrel.
From (B.4.1) we have a

8 = §2 (s-x) (B.4.2)

Also we can write for the projectile acceleration:

du _ du
a = E = u d_x (Bol‘c3)

Using (B.k.3) and (B.4.2) we have:

80 -, U
5 (8-x) = u o (B.b. L)
From this: u
S 1
&0 [ (8-x)ax = S~/‘ udu (B.L.,S)
vo o

vy is the muzzle velocity and it was measured with a standard method (inter-
rupted light beam technique) (see Section 2.4 of this report).

From (B.kh.5): o

a = ;l- (B.4.6)

This is the initial acceleration expressed ir terms of Yy and S.

Using again equation (B.4.4) we have:
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aoj\ (S-x)dx=Sfudu

This gives the solution:

( x2 1 2
a, \Sx - 5 =z 8u +C
3 where C is a constant of integration.
For x = 0, u = 0 and hence C = 0, ;
We have: 3
2 2
2af8x-a x =S5u (8.4.8) ;
5 Prom (B.4.8) we can write:
dx %o 0,12
u = E = l: §—- (QSX-L )] (B.Ll-9)

Integrating (B.4.9), we obtain the time it takes the bullet to travel a distance
x in the barrel:

n 5
\ j at = = f —-—-g—"—— (B.%.10)
(o] /—x + 25x
3 The integral on the right side of Eq. (B.4.10) has the geaeral form: E
L =f {Ax + B)
/—xg i px +q ;
] with the general solution:
E‘ ’————--—- \ad s
I=-A /-x2+ px + g + (B + %E)x arcsin ( 9(_2[2_2__ )+ Cons. (B.4.11)
Jas o
In the present case:
A-0;B=1;p=28;q=0
3 So we have: 3
j f & - oaresin ( "—;s- ) + Const {B.4.12)
4 /-x2+ 25x
4 rrov (B.b.12)
t = / S (arcsin { % - 1) + Const)
; % S
3 AL t =0, x = 0 and:
Const = g (B.4 13) i
so from (B.4.13) and (B.4.6): ;
_ . m - , X ] .1 i
L = (_§+9.cs1n\_-q-—l)) -u; (B.L.1Y) ;
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Equation (B.4.14) gives the time taken the bullet to travel the dis-
tance x inside the barrel of iength S when the muzzle velocity is w,. Faor
X = S we have the total travelling time of the bullet in the shotgufi barrel:

¢ = I S, (B.L.15)

a 2 Y
For a gun bagrel length of 70 cm and bull)et muzzlie velocity, u%, of
1000 m/sec we have t = 1.1 msec. So it is correct to assume .hat the strong

variation of light after 1.1 ~ 1.5 msec. is due to the emergence of the bullet
from *he barrel.

B.4.” Further Analysis of the Oscilloscope Traces

Continuing with the analysis of the oscilloscope traces, we see that,
in the average case, tiere are strong variations of light within the first 0.4
msec., that is, within 1/3 of the total time taken by the projectile to come
out ¢f the muzzle. How can these variations affect the velocity measurement?
In other words, how many fringes can Je expect within 0.4 milliseconds? To
answer this question we have to find a rzlation between time aud velocity of
the projectile.

From equations (B.4.8) and (B.4.6) we can write:

£ - osx+ 8% (wu)® =0 (B.4.8a)

x=8+8S /}-(u/ul)2 =S(1 + /1—(u/ul)2 ) (B.4.16)

Zince we are consideriig x < S we have to drop the + sign in Eq.
(B.4.16) waich tecomes

From this

x =51 -dll- (u/ul)2 )

Substituting this vslue in Eq. (B.4.1k), wa have

) S
+ arcsin (- /l-(u/ul) )) u
§u; [ § - arcsin ( /1-(u/u1)2 ) ] (B.b4.17)

Instead of solving tnis equation to obtain u = u(t) we cen choose a
value of v and find the time t corresponding to it. For u = Q.5 u, we have

t

fl
~—
UM E|

or

ct
[

~

This calculation suc: . that in 1/3 of the time t_, the bullet has
reached 50% of the final speed and consequently in 1/3 of the time t_ we can
expect 50% of the fringes due to the Doppler effect. This means thit be-
cauce of the sirong variations of light within this time, generally we will
~.ot be able to read 50% of the fringes. This conclusion cnswers question (2)
posed before Sect:-~n B.L,1,

BT

s gt ety Byl

bbb sty

a0 e ABaded



4,3 Another Possibility for Inaccurate Readings

As already noted, the pictures of Fig.-B.1l3 show trong variations of
light in the photomultiplier occurring within about 1/3 ot the fotal bullet
travelling time. It is important to know the intensity of the varistions of
light, due to projectile vibrations, with respect to the total signal re~eived
by the photomultiplier. Also, the beat signal will have an amplitude progpor-
tional to the total signal that,generates it. This total signal has winima
and maxiras as shown in Fig. B,13 and ccrrespondingly the emplitude of the fringes
will have a3 uwinimum or & meximum. '

Experimentally it has been observed that the variations of 1light

occurring within the first C.4 msec can go from less than 30% o7 the total signal -

to more than 90% of the total signal. Every cese is different. However we still
have to detcrmine the amplitude of the beat sigral with respect to .the amplitude
of the total signal from the photomultiplier. To do:sc we have to give some
further consideration to the beat signals and the interference signals, In
general, we can say that an interference signai can be obtained by combining

two waves of the same frequency but one out of phase with respect to the other.,
If the difference in phese is chenging in time we will be ablé to detect, at

a fixed point in space, minima and maxima of the resultant signal. A maximum
will occur when the maximea of the twc waves combine together. A minimum will
occur when the minima of the two waves combine together. A beat signal can be

obtained by combining two waves of different frequency. A makimum of the signal -

occurs when the maxima of the two waves combine together and & minimum occurs
when the minima cambine.

In the case under study the light reflected by the projectile is split
into two beams that follow two patns of different length. The length of these
paths is changing in time by a small amcunt because of the vibrations of the
optical system, The output of the photorultiplier due to these vibrations is
like the one shown in Fig. B. 15; the signal is modulated at a frequency of
apout 180 cycles/sec. These interence fringes ure due to changes of the optica
path length producing a phase change between the two beams when they recombine
in the photomultiplier. The fringes disappear when one of the mirrors is rctated
causing a non-coincidence of the direct and the delayed beams. So these fringes
are alsvu an indication of the colncidence of the two beams which is necessary
to have beat fringes. Also by tapping on the optical system we observed a change
in the frequency of these fringes but practicelly nc change in the amplitude.

If the varietions of the optical path length were less than half a wavelength
(in this case the amplitude of the fringes would not be the biggest possible)

we should have pbtained variaticn in the amplitude of -the fringes by tapping ca
the optical system. In fact, it is reasonable to think that by tapping on the
optical bench, the amplitude of the oscilletions of the mirrors should increase.
As & consequence, if initially the variations of the ptical path length vere
less than half a wavelength, after tapping the variationz s. »uld be bigger
(perhaps half a wavelength) giving a bigger interference sign:”.

Ir conclusion, the ampiitude of the interference fringes obiained is
8 maximum for every case aud con’ ‘wation. From what was said above, we can
expect that the amplitude due to e Doppler beat will be the same as the
amplitude of these fringes. In a. . casef observed, ths intarference fringes

hav" a‘“ wlit"‘de Of a od‘ 1/5 of th" th&l 54""" “.““‘S f‘wu \-ne t" uvuululh;pller.

Tnis means that, if for example the total signal is varying from 1.0 V to C.2 V,
the amplitude of the fringes will vary from C.2 V 0 0.0k V, Thiz shows anotrer
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diff1culty in reading the eventual Doppler beat fringes. ' ! ‘
Also, it can ‘be noted from Fig. B.l that because of th beam splittere,
a reflected bean of light entering the interferometer with intensity A, will
give an intensity 3/8A, in the photomultiplier. The frequency of the beet ‘signal
is expected to be about 8 KHz,and so,the .optical system can be considered almost
statibnary in the time the beat,signal is expected..!

' ) '
B.h.b Attempt to Eliminate the Effects of Variations of Light _

! Received by Photomultiplier ’ \ ' »

. ) .

' As pointed out in the previous 'section, the variations of light in ,
the photomultiplier caused by vibrations of the projectile presented a serious
problem. It can be said that, at least in the case of the shotgun bullet, these
variations are so strong that a velocity measurement is impossible with the
optical system previously used.

|

' In an effort to eliminate the effects of varletion of light the
experimental apparatus was modified as shown in Fig. B.16. 'A beam splitter Bl !
was added to the optical system. The laser beam reflected back by the proJectile
passing through the beam splitter Bl is split again by the beam splitter BL.

One half of this beam follows the wame path as before, going into the photo-
multiplier P1 and recombining with the delayed beam. The other 'half of the
beam is going into the photomultiplier P2. The outputs from the two photo-
multipliers are fed into the differential. amplifier plug-in unit of 'the oscil-
. loscope, so that the oscilloscope displays the differknce between the two signals
|
The system was tested by turning the delayed beah ewey. Before every
run, the system was adjusted in such a way that the maximum eignals from the
photomultipliers gave no signal in the oscilloscope when sﬁbtrected by the |
differential amplifier. ] \
: We obtained many kinds of different oscilloscope traces; one of
these traces is shown in Fig. B.17. In this particular run there was some im-
provement and in the’first 1 msec, there are no strong varlations of the slgnal.
In other cases the variations were more pronounced. Generally we had different

: 'oscilloscope traces for every run. |

\ ’ 1

, Notice that the delayed beam still carries variations in light due to
vibrations of thé projectile. To correct these vibrationsd we could insert another
beam splitter between B2 and B3 in Fig. B.16 and use another phétomultiplier,

P3, to detect the portion of delayed beam coming from the'new beam splitter. '
The signal from P3 should be added to the signal: from P2.
' Other systems of correction of the variations of light could‘be
, applied using two 'or more photomultipliers. In any case we feel that as far
a8 this investigation is concerned, the method using two photomultipliers'did
not give a good correction of the variations of light. due to projectile vi-
; bration. | ' ' ‘
{ !
B.4.5 PossibIe Effects Due to Modulation of Laser Light '
According to an article by Ashby and Jephcott (Ref.B.2), the light
emitted frcm a leser into e moving mirror and reflected back into the iaser
can affect the laser light itself. The intensity of the laser light will be
i \

!
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moduiated at a frequency dependent on the velocity of the reflecting surface.
Minima occur as the reflecting surface moves through successive half wave-
lengths. Abcut 50% depth of modulation of the laser output can be produced even
vwith a small fraction of light (less than 1%) reflaected back into the optical
cavity of the laser. The depth of modulation depends on the frequency of the
modulation itself and decreases with increasing frequency. The depth of modu-

lation decreases below S0% as the frequercy increases above 100 KHz; at 1 MHz
the depth of modulation is about 5%.

The present problem is to investigate what effect this modulation can
have on the laser hypervelocity measurements. Let us consider the first helf

fringe due to the Doppler beat. From the calculations developed in Section
B.4.2 we can write for x = x(u):

x =8(1 - /1--(11/ul)2 ) (B.4.18)

Let € be the fraction of muzzle velocity corresponding to the first half cycle,
we have:

x =81 - 1-&) (B.4.19)
This i3 the distance travelled by the projectile to reach the speed . The

number of modulations due to the projectile passing through successive™ alf
¥ vavelengths will be:

Xe 2x€
n= —_7\7?= - {B.4.20)

The time t¢ that takes the projectile to travel the di -s. e x. is from Egs.
(B.4.14) and (B.k.19)

R 2
te = _g S (1- arcsmjl—e )

5 o2 (B.k.21)
1

To obtein an order of magnitude estimate we will consider a constant

modulation of light within the time t. . Ir this case the frequency of modu-
lation will be:

2
(1 - [1-€%) :
£ = B % 1 (B.4.22)
€ _ aresin({1-€°)

T /2

(1

IT the final speed is 1100 m/sec. and half a cycle of the Doppler beat
signal correspord to 70 m/sec., on~ has:

€ «-0.06, w, = 1,00 m/sec

and also:
A =0.6328y = 6.328 x 10 m

Putting these numbers in Eq. B.4.22 we have:

R
fm 3 x 10" Hz
This irequency is at least two orders of magnituae bigger than one Miz and cou-
sequency the depth of modulation is negligible. We can conclude tnat, except

B10O
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for the very beginning of the accelerating process, the eff'ect of modulation
of the laser light is insignificant.

B.5 Conclusions

The possibilitvy of velocity measurements using a laser interferometer
technique has been investigated. Of the problems that have been encountered,
the oscillations of the projectile have been the most serious. For this reason
most of the effort has been spent trying to reduce the effects of these oscillations.
This problem has been only partially solved going from the 5/16 in. dia. bullet
to the 12-gauge plastic bullet. Some oscillations were still present and the
calculations show that they can affect up to 50% of the expected beat fringes.

The use of two photomultipliers to eliminate the variations of light
due to oscillations of the projectile has not been successful up to now. This
is possibly due to an imperfectly convex reflecting surface at the head of the
bullet. Also tne position of the photomultipliers is critical in order to have
total cancellation of the signals due to oscillations of the moving bullet.

An investigation has been carried out with a 12-gauge shotgun and the
results apply to the 12-gauge bullet. The use of other launching devices could
give rise tc different problems. It is reasonat’e to thirk that oscillations
of the projectile will always be present, even if in different proportion.

Also, the alignment of the launcher barrel with the laser beam could
present. problems. On the other hand, it is possible that the oscillations of
the projectiles from the hypervelocity launcher are s.aller than the oscillations

of the 12-gauge bullets. No experimen.s have been done using the hypervelocity
launcher.

In conclusior. we can say that, in the case of the 12-gauge bullet,
it has not been possible to find a bullet or any other device that could pro-
duce the ideal situation of a bullet moving with its reflecting suwface perpen-
dicular to the in-going laser beam and consequently quantitative data on pro-
jectile accelleration, velority, and base pressure were not obtained.

REFERENCES

B.1 Barker, L. M. "Fire Structure of Compressive and Release Wave Shapes
in Aluminum Measured by the Velocity Interferometer Tech-

nique". Sandia Laboratory Preprint SC-DC 66-2L47.
B.2 Ashby, D.E.T.F. "Measurement of Plasma Density Using a Gas Laser as an

Jephcott, D.F. Infrared Interferometer". Applied Physics Letters.
Vol.3, No.l, p.13 (July, 1963).

Bll

3

foih st bl

AR

kaed B




- T T e S TR AT S T TR T A I ok e T O S Sis e i s

m IIIIIIUIIIIIll'llll'llllmlllllllllllll ‘3'
v‘l!llllllllllllI“l“l‘,ll:lllllll"llllll- :
1 PROJETILE ]
3 - M
g BI - .
1
] ] 3
‘ 83/ ) A
82
)SCIULOSCGPE i
\J PHOTOMULTIPLIER LASER :
' ?
g FIG, B.1 SCHEMATIC OF THE EXPERIMENTAL APPARATUS
K— PHOTOMULTIPLIER g
] =7 \ -5 T
3 = .
‘ [\ =
/ [ Q/ —
c —— ———— ———— t—— —m —— — —— — s o ——— y4 H ;-
| W /—caviTY FOR
E ELECTRICAL
PIN HOLES CiRcutT
SCALE - 132 i

FIG, B,2 SCHEMATIC OF THE PHOTOMULTIPLIER ROUSING

»




i KGRI A T T T AT TR R TR ST T A FETTETIY = 2 T :

4
] ANODE
: CATHODE
- 3
J 1 ‘?R; g
3 Rv S —
A
‘vx - e -,.L.. .4.5 .
X Rz Ry R4 Rs Rs Rr Rg “no Ru
] 3
v L
= E
{ 01, D2, O3 - DIl } DINODES :
Roe 25K 2 ‘
] R)=Ry=Ry R =25K () 3
E Rps25K ) ;
3 R, =oscilioscope infernal resistence ~ I M ) 2
3 FIG. 3.3 PHOTOMULTIPLIER CIRCUIT 3
: 3
= Ot pt ‘
1 2lgv :\': ’ Wi .
3 3 Tiggee signol X
: i }wn w 3
r——--—— K

3 / E
3 /A
.

Thic contoct s closed
os shown in Fig. —_—

71C, 8.4 TRIOCER CIRCUIY

001" trass foul o the i om
shotgun borrei wer eyst

seilo -tope — sello-tope

S X

3
£
3
3
3
H
H
4
)
i
1
Ed
H
3
i
3
3
3
!
3

1

] firing pin

1 i

|
1 i
J i
/ ] §
7 < ~ A i
YRlts s
L ‘-{-——rlﬂoano surfoce ,I
4 L—shotgun shell i
9 FIC, 3.3 SOBM.TIC OF DR 12 GATCE SBO7TUNW TRICGER SYSTRM :
. B13

it A L b et Lokd




VT

i g d T PTETTYRNNNTYY 3 Eis =

FIG, B.® NOISE SIGNAL FROM THE LASER
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FIG, 3.15 INTERFERENCE SIGNAL DUE TO VIBRATIONS OF TME OPTICAL SYSTEM

SCALE: 0.5V/cm
SCALE: 0.5V/cm; Smsec/cm.

FPPIPISNDE SPPOT ]

TSR T SOV )

4 Rl ke AL e L P ik



sy

M2 g
1
&@
PROJETILE

OSCILLOSCOFE I—-—l

PHOTOMULTIPUER LASER

FIG, B.16 SCHRTMATIC OF THE MODIFIED E-iERIMENTAL APPARATUS

——
e¢_' from
lable copy.

Reprodus
best av st

FI1G, B,17 OSCILLOSCOPE TRACE OSTAINED USING A DIFFERENTIAL AMWPLIFIER

SCALE: 0,5V/cm 3 )
SCAIE: 0,5V/cm ; 0,5msec/cm,

B19

Lo oo oo

sl Atk

thon ka2

NP NS 23

il

- Sl fadlfob g
n N apadaid b

penr

e

ot 3003 ax et ot e el

3 Jaan (haant L2 Ex.

!
Lﬂi‘.‘lm;lmu‘.‘uuﬁ o1 e AV b e €L icn L +R o h B sk b d T PN



 —— = VY T e i o L A > i et el

APPENDIX C: SUMMARY OF WORK ON THE MK I LAUNCHER AND PROGJECTILE INTEGRITY

vt

C.l Introduction

Some development and operational aspects are described in the fqllowing
that were done on the MK 1 launcher and also a rumber of problems that are con-
cerned with the question of projectile integrity.- Various projectile materials
were tested as well as the effect of locating the proaectlle in the barrel. .This
led to attempts to observe the projectile in the barrel with.X- ray equpment
in order to obtain insight into progectlle failure.

Since the conditions at the origin of the implosion chamber were not
aivays repeatable, it would have been difficult to make a consistent study of
projectile behaviour using the launcher. It was therefore decided to: test -
projectiles by impacting a stationary one in the barrel by a moving projectile
producizg higb pressures and possible spall, Calculations were made on one-
dimer sional (piane) impact with spall. The literature on spall was searched and
some of this data is being tested for applicability jir carrying out calculations
using a two-dimensional computer code. i

C.2 Evaluation of Impacts on Lead Targeis

Measurements were made of the crater sizes produced by plasiic projec- . :
tiles on the early series of runs made by Watson (Ref. C.l) and Flagg (Ref. C.2). ;
These runs were primarily with 0.22 inch barreis and targets were made fiom léad. :

The projectiles were mainly polyethylere, with some made of Teflon. The crater J 3
depth, diameter, and volume were measured. The velocities were in the low range E
of hyperelocity impact (up to 8000 ft/sec.) and the craters did not have the
expected symmetry and the ratio; of diameter/depth did not approach 2, as one . !
would have at high impact velocities.'

The data were correlated by tne method of Ref.'c.3 and are shown in

Fig. C.2.1. The factors 2 and X are functions of the material properties of
the target and projectile. The line shows the curve representing the best fit

for a multitude of materials w1th the points representing the UTIAS polyethylene-: :
on-lead impacts.

On later runs the crater formation was usgd primarily to monitor the
projectile integrity just before impact by observing whether one or several
craters were formed and cccasionally the crater was used to estimate the velocity i
of the projectile, usually when the light screen velocity detecporSnfaileq to o
function. i

C.3 Summary of Runs Made with the 0.22 and 5/16 Inch Barrels
i v
A numcer of runs was.made with the MK T launcher using both gas and
explosive drivers to test various materials and the effect of recessing the
projecti_e.

PO T O RPR

C.3.1 Test of Some Projectile Materials

A series of gas runs was made tc check whether some materials would
be suitable for projectiles. This was done with barrels made .of stainless steel

high pressure tubing, approxlmatelv 10 ft. long, at initial gas pressures of
400 psia.
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The results for various projectile tests with gas only in the launcher are
summarized if Table C. 3.1

TABLE C. 3.

1

Run Né. Material Barrel Projectile Velocitf Condition
! . Dnameter Me-s (gm) (ft/sec.) after
3 (in.) Launch
3 , 230  Polyetiylene 312 0.40 5610 intact
3 ' 231 darbon " .312 0.65 - failed
3 . 232 Carbon .312 0.65 1600 failed
233 Titanium .312 1.73 : 3810 intact '
, 23k Titeniun .3i2- 1.73 3880  intact
235  'Fibre Glass —s  .167 0.15 5100 intact .
i, 238 Fibre'lass —d»  .167 6.15 5000 failed
239 Fibre Glass %  .187 0.1L 5650 failed
. 236 Boron Nitride .312 0.83 5100 failed
237 Boron Pibres .187 0.15 4880 intact !

PN -

The boron fibres were arranged axially and had an epoxy matrix. The
largest diameter’ that could be tested with the specimen obtained was 3/16 inch.
The arrows for the f1bregla5a projectile indicate the alignment- of the fibres.

The axially aligned fibres were launched intact. An earlier run by Flagg (Ref.

C. 2) with an axially aligned fibreglass projectile and an gas driver

had shown that the matrix had failed. This made it seem unlikely that resin
bonded fibres would withstand launching with an explosive 'driver with its higher .
pressures and pessibly more uneven load distribution on the base of ‘the pro-
Jjectile, even, if strong fibres were used. . .

3.2 Runc with Laminated Magnesium-Lexan Projectiles

A number of runs was made with laminated projectiles and recessing
of the projectile away from the origin, - The advantage of a laminated projgctile‘
is that the tensile stresses caused in the material are lower than in a
homogeneous c.e, as explained in section C.8.5. The materials used were mag-
nesium and Lexan, a half calibre long cylinder of each being bonded together
with Eastman 910 contact cement, PFigure C. 3.1 shows the entrance configuration
used and Table C.3.2 lists the results from these runs. The Tigure shows the
four configurations used: there were two barrel sizes (0.22 and 0.312
inch) and for both runs were made with the projectile located near the entrance
of the bharrel and with the projectile recessed down the barrel.
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TABLE C.3.2
Run Material. Barrel n o mex 1 P. Recess Velocity Calc. Proj.
No. Dia. proy b .y (in.) Measured Condition
(in.) (em) (em) (psia) t/sec)

24 Mg/Lex. 0.22 0.21 99 200 3/8x2.75 14300 30000 intact
by Mg/Lex. 0.22 0.21 116 200 - 10800 28800 failed
263 Mg/Lex. 0.312 0.6 130 460 .35x2.75 6900 24800 failed
250 Mg/Lex. 0.312 c.6 130 Loo - 12000 23000 intact
274 Ti 0.312 1.72 116 200 3/8x2.75 57h40 13800 intact
258 Ti 0.312 1.73 90 200 - 5000 15200 intact

The velocities attained with the 0.22 in. magnesium-Lexan projectiles were
the best that have been obtained with the Hypervelocity Launcher. These runs showed
that locating the projectile downstream in the barrel made a significant difference
in the case of the 0.22 barrel, bui aid not hLave much effect on the 0.312 inch
barrel. In the 0.312 inch barrel the wall thickness of the tube was 0.125 inch,
allowing expansion of the barrel.and possible distortion of the projectile,
causing its failure.

Calculations that were made to assess the effect of a recess are also
listed in Table C.3.2, and show that the trend on the 0.22 inch barrel is the same
as ‘obtained experimentally, while in the other cases the correspondence is less
goad, due to projectile failwre.

Table C.3.3 is an overall summary of pertinent projectile runs that were
made with the MK I model launcher with various barrels and projectile materials.
The explosive driver was PETN, where used, and the gas was a stoichiometric
mix ture of hydrogen and oxygen.

C.3.3 Conclusions

(a) The .data shows considerable scatter, even between runs which have
reasonably identical initial conditions. This is mainly ascribed to
projectile failure and unsymmetrical implosions, which give rise to
unpredictable pressures at the origin.

(b) Variations in the barrel length/projectile diameter ratio do not
seem {0 be important, in line with calculations which showed only
small increases in velocity with increased barrel length and experi-
mental lata of Watson (Ref. C.l) where the projectile velocity was
fournd to be proportional to LO.2,

(c) The variations in projectile mass affected the velocity and fro?
gas runs it appeared that the velocity changes proportional to m;;oﬁ’

when the same initial driving pressure is used. In an ideal launcher
with infinjte chambrage the muzzle velocity depends on the conditions
in the driver, barrel length, projectile mass and barrel area. At

high velocities or with a cool driver gas, when uproj - 1%4 (escape

speed of the driver gas) uproj ~ nf’las, and atv lovw velocities when
.A M -0)43 ~ -4 -1
uproé - 0.C5 u,, then uproJ ~ W . The implosion driven launcher
C3
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(a)

is not strictly speaking comparable to the ideal chamberved driver because
of the impulsive loading due to the impiosion, but the results show that
the velocity variations were in the expected range.

When the efficiency of the launcher is calculated as the ratio of the
kinetic energy of the projectile to the total energy in the chamber (gas
and explosive internal energy), this varies between 0.05 and 0.5%. Here
again the scatter in the data is noticeable due to projectile failures

and unsymmetrical implosions.
TABLE C.3.3

rics "

Run |  PROJECTILE o . P, Velocity Impact Source
No. Material |Size |Mass Location , ¥ “Bp “arrel ft/sec
(psi) gnm
21k Mg 5/1% .61 0 200 76.3 9000 0K F
219 0 200 96.8 11600 0K F
215 3/16 0 200 Th4.5 - PAIL F
216 0 20C  T0.9 - v F
276 .27 0 200 113.6 ~ 12! 4960 PATL G
204  Polyethy- 5/16 200 - 6220 0K ®
lene
205 200 81.3 13500 PARTIAL P
209 200 209 - FAIL
210 200 213.8 7000 PAIL P
230 koo - 10'-1" 5610 0K G
43 200 91.5 10500 FAIL P
206 3/16 200 - ~10° - OK F
207 200 - " ~kooo oK F
208 200 - " k700 OK F
.22 200 - €' 5900 0K W
koo - 6' 7200 0K W
218 Fiore- 0 200  90.7h 11100 FAIL F
glass
235 - 3/16 0 500 - 8'-6" 5100 0K G
238 4 3/16 .51 0 400 - 7°-1"  ~5000 FAIL G
239 4> 3/16 .15 0 400 9*-4" 5650 FAIL G
246 — 5/16 .57 0 100 9'-1" 4260 0K G
237 Boron 3/16 .167 0 400 - 8'-9"  48Bo OK G
Fibres
236 Boron  5/16 .82 40 - 7-7-3/4"5100 FAIL G
Nitride
231 Carbon  5/16 .65 4oo - 9'-8" - FAIL G
232 400 - 9'-6" L4600 FAIL G
233 Titanium 5/26 1.73 . O Loo - 9'-8" 3810 0K G
231 0 Loo - 8'-0" 3880 0K G
258 o] 200 90 g'-0" ~5000 0K G
259 Recess 200 102 8'-0" ~5000 0K G
274 Recess 200 116 7'-0" 5750 OF G
240 Lexan .22 Recess 400  98.3  3'-7" 14300 FAIL G
2l1  Mg/tex. .22 .21 Recess L0O 102 2'-11" 14800 oK G
2Lz Recess 200 99 2'-L.5/8" 14300 0K G
243 0 200 116.5 L4'-7-1/2" 108c0  OK G
245 0 200 116  L'-5-3/4" 12500  FAIL G
247 Recess 200 209.3 U4'-8" ~13500 0K G
2u8 Mg/Lex  5/16 5 0 Loo - 9'-0" 4500 UK G
249 0 Loo 113.3 9'-0" 12500 PARTIAL G
250 0 Loo 130  9'-0" 10-12000  OK G
251 0 oo 15 9'-0" 12100 FAIL G
261 Recess U400 - 8'-o" 4700 0K G
263 Recess 200 130 T7'-0" 6900 FAIL G
275 Racess 200 117  9'-0" 5360 FAIL G
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C.k Stress Wave Propagation Into the Periphery of the Hemispherical Chamber

Calculations were nade at UTIAS concerning the stress propagation into
the periphery of the implosion chamber due to detonation of the explosive liner,

when decigns were made for the 30 inch diameter luancher (Ref. C.h).

Two app-
roaches were used:

(a) A finite difference scheme (Ref. 5) based on work by Davids
and co-workers {Ref.6) and reported in Reference 3.

(t) A finite difference scheme with Lagrangian coordinates
using the method presented by Wilkins (Ref. C.7), the re-
sults of which are given below.

To calculate the cavity expansion of the implosion chamber, a pressure
pulse vas applied to the wall of the cavity where the explosive liner would be

located. This pulse was based on the calculations of launcher performance (Ref.
C.8) and had the form

P =D, ( = 57 kbar) 0<t <t (= 1 psec) ;
- -2/3
P = po(t/to) t>t

The material was assumed to have the following properties:

e

Young's Modulus E = 2040 kbar
Shear modulus u=286 "
Yield Strength Y° = 3.45 "
Poisson's ratio v = 0.25

Pressure - density relation: p = 1360(p/p°-1) kbar (Ref. C.9).

The radial stress distribution is shown for various times in Fig. C.4.1l. b

An elastic wave and a plastic wave front are moving into the material. Due to

the pressure drop on the cavity wall an unloading wave moves into the material,

ov “taking the compression wave and decreasing its strength. The strength of

the elestic wave front does not decrease until the plastic wave has decayed.

The radial divergence of the stress waves causes a decrease in their strength,

but in this case the decay of pressure on the cavity wall causes a fairly rapid

decrease in peak stress traasmitted into the material and the peak stress is
expected to decay to the elastic limit at about 20 cm. from the surface. De-

i pending on the thickness of the chamber it could be plastically deformed right

] through. The expected radial expansion of the cavity under these conditions is

E shown iu Fig. C. 4.2. Also shown on this graph is the displacement for a

4 material with a yield strength of 12 kbar in a plane geometry. The greater

E yield strength of this material results in less displacement, asowould be ex-

] pected. At 20 psec the cavity has expanded roughly 0.1 cm for Y = 12.2 Xbar
and 0.13 cm for Y = 3.45 kbar. The calculations were not continued long
enough to determine how much the cavity would contract again, but it is to be ]
expected that some permanent deformation remains after the run.

In order to protect the chamber walls from the explosive a hemispherical §
lirer is used which also acts as the explosive carrier. Calculations were made ;
for a 10 cm thick liner which might be used with the 30 inch diameter launcher i
chamber. Copper and lead were considered and the :-sults showed, as expected i
from considerations of acoustic impedance mismatch between copper and steel i
and lead and steel, (See also Table ! in the main text), that copper and lead
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cause an increase in the stress transmitted into the steel chamber, although
copper cauyses & lower stress than lead.

C.5 X-Ray Observations of the Projectiles

In order to obtain more information about the projectile behaviour
during launching, use was made ¢of fiash X-ray units to observe the projectile
in the bavrel after it has left the region of the top plate. A schematic
diagram is shown in Fig. C.5.1. The closest ore could observe the projectile
from the origin of the hemisphere was the thickness of the top plate on the MK I
launcher, which is about 7 inches. The lead separating screen prevented exposure
of a cassette by an adjacent X-ray tube. The flash X-ray unit was a 300 kV Field
Erission modei which could penetrate a high pressure tube of 5/16 inch, I,D, a=d
9/16 inch. 0,D, The timing of the X-ray system was achieved by computing the
time-distance curve for the projectile and making corrections to the projectile
path,

Typica} computed x-t paths are shown in Figs. C.5.2 and C., 5.3, It
was found that for the type cf run being made (about 100 gm PETN and gas with
k0O psi initial pressure) a reduction of 60% in the displacement from the cal-
cuieted value allowed X-ray shots to be taken of the projectile at distances
from 30 to 65 cm from the origin of the hemisphere. Figure C.5.2 shows the
results for projectiles made of a half calibre magnesium and half calibre
Lexan ce mted together. These projectiies are not visible very well in the
X-ray shots, since the magnesium and Lexan do not absorb enough energy in
camparison to the barrel and alsc It is possible that the Lexan part of the
projectile was damaged. In one case the X-reay shot showed a projectile which
was at an angle in the barrel eand this corresponded tc an off-centre implcsion
which must have tilted the pxcjectile.

Pigure C.5.3 shows the resuits for titanium projectiles, Since the
titanium absorbs more energy than the magnesium, identifying the projectile was
easier and up te 90 cm the measued and corrected paths are fairly close. Runs
were made with the prejectile initietly located at the origin of the chamber
ard with the projectile recessed 8 cm down the barrel. In beth cases the 60%
reduction from the calculated displacemernt agreed closely with the measured posi-
tions. These runs indicate that the pressures used ir the calculatioens are too
high and probably the apprcach of Elsenaar (Ref., 11), using an integrated pressure
over the barrel area should give results closer to the measured values.

Further runs were made with a stationary projectile (magnesium-Lexan)
located near the end of the bar~el, which wes impacted by a titanium projectile
accelerated by the launcher. The purpese of these runs was to test the feasi-
biiity of making this kind of impact run to simulate conditions near the erigin
where the pressure is nct known, and not repeatable. If the impact velocity is
known, the precsures and deformstiecns can be calculated.

The runs were made with ges drivers since impact at about 1.5 cm/usec
would cause presswes up to 100 kbar to occur. The impacing velocity was
measured with contact pins spaced 6 inches apert. The problem here proved to
be the timing of the X-ray units, since the ccatact pins sometimes triggered
before the titanium projectile ar>ived, probably due to gas leaking around the
projectile, causing a shock wave to trigger the gauges before the projectile
prssed them, The barrel was evacuated to the range pressice of about 1 mm Hg.

cé




Since it would be of interest to recover the projectile after a run
for visuai examination, "end caps" were tried at the end of the barrel to catch
the projectile. These consisted of a heavy piece of metal with a blind hole
of the barrel bore diameter in it and with a sliding fit on the end of the
barrel, as shown schematically in Fig. C.5.k. This recovery scheme was tentatively
tried, since it would assure that the general shape of the projectiles wus re-
tained. Impacis into other softer materials were thought to be more likely to
cause nonvniform deformation and possible break-up of the projectile, The impact
in the botcem of & hole could be cushioned by having a low pressure gas between
the end cap and the stationary projectile, which would be compressed and cause a

slightly more gradual retardation, but this was not attempted in this series of
Tuns.

A total of four ruus was made with end caps. Points of interest are:

(a) The 5/16 inch I.D, barrel with its 1/8 inch thick walls expanded abcut
0.030 inch at the location where the impact occurred. This can be ex-

pected, since the pressures generated on impact exceed the yield
strength of the material.

(b) A solid megnesium projectile was recovered intact from the end cap,
slthough i% did expand when it impacted on the bottom of the hold

in the end cep. This expunsion could be decreased by an air cushian
as mentioned above.

(c) Magresium-Lexan projectiles seemed to decelerate the titanium projectile
more +han the solid magnesium projjectiles. The titanium was wedged
into the barrel in twc such runs. The Lexan was not recovered, and

the magnesium was damaged, possibly due to gas leakage around the
titanium projectile.

(d) The impact velocities were around 2500 ft/sec, which is lower than one
wculd have expected for the initial pressure used, since usuaily velo-
cities around 2800 ft/sec could be achieved with the same pressure
in the driver. The reason for this is not clear, unless gus leakage

and gas bulld up between the two projectiles decelerated the titanium
projectile significantly before lmpact.

(e) To use this method one would have to prevent the gas leaking argund
the impacting projectile and be able to recover the stationary pro-
Jjectile without great deformation, which might mask the results one
may be looking for. This made it seem more desirable to use a rifle
to accelerate the projectile, which would have a lower peak pressure
and tle projectile would have to be made with a seal.

The bes® X-ray shots of the projectile can be obtained in free flight
after leaving the barrel. A schematic view 1s given in Fig. C. 5.5 of the
arrangements used. The steel barrel is connected to the dump tank by a Perspex
tube and the stationary projectile was located just before the end of the
barrel. The impact velocity was again obtained by contact pins and the
X-ray shots were triggered by breaking a wire running normal to the axis of
the barrel by the projectile. This kind of shot ylelds information on the
exterior dimensions of the projectile but does not readily point up faiiure
due to spalleatior, unless the material actually separates into sections.
1f on’y internal spalling occurs there wil) be little change in material thick-
ness penetruted by the X-rays and hence there will be no change in the image
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recorded on the photographic plate.

C.6 Calculations On One-Dimensional Spsll

In order to predict projectile behaviour ene would have te knew the
material properties and the force=s acting en the projectile. If the ferces are
symnetric about the axis one can use a cylindrical coordinate system, which ie-
quires two space and one time variable and a large number of points have to ke
treated when the preblem is cast in finite difference form. The problem weuld

be simplified if eone could consider a one-~dimensional situatien withb enly ene
space variable.

Some one-dimensional calculations were made for the feollewing cases:

(ag Impact of a moving prbjectile on a staticnary ene.
(v) Appiicatian of a pressure pulse on the base of a
projectile, .

The numerical scheme used is the same as for the launcher perfermance
calculations, except that equaticns of state were used which describved the metals
congidered. The spall criterien is that given by Whiteman (Ref. C.10) which re-
lates the maximum tensile strength to the rate of change of stress at a peint.

The cases run under (a) are summarized belew:

Materials - Impact Velocity Spall
(mm/usec)

Cu— Al 0.4 No
1.0 Yes

Al - Al 0.4 Ne
0.72 Ne
0.9 Ne
1.0 Yes

These calculations, while net giving the precise limits at whici. spall
could be expected to occur, did shew that fer the size of preojectile censidered
(1 cm diameter) the impact velocity should be of “he erder of 1 mm/usec.

A series of runs was made under (b) which examined the effect of
peak base pressure and presswre decay rates., The basic pressure profile was
based on werk frem Ref. C.1l which yieids the average pressure en the prejec-
tile base and the implesion time. The base pressure was approximated by

P = B (/%) t<t, (t, - izplesion time)
_ m
=y e(t/to) t>t

The pulse shape is shown in Fig. C.6.1 and the results are pletted
in Fig. C.6.2 for a decay rate of m = -1. Only the maximum pressure p_ = 100 kbar
caused failure, The effect of chaaging the rise time by a facter of tBree
is te lewer the tensile streas by abeut 164, which indicates a small dependience
en t . It vas also estimated that the peak tensile stress is propertienal to
the gqun.re reot of the decay rate m which weuld make this a more impertant
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factor when considering the effect of loading on a projectile., These riéures \
apply only over a small range, since when t_ is made large compared to the transit

time of a sound’ pulse through the projecti?e, the decay rate will be less im-

portant on the tensile stress caused. ‘ ‘

Ce7 Two=-Dimensional Calculations of Projectile Impact

Since the projectile, when it is launched, is able to deform both :
radially and axially, & two-dimensional approach would lead to & better repre-
sentation than the one-dimensional model., Work on this has been done by Watson
and Godfrey (Ref. C.12) and Mitchell (Ref. C.13) and is presently being carried
on at UTIAS (Ref. C,14). The results show that the barrel wall expansion causes
unloading waves to decrease the strength of the pulse' propagating through the
projectile. Not enough data is available at the moment to Judge whether any de-
trimental effects occur which might cause reinforcement of the tensile waves. The
radisl expansion at the periphery of the projectile and the unevern stress dis-
tribution across a diameter results in larger axial velocities at the axis and
hence a bulging of the projectile at the centre line, '

Figure C,7.1 shows the axlal pressure distribution at two radli at
times 0.5 and 1.0 psec after the collision of a titanium projectile with an:
eluminum projectile in & barrel of 0.8 cm dlameter. The barrel wall is chosen
thick so that reflected waves from the outer wall will not affect tbe projectile
in the early stages of the collision, Figure C.7.l(a) shows the hydrostatic
pressure along the centre line of the projectile and:near the circumference at
the barrel wall at 0.5 pusec after impact. The difference in pressure along the
two lines is due to radial expansion near the barrel wall which results in a rare-
faction wave propagating into the centre of the projectile while a compression
wave propagates outward through the barrel wall. In Fig, C.7.1(b) at 1 psec a
rarefaction wave is reflecting from the left free surface and the shock moving.
into the aluminum is close to the front end of the projectile. The elastic wave
1s hardly seen because of the low value of the yield strength, (5.2 kbar for Ti
and 2.8 kbar for Al) compared to the hydrodtatic pressure developed in the im-
pact. Computations are presently being made to understand the projectile be-
haviour in the barrel and to obtain limits up to which the projectile should.be
able to withstand the accelerations, using spall data from the literature,
Pigure C,7.2 shows the deformation of the projectiles and the barrel wall at
2.0 psec, The barrel expands at the collision plane of the projectiles and
compresses the front end of the aluminum projectile due to differences in the °
sound speed of the two materials. , !

C.8 Consideratiaons in Projectile Integrity

c.8.1 Introduction

The pressures generated in the Hypervelocity Launcher create severe
conditions under which the projectile is accelerated,' Attention had to be given
to this aspect when the amount of energy, and hence the peak pressures generated,
was increased. There were generally no problems in launchiig projectiles with
gas only as the driver, but when an explosive driver is used the precsures
generated are of the order of 100 kbar (according to calculations by Sevray
(Ref. C,16) and projectiles were more likely to fail and various measures were
taken to improve the performance of the projectiles.
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C.8.2 YLauncher Geometry and bonditions at the Enﬁrance

The geometny of the launcher has been described in a number of reports

(Ref, C.JL and C.2) and here the interest is centred around the origin of the
chamher end the barrel entrance, The impiosion converges or the origin either
driven by the expiosive on the refiection of the detonation wave from the cavity
wa1“ in & gas oxnly case, The precsure peaks at the centre and dropc off radially.

ressure histories at the centre have been caleulated by tevray and others and
a typical. profile is shown in Fig. C.8.1. Radial prensure profiles have been
given by Fiagg {Ref, C.2) and thi: i:'shewn schematicAlly in Pig. C.8.2.

i

Since the pr aject*le has 2 finite area over which the accelerating
pressuwre Ls acting {typlcaily 8 mm diameter) the pressure on the area is rot uni-
.o*n‘if the projectile is placed at the wrigin of the hemisphere. The pressure

_ W the implosion riees.above 100 kbar and drops of’ with radius as r-i¢ , 50 that

a aotbling in the radius represents a drop in pressuave by a factor of 2. 8. Hence
alror- wifomm pveseure acts .on the baqc of “he projectile which is rnot desirable.

Cofa? Forces‘Aqti:g on the Projectile

The purpose of the 1aunche* '§'s to acaelerate the projectile to high

"velocities (of the order of 50,000 ft/sec). Ideally this would be done with

the application of a pressure profile on the base:of the prdjectile which rises
with time end accelerates the projectile over the whole length of the barrel.

The pressure on the base ;should be uniform so that shear deformation in the pro-
Jjectile 13 avcided, In the implozion-driven launcher the transition from the
hemispherical chamber to the barrel causes a rather complex system of waves which
propagates thrcugh the projectile and the 'cnamber and barrel walls, This is
outlined ir the foilpwing section.

When the implosion occurs stress waves are caused in the metal of
the top plate or conical liner plate.\ Thése waves converge towards the origin
and cause compression of the barrel and of the projectile as showr in Fig. €.8.3.
As the gds shock front enters the barrel, the barrel walls will again expand
and the projectile will be acceleratcd., ,Singe the pressures are high, the metal
will be in the piastic state and stress waves propagate through the projectile
and the barrel walls. 'A shock is reflected upstréam into the gas from the pro-
Jectile - gas interface, The barrel expsnsion will decrease the driving
pressure, The stress weve propagates thgough the projectile and reflects from
the front surface as a rarefaction wave. Thiz Wave will propagate upstream
and interact with the unloading wavé dug to expansion of the gas after the
implosion treéveiling downstream in the projectile. This interaction can cause
tension as explained in the next section. When the ravefaction wave reaches
the rear free surface of the projectile another reversal of stress occurs and
& shock weve will propagate downstream, while a rarefaction wave will propagate
upstream. This sequence is illustrated in Fig. G.8.h.:

The projectile is thus accelerated by stress waves propagating through
the material and sesn on & small time scale the particles:are subjected to
Jumps in velocity whenever they are processed by a ware. On a larger time
scale the projectile will seem to be accelerated rapidiy by the pressure pulse
from the ipplosion and further acceleration can take place when ancther wave
caused by subsequent implosions overtakes the projectile in the bavrel.
|

In the beginning of the motion the projectile is forced sgainst the

i 1
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wall by the radial expansion that takes place and there will be friction. The
effect of this seems, however, to be 18w in terms of velocity. The maximum
shear stress would be the shear strength of the material, The radial stress
drops off as the pressure decreases behind the projectile and friction should
decrease,

C.8.,4 Possible Failure Mechanisms of the Projectile

The projectile may fail mainly due to the following mechanisms:

(a) Spallation
(b) Nonuniform Base Pressure

(a) Spallation - For a description of this phenomena see for example
Ref. C.15. The conditions which lead to spallation are usually a pressure pulse
whick is followed by an unloading wave. Reflection of the pressure pulse form
the free surface causes a reflected rarefaction wave to travel upstream and
interaction of this with the unloading wave causes tension and this can lead to
feilure, These conditions are possible in the launcher because the pressure
drops off rapidly after the implosion has occurred.

(b) The other possible mode of failure is due to nonuniform base pressures,
This can mean either that the pressure is not uniform on the base but radially
symmetric, or still worse, that the peak pressure occurs off-axis., If the
pressure is not uniform the wave traixlling down the projectile is not plane,
since the wave speed depends op the compression and defcrmation is not uniform
across the diameter of the projectile. It was found that placing the projectile
downstream in the barrel increased the changes of survival. This would be due
to changes in the pressure history and a more uniform pressure pulse which moves
down the barrel bore. That off centre implosions affect the pr&jectile was seen
in an X-ray shot which showed a projectile with its base at an angle, and the
state of the barrel entrance indicated that an off-centre implosion had occurred.

C.8.5 Means of Preventing Failure

In order to obtain a projectile that survives the launch and comes out
intact from the barrel the following can be verified.

1. Material Choice: The ideal should be a super-strong material which does not
break. This is unfortunately not available yet, The compromise one has to make
is to choose a material with a high yleld strength and a low density. Since the
aim with a hypervelocity launcher is to obtain velocities in the meteoroid range
(over 11 km/sec) the dengity has to be kept low, but low density materisls
generally exhibit lower yield strength. There are composite materials available
which have high strength fibres imbedded in a matrix. Although these can achieve
high strength in tension, their performance is doubtful in the launcher appli-
cation because of the shear forces which act on the projectile due to uneven
loading on the base. The material which was used most for the projectiles in
the launcher was a titanium allQy which haa & yield strength of about 120,000
psi with a density of 4.5 gm/em’.

2. Pulse Shape: The base pressure history is the most important parameter in
the launcher since it determines the velocity attiined by the projectile and the
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acceleration which it is subjected to. Ideally the pressure profile should be
continuously rising, or if ihere is a sharp front and pressure jump, the pressure
after this should decay only gradually and should be such that atter the pressure
wave has reflected from the front of the projectile as a rarefaction wave and

has reached the rear end, the pressure on the base has decayed by less than the
yield strength of tne material in tension. Figure C.8.5 shows the pressure dis-
tribution at a tiwe when the wave has reflected back to the rear of surface of
the projectile. The dotted lines indicate the shape of the incident and re-
flected waves. The base pressure has dropped from its initial value of P, to 12

and the material near the rear surface is under a tension of Pp 7 Py = By it

nc tensiie failure is to occur, Ap (= PP ) shouid be less than the yield
strength in tension Y . °

If there is no control over tne rate at which the base pressure decays
due to the gasdynamics of the launcher, the rate of pressure drop Ap/At should be
such that in the time At = 2L/co that it takes for the pressure wave to reflect
back to the rear surface, the pressure on the base has not dropped by more than
the yield strength.

i.e., if ap = Y°
Co

then Ap/At = 5T
This means that for fast decaying pressures the projectile should have a high
vield strength, high sound speed and be as thin as possible., This would point
to thin petallic projectiles. The launching of disks, uowever, where the
ratio of length to diameter is small is only possible when the pressure is uni-
form on the base. In the UTIAS implosion driven launcher the base pressure is
not unifdrm and the launching of disks is not feasible, however, projectiles with
a half-calibre length have been launched successfully.

As was mentioned earlier, location in the barrel has an effect on thz
launching, since this changes the loading on the projectile, making it more
uniform the further away from the barr2l entrance the projectile is placed.

3. lLaminated Projectiles For a given base pressure the pressure history in the
projectile can be chianged by using layers of variovs materials which have different
acoustic impedances (product of density and sound speed), This can be achieved

by having & stiff material upstream and a soft one downstream. This results

in a reflected rarefaction wave from the interface of the two materiais, which

is lower than if 4<nere had been only one material with a free surface. This is
shown schematically in Fig. C. 8.6 where (pc)I > (pc)II.

A combination megnesium-Lexan projectile was tested and gw»ve satis-
factory results, although the results were also affected by projectile location
and it cannot be said whether the projectile survived due %o location a
material combination.

c.8.6 Conclusions

The projectile integrity problem is cne of the limitaticns in the use
of the hypervelocity launcher and it seems that one has to investigate what i:
happening to the projectile in the early launching period. This is presently
being done by numerical simulation of the launching process and shouid give
insight on the forces that are acting on the projectiie and the lirits to which
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one could expect the present engineering materials could be subjected when used

as projectile materials.
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