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ABSTRACT

The technique of holographic interferometry was applied
to the study of gas core characteristics in the barrel of
a 20mm cannon. Using standard hydrodynamic equations
theoretical predictions were calculated. Holographic

interferograms were made of the associated flow field near

the projectile during firing. Reconstruction of the wave-

front provided the necessary means of comparing experimental

results with the theoretical values obtained.
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I. INTRODUCTION

For many years the field of theoretical interior ballis-

tics was almost entirely confined to a single problem:
given the characteristics of shot, charge, and gun, to
calculate the muzzle velocity and peak pressure. (Ref. 1)

With the discovery of the laser and its application to
holography, more interesting information can be obtained.
It is possible to make a hologram of the projectile and its
flow field, then reconstruct the image with exact detail.

Having a thorough knowledge of the physical character-
istics of the interﬁal gas flow field is essential in
ballistic design. Although thermochemical constants for
the products of combustion during actual gun firing are not
well known, it is assumed that the gas and the solid grains
move together as a homogeneous mixture. If this is true,
then the conclusions of the Lagrange hypothesis are appli-
cable to the interior ballistics of a gun.

The motion of.the projectile creates a system of
rarefaction waves in the breech, with relaxation occurring
through the mechanisms of stress transfer in the bed and
in the propellant gas. The dual wave system will accelerate

the gas and the particles in the direction of the projectile




_

.. Wi oo

motion at the expense of stored internal energy. The more
volatile gas will follow the projectile more readily than
the particles. With progressive motion of the projectile,
the initial unsteady flow may be expected to damp out and,
as the motion evolves, to assume the quasi-equilibrium
character of the Lagrange solution. This is a flow in
which the mixture has uniform density, a linear velocity
distributicn and a quadratic pressure distribution. Even-
tually, the propellant is consumed entirely. Subsequent
motion involves only the propulsion of the projectile by
the reservoir of energetic gas. (Ref. 2)

It is the purpose of this investigation to utilize
laser techniques and observe this flow field responsible
for propelling the projectile as it transits through the

barrel of a gun.
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II. HOLOGRAPHIC INTERFEROMETRY

Holography is a process which is similar to photography
in certain respects, but is nonetheless fundamentally
different. Photography provides a method of recording the
two-dimensional irradiance distribution of an image.
Generally speaking each ''scene' consists of a large number
of reflecting or radiating points of light. The waves from
each of these elementary points all contribute to a complete
wave which we call the "object wave." This complex wave is
transformed by the optical lens in such a way that it forms
an image of the radiating object. It is this image which
is recorded on the photographic emulsion.

Holography is quite different. With holography one
actually records the object wave itself. This wave is
recorded in such a way that subsequent illumination of the
record serves to reconstruct the original object wave even
in the absence of the object. A visual observation of this
reconstructed wavefront then yields a view of the object
or scene which is practically indiscernible from the
original.

The method of recording the object wave is as follows.

One starts with a single monochromatic beam of light which
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has originated from a very small source. The requirement
of coherence means that the light should be capable of
displaying interference effects that are stable in time,.
This single beam of light is then split into two components,
one of which is directed toward the object or scene; the
other is directed to a suitable recording medium. The
component beam that is directed to the object is scattered,
or diffracted, by that object. This scattered wave consti-
tutes the object wave, which now is directed to the re-
cording medium. The wave that proceeds directly to the
recording medium is the reference wave. Since the object
and reference waves are mutually coherent, they will form
a stable interference pattern when they meet on the record-
ing medium. The detailed permanent record of this inter-
ference pattern on the recording medium is called the
"hologram.'" This method is illustrated in Figure 1. When
the hologram is illuminated with a beam of light which is
similar to the original reference wave used to record the
hologram, light will be transmitted only through the clear
areas, resulting in a complex transmitted wave. Because of
the recorded interference fringes, this wave conveniently
divides into three separate components, one of which

exactly duplicates the original object wave. By viewing

10
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this reconstructed wavefront, one sees an exact replica
of the original object. Three-dimensional images of opaque
objects may be reconstructed and photographed from different
viewing angles using a single hologram.

The above description of hulography can be represented

mathematically as follows:

Let E=0+R .0 |
Where O represents the object or scene beam

R represents the reference beam

Then  E2= 02 + R%Z + 2<0°R> 2.2

Taking the time average:

KE?> =1=1y5+1I3+2<0R> 2.3

The term 2<6-E> in equation 2.3 is the interference
term. Without interference the intensity of the two beams
are merely additive. With the utilization of monochromatic
light derived from a single ideal source, interference is
always possible.

Uncorrelated light beams, as from two different light
sources, are uncorrelated and are called incoherent. Co-
herent radiation produces interference effects. The super-
position of incoherent radiation yields the addition of

the intensities of the object and reference beams.
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The interference term contains both amplitude and phase

information. Consider two waves such that:

0'R = %(0e 10t 4 Oreiwty (Re=IWt 4 Rieiwt) 2.4
Then
T %{E'Ee'zmt-l-a*ﬁ*en“’tﬁﬁ*m*-R} 2.5
2<0°R> = %(0'R* + 0*'R) 2.6
If 0, =0 eigl etc. and R, = r eih1
1 1 1 1

2<01.R2> - olrlcos(gl-hl) - OZrZCOS(gZ-hZ)
+ O3r3COS)g3-h3) 2.7

Thus the interference term contains both amplitude and
phase information. From equation 2.6 it is evident that
interference occurs only when light beams of the same
polarity interact with one another.

The complete interference equation is:

I= <Ez> + I % B,k RO 4 ORe 2.8

where < R‘R*> =I

and <0:0*> =I,

The reconstruction process can also be described with

equation 2.8. The amplitude transmittance of the hologram
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is assumed to be proportional to the intensity
t(x) + KI 2.9
On reconstruction with the reference beam R, the following
is obtained:
R*KI = R(Ig + Iy) + R°'R-0% + R*R*-0 2.10
The last term in equation 2.10 is the reconstructed object
beam.

A primary consideration in the technique of holographic
interferometry of flow fields is the source of coherent
light. The Q-switched ruby laser has proved to be an
excellent light source for these applications. It provides
the high power necessary to expose the plate in a time
frame suitable for freezing the motion of the flow field.

The wavelength of this laser is 6943 X, which is

compatible with AGFA-GEVAERT 10E75 holographic film plates.

(Ref. 3)
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ITII. EXPERIMENTAL LAYOUT

A. GENERAL PHYSICAL ARRANGEMENT

The experiment was conducted at the Naval Postgraduate
School Rocket Laboratory. The laboratory contained four
test cells measuring 12' X 17' with reinforced concrete
walls 12" thick. A control room with observation windows
was located directly behind the test cells.

The 20mm cannon was mounted horizontally on a rocket
test stand. Two steel mounts were used to secure the barrel
in place at a height of 6.5 inches from barrel center line
to the top of the test stand.

Two large wooden tables were constructed and placed
parallel to and on either side of the test stand. The
tables provided a platform for the optical equipment nec-
essary to obtain holograms. The tables were rigidly
fastened together; however, they were completely isolated
from the test stand to ensure stability during cannon opera-
tion. Furthermore, plywood boxes were constructed to fit
over the tables and completely house the optical equipment.
The plywood boxes not only acted as protection for the

equipment but also acted as a light shield for the

14
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holographic process. The tops of the plywood boxes were
hinged in order to allow easy access to the optical equipment.

The muzzle of the cannon faced a bullet trap located 13
feet outside the test cell. The bullet trap contained an
18" X 18" X 1%" armored plate, tilted 45° from the path of
the projectile, and a sand trap measuring 5' X 5' X 2%',

Upon bullet impact, the plate shattered the projectile
and deflected the fragments into the sandtrap. In order to
provide additional safety, the entire sandtrap was housed
inside a steel turret for a 5" gun mount measuring approxi-
mately 15' X 20' X 10'.

An electrical firing mechanism was placed at the breech
end of the cannon. The firing sequence was directed from
the control room.

A light shield was provided to cover the observation
window during placement and removal of the holographic
plates.

The ruby laser and its ;omponents were fixed in position
in a test cell adjacent to the cell housing the 20mm cannon.
The purpose of this placement was necessary not only for
space consideration but mostly for protection of the instru-
ment., A specially constructed table provided support for

the laser rail system. The laser was placed normal to the

15




wall separating the two cells. (Figure 2) A 2-inch hole

was drilled through the concrete wall to allow beam passage.
A water source for the laser head and output etalon cooling
system was incorporated within the test cell. The laser
was equipped with a remote control making it possible to
fire either from the test cell or the control room. (See

Figure 3)

B. BARREL INSTRUMENTATION

For viewing the projectile inside the cannon a .817"
diameter hole was drilled completely through thé barrél
4.5" from the muzzle. In order to preserve the integrity
of the barrel, projectile and flow field, plexiglass win-
dows were designed to seal the port and provide observation
inside the barrel. (See Figﬁre 4)

The windows were milled from optical quality 3/4'" plexi-
glass. Two windows were pressure tested in a simulated
barrel to 6000 PSI, thus ensuring strength capabilities
necessary to withstand internmal pressures present. (See
Figure 5)

Figure 6 shows the design consideration met for mounting
the windows in the barrel. Figure 7 shows the actual barrel

with window and with collar.
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Figure 8 shows the collar device used to secure the
windows in the barrel.
A Kistler 607A pressure transducer was installed 5.5

inches from the breech end of the barrel. This location

was just ahead of the tip of the projectile prior to firing.

The signal from the transducer was relayed to a Kistler
model 504 universal charge amplifier located in the control
room. The signal from the charge amplifier was passed to
a Textronix 549 storage oscilloscope. The oscilloscope
allowed the signal to be time delayed by a predetermined
amount and then amplified to +30 volts, which in turn was
used to trigger the xenon flash tube of the Korad K-1
pulsed ruby laser.

A Kistler 603H pressure transducer was located 2.5
inches aft of the observation ports. The signal from the
transducer was relayed to a Kistler model 504A universal
charge amplifier located in the control room. The signal
from the charge amplifier was passed to a Hewlett Packard
Model 214A pulse generator where it could be delayed and
amplified. The resulting pulse was used to energize the
Pockel cells of the Korad K-1 pulsed ruby laser.

The muzzle velocity was measured by the use of two

Oehler Model 55 ballistic velocity screens. The screens

17
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were mounted 4 feet apart and placed 81.25 inches from the
muzzle of the cannon. As the projectile passed through

each screen a 12-volt pulse with an adjustable 2-8 milli-
second pulse length was produced and relayed to an Oehler
Model 21 chronograph. The two pulses provided a start and
stop for the chronograph. Tables of velocities were provided

for known screen separation. (See Figure 9)

C. JPTICAL SYSTEM

Figure 10 shows the optical layout used to accomplish
the holography. The Korad K-1 pulsed ruby laser was used
for the holography process. By utilizing the laser system
in the Q-switch mode of operation, high power single trans-
verse mode output could be obtained. A Pockel cell was
used to achieve the Q-spoiling required for peak output
power.

When operating the Korad K-1 pulse ruby laser in the
tem;, mode a peak power of 2.5 megawatts with pulse energy
of .050 joules over a pulse width of 20 nanoseconds can be
realized. The output beam measured approximately 2mm in
diameter at a wavelength of 69432 with a coherence length
that exceeds one meter. Figure 3 shows a photographic view

of the laser installation.

18




The laser beam passes through a 2-inch hole in the
concrete wall then through another 2-inch hole in the ply-
wood boxes where it first contacts a narrow-band filter
which removes the undesired light from the xenon flash
tube. The beam then strikes a 2-inch round beam splitter |
where it is divided into two wave fronts, a scene beam and

a reference beam. The intensity of the reference beam is

T

about twice that of the scene beam.

The scene beam is directed along the centerline of a
2.5 meter optical bench where prior to striking mirror #1
’ it passes through a collimating lens, double concave lens

u and another collimating lens. |

The lens arrangement was designed to allow the scene
beam to be expanded to a diameter compatible with the hole
drilled through the barrel of the 20mm cannon.

(. Mirror #1 directed the beam through the windows in the

e

20mm cannon and onto mirror #2. In order to accomplish

S{ éhis, 3-inch holes were cut in the plywood boxes to permit
: the beam to péss, allowing enough tolerance for adjustment
to ensure that the beam passed through the windows normal

to the cannon's axes. Furthermore, mirror #1 was secured

to a gimbal mount which allowed a fine adjustment to be

made in the horizontal and vertical axes.

19
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Mirror #2 directed the scene beam down the centerline
of a 1.5 meter optical bench where a second narrow-band
filter was located to remove the unwanted flash from the
cannon blast. The beam then proceeds through an expanding
collimating lens to mirror #3 where it is directed to the
holographic plate. The location of the expanding collimating
lens makes it possible to enlarge the scene beam from test
section (window size) diameter to a diameter of approximately
4-inches.

After passing the beam splitter the reference beam
proceeded to mirror #4 on a 2.0 meter optical bench. The
physical arrangement allowed the reference beam to be
adjusted to the same length as the scene beam. Mirror #5
directs the beam through two series of expanding--collimating
lenses which enlarged the reference beam to approximately
4-inches in diameter at the holographic plate.

Throughout the entire system the optical benches were
bolted to the tables on specially designed cross feet which
allowed the system to be leveled by adjustment knobs located
at each crossfoot. The alignment procedure was greatly
simplified by the use of mirrors which contained screw type
adjustments for vernier-scale movement about the horizontal

and vertical axes. In addition, all the optical components

20
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could be easily positioned along the optical bench. Figure
11 shows the actual optical layout with one plywood box
removed to show the arrangement.
4 The aligmment of the system was accomplished by the use
of a coherent radiation 3-milliwatt helium-neon continuous
wave laser. This laser was mounted on a stand which was

placed perpendicular to the axis of the ruby laser cavity.

R

By firing the ruby laser on an exposed polaroid paper a
"spot" could be obtained which was used in the alignment

process. By placing a mirror at a 45° angle in the ruby

"ﬁ\

laser cavity, the CW beam could be directed through the
‘ cavity and centered on the "spot." This centered beam
would then coincide with the ruby laser beam and the optical

system could be accurately aligned




IV. FIRING SEQUENCE

All the electrical equipment was turned on to allow
the required warm-up time while the test section and optical
system were being prepared and aligned. The barrel test

section assembly required particular care when installing

-~

the plexiglass windows, to ensure that the faces were

parallel to the center line of the cannon and normal to

fhe laser beam's path.
b After the system was aligned, all electrical equipment
. was checked for proper settings and all timers zeroed. The
‘ opening into the plywood box containing the holographic
plate was covered and the alignment mirror removed. The i

test cell was closed and a holographic plate was placed in

% its holder. The test cell door was raised to a level just

J above the muzzle of the 20mm cannon. At this time the
s‘ cannon was loaded.

The individual who was loading the cannon and connecting
the firing mechanism carried with him a safety key which
broke the firing circuit at the control panel to prevent
accidental firing prior to his clearing the test area.

Following loading, the opening into the plywood box

22
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containing the hologram was uncovered and control was

then commenced from the control room. All electrical
equipment was scanned and the warning horn sounded to alert
personnel of the impending shot. The firing sequence was
then initiated. A schematic of this sequence is shown in
Figure 12,

The charge switch for the laser capacitor was acti-

A

vated. While the capacitor bank was charging, the safety
key was installed in the fire control panel and power

supplied to the firing mechanism. When the laser ready

g

light illuminated the firing mechanism, capacitors were
charged and the cannon fired. Figure 13 shows a view of
the control room and monitoring equipment.

The firing process was observed through the observation ‘j
window. A light shield was placed against the window after
firing to protect the hologram from unwanted illumination.

Actual bullet movement was used to fire the laser. Omn

initial firing, a pulse from the Kistler transducer located

at the breech was passed to the Textronix 549 storage
oscilloscope, where it was delayed and amplified, then
used to trigger the xenon flash tube of the Korad K-1
pulsed ruby laser. Considering that the pumping time for

the laser is approximately 1000 microseconds and that

23
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approximately 1500 microseconds are needed for projectile
travel to the test area, 500 microseconds was used for the
pulse delay.

When the projectile reached the second Kistler trans-
ducer another pulse was initiated that was relayed to a
Kistler model 504A charge amplifier then to a Hewlett
Packard Model 214A pulse generator. The pulse generator
provided the voltage necessary to trigger thg Pockel cell
of the Korad K-1 pulsed ruby laser. This unit allowed for
a variable signal delay which was used to adjust the time
interval for laser firing. Two Monsanto Model 101B timers
were incorporated into the system at various locations to
provide checks on intervals of interest. Also a Korad KD
energy monitor was employed to check the actual laser firing
interval.

After firing, the test cell was closed and the hologram
removed for processing. The armor plate was inspected for
integrity and repositioned if necessary. The 20mm cannon

was unloaded and the windows removed and examined for damage.

24




V. HOLOGRAPHIC FIIM AND PROCESSING TECHNIQUE

The Korad K-1 pulsed ruby laser delivered a beam at a
wavelength of 69432. In order to minimize the effects of
extraneous light leakage into the system a photographic
emulsion with narrow band sensitivity centered in this
region was selected. Agfa-Gevaert 10E75 holographic plates
were found to be the most suitable for this purpose. This
film has a resolution capability of 2800 lines per mm.

For holograms produced with 69432 ligh* this is nearly the
required maximum resolution. Reference 4 gives a spectral
sensitivity curve for the emulsion.

Following exposure to the laser light the hologram
plate was removed from its holder and placed in a closed
container and taken to a dark room for development. The
initial processing required a five minute bath in kodak
- D~19 developer. The entire five minute bath was completed
in total darkness. Then the plate was rinsed and placed
for five minutes in a standard fixer. After 30 seconds in
the fixer it was permissible, although not necessary, to
turn on green photographic lights in the dark room. From

the fixer the plate was washed in water for five minutes

and then allowed to air dry. During the entire development




it was handled by the edges in an attempt to keep the
hologram clear of unwanted finger markings.
’ When using the 20-nanosecond ruby pulse, it was not
possible to control exposure time. Therefore, to ensur
the desired intensity, a combination of suitable neutra

density filters were placed in the beam paths.

7 TS ey

procedure, when it became necessary to touch the hologram

e

1

B R,




R R e

VI. RECONSTRUCTION

To reconstruct the holograms a 15-milliwatt Spectra
Physics continuous wave, helium-neon laser was used for
the reconstructing wave. A Spectra Physics collimator was

fastened to the laser, causing the beam to be expanded to

approximately four inches in diameter. The beam was directed

to pass through the hologram as outlined in Part I. The
converging real image was then photographed with a single
reflex polaroid camera using type 55 positive-negative
film. This film has a resolution capability of 150-165
lines per mm negative, 14-17 lines per mm positive, thus
providing excellent results. The reconstruction process is
illustrated in Figure 14, The negatives were further pro-
cessed at the Naval Postgraduate School photo lab, from

which prints were produced.

£7




VII. COMPUTER PROGRAM FOR PREDICTIONS OF FLOW PARAMETERS

The computer program used to predict the velocity of
the projectile, pressure and total energy of the flow field
was an adaption of a program developed at the Naval Ordnance
Laboratory. The program was originally concerned with the
analysis of hypervelocity model launchers (Ref. 5). The
method of analysis used was essentially a one-dimensional,
Lagrangian scheme where the field was divided into six
regions each of which in turn was divided into zones. At
the interface of each zone mass points were inserted. Each
mass was considered to consist of one-half of the mass of
the adjacent zone. The hydrodynamic equations, in finite
difference form, were then applied to each mass point during
the particular interval of interest. The method employed
was the '"q'" method of Von-Neumann and Richtmyer (Ref. 6
and 7).

The following equations were used for this method:

Isentropic flow energy equation;

EE » - 2v
It (P+q) 5t

Equation of motion;

2u. - 2(P+H) 1A(x)
ot 2x M

28
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Equation of state;

P = P(E,v)
X
M = (X)A(X) dx
2
with €~ 2u , 2u .,
L 2y
0 , 2u >0
2y

The artificial viscosity term ''q'" was added to the
pressure term in the energy and motion equations in order
to spread variable changes created by the shock over a
finite region. This allows the equation variables to be
considered continuous across the shock. The constant Co
permits adjustment of the shock 'thickness."

The equations were written in finite difference form
with initial values of Eo, Po, and Vo being provided for

each region. In order to maintain stability during the

process, a new time increment was calculated for each cycle.

During each cycle the pressure was calculated at each
mass point using the equation of state and energy. The
differential in pressure between mass points was then
applied to the equation of motion to determine the

acceleration and velocity of each mass point.

29




For each region it is necessary to input the initial
temperature, pressure, molecular weight and a geometrical
description.

The program was written in FORTRAN. A listing of the

program and the input is given in Appendix A.
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VIII. HOLOGRAPHIC RESULTS

Initially the first few holograms obtained appeared to
be in the region several centimeters in front of the pro-
jectile. However, when further experimental studies did
not give the desired results, an investigation was initiated
to examine the laser system. It was then discovered that
a short circuit had occurred between the plate and cathode
of the large thyratron of the Korad power supply. This
short circuit would occur approximately 8 minutes following
the application of power. This malfunction caused a firing
pulse to be continﬁally delivered to the Pockel cell; thus,
nearly two-thirds of the seventy-five test firings resulted
in holograms in which the laser had fired from 50 to 200
microseconds early. To further compound the problem the
Korad KD energy monitor was not available to confirm actual
laser firing.

With the incorporation of the energy monitor into the
system, and careful monitoring of the power supply, several
good holograms were obtained. Figure 15 shows a series of
compression waves approximately 2 cm in front of the pro-

jectile. Figure 16 shows these same type of waves
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approximately 1 cm in front of the projectile. A traveling

bow wave can be seen in Figure 17. It is believed that
this wave is approximately 3 mm in front of the projectile.
Due to time consideration allowed for this study, the
area just behind the projectile was not captured; however,
Figure 18 shows a hologram obtained approximately 30 micro-
seconds following projectile passage through the test area.
The effects of powder blast not only etch the plexiglass
windows but also leave a carbon deposit over the inner
faces, resulting in a clouded view of the test area.
Further investigations will determine if this powder blast
is directly behind the projectile or if there are several
microseconds delay between the gas particles and the

projectile.




F T T = ‘ ' ‘M—ﬂ

IX. COMPARISON OF ANALYTICAL AND EXPERIMENTAL RESULTS

Analytical results were obtained previously by Robert

G. Bettinger (Reference 8) during his work concerning gas

core characteristics in the muzzle environment of the 20mm

cannon.

{ Figures 19 and 20 are outputs obtained by Bettinger.
Figure 19 summarizes the major input data and initial con-
ditions required, and demonstrates the output format used

4 for representing these data. As shown in Figure 19, a

printout was obtained. every 0.2 milliseconds. Figure 20
illustrates the output obtained just as the projectile
exits the barrel; at this time a muzzle velocity of 1064

meters per second was obtained.

It must be emphasized that the program (Reference 5)
does not take into consideration the effects of frictional
forces on the projectile. Therefore, in order to obtain a

more realistic solution either the program must be modified

or the powder parameters altered to account for this con-
straint. Figures 19 and 20 resulted from the latter choice.
In order to verify these results it was necessary to

analyze the powder used to propel the 20mm projectile.
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The type powder used in the 20mm cartridge was WC870
with a charge weight of 590 grains. WC870 is a sphere of
.305" average grain diameter, with a specific gravity of

1.56 grams/cc. A representative composite is:

Nitrocellulose (13,15%N) = 81.49%
Nitroglycerine = 10.0 %
] Dibutylphthalate = .5 % '
! Diphenylamine = 1.0 % i
g C&C03 = 0.1 %
; AsH = 0.5 %
_ Graphite = 0.15%
Na,S0, = 0.16%
K250, = 0.75%
SNO, = 0.75%
Ethyl Acetate = 0.10%
) H20 - 0.80%

The percentages are given of the dry weight, so that

the sum of the ingredients up to the last two constituents

The molecular weight of the constituents can be found

is 100%.
The average thermochemical properties of this composi- ﬂ
tion are (by Hirschfelder's approximation, reference 1) as ;i
J follows: $
; Ty = 2856°K h
‘.. n = 0.04218 grams/mol
! ¥ = 1,239
: F = 335068 ft-1lbs/md
% b = 0.943 cc/gram
?
:
LA

directly except for nitrocellulose. The nitrocellulose in
propellant compositions varies in its nitrogen content.

The cellulose molecule is a large one but, for present
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purposes, it can be written C6H702(0H)3. On nitration,

X(OH) groups are replaced by (ONO,) groups, the value of

X depending on the nitrogen content. The resulting compound

is C6H702(0H)3_X(ON02)X. The molecular weight is easily
found to be (162.14+ 45X) and, if Y is the percentage

nitrogen content, Y = 1400.8X . This gives
162.14 + 45X

X = 162.14Y . Thus for a given nitrogen content Y and X

1400.8 - 45Y

can be calculated and the atomic composition found from:

6 H=__ 10-X N=_Y 0=__5 + 2X

C= =
162.14 + 45X 162.14 + 45X 1400.8 162.14 + 45X

The heats of formation of the solid propellant can be
calculated as outlined in Reference 10.

Inputing the exact values into the computer program

resulted in a value of approximately 1463 M/sec. Assuming

a projectile drag coefficient of 0.28 (Reference 9), this
gives a muzzle velocity of 1036 meters per second which
is in excellent agreement with Bettinger's theoretical
results.

Furthermore, the maximum possible muzzle velocity

(Reference 1) may be calculated from the following:

Vy = 572?'T (RTq) %

Using this equation a value of 1097 meters per second is
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obtained. The projectile velocity was measured during
each firing, and a range of 1020 to 1060 meters per second
was obtained.

These values are in excellent agreement with the computer

program.

Y
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X. SUMMARY AND RECOMMENDATIONS

A considerable amount of difficulty was experienced
while attempting to capture the projectile in the test
area. Considering the velocity and length of the projectile,
passage through thg test area occurs within approximately
80 microseconds. Furthermore, considering just the base
of the projectile, a time interval of approximately 20

microseconds would result in complete passage of the base

of the projectile through the test area. Thus, timing of
the laser firing with projectile firing is indeed quite
critical.

Referring to Figure 21, it can be seen that the velocity
of the projectile approaches a constant value at a distance
of approximately 90 cm from the breech of the barrel. It
was this fact that prompted the barrel modification to
incorporate the pressure transducer near the test area as
outlined in Part III Section B. By controlling the firing
of the Pockel cell with this transducer, more comnsistent
results were expected.

Theoretically, if the pressure transducer responded
instantaneously to the passage of the gas ring of the pro-

jectile, the signal produced could be used to pulse the
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Pockel cell of the laser just as the nose of the projectile
entered the test area.

Unfortunately, 0.5 volts was required to trigger the
Hewlett Packard Model 214A pulse generator, while the
Monsanto timers responded immediately to projectile passage.
Referring to the pressure trace obtained from the pressure
transducer (Figure 22), approximately 100 microseconds
could pass before the required 0.5 volts was obtained.

In an attempt to confirm the actual passage of the pro-
jectile through the test area the pressure transducer was
replaced by a temporary contact switch. This switch could
only be triggered by actual contact with the gas ring of the
projectile. The test confirmed the correct timing of the
projectile, agreeing with the re<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>