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FOREWORD

The precision of a gun system clearly iuvolves the
dynamics of the gun carrier, grouand characteristics, and
interior and exterior ballistics. Tt 1s a problem of
enormous complexity and is often divided into different
phases for investigative purposes. While the division of
the task is convenlent aad often necessary, oune should
always keep in wiid that the different phaszes interact and
the dynamic forces are usually coupled. This fact
ne:rssitates an intercctive process or, better yet, a
complete avstem approach, if at all possible, to the
precision problen.

During recent years, one has witnessed great strides
in various branches of contlnuum mechanics, kinematic
designs, and numerical and computer techniques for solving
problems of great complexity as well as in the areas of
experimental mechanics and instrumentation. It appears
feasible now more than ever to gain understanding and to
improve the design of gun systems for greater accuracy by
exploiting the new technological advances. The present

Symposium represents the continuing intervest of the U.S.

Army 1in this divrection.




These proceedings contaln nearly thirty-five papers
presented at the Symposium held at the Hiltoan Inn of the
Palw Beaches, Riviera Beach, FL, during 7-9 May 1985. The
papers represent the current research efforts on gun
dynamics and 1its effect on precision and design by
fndustrial, university, and Department of Defense
Laboratories in the United States and two allied nations -
the United Kingdom and the Federal Republic of West
Germany.

The editors gratefully acknowicdge the work of Ellen Fogarty

in preparing volumes I and II of Gun Dynamics, and her

assistance in the collecticn of the papers and the required

clearances,
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TITLE: Technclogy Review on Projectile Gun Disengagement

s Dr. Rurik K. Loder
USA Ballistic Research Laboracory
Aberdeen Proving Ground, MD 21005-5006

Dr. Roger K. Fancetlt
Royal Armament Research and Development Establishment
Fort llalstead, Savenoaks, Kent TN14 7BP

ABSTRACT:

This paper outlines the Iimportance of an accurate projectile lauach
definition to gun accuracy, projectlile-guu dynamics models, and gun system
diagneostics; reviews the technology vwhich 1s available for the investigation
of the projectile disengagement mechanism from the gun barrel; discusses the
relevant instrumentation and measurement methods; and describes the oagoing
research efforts, thus providing the introduction and basis to the other
papers.

This paper was unavailable at the timc the Procééﬂings wetre publishud, For
further i{nformaition, contact the acthore.
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TITLE: Description of the Joint BRL-RARDE 40-mm Experiment to Define
Projectile Launch
Jimmy Q. Schmidt
U.S. Army Rallistic Research Laboratory, Aberdeen Proving Ground,
M 21005-5006
Thomas 0. Andrews
Royal Armament Research and Development Establishment, Fort
Halstead, UK

ABSTRACT:

Acquistion of data pertaining to the launch parameters of a projectile is
very important for understanding the underlying causes of projectile-gun
system inaccuracy. These experimental data are also necessary in the
validation of the theoretical modelling of projectile—gun systems, During the
past several years, the Ballistic Research Laboratory has been developing a
new technique to measure projectile and gun tube motion during the launch of
the projectile. As part of the ongoing program, the Ballistic Research
Laboratory, US and the Royal Armament Research and Development Establishment,
UK, recently conducted a joint collaborative firing experiment with a 40-mm
gun. The primary purpose of the experiment was to assess the BRL system by
performing paraliel measurements using standard electrooptical methods. This
paper presents a brief description of the measurement techniques used, tke

=
BIOGRAPHY: N

PRESENT ASSIGNMENT: Electronic Development Techniciau, Ballistic
Research Labc catory, Aberdeen Proving Ground, MD, 21005-5006

PAST EXPERIENCE: Thirty-five years of electronic experience which
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DESCRIPTION OF THE JOINT BRL-RARDE 40-MM EXPERIMENT TO DEFINE PROJECTILE
LAUNOH

M. JIMMY Q. SCHMIDT
U.S. ARMY BALLISTIC RESEARQI LABORATORY
ABERDEEN PROVING GROUND, Mp 21005-5006

MR. THOMAS O. ANDREWS
ROYAL ARMAMENT RESEARCH AND DEVELOPMENT ESTABLISHMENT
FORT HALSTEAD, UK

1. INTRODUCTION

In May 1982 a new measurement technique [1] which provides measurements
of projecrile transverses digplacement during muszle exit was precentad by the
Ballistic Research Laboratory (BRL), at the Third U.S. Army Symposium on Gun
Dynamics. This new technique is a four sensor coil arrangement derived from
the Radio Frequency Oscillator (RFO) velocimeter commonly referred to as the
"Muzzleschmidt™. This method aroused considerable interest amorg the visiting
delegation of the Royal Armament Research and Development Establishment
(RARDE), from the United Kingdom (UK), because of its high potential of
providing the experimental means for defining the projectile launch.

The importance of accurately defining projectile launch parame+ers and
some of the previcus experimental methods used to obtain such data are
discussed in the opening paper of the Session,” iechnology Review on
Protectile Disengagement” by Dr. R.K. Loder (BRL) and Dr. Roger K. Fancett
(RARDE) .

During subsequent discussions between BRL and RARDE personnel it was
evident that both the US and the UK would benefit from a joint BRL/RARDE
program to as;ess the abllity and accuracy of the Schmidt displacement
transducers to measure both the projectile motion with respect to the gun
muzzle and the gun muzzle motion with respect to the ground duriag the
projectile-barrel disengagement. BRL would provide measurementis using the
Muzzleschmidt technlque while the UK made measuremenis using theilr optical
methods. By performing the test in the UK, RARDE persoanel would be able to
obtain a direct comparison of the measurement techniques and to assess the
relative wmerits of each. The US while also obtaining the direct comparison
would in effect obtain a dynamic calibration of the BRL method. This would be
highly desirable since the sgensitivity of the RFO seusor to mechanical
displacement 1is at least an order of magnitude greater than what 1is easily
obtained with a mechanical test calibrator.




SCHMIDT, ANDREWS

In May 1983, Mr. J.Q. Schmidt, BPL, visited RARDE to coordinate with Mr. (S@
T.0. Andrews and consider all the technical detalls and the time table for
preparing and conducting the joint firing experiment. This joint experiment
was carried out at RARDE in June 1984. This paper covers the experimental
aspect of the Joint collaborative firing experiment. A paper on the data
analysis will be given later in this Session.

The objective of this trial, fired in RARDE/GR2's range at Fort Halstead
using a 40-mm gun, was to compare the results obtained from Radio Frequency
inductive loop devices, developed at BRL, with the results of observations
using optical devices developed in the UK by Hunting Engineering Ltd. (HEL)
and by RARDE.

2. GENERAL OUTLINE OF THE TEST

A total of twenty-one 40-mm L60 ogival nosed projectiles were fired at
velocities of approximately 500 m/sec, using the RARDE Ord. Q.F. 40/70 gun.
One half of the projectiles were essentially unmodified and the other half
deliberately unbalanced to provide a yaw in excess of the maximum yaw normally
encountered with thils projeccile-gun system. Twelve of the rounds had a 0.254
mm undercut from 5,00 mm behind the bourrelet to 5.00 mm in front of the
rotating band. This undercut is used to accurately relate longitudinal points
on the recorded waveform corresponding to longitudal points on the projectile.

BRL provided the Instrumentation for the measurements of the displacement
of the projectlle with respect to the bore axis during shot exit using :ilLe 6:3
Muzzleschmidt technique. Measurements were made at two locations, one at the
muzzle, and one 2.54 cm fcrward of the first sensor. The use of dual sensors
allows the rate of yaw determination. BRL also provided a gun tube motion
measurement with respect to ground duriag shot exit, vsing & modified
Muzzleschmidt detector. Shot exit time was obtained by the BRL projectile
displacement sensor. Since the gun tube motion after shot exit may exceed the
clearance between the gun tube and the tuba motion sensor, RARDE built a
mechanical sliding platform to pull the gun tube motion sensor clear of the
gun after shot exit.

RARDE provided wmeasurements of gun tube motion at two stations some
distance to the rear of the BRL sensor mounting ccllar, using the HEL
electrooptical device incorporating a collimated light beam and knife edges.
During the latter stages of the test RARDE measured the projectile in-bore
yaw, using Peter Fuller's laser and optical grating method. 1In addition to
the specific test requirements, RARDE also measured breech pressure,
projectile velocity, and target strike. RARDE provided the data recording
facility. Projectile displacements were recorded on Nicolet digital
oscilloscopes with backup recording by a high speed digital data logger. Tube
motion measurements, both BRL and RARDE, plus shot exit time were recovded on
a second data logger with backup recording on an analog tape. Data recorded
on the data loggers were transferred to the Nicolet oscillcscope for storage
on floppy disc. This enabled BRL to hand carry the recorded data back for
processing. The RARDE in-bore yaw data were recorded en film.

One of the prime areas of concern was the mechanical compatibility which <§B
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ggb is quite often taken too lightly. When fabricating parts to fit a gun tube
based on mechanical drawings, quiie often problems are encountered such as
improper thread mating and unexpected variation in tolerances. To eliminate
any last minute problems, RARDE fabricated the mounting collar in the UK based
on BRL requlrements, assured proper fitting of the collar to the gun tube and
sent it to BRL for the sensor and electronics to be iastalled.

3. MEASUREMENT TECHNIQUES

As previously mentioned, BRL's measurements are based on the RFO
(Muzzleschmidt) technique while RARDE's measurements on optical methods. TEach
method has its relative merits and, by conducting parallel measurements, a
better assessment of each method is obtained. In addition, in view of the
information exchenge program between the US and the UK, the expertise gained
by the parallel test will be valuable in future information exchanges.

A, BRL, Dual Projectile Displacement Measuring System (Muzzleschmidt)

Several years ago the RFO technique was developed by BRL to provide a
method for measuring projectile velocity directly at the mrzzle, primarily on
tapid fire guns or moving gun systems. The basic concept is quite simple, an
inductive loop excived by a radio frequency oscillator and clamped to the
muzzle face detects the metallic parts of the projectile as it passes through
it [2]. The detected signal is an electrical pulse representative of the
geometric configuration of the projectile. Knowing the projecrile length, the

‘i’ measurement of the time duration of the detected pulse provides a measurewent
of muzzle velocity. Experience gained in the development ¢f the RFO
velocimetar lead to the development of the RFO system tc measure projectile
transverse displacement during muzzle exit [3]. The basic operation of the
system is explained in detall in the reference so only a very brief
explanation will be given here.

In the RFO displacement measuring system, the single circular sensor used
in the velocity measuring system ig replaced by a four segment seansor which is
configured to provide two semi-circular loops in the horizontal plane and two
semi-circular loops in the vertical plane as shown in Figure 1. Each sensor
loop 1s responsive to the proximity of the metallic parts of the projectile to
it. By electronically differencing the signal from the left and right loops a
measurement of the projectile displacement from the center axis 1s obtained as
a function of time. Vertical projectile displacement is obtained in the
identical way. The displacements from the center axis in the horizontal and
vertical plane as a function of time yield the angle and the orientation of
the projectile yaw. By electronically summing the detected signals, a pulse
is obtained from which velocity can be computed or used simply as a very
precige muzzle exit time.

Shown in Figure 2 is the basic block diagram of the seusors and the
summing and differencing circuits. The detected waveforms shown correspoud to
the detected signal of a cylindrical projectile perfectly aligned in the
horizontal plane. Should the projectile be displaced from center but have no |
< yaw, a positive or negative pulse would be obtained, the polarity being 1
cﬁy dependent on the direction of the displacement from the axis and the magnitude
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Figure 1. The Basic Sensor (oil Configuration for Measuring Projectile
Displacement

corresponding to the amount of displacement. The signal shown in the vertical

channel represents the projectile 'ith a fixed ysw in the vertical plane as

indicated by the linear slope of the pulse., If a rate of yaw were present at

the time the projectile was passing the sensor, the slope would be non-

linear. The summed signal is used to provide a profile of the pulse to assess

the acquired data, obtaln muzzle velocity, and for use as a muzzle exit

trigger. The summed signal is used to trigger the recording device. This is

necessary because the differenced signals can be ecither positive or negative-

going or even essentially zero, depending on the orientation of the projectile

as it passes through the sensor, @

By using two sensors, spaced a known distance apart, the rate of yaw can
be obtained from the simultaneous displacement measurements of the front znd
rear section of the projectile. This of course 1s an oversiaplification of
the complexity of the analysis, when one considers the complex motion caused
by the longitudinal displacement, the spin of the projectile, the rate of yaw
during disengagement, gun tube motion, awd minute seansor to gun displacements
caused by stress waves belng propagated down the gun tube. A complete
mathematical analysis of the projectile motion will be given in the data
analysis paper to follow this paper.

Shown in Figuve 3 is the block diagram of the dual projectile
displacement measuring system. The s:nsor and amplifier assemblies are
contained in two electronic housing boxes mounted on the collar at the gun
muzzle. The horizontal and vertical difference signals plus the horizontal
sumred signal from each sensor are coupled to the recording facility via co-
axial cables. Unity gain isolation amplifiers in the recording facility are
used to minimize 50 Hz ground loop currents. The horizontal and vertical
difference signals from each sensor were recorded on Nicolet digital B
oscilloscopes, using the horizontal summed signal as a trigger. -

B. BRL, Gun Tube Motion Measurement System
Since the measurements of projectile displaceme = are with respect to the

gun tube on which the sensors are mounted, gun tube motion measurements 6%5
relative to ground must be made in order to accurately determine projectile -
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Figure 2. Block Diagram of the Signal Processing Circuit
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Figure 3. Block Diagram of the Dual Projectile Displacement Measuring System =

motion in reference to ground. The RFO technique can also be used to measure
gun tube motion. By fabricating identical sensors and circuitry as used to
measure projectile displacement and mounting them in a metal loop surrounding
the gun tube, accurate measurements of tube motion can be obtained 1in the
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hWworizontal and vertical planes. Ideally, the clearance between the gun tube
and the sensor ring should be large enough that the gun tube would not strike
the seusor when counter -recoiling to the rest position. If the spacing
between the sensor ring and the muzzle face, or in this case the mounting
collar, 1s increased, the radiated field depth 1s greater, permitting the
gsensor tc be further from the gun. This causes a loss of definition of the
signal which is undesirable for precjectile mcasurements; however, for tube
motion measurewents an accurate definition cf the longitudinal displacement of
the gun 1s actually not necessary. This permits increasing the spacing
betwcen sensors for gun tube motion measurements. By placing two additional
rings of printed circuit (PC) substrate between the horizontal and vertical
sensors and one between each sensor and the metal mounting collar, the
radiated field depth was increased to provide measurements with a sensor ring
which is 10.0 mm larger in diameter than the gun,

Electrically, the sensor and assoclated circuitry were identical with
that used to measure projectile displacement with the exception of a lesser
signal bandwidth requirement. Mechanically, the sensor consists of a
vertically oriented sensor loop mounting attached to a small box housing the
electrouics. The box was mounted to an adjustable base providirg horizontal
and vertical adjustments to position the sensor loops equidistant from the
outer surface of the gun. Shown in Figure 4 is the basic configuration used
for gun tube motion measurements.

\ ADJUSTABLE BASE !

Figure 4. The Basic BRL (onfiguration Used for Gun Tube Mtion Measurements

Since this was the first test of the RFO techunique to measure the
transverse motion of the gun rube at projectile exit and the required
sensitivity was unknown, it was decided that 5.0 mm clearance would be
sufficient for tube displacement before and immediately after muzzle exit.
Howaver, provisions had to be made to pull the sensor forward several
centimeters after projectile exit so that the tube , after recoil, did not K?%
strike the sensor., It may be possible to ilucrease the diameter of the sensor
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rings sufficlently to prevent Interaction between the tube and the sensor in
future tests.

C. RARDE, Gun Tube Motion Measurement Technique

One optical method to measure gun tube mction is the use of a collimated
light beam passing over a knife edge and partially 1lluminating a large area
light sensitive diode through a narrow slit [4]. To measure transverse gun
tube motion, knife edges (razor blades) are mounted to the gun tube parallel
to the tube axis and perpendicular to the light beam. The razor blade is
positioned to partially bLlock the light beam passing through the slit masking
the photo-dinde. If the razor is mounted in a vertical posit on, partially
obscuring the light beam, than any vertical tube motion will move the razor
blade and cuause a lesser or greater amount of light to strike the sensor, The
detected signal is amplified and recorded. The signal 1is proportional to the
gun tube motion in the vertical plane, By using two light sources and sensors
positioned orthogonaliy, both the horizontal and vertical components of tube
motion can be measured. The basic test set up used to measutre tube motion is

shown in Figure 5.
UGHT SOURCEﬁ
SENSORS (VERTICAL) Q

BRL SYSYEM

BARRCL

' @\mws EDGES
SENSORS (HORIZONTAL) 0 o iyrcE

Figure 5. The Basic Electrooptical System To Measure Gun Tube Mtion
D. RARDE, Projectile In-bore Yaw Measurement System

This system determines the in-bore vaw of a projectile by the deflectiun
of a parallel beaw of laser light reflected from its nose {5]. The light from
a 16mW HeNe laser (wavelength 0.,000632 mm) is focused by a lens fitted to the
laser to give a point source of light in the focal plane of a concave mi.rvor

ITI-58




SCHMIDT, ANDREWS

300 wm in diameter (focal length 1220 wm, 48 inches). The lens is chosen so
that the mirror produces a beam of parallel light about 25 wm in diameter.

This beam of light, Figure 6, 1is reflected by plane mirrors to lie alorg
the tore axis. It is then reflected back by & reflective optical grating
fixed to the nose of the projectile and set to be accurstely perpendicular to
the projectile's axis. The grating has equal widths of reflecting and non-
reflecting surface, the reflecting strips being spaced at intervals of

LASER /

FASTAX
CINE-CAMERA /|
<= /' UGHT PROJCTOR FOR
~ - ! VERTICAL BAZREL MOTION
N T~ .
'/\ T~
GEAM SPLITTER I~ o
I T
|
|

ORL PROJECTUE MOTION LOOPS, *
WNHDE MUZZLE ATTACHMEXT

BRL TUME MOTION' LOOP

Figure 6. The Complete Instrumentation Layout

044233 mm. The area of the gracing is divided into two, with the grating
lines on one hzlf being perpeniicular to the lines on the other half, The
reflected light then consists of a central beam and four beams representing
the two first-order diffraction beams from each half of the grating. When
these beams, which return via the plane mirrors to the concave wirror, are
brought to a focus they produce five spots in the form of a "quincunx" (5-spot
die pattern).

A half-gilvered mirror is placed between the laser and the concave mirror
to act as a beam splitter. This reflects the returning beams away from the
laser to where the spots can be recorded on a cine film, at about 6000 frames
per second. The ends of fibre optic light guides are positioned in the focal
plane of the camera to provide reference points for film reading ond film
orientation.

The angular divergence of the beams producing the spot pattern depends
only on the grating spacing and on the laser wavelength and so provides an ¢
automatic yaw angle calibration. With the laser and gratings used for this Qsﬁ
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A trial, each outer spot is at an angle of 0.0855 degrees from the central spot;
but, as a yaw angle of 0.! degrees will deflect the spot pattern as a whole by
0.2 degrees, the yaw scale 1s obtained by taking the diagonal pairs of outer
spots as being 0.0855 degrees apart.

If the light beam reflected down the bore is truly parallel, then
deflection due to yaw, as viewed in the focal plane of the concave mirror, is
independent of the projectile's travel, Any change in scale which may occur
will be shown by a corresgponding change in the spot pattern size.

E. Data Recording

The prime consideration in choosing the mwethod of recording the trials
data was the need to provide coples of the data for BRL in a form suitable for
analysis in the United States, and preferably available to be taken to HRL
imuediately at the end of the trisl. This requirement involved more effort
than all other aspects of RARDE's preparation for the trial.

The recording system assembled was largely digital, with an analog tape
recorder as back-up for the low-frequency records, i.e., barrel motion aund
chamber pressure, with one projectile profile as a synchronlzing signal.

Three Nicolet Explorer II1 two-channel digital cscilloscopes were used to make
the primary high~frequency recordings of the outputs of the Schmidt
displacement transducers, with a Datalabs DL2800 transient recorder as back-
_ up. The primary low-frequency records were made using an eight channel
G!D Datalabs DL1200 transient recorder.

A Digital Equipuent Corp. MINC 11/03 computer was used to control the
transfer of data from the Datalabs recorders into one of the Nicolet
oscilloscopes and the recording of all the data on Nicolet disks. This could
readily be done in a few minutes between rounds. As opportunlty offered the
data were copied from the Nicolet disks onto MINC disks for later analysis at
RARDE so that the WNicolet disks were available to be taken to BRi for
analysis.

4. DETAILS OF THE BRL SENSORS

As agreed, preliminary and final drawings of the mounting for the
projectile displacement sensor were exchanged between BRL and RARDE. The
mounting collar was then fabricated by RARDE. During the time the collar was
being fabricated, the electronics were constructed as far as possible without
the sensor assembly. Upon receipt of the collar, sensor rings were fabricated
by BRL. Each sensor consist of three rings constructed from PC substrate.
Approximately 0.6 mm of copper was removed from the ID of the rings and the
adjacent ring undercut by the thickness of the copper clad as shown in Figure
7. This placed the ID of the sensor rings behind a protective layer of PC
substrate and provided a seal when epoxied together., This protective layer
was to prevent any metallic parts of the rotating band from striking the
sensor elements. After the sensor loops were formed from the copper clad and
leads attached, the sensor rings weve epoxied into the sensor housing and held

@38‘ in place by rings which screwed inte the housing.
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Figure 7. Projectile Displacement Sensor Rings Before Sensor Loop Formaticn

The complete sensor mounting collar was then agssembled and connected to
the oscillator circultry. The electronics for the muzzle sensor were housed
in a box on one side of the collar, while the electronics for the front sensor
were housed in a box oa the opposite side.,

The muzzle attachment consisted of a collar screwed onto the muzzle with
a ring bolted to the forward surface contalning two sets of BRL loops, one
close to the muzzle face and the cther 25.4 mm further forward, for the
observation of the position of the projectile. A further ring bolted to the
front of the attachment provided a measuring surface for the "tube motion”
loop.

Shown in Figure 8 18 a drawing of the collar assembly and the relative
positions of the sensor elements and the gun tube.

The complete projectile sensor assembly was electricslly checked out and
mounted on a dummy gun tube. Sensitivity checks were made using a mechanical
calibrator consisting of a steel cylinder with the diameter of the projectile,
which was inserted into the sensor area. The steel cylinder was dlsplaced
from the center line of the bore axis n 0,127 mm increments and measurements
were made in the radial direction every thirty degrees by inserting the face
plate of the calibrator into guide pin holes. The following sensitivities
were measured,

Muzzle Sensor Front Sensor
Left -~ Right 8.5 V/mm Left - Right 8.32 V/mm
Up ~ Down 8.58 V/mm Up - Down 7.76 V/um

Wwith sensitivities in the order of 8.0 V/mm it is easy to see the need for
an extremely precise mechanical calibrator which at this time 18 not
available, Therefore, at the present time, the calibration constants are
obtained via statistical data analysis. More precise calibration relations
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Figure 8. Relative Positions of Projectile Sensors and Gun Tube

based on the statistical analysis are used In the actual data analysis of the
recorded data.

Shown in Figure 9 is the complete projectile sensor assembly before
mounting to the gun tube. The asgsembly repnlaces the tflash hider which 1is
normally screwed onto the gun.

The tube motion sensor performs electrically identical to the projectile
sensor; however, In this case the sensor surrounds the muzzle collar rather
than the emerging projectile. Since longitudinal definition is not necessary
for tube motion measurements, and a greater spacing 1s required between the
sensor and the gun, the spacing between the sensor elements was lncreased.
Instead of three PC rings with a one PC ring spacing between elemernts as used
for the projectile sensor, six PC rings were used with the sensing elements
spaced twe PC substrate thicknesses apart. This provided a usable depth of
the radiated electromagnetic field of at least 6.00 mm.

The tube wotion sensor was mounted to the dummy gun tube fixture with the
projectile sensor collar. Calibration was performed by reccrding the
horizontal and vertical output voltages while repositioning the sensor
assembly with its horizontal and vertical adjustments on the base. Again this
is a rather crude method to calibrate, but at this time no other calibration
rig is available. The horizontal sensitivity was found to be 5.2 V/mm and the
vertical sensitivity was 4.8 V/mm, These sensitivities were with reduced gain
in the amplifier. Additional gain can be provided by the mmplifier but this
would limit the dynamic range of the measurement because of the amplifier
ouvtput limiting due to the voltage swing. This sensitivity provides a dynamic
range of tube motion of approximately % 2.5mm, Figure 10 1s a photograph of
the completed tube motion sensor.
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Figure 9. Complete Projectile Seunsor Assembly
‘5. DETAILS OF THE TEST

The actuval firing tests were conducted at the RARDE test range during the
two week period of 2% May through 12 June 1984. Interfaciug the BRL equipment
to the RARDE facility proceeded extremely well with no problems being
encountered elther mechanicaily or electrically. The fellowing data were
recorded, the longitudinal position given here being only approximate.

BRL, Prnjectile Horizontal Displacement at the Muzzle (Muzzle L-R)

BRL, Projectile Vertical Displacement at the Muzzle (Muzzle U-D)

BRL, Projectile Summed Horizontal Displacement at the Muzzle (Muzzle L+R)

BRL, Projectile Horizontal Displacement 2.54 cm forward of the Muzzle
Sensor (Front L-R)

BRL, Projectile Vertical Displacemeant 2,54 cm forward of the Muizzle Sensor
( Front U-D)

BRL, Projectile Summed Horizontal Displacement 2.54 cm forward of the
Mizzle Sensor (Front L+R)

BRL, Vertical Tube Motion at the Muzzle (BRL U~D)

BRL, Horizontal Tube Motion at the Muzzle (BRL L-R)

BRL, Prcjectile Muzzle Exit

RARDE, Vertical Tube Motion, 32.5 cm from the Mizzle (HEL Front Vertical)

RARDE, Horizontal Tube Motion, 32.5 cm from the Muzzle (HEL Frent
Horizontal)

RARDE, Vertical Tube Motion, 44.5 cm from the Mizzle (HEL Rear Vertical)

RARDE, Horizontal Tube Motion 44.5 cm from the Muzzle (HEL Rear
Horizontal)

RARDE, Breach Pressure

RARDE, Projectile Velocity

RARDE, Projectile In-bore Taw

RARDE, Projectile Strike Coordinates at the Target
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@ In addition tc these primary recordings, all prcjectile and tube motion 0
meagurements were put on backup recording devices to prevent loss of data., -

Shown in Figure 11 is the BRL and RARDE instrumentation attached to the
40-m gun. The laser set up to measure in-hore yaw 1s not shcwn in this
photograph,

Nineteen rounds were fired during the two week test perlod with two
additional rounds being fired by RARDE, after the BRL personnel left, to
obtain additional projectile in-bore data with Fuller's optical lever/grating
system. The projectiles were all fired at a velocity of approximately 525
m/sec. As previously mentioned some rounds fired were standard projectile
configurations and some rounds were deliberately unbalanced, Details of the
gun and projectile configuration fired are given below.

The gun and ammunition used were chosen because a considerable volume of
data had been obtained for these firing conditions in previous trials.

Gun: 40-mm L70, Barrel No. E3169, with 1 in 18 twist of rifling,
muzzle face machined to remove chamfer, BRL sensor assembly
fitted to muzzle in place of "Flash Hider."” Adapted into 6 Pdr. o
7 cwt breech rings and recoil mechanism mounted on range stand. B

Charge: All, 95 grams SC/Z, 0.02 um scroll propellant.
CE? Ignition: No. 12 M4 Percussion.
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Figure li. BRL and RARDE Instrumentation Attached to the 40-mm Gun

Projectiles:

All

Type A

A shell body, 40 wm/T Xk 4, Part No. SX252, fitted with a steel
base plug of local manufacture in place of a tracer.

Fitted with an ogival aluminum alloy nose plug and filled with
88 grams of H.E. Substitute wax giving a total waight of
approximetely 865 grams. The ceater of gravity is 64 .6 mn from

the basgse of the shell.

As A, but with the outer surface of the body turned down to form
an "undercut” 0.25 mwm deep from 5 mm behind the shoulder to 5 mm
in front of the driving band, a length varying between 34 .62 mm
and 35.05 mm. This reduces the shell weight by 8 grams and
moves the center of gravity 0.l7 mm towards the base.

ALUMINDS ALOY
NOSE MUG
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B

C As A, but deliberately unbalanced, with a 9,53 mm (3/8")
diameter steel rod, 77 .4 mm long, placed against one side of the
shell cavity, the cavity then being fiiled with Bees Wax, of
density 0.95 gram/ml, rather than H.E. Substitute wax of
density 1.674 gram/m;. The rod weighs 43 grams, and the Bees
Wax filling 45 grams, giving the same welght of filling (88
grams) and the same total shell weight. With a cavity diameter
of 27.53 mm and a rod diameter of 9.53 mm the rod axis is 9 mm
from the shell axis. The center of gravity of the complete
shell is 0.39 me off axis and possibly 0.1 mm nearer the base
than in type A.

OFISLT s 0D £3)wm .72 4o LONG
PLACED AGAWST BIDE Of $RELL Cawnty

RO0 AXS @ Sum OFFSET MOM SHlLL ARIS
LONG ARS = 0. D0me OFFSET $ROW WL AXIS

® =—

D With a machined outer surface as B, and unbalanced as C.

E As A, but with the aluminum alloy nose plug replaced by a flat
steel nose plug fitted with a reflective optical grating for in- o
bore yaw measurement. These shells also had a second groove :
machined in the body, behind the crimping groove, to take a
rubber obturating ring, to reduce the obscuration by gas leakage
of the light reflected from the optical grating. The total
shell weight 1s still 865 grams but the center of gravity is
possible 0.6 mm nearer the base than in type A.

BEIN FLL TO SMO0TT MONIY

WMASCTVE OFTCAL
GRATNG

F With a machined outer surface as B, and with an optical grating
and obturating ring as E.

k" G With a machined outer surface as B, and unbalanced as C, with an
optical grating and obturating ring as E.

I11~66




SCHMIDT, ANDREWS
6. PRELIMINARY RESULTS

Since the analysis of the recorded signals for the projectile and tube
mation 1s qulte complex and covered in detall in the following papers in this
sessicn, no attempt is made Lo present precise data analysis or assessment of
the comparative results. However, preliminary assessment of several rounds of
the recorded data gives some insight on the quality of the data recorded as
well as the general trends in the behavior of various configurations of the
projectile fired.

Comparison of the recorded data of tube motion seems to indicate that the
tube motion of similar rounds is fairly consistant. The unbalancing of the
projectile mass distribution produces a distinctly different motion near
muzzle exit yet is very similar within its patticular grouping. Unbalancing
the projectile in the opposite direction produces an opposite effect but still
similar within its particular grouping. Since only six rounds were fired with
the center of gravity (0G) offset in the vertical plane (three with the @G up
and three with the G down), there is not enough data to come to any firm
conclusion. Even with a greater number of data rounds statistical analysis is
necessary before any real degree of confidence can be placed on the rasults.

This is also true of the analysis of the projectile motion. Quick look
comparison of the projectile motion of the unbalenced rounds shows some
similarity within their pariiculat goouping {thiee reunds with the & offset
up and three rounds with the G offset down). However, examination of the
records cf the balanced rounds shows a wide variatiom in the epparent amount
of projectile yaw. Since these measurements are relative to the gun tube and
the gun tube motion during the launch phase of the projectile is distinctly
different for balanced rounds versus unbalanced rounds, complete analysis is
again necessary.

Data from the single BRL tube motion sensor provides only transverse tube
displacement and not the angle of the tube axis relative to the line of
sight. In general, however, the transverse tube motion during and immediately
aftar projectile exit using balanced rounds is small as compared to when
unbalanced rounds are fired.

Shown in Figure 12 are the recorded difference signals of projectile
displacement at the muzzle sensor for a balanced round with a slight undercut
from 5.00 mm behind the bourrelet to 5.00 mm in front of the rotating band.
The recorded vertical signal indicates that the projectile 1s well centered in
the vertical plane with virtually no Indication of projectile yaw relative to
the gun tube. The recording of the horizontal displacement indicates the
projectile is displaced from the center axis but, as in the case of the
vertical signal, with very little indication of projectile yaw. It should be
noted that these measurewnents are made with respect to the center axis of the
sensors and there can be a slight displacement between the center axls of the
sensor and the center axis of the gun tube. This will be taken into account
in the actual data reduction. The signal is clearly defined from the front of
the bourrelet to the rotating band. Figure 13 shows the horizomtal summed
signal of the same round. The undercut, the rotating band, and the groove for
crimping the case to the projectile are clearly defined.
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The recorded signal of the projectile displacement at the front sensor
for the same round, Figure 14, shows a substantial amount of yaw in both the
horizontal and vertical planes. Since this vaw internretation 18 relative to
the gun tube and the front of the projectile has disengaged from the gun, it
must be resolved as to whet'.er the amount of yaw is completely projectile
related or whether the muzzle of the gun is moving and affecting the
trajectory of the projectile. Both sets of information are important to gun
tube accuracy, since, even if the projectile was perfectly aligned with the
gun tube axis but the tube axis has actually moved, the trajectory will be
affected.

Shown in Figure 15 is the front-summed signal. Here again the
longitudinal reference points such as undercut, rotating band and groove are
very clearly defined. The difference in eignal amplitude in the rotating band
area can be attributed to the relative response of the sensor to the copper
band as compared Lo the steel projectile case and any asymmetrical engraving
of the band. These are only typical records of the test and direct
correlation between the projectile yaw and the location of the projectile
center of gravity or gun tube motion will have to be resolved in the complete
analysis of data.

A rough indication of the angle and the angle of orientation of yaw can
be obtained from this gquick look data. The data were recorded on the £ 4 volt
range or 8 volts total range of a Nicolet oscilloscope. The 12 bir resolution
of the Nicolet oscilloscope provides approximately 2 mV per point, therefore
the measured voltage can be read from the plot. A more accurate quick look
method is to read the voltage differential of the slope frcm the Nicolet
recordings. This provides a voltage differential, from the beginning of the
undercut to the end of it, of 668 mV for the horizontal and 678 mV for the
vertical signal. This agrees roughly with what can be read from the plot in
Figure 14 when plotted to this scale. The length of the undercut on this
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projectile was 35.05 mm. Taking intoc account the substrate thickness of the
sensor, the recorded values were measured after the raised shoulder of the
projectile had passed the sensor by the thickness of the substrate in front
and before the rezar raised shoulder passed by sensor by one substrate
thickness. Thercfore the baseline is actually 35.05 mm minus the thickness of
two substrates (3.175 mm) or 3! .875 mm. Using a horizontal sensitivity of
8.32 v/mm and a vertical sensitivity of 7.76 V/mm., The horizontal and
vertical component calculates to be 0.0813 wm and G.,0889 mm. By transposing
these values to zero and solving for the vector the displacement calculates to
be 0.120 mm down and to the left, looking downrange, at an angle of 42 .4
degrees ov 222 .4 degreces from the tweive 0'Clock position. The actual angle
of yaw is then simply calculated to be 0.216 degrees using . he arctangent
function. This of course is an oversimplification cf the analysis but still
gives a rough indication of the orientation of the projectile during the
launch phase.

The tube motion data acquired appears to be very good, The BRL loop and
RARDE sliding mount arrangement worked very well. After each round was fired
it was a simple matter to slide the sensor loop back into position. As a
common reference, prier to cach shot, the sensor was slid back so the rear of
the metal loop was 2.0 mm in front of the joint between the «nd cap and the
sensor housing.

Figures 16 through 20 are examples of tube motion data at the muzzle as
detected by the BRL sensor. Only the BRL data are presented, because the
RARDE measurements were made well to the rear of the muzzle and require
extrapolation of the data to obtaln motion at the muzzle. Shown in the
following examples are gun tube motion with a balanced projectile and with
projectiles unbalanced and loaded in the gun with the center of gravity (QG)
up, down, left, and right. These records are the actual recorded signals not
yet converted to actual displacements.
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Shown 1n Figure 16A are the horizontal and vertical displacements of the
tube when firing a balanced round., Also shown 1s the precise muzzle exit time
of the projectile., Figure 16B is the same measurement with the X and Y scale
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expanded to show more detail at muzzle exit time. As can be seen, even though
the gun has moved before projectiie exit, especlally in the vertical plane,
there 1s very little movement during the actual time of exit. There are
noticeable difference when examining the records of an unbalanced round. 1In
Figures 17A and 17B it can be seen that the gun tube is moving down at the
time of projectile exit and abruptly swings up during projectile exit, The
same effect 1s noticeable irn the horizontal plane during exit, the muzzle
abruptly moves left. Several other motions are noticeable. The projectile
during its in-bore travel rotates three full turns plus one hundred and forty
degrees. With the unbalanced projectile there 1s a modulation of the tube
displacement for zpproximately three and one half cycles before exit
indicating that the unbaianced projectile causes the muzzle to move in unison
with the spin as the pronjectile traverses the gun tube. This modulation
startg at approximately the start of projectile motion although it is hard to
ascertain from the visual interpretation of these records. Also by comparing
records of balanced versus unbalanced projectiles, it appears that this same
modulation is detectable on the summed projectile signal (muzzle exit

puise). The higher frequency modulation is probably caused by the stress
waves generated during engraving of the band. Figure 18A and 18B show the
displacement caused by an unbalanced round but loaded with the OG to the
right. Tne same effects are noticeable although in the opposite direction.
In the vertical plane the gun tube moticrn going down increases during
projectile exit while in the horizontal plane the tube abruptly moves right.
[t appears the effect of the projectile unbalance is forcing the tube into the
direction of the (@ offset of the projectile and then as the projectile
disengages, the tube abruptly swings the opposite direction. TFor example,
with the projectile making approximately three and one half turns during in-
bore travel and the G offset before firing to the left, the GG of the
projectile would be to the right at muzzie exit. If this forced the gun tube
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muzzle right then upon relesse, it would swing left. This same effect is
evident in the tube motion record when the projectile was loaded with the G

to the right. Also noticeable in these two examples is how long after
projectile exit the tube motion continues in that same direction. The same sort
of effect 1s evident in the records shown in Figures 19 and 20, although
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the major difference in motion is in the vertical plane which seems to confirm
the cause of motion. In these cases the projectile G was initially
positioned up and down. Or e again this is an oversimplification of the
required analysis but it should provide some insight on how the tube motion is
related to other factors such as projectile in-bore moticn. Also, with
further analysis it should be possible to calculate the tube motion at the
points in time the projectile displacement was measured. This should
ascertain how much of the measured yaw 1s in reference to ground and how much
apparent yaw 1Is due to tube motion.

Shown in Figures 21, and 22, are composite plots of the horizontal and
vertical tube motion for a balanced rouund, an unbalanced round with the GG to
the left, and an unbalanced rcund with the (G to the right. Approximate
projectile exit times are shown with “"tick" marks since a plot of the muzzle
exit signal would have made the displacement records hard to read. However,
the records clearly show the same effect producing tube motion in opposite
directions. Hopefully, further analysis wili either confirm this effect or
determine what the actual cauvse is. Since the tube records are very clean,
furci -r details should be obtainable. The records presented here are shown on
an arbitrary scale, which is sufficient for providing an example of the
motion.,

A typical record of the observed in-bore yaw, from Round 21, is shown in
Figure 23. This does not show the behavior of the projectile during the last
full turn of the rifling, but it appears by then to have settled down to a
constant yaw of the maximum allowed by its fit within the bore, turning at the
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rifling rate. The clearanrce betweer the projectile and the bore allows a
maximur in-bcre yaw of the order of 0.2 degrees to 0.25 degrees, The i-itial
angular motion, until this yaw angle is reached, occurs fore the firust
linear motion (7.5 milliceconds before time zero). The hesitations and
reversals of the precessiun of the vaw which follow n.y be due to variations
1.1 the contacc force and the frictional force betwveen the snhoulder of the
projectile arnd the bore; the last occurs shortly after the time of peak
prersure.

The result shown in Figure 23 exhibits a considereble difference in rcale
between the vertical and horizontar directions., This may arise from curvature
of the suppusedly plune mirrorg. One of these, sitvated necessarily on the
bore nxis, is destroyed by the shot, it cannot be supported anywhere but at
its edges.
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7. SUMMARY

At this time all preliainary avualysis resuits indicate vhat the joiat
test was very successful; but, how successtul really is never knowr until the
data anulys' s it completed. The quallty of the aala 3ppzrrs to be very good
and, with few excepticas, 511 the dats desired are recorded. No prouleams were
encouitered in intevfacing the BRL and RARDE systems c¢r perioraing the test.
In fact, the only probles in the whole program was o delay caused by the
exchange of drawings wihich were temporarily sidetracked Inm the cfficial US
comwnicatior chaunel,

This waz the first time tnat tube motion mzasurements were made using the
Scimidr displacement transducers and a great deal of inforwatlon was obtained
whtich ghould be useful in future test. Based on thy apparent high quality of
the tube motfion da.a, future tube motiou measurements vuing the Schuidt
aigsplaccrent transducer will employ at least (we sensors to oktain the angle
of tube disy)acemunt at muzzle exit, The recordvd signals of the projectils
displacements are algv of good quality and it ig hopcd that compariscn with
rhe in—Love laser measuvameats made by WKARDE will further confirm tie BRL
ileasurearaty, Future tests will be conducted usfiz a symmetricsl meuntiung
collar with the prolectile measurement electronics iscated oft of the gun.
This will pro-ide a symmetrical measuring surface for dial tube motlown
measurements and protect the electronics.
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TITLE: Results of the Joint BRL-RARDE 40-mm Firing Experiment to Define
Projectile Launch

Dr. Rurik K. Loder and Emmsz M. Wineholt

USA Ballistic Research Laboratory
Aberdeen Proving Ground, MD 21005-5006

Dr. Roger K. Fancett
Royal Armament Research and Development Establishment
Fort Halstead, Sevenoaks, Kent TNL4 7BP

ABSTRACT:

Using the BRI and the two HEL displacement data sets Individually as
well as combined, the muzzle moticn of the instrumented 40-mm L70 caanon is
determined and evaluated for the total interilor ballistic cycle from the
taitiation of the firing until shortl: after the projectile has left the
muzzle. The validity of the indirect y calculated muzzle recoil is examined
by comparing it with recoil data obtalned by an earlier experiment with the
same gun and ammunition. The time window corresponding to the projectile-gun
diseugagement is expanded to the same temporal reasolution as used in the
analysils of the projectile motion, and the linear displacement vector and the
pointing direction of the coordinate system which moves with the muzzle are
computed as functions of time.

The projectile motion - the vecters tor the linear displacement of s
the center of mass and the angular orientation of the axis and their
derivatives with respect to time - during the projectile gun disengagement
time 1s computed by employing the previously described data analysis progranm
to the two recorded data sets, graphically preseunted with reaspect to both the
muzzle and the ground frame of reference, and discussed. The axlal compeonent
of the projectile velocity obtained from the analysis of the 3chmidt
displacement trausducers is compared with the velocity recorded downrange and
the veloclity gain in the muzzle blast regime 13 estimated. The projectile
yaw, l.e., the orientation of the vector for the projectile axis with respect
to the velocity vector of the center of the mass, is displayed with the data
from Fuller's optical lever arrangement overlaid, whenever applicable.

The variations in the ianitial coundition =~ projectile unbalance aad
its orientation in the gun chamber - ave correlated to the linear and angular
motlon of the muzzle and the projectile immediately before and after the
projectile separation from the gun barrel and related to the recorded impact
location on the target.

This paper was unavallable at the time the Proceedings were published. For
further information, contact the authors.
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TITLE: Data Analyeis Procedure for the Schmidt Displacement Transducer
to Extract Projectile Launch and Muzzle Motion

Dr., Rurik K. Loder and Emma M. Wineholt
USA Ballistic Research Laboratory
Aberdeen Proving Ground, MD 21005-5006

ABSTRACT:

This paper delineates the analysis concept and procedure used in the
development of the data analysis program. The projectile-related analysis
program contalns: (1) the data base describing the frame of reference, the
bore geometry of the muzzle in reference to the locations of the twe seasors
used in the experiment, the contour geometry of the projectile, and the
recorded data; (§i) the analysis of a subset of data to establish pointe of
reference for the temporal alignment of the projectile contour with the data
sequence and to extract the axial component of the projectile motion; (ii1)
the analysis of the remaining data to spatially align the coordinate systems
of the two displacement sensors, extract the transverse displacement of the
center of the projectile contour from the sensor axis from the data in the
presence of large amplitude colored noise, and convert these displacements
into the vectorial desceription of the motion of the projectile'’s center of
mags aad the angular motion of projectile's axis about the direction given by
the velocity vector of the center of mass; and (iv) the utilization of the
rasulte of the auteceding analysis to determine the plvotal location on the
projecciie axis and the otjeutation of the tube axis with resgpect to the fraomae
of reference, rapresent the projectile motion with respect to the tube axis,
and estimate the asymmetry of rotating band engraving. The frawe of reference
is the coordinate system given by one of the two seasor systems and, hence,
moves with the muzzle. The analysis program allows the superposition of the
muzzle motion and the description of the projectile motion with the respect to
the frame of reference in which the muzzle motion 1is defined.

The analysls program for the muzzle displacemeut data is straightforward.
The data are converted into displacements and superimposed on the displace-
ment equaticn for a moving, fleaural beam in the least squares sense.
Esgentially, the transverse displacements of the muzzle section of the gun
barrel are set forth as polynomials in the axial position, with the
coefficients varying in time and satisfying the end conditions for a free beam
at the muzzle face. Since the sensor position with respect to the muzzle is a
function of gun recoil, the correlations between the data and the model
parameters are expressed such that five of the six degrees of freedom are
obtained. Only the rotation about the bore axis is not extractable. The
program permits tha analyis of data sets from one or more wmeasurement
stations. If the data of only one station are used, the muzzle section is
considered a rigid base which moves in space.

This paper was unavailable at the tiwe the Proceedings were published. For
further information, contact the authors.
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g Projectile Launch
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Dr. Roger K. Fancett
KRoyal Armament Research and Development Establishment
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ABSTRACT:

Results from the 37-mm and 40-mm caliber firings are used to
evaluate the performance of the Schmidt displacement transducer for the
neasurement of the muzzle motion as well as the projectile dynamics during
the final phase of the interior ballistic cycle. Limitations aand shortcomings
in the current instrumentation design and measurement technlque which includes
the data analysis procedure are diacussed, together with possible avenues of
its Lmprovement and research in progress.

This paper was unavsilable at the time the Proceedings were published. For
further information, cyntact the authors.
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Duriag Firing y
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Armament Research and Development Center
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Benet Weapons Laboratory
Watervliet, NY 12189-5000

ABSTRACT:

This work presents new meagurements of trangverse motion of the 30

ma (GAU-8) gun tube first reported at the Third Gun Dynam.cs Symposium in
1932. The measurements a-e unique and fully corroborated through the use of _"
two independent measuring devices. 1In particular, the work discusses three o
items of interest. First, there definitely exists a 'base-line' transverse !
tube movement, the cause of which has yat to be determlned. The magnitude of
this motiocn 13 of the same order as that due to other causes Iintentionally
introduced for study. Second, intentionally introducing an eccentriec breech
mage produces muzzle digplacemaents in good agreement with thearetical models,
provided the base~line component 1s accounted for. Finally, the nmuzzle

g ratation created by the moving projectile - though ingigniffcant when

C operating alone - 1s strongly coupled to, and capable of greatly wmodifying the
rotation due to other causes. This coupling does not appear to strongly N
affect muzzle displacement. 1t is concluded that predictions from gun "
dynamics models which agree well with displacement measurements, may err
greatly when used to predict muzzle rotation, the quantity of which 1s of
central intevest.
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CORROBORATIVE MEASUREMENTS OF THE TRANSVERSE MOTION
OF A GUN TUBE DURING FIRING

T. E. SIMKINS, G. A. PFLEGL, ARD R. D. SCANLON
U.S. ARMY ARMAMENT, MUNITIONS, AND CHEMICAL COMMAND
ARMAMENT RESEARCH AND DEVELOPMENT CENTER
LARGE CALIBER WEAPON SYSTEMS LABORATORY
BENET WEAPONS LABORATORY
WATERVLIET, NY 12189-5000

1. TINTRODUCTION

The work herein reports further measureme: :8 of the transverse
muzzle motion of an elastically suspended 30 mm gun tube. When last reported
[1}], there were signlficant but unexplained muzzle movemeuis prior to shot
ejection. As a result, the credibllity of the measurements of these motions
was brought into question and it was decided that further analysis could not
be justiffed until €fully corroborated measurements were in hand. It was
decided that two completely independent methods of measuring muzzle
displacenent would be employed simultaneously and that close agreement of
these measurements would be demanded for acceptability. This quest for
corroborated - and hence believable - measurements was highly successful as
the results herein will demonstrate.

Having the proper iustrumentation and meagsurement techniques in
hand, however, did not guarantee immediate success ia totally explaining the
moetions of the 30 mm tube during firiug — the central problem of gun dynamics
to which we have finally been able to return. Latest measuremeats, although
greatly improved from those reported in 1982 {1}, still reveal an unexplained
transvergse movement of the tube prior to shot ejection. Furthermore, the
magnitude of this motion is roughly the same as that which is to be studied
from intentional causes such as tube curvature, tube and/or projectile
eccentricity, etc. There can be little doubt that the cause of this
underiying motlon will be found, but as yet this 1is not the case.

2. EXPERIMENTAL DESIGN AND INSTRUMENTATION

Referring to Figure 1, the 30 mm/GAU-8 gun tube was suspended as
described in Reference 1. Briefly, the tube is suspended by two pairs of
wires from a virtually rigid overhead structure. The wires are 0.026 inch in
diameter and each 1s approximately 50 inches in length. The recoiling tube
thus behavec as an elastic bar-pendulum, stretching each wire approximately
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*SIMKINS, PFLEGL, SCANLON

0.010 inch at shot ejection. A NASTRAN model of this means of support 88&
indicates that the wire support loads create negligible traansverse tube motion

prior to shot ejection, i.e., that the suspension as modeled can be regarded

as 'soft.' Following shot ejection, the recoill motion is arrested by contact

between a circular buffer plate attached to the breech and a block of

open-cell silica foam. (This foam has been found far supericr to the

'styrafoam' used previously.)

The propellant charge used in these experiments is half that
normally used in a standard GAU=-8 round and yields a maximum pressure of about
10,000 psi. The round is geparated from its case and manually started Into
the origln of rifling with a light tap. The cartvidge case containing the B
propellant is then Inserted and forced home as the threaded breech cap is .
tightened. The breech cap contalns a small central recess into which an :
electrically actuated, propellant-driven flring pin is inserted.*

Instrumentation used to perform the measurements preseated herein
consists of two late model optical trackers (trade name - 'Optron'}, and one
so—-called 'eddy probe' manufactured by Dymac Division of Scientific-Atlanta.
One Optron is used with a light scurce which 1s intervupted as the shot leaves
the muzzle. This, plus a breakwire mounted across the muzzle provides two
independent measurements of the time of shot ejection. Agreement betweean the
two is within 0.0002 seconds. It is hoped that in the future an inductance
deyice will improve this measurement. The remaining Optron 13 used to record
the vertical motion of the tube approximately six inches rearward of the
muzzle. From this point the muzzle protrudes into 2 tube which exits through eia !
a wall of the room. The tube protects the Instrumentation from wuzzle flash
and smoke. The end of this tube also serves as a mounting place for the eddy
probe which 1s positioned G.050 inch directly over the polnt of the tube being
followed by the tracker. Thus the tracker and the eddy probe both follow the
motion of the same point on the upper surface of the tube at all times. Owing
to recoll, of course, different waterlal surface polats are being tracked in
time, l.e., the measurement frame is Bulerian, not Lagraagiaun. This
difterence 1s of little coansequence for the purpose at hand, however.

Measurements are monltored and recorded digitally on a four—-channel
Nicolet system. Approximately twenty milliseconds of data are recorded from
each round using the nuzzle breakwire and a trigger.

3. MEASUREMENTS OF GUN TUBE MOTION

Figure 2 shows the moticn of the muzzle as measured by an optical
tracker and by the eddy probe. Shot ejection is taken at t = 0.0. It {isg
estimated that most of the time agreement is within 0.0002 inch (0.2 wils).
Asgsuming sufficient care Ls taken to duplicate all of the preliminaries, a
second shot will produce measurements in close agreement with those of the
first shot. This 1is exemplified in Figure 3.

*These 'mini~actuators' are maaufactured by ICI Americas, Inc., Atlas
dercspace Division, P.0. Box 819, Valley Forge, PA. ga
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*SIMKINS, PFLEGL.,, SCANLON

Presently there 1s no explanation as to the cause of the motions
deplcted in Figures 2 and 3, 1.e., no eccentric masses have been applied to
the tube, and the curvature of the tube 'as manufactured' is not sufficient
(according to our two computer models) to create motion of this magnitude.
Likewise, the support reactions applied by the wires are not supposed to
change radically during recoil. (A thorough check of these reaction forces is
presently underway.)

Figure 4 shows the displacement of the muzzle when an eccentric mass
is added to the breech end of the tube. The eccentric mass is crearted by
sinply replacing the 7.75 1b circular buffer plate with an identical one vhose
center is located below the central axis of the tube. The weight of the
entire vecoiling maes 1s 90.8 1lbs. The eccentric location of the buffer plate
is 1.3 inches directly below the bore axis of the tube. In Figure 5 the
responge shown in Figures 2 and 3 is taken as a 'base~line' and subtracted
from that of ¥igure 4. The result is in reasonable agreement with that
predicted by a NASTRAN model of the system. This {3 shown in Figure 6.

4. MODEL VALIDATION

The agreement showa in Figure 6 is at least as close as that in
Flgure 2, 1f one disregards the higher fraguency components of the motion
{probably radial vibrations); i.e., the experimental wmeasurements and the
NASTRAN-nredicted muzzle digplacemcnts agree to the same cxteat as cur
measurenent devices. It would appear, therefore, that we have a useful and
validated computer model. Assuming this to be the case, one of the most
expected uses of a computer model of a gun system {8 to predict muzzle
rotation. It is of much more interest to kaow muzzle rotation than it {s to
know muzzle displacement, target ertvor belng assoclated most strongly with the
former. Can our NASTRAN model be trusted to predict muzzle rotation? The
answer 1s very negative. One reason for this will be showa ~ the fact that
our NASTRAN model does not account for moving projectile mass. Uanfortunately,
there may be others.

In Figures 7a through 7d the predicted muzzle response due to an
eccentric breech mass with and without the presence-of the moving projectile
mass are compated. {(These predictions were produced by a second computer code
in which moving mass effects are easier to include.) 1t is observed that
although there is close agreement between muzzle displacement predictions with
and without woving mass effects, the prediction of the (all-important) muzzle
rotations aie totally diftereat. Thus the effect of moving projectile mass
cannot be ignored.

While {1t has been ghown that moving projectile mass nmust be included
in any mathematical model from which muzzle rotation predictions are expected,
this i3 by no means a sufficient condition. OCther effects normally overlooked
and expected to be negligible, may have to be included also. Most important,
one may not know what they are, or in what detail te describe them. For
example, the muzzle rotation predicted when th: moving projectile is included
may well depend on the detail with which it is modeled. (In Figures 7¢ and
7d, the projectile was simply modeled as a moving point mass.) It may be

v-7
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*STUVINS, PLLAGL, SCANLON i

concludzd, tberefore, that the only way ts be cevtain that a molel c¢aia be
trusted to predict muzzle rotations 1s by experlemuntal verificaliou ~ the very
vesk onz hoped o avord! In eonclusion, conplete w2l valldation requiren

naasure aent of displacement and rotacion. 1|§
1

1IN

That the inclrelon of movin, nrojectile mass in any mathewatical ‘H

modei of a gun system wonld hav: such a drarstlc etfec. on predicting muzzle
rotations niy comu &8 a suvpris: toe scuw Investigators. Aftor 311,
predictions of malzia motion due to a moving prajectile mass i the abcence of
other load functio.s (such as eccentric breech wass, support reactions,
curvature, etc.) hav: been virtually uvegii, ible. One wiear not forget,
howeve:, thot the tube response due to comblnatians of lrad funcitons which
ave mo:ion~Cependent, 1 not simply tue sum ol the respunzaes due to eacl. 1nad
acting indepentently. Even though ovne is dealing in generol with £ 1inear i
model based on soue par ficular ilinear pactlal ditfcrentia’ ~quatfon (p.c «.), -
the differential ogeratur 1s alteved every tlar a2 mgtiion-deprnd~nt icd 1is
includzd or excluded. The operator must remaln the same in order for Llimear
supevpogltion tc hold. For exraple, coasidar the pa-tlal cifiereutisl 3
aquatiens corredpundiag to Figuro s 7o threwgh 7d.  If tue movin, proiectile R
mass and an ecceniric breech mast ure both includued, the p.a.c. e £
: s
CELy™)™ + py = aMa(t) 6" {(x) - mp(y+2y:E#§2y"+g)6:u—£} L)

wher:: a{t} 1s tha recoil acc-:lersti~n of a breech murs ¥ luze-ed dlatance €
from the bar: axis (see Figure 7a), m, 1i¢ the mas. of tie projectiie lucated
di. a (‘stauce §(t, from the breech end or Lue tubc, v ii che trangvevrse 1
disp.acemeni of tie tubz, § i3 the Dicac fenction, and g 1s tha grsvitaticnal g
conskaits  Note that rhz projectile mass creates a norien—depeundent Load

funciio: ~ it deponds on y and i1 derfvetrves. The solution to Eq. (1) at

the muzzle 18 rhown 1n Figei es 7a and 7b.

Oa the other hand, if che moving projectile is neglected

(EIy™)" + oy = Ma(t) 2 (x) (2)

aad the solution is shew . da rigures 7¢ und d. A guick glaoce she.s that the
displacement 1s hatdly changea frem Figure /a, bui the rotvatisa (y') is
compictely diffarent.

hoe coa~ider the cese where the moviug prolecelle 18 the only
«ad acting). The w.d.e. JIs

(EL™)" + oy = =my(y+2y'+E%"+g) 6(x-5) (3

“ie muzile displacement and rotatifon corresponding to this equation are ghown

in Figute 8. Asg can be seen, their magnitudes are very small. If these are .
added to those from Eq. (2), hardly any change to Figures 7c¢ and 7d would o
result, demonstrating that solufions to Eqs. (2) and (3) cannot be summed to :
yield the solution to Eq. (1). fhis 18 shown in Figure 9. In effect, the

motion~dependent term affects the operator of the p.d.e. and one cannot add .
golutions to equations with di{ferent operators. I
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5. CONCLUSLON
1. The measurement of transverse tube displacements during firing

can now be accomplished with a high degree of confidence. E3ddy probes and
optical trackers may be expected to disagree as much ag 0.0005 inch (0.0.27

mm). Neither device can be assumed superior to the other, but eddy probes are

relatively inexpensive — almost expendable, and very easy to use by
conparisoun.

2. There ls no way to know if all motion—-dependent load functiong
have been accounted for in a given mathematical model or if those which have
be2n accounted for have been described fn sufficlent detatl. It has been
shown herein that motion—dependent load functions, which are unimportant when
acting alone, become very lmportant when acting in concert with other 1locads.
The importance of such motion-dependent loads cannot be assessed from their
effects on tube displacement which may te minimal. Tube rotation, however,
may depand significantly on the Inclusion and proper description of these
loads. Thus, a model should not be considered validated until displacement
and rotation have been verified experimentally. Needless to say, all models
mist be validated to be of any use. In view of this, it is important to the
future of analytical gun dynamics that means be fouad to obtain measurements
of tube rotations - particularly at the muzzle. In addition, such

measuremcats should be corrohorated.
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THOMASSON
THE DEVELOPMENT OF AN ALGORITHM FOR SKOT/BARREL
INTERACTION CALCULATIONS

PETER G. THOMASSON
CRANFIELD INSTITUTE OF TECHNOLOGY
CRANFIELD
BEDFORD MK43 OAL

INTRODUCTION

Whenever a gun is fired a projectile is propelied viclently along the
barrel, whilst at the same time the barrel receils. The magnitude of the
resultant accelerations can cause large forces and moments to be applied
to the barrel in the lateral direction and these then produce flaxural
waves that travel along the barrel. As a result, by the time the projectile
is launched, the muzzle may have considerable transverse velocity and
displacement and thus the projectiie departs in a slightly different
direction to that which was intended.

A second effect is that whilst the shot travels up the barrel it
may undergo considerable vibration relative to the barrel due to the finite
stiffness of its driving bands, gyroscopic motions, shot/barrel clearances
etc. Therefore even in a perfectly rigid barrel the shot may depart with
considerable lateral disturbance due to its internal motion within the
barrel.

In practice both of these effects are present at the same time and
they are probably coupled together as well. The calculation of these
effects poses some considerable computational difficulties. The
vibrational frequencies of the shot whilst in the barrel are quite high,
usually in excess of 1KHz, but the flexural motion of the barrel
usually has a fundamental frequency of only a few Hz. As a result using
standard numerical integration techniques, the equations of both the
shot and the barre! would have to be solved using very small time steps,
sufficiently small to ensure that the high frequencies of the projectile
dynamics were handied in an accurate and stable manner. Typically step
sizes of the order of 10y secs would be required to compute the shot motion
and on a computer such as the YAX the solution of the motion of the shot
alone would take quite a considerable time. Add to this the model of
the gun barrel with 100 or mere degrees of freedom and the solution time
would escalate considerably.

IvV-18
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This report addresses the problem of how this excessive solution
time can be reduced. In addition it attempts to use the already established
SHOCK-AID solution techniques Ref. (2} in such a manner that advantage is
taken of the ability of SHOCK-AID to model barrels simply and efficiently.
The major problem however with the latter approach is that SHOCK-AID is
based upon 2 modal sucerposition system that takes advantage of the linear

nature of the flexural equations of the barrel. Motion of the shot is
non linear and hence does not lend itself to modal style solution,

and as a result some method has to be found to couple the modal solution

of the barrel flexure with the numerical integraiton of the shot motion.
Details of the shot model were given in Ref. (3) along with very brief
details of the interaction technique. This paper considers the computational
details of the shot/barrel interaction in detail. In order to demonstrate
the nature of the problem and its solution, a simplified modal of shot/barrel
interaction is considered so as to remove non essential detail from the
preblem.

€.0 An initiai simpiified modei

The shot is a relatively small mass ccnnected to the barrel via
stiff springs, whe; cas the barrel is a very large mass having a relatively
low stiffness. As a result the simplest model of the two elements
combined together is a two mass spring system as shown below

kg kg
— m - - > F
g S

ms and kg represent the mass and stiffness of the shot whilst mg and

kg represent the mass and stiffness of the gun. External forces applied
to the shot (they may include dynamic effects such as gyroscopic farces
etc.) are represented by F,

The equations of motion of the system are

IV-19
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k. -k k
R:-_l___.s.x 4--5..)(
g m 9 S
g 9
k k
s S F
ks-ﬁ:XQ-ﬁ;xs+ﬁ;

assuming x.(0) = xg(O) = kg(0) = Big(O) =0

and using Laplace Transforms we can write,

(k_ + k.)/m ' k
g S g + ! -1 + _._g..t.._?_/_m.g Loswlt
s wi wi (wd - w2)

x
"
5|-n

(k, + k
( JT’ S—)-/—'Pﬂ) cosw, t ()

y_;.—f_s.-.ﬁl’] + ] /l— - ! -
9 '“g'"s‘:iws (v - W)\ W W

~
=]
n
E
-
1
l -
~
>
n
E
(=2
~
LT g

and w, and w, are given by

k k_ k
2W2 = - — + ——————-g._> ,‘/(\—- + —-~-—-—9—-> 4 h—s-ﬁg (3)
59

Now in order that we have representative values for the constants

in the ahove we assume the following:

kg = 3.95 E10 N/m
me = 10 kg

kg = 6.32 E8 M/m
mg = 100 kg

F =6.32 E5 N

These fiqures mean that the natural frequency of the shot mass on its
own is about 10 KHz whiist that of the barrel element on its own is

about 400 Hz, The load F produces a static defiection of the barrel A
element of Tmm. Qjﬁ
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Using the above data in equation (3) gives

iy ” ‘

k
. 9 . wz = _S (4)
= » 2 -
1 mg me

and since w: >> w§ we can write

. F -~
Xg E—(] cosw,t) (5)
g
F k
Xg ® IT(] - cosw,t - Eﬂ cosw,t) (6)
g s
and thus
X - x_ s cosw,t (7)
s g K; 2

In order to represent the shot barrel model using SHOCK-AID the
obvious approach would be to solve the motion of the gun mass using
the SHOCK-AID modal technique and solve the shot motion via a numerical
solution such as Runge Kutta or a predictor/corrector technique. In
order to link the two solutions some form of iterative scheme would

@ be required.

If we denote the force in the shot spring by the letter f,i.e.
f = ks(xS - xg) (8)

then the equations of motion become,

=
¢
u

gtg = Kgg* f (9)

m % =F-f (10)
If we consider the barrel mass and spring alone we can write,

X = - Eﬂ x + 5 - ae L (1)
mg m g mg

and in order to solve (11) we need to know the variation of “f" with

time,however, as equation (8) shows “f" is itseif dependant upon the i
solution of (11). VJF

ZS)

K
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Ignoring for the moment the implicit variation of "f" with "x "

g .2
we can write the solution of (11) as, C&ES
t . !
ry = xgl0) + [ F0 stnC o U (12)
) 9 :
t
2y = vg(0) + f 1) cos it - 1)de (13)
0 9

Let b = f/mg then expanding the integrals thus,

t t t
Jﬂ b(1)sin x(t - 1)dt _ s1nwwt Jf b(t)cos wrdt - Eﬂé_ﬂi b(<)sin wrdt
(14) >
and the integrals can be represented by j}
r’t+At ({+At
P W S Y 2 Y AsY = MHEY hieVrne wrde {185
J WViLJLUD wiul viL T Auvyg vyLy vJ WAL jewie LML ;
° t ¢
teit teat K
J( b(t)sin wrdt = k(t + At) = k(t) tfﬁ tb{t)sin wrdt (16) '?T
o t ‘)
A linear approximation to "b" is used by ietting b = mt + ¢ over the ,@
step At, then, ;:
_ b(tQ + At) - b(tp) ‘.
m = AT (]7) g
c = b(ty) - mt, 18} t
ﬁ‘
We can thus write (15) and (16) as -
Ity + at) = J(t )« JINC(t,) (19}
k(t, + At) = k(t,) + KINC(t,) (200,
Y
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to+At

where
tp+at . Lo
JINC(t ) =f (mr + clcos wrdy = oS wr  musinwr , CSTR Wi (21)
0 A w? w w
0 ty
to+At 0*8t
KINC(t ) =f (m + c)sin widt = ["5"‘ WU _ BIcOs wr _ G310 wr (22)
2
t w w w t
and thus the final sclution for xg and vg is,
_ sin wt
Xgltg + 8t) = xg(ty) + S0 Dey) « JINC(to )
cos wt f
- SOS ML fie(tg) + KINC(tg)} (23)
¢
\g(t0 + At) = vg(to) + Cos wt ‘F(to) + KINC(t°§$
(24)

+ sin wt {:](to) + JINC(to)}

The above equations represent a SHOCK-AID modal type sclution to the

motion of the gun mass,
Having produced & SHOCK-AID style solution for the gun element

and a standard numerical solution for the shot, the next questinn is
A possible scheme

how to integrate the two calculations together.

is as follows:
(i) Estimate the acceleration of the gun element uver the interval

tn > to + AT
(26)

vg = (kgxg - f)/mg
Compute the shot motion using the predicted motion of x

*

9

(i1)
(27)

xg(to) + vg(to)At + iog(to)At’

x;(f) T

.'.:,:":‘ -.

s SRR

e,

i
N [
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>
N‘é

to calculate the variation of "f" over the step to -+ t0 + AT, 6&&

At the same time compute "avsf" the average value of f over

the interval,

(iii) Compute the motion of the gun element using f = avsf as the
applied spring force over the interval.

(iv) Coﬁpare xg(t0 + AT) from step 3 above with xg(t + A7), If they
agree (within a suitable tolerance) then advance the solution
otherwise re-estimate Og at step 1 and repeat the calculations.

A progran to implement the above was produced, It used the average
force over the interval not a linear variation. Jth2» representations
of the force variation were investigated, but all versions of *h= oregram
appeared to have a common draw back in that it was not in general possible
to drive Xq and xa into agreement. No matter how long the program
]

iterated if aiways seemed o converge on a solution which had a sma

but steady error between Xg and x g' e:; fﬂ?
The problem was that the model wes too simple in that

it only uses two mass spring elements. A more representative model B

is a three element model. The reasons for this are explained in the 3

next section. &
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3.0 Three Mass Spring System

As mentioned above a twc mass/spring model for shot barrel interactions
is ton simpie. The reason for this is that there are in fact THREE
types of elements in such a problem. They are:

(i) The shot element or elements
(ii) The contact elements, i.e. those elements that the shot applies
forces to directly.
(iii) Internal gun elements that have no direct contact with the shot.

The reason for treating each of the above elements differently
is that they experience forces of very different frequency content, A
shot element is subjected to very high frequencies due to its low mass
and its high contact stiffnesses, an internal element on the other
hand is only exposed to relatively low frequencies associated with
the barrel dynamics. The contact element however is exposed to both
the high and the low frequencies. As a result our three mass/spring
model of barrel/shot interaction is as shown below.

@ -“4k6 k k

3 f g S

3N g EAA mg N

3 — —y -ty displacements

G g 3

B ¢ —0 —— f spring forces

The two solutions (modal and numerical) now overlap in that the
modal solution computes the motior of all the internal elements and
all the contact elements, whilst the numerical solution computes the
moticn of all the contact elements and all the shot elements. In order
to do this some assumptions are required about the behuviour of elements
ex~luded from each calculation.

A possible solution scheme is as follows:

(i) Predict the motion of mg over the next time step AT

D
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x(t) = xgtg) + %glto)at + Xgpy L (28)

t, S L& g + AT

RGAV is a quess of the average acceleration over the interval AT, initially
set this to ¥g(ty).

(ii) Solve the equations of motion of masses m_ and mg using the
assumad xG(t) above so that spring force g can be calculated. This
will use small time steps &T where in general &7 << AT. Buring this
calculation monitor the variation of the spring force f and calculate
f ye an "equivalent" spring force that can be applied to the modal

eq
solution,

(iii) Apply feqv to the modal solution of the contact elements
and the internal elements.

(iv) Compare xg(t + AT) from (iii) with the predicted value from
(i), if they agree within a reasonable tolerance then advance the solution
another AT and repeat trom (1); otherwise re-estimate Xgs, used in
(i) and repeat the calculation,

In order to carry out the above, two items are requirec, these

a ! an algorithm for calculating "f__ " and another for updating iGAV'

eqv
Considering the estimation of Xg first. The initial estimate

of Xgpy s Xg(ty) since no data about the future variation of Xg is

available. On the next iteracion however we have available xG(to + AT)

that was calculated by the modal solution and thu a reasonable estimate

for Xgzy would be that value that would produce a predicted vaive of

xG(tu + AT) equal to that observed. Thus using (28) we can say,

At?

xelty + AT) = xgity) + %e(tg)at + Rga =5 (29)
or
Xay = 20xalt + AT) = xp(t)) - ko(t )at)/at? (30)
The calculation of "feqv" is a Tittle more complicated, The standevd
SHOCK-AID modal solution assumes that the variaticn of applied force
over the time step s linear. Thus the calculation of “f__ * must

eqv
produce a linear force variation nver the time step AT that is equivalent

Iv-26
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to the (in general non-linear) variation of f over AT (f is available
at intervals of ST).

The criteria of "equivalent" in this cas. is that the displacement
and velocity of the large mass should be the same at the end of the
long time step irrespective of whether the linear or non linear force
is appiied to it. This also means that both the potential and kinetic
energies are the same for the "real" and the “equivalent" forces. In
order that the two forces produce the same defiections and velocities
at the end of the AT time step, examination of the SHOCK-AID equations
shows that the values of the following two integrals must not change
if either the "equivalent" or real forces are used.

t0+AT ,t0+Af

Jﬁ f(t)cos wtdt J f(t)sin wtdt (31)

to Y

for all w's (w's are the gun sysiem eigenvalues)
Now et T = éﬁ gun system period(s)

W

If Tw 3 AT then we ¢an write

- tg+AT _tgHAT
. ont
f ft)cos=s di = f(t)dt (32)
" S—T; é
0 0
Lavhl oAl
0 . . 2T . L 0 Z2nt
f(t)swn-fn dt = f(t) TF—-dt
t W . W
o o
t0+AT
= .‘,:.i F1)tdt (33)
v :
0

and the integral in {33) can be written,
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to+AT

f f(Litdt

Y

to+AT 2 ,t°+AT
f td f f1)dt Kt
to to

_t0+AT T+AT .t

AT_( f(t)dt—f ff(r)drdt
to t(l

to

i

Thus the "real" and the "eguivalent" forces must have the same values
for the first and second integrals,

to+AT

Jf T(t)dt and J’
to

t

FO+AT t
Jﬂf(T)det
%

o

If we call these two integrals for the "real" force I¢ and Ilg respectively,
then: we reguire for the linear eguivalent force,

t AT
¢ mAT? ,
(mt + cldt = =— + c AT = If (36)
T
0
to+AT
2 ‘Ta o
f (-"-‘;- + Ct)dL = —g—mA{ .4 -Q-Z——C AT = IIf (3-,-)
t
0

where Co = (mt0 +c)

These carn be written

. » _
I} _ {ate/2 M m
PR I DR U 3 {; .‘ (38)
y aT>/6 87°/2) Le )

the determinant of (38) is AT4/12, and the inverse s,

12 [ %2 ot
1 Latdre at?r2
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thus

(39)

3
"
et
]
Yt
—
—h

LN (30)

[}
]
I
—
—h
F}

Co

Direct implementation of equations (39) and (40) would mean that
the equivaient force could be discontinuous, e.g.

S
|

f I ' i

; |
| | | a
| a

!

I
eqv i
i
|
I

i : I ‘_.i\‘\x\\4 ,

\
] ]
t 1 1 t- —+ Adh't

What is more in keeping with the original form of SHOCK-AID is
] for "cg" to be determined by the previous time step. Then in that
@ case, if the first integral is correct
2
m =" (If - coAT) (41)
AT?
and the value of the force at the end of the step is given by

_ 2
maT + ¢, = &y (1 - cAT) + ¢,

= %}f - Co (42)

Alternatively if the second integral is correct

6 cnAT?
m s = (IIf - “y—) (43)
AT?
and
6 .
maT + ¢ = — Ilg - 2¢ (48}
0 72 o

H;
4'5’

IV-29
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and thus it is not possible to satisfy both equations (42) and (44)

at the same time if "cy" is given by the previous step.

fThe question therefore arises, if we can only satisfy one of the integrals
which one is best?

If we satisfy the first integral then the cosine terms in the
solution are correctly handled (see equation (32)) but there is an error
in the sine expressions. From equations (33) and (34) the error in just
using the first integral gives an error in the sine integral of,

to+tT t
2
e = 12_:; J J f(x)dret - B - ¢ A
0 [0}

where m is given by equation (42) for a c prescribed by the previous step.

Thus

r

£ = 22 {lff - gl I - EQéT—z} (45)

-

It is noti easy to tell from the above how the alternatives behave
and a more convenient test is to assume that

f=sinT (46)

and observe how the different techniques approximate the function.

First of ail using equations (456) we can write for a time step aT,

If = cos(T) - cos(T + aT) (47)

¢

sin(T) + ATcos(T) - sin(T + aT) (48)

Using equations (39) and (40) in conjunction with (47) and (48)
gives the results shown in Fig. 1. The curves show that
for both large and small values of AT the approximation to f is well
behaved, and the discontinuities are required in order to match the
original function.

Using equatiors (41) and (42) with (47) and (48) removes the
discontinuities but only the Ist integral is satisfied. Curves of the

P

o
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results are shown in Fig. 2 for a range of AT values and
the approximation is well behaved for all values of AT, there being larger
discrepancies at large AT as would be expected.

If equations (43) and (44) are then used so as to satisfy the
second integiral only, the results shown in Fig. 3 are obtained.
In this case the discrepancies are very large and somewhat surprisingly
increase as AT decreases, there being some form of unstable behaviour
apparent.

That this is indeed unstable behaviour can be illustrated as
follows, -

For the Ist integral case we can write equation (42) as

_ 21
Ci+1 s ﬁ - C.i (4Q)

and if AT << 1 then If = ATsinT = aTsin(isT)

Cipq = 25in(iAT) - ¢y

and taking z transforms gives

2zsinaT
22 = 2zcosAT + 1

z{c(z) - ¢p) = - ¢(z)

or
coZ 1 2251inaT (50)

+
(z +1) {z + 1) (22 - 2zcosaT + 1)

c(z)

the poles of (50) are given by
z=-1 and z = cosaT £ i sinaT

i.e. on the unit circle and thus the solution is stable.

For the second integral case equation (42) can be written,

- 8IIf _ e, (51)

AT?

c'i+l

and if AT << 1 then
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11§ _ sin(iat) (52)
aT2 2 .
and thus QRQ}
Ciyg = 3sin{iat) - 2c¢j (53)

and taking z transforms

72 ~ 2zcosaT + 1
or .
clz) = —S02_, 1 3zsinal (54)

(z +2) (z+2) (22 ~ 2zcosaT + 1)

z=-2 and 2z = cosaT % i sinal

i,e. outside the unit circle and therefore unstable.

Thus the conclusions are that ideally both integrals should be

satisfied and the results will be valid for all step sizes, or for small

steps the isi iniegral aione can be satisfied, 3atisTying the second

integral alone results in unacceptable behaviour for all step sizes. ‘fi
The preceding sections provide a basis for the solution of the three

mass problem. The development is split into three phases as for the two

mass problem, Firstly 2 modal solution is developed for the internal

mass and the contact mass, making suitable assumptions regarding the motion

of the shot mass. Secondly a numerical solution is derived for the motion

of the shot mass and the contact mass, making suitable assumptions

regarding the motion of the internal mass. Finally, the two are integrated

toygether using the ideas of the previous paragraphs for KGAV and fe

qv*




THOMASSON
3.1 Modal Solution of Gun Masses
%&& The equations of motion of the three mass model are,
"“ RG = "G + g (55)
=-g+f
mg Xg g+ (56)
mg X = -f + F (57) N
where, “5
6 = kg Xg (58)
g = kg(xg - xg) (59)
fo=kglxg - xg) (60) Z;
The equations of motion of the gun masses alone are, 5“@
_ m. 0] [« S X 0
D G G . 679" g [ Gl . (61) n
- . ¢ i
0 m X kg kg Lxg
or x = M 'kx + kf (62)
and :3?
M-l o= 1/mG 0
, (63)
0 /m .
Wiko= [-(kg + kg) kg]
Mg mg s
(64) :ff
kg - kg
mg mg C
|
B _
iv-33
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the eignvalues of (64) are g ven by

wz . kG+kg+Eﬂ 4.“9“9.:0

Wy » = i[} <?3L1;591+-5%> id/<z££ﬁl;ﬁﬁl+
: mg W mg

The standard SHOTK-~AID notation is

K+ Ax = b(t)
thus
A = -M'k
b= Mf

The left hand eigenvectors of A are

U 2eGy » 1

where

1 ! 1 -1
i = Det |._ ’ v, = Det
266G, 2661
wvhere
Det = 2,61 - 246,

Let ay = v-w; and a; = VW,

The final solutien is

IV-34

Mg

2
kJ.)

- 3kgkg
mgmg

(65)

(66)

(67)

(68)

(69)

(70)

(71)

(72)

&
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t
x(t) = U, E%— ‘l b(x)sing,(t - t)dt> V,

t
+ !2 ;% 4[ Q(T)Si"az(t = )de Ve (73)
0

Equation {73) can be manipulated in a similar manner to equations (12)
and (13) so as to produce marching integrals

3.2 Numerical Solution of Shot Motion

The equations of motion for the shot and the contact mass, assuming
that m; is motionless are,

g= kg(xg - Xg) (72)
f o=k (xg - xg) (75)
Vg = (F 4 F) (76)
S
® 2 = Vg (7)
Vg =g (g 4 F) (78)
q
Xs = Vg (79)

A numerical solution tc themotion of these two masses is used.

3.3 Coupled Solution

The two programs above were then inteyrated into cne program using
the interaction scheme outlined previously to produce a single progiam,

Basic data used in these programs is given below.
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Me = 100, mg =100 , m, =
kG = 6.32 E8, kg = 6.32 E8, kS = 3,95 EIC
F=632E5, t>»0,;F=0,t<C

The program has two forms,

(1) that uses first integral only
representation of feqv‘

{(ii) that uses both first and second
integrals to represent feqv‘
The resuits for the 1st integral case are given in Fig. (4)

for modal s&lution time stens of 10 and 500 y secs. The shot

numerical integration time sicp wet 1 @ sec in each case. For small

time step ratios 16:1, Fig.(42), the resulits are satisfactery but at

large ratios 500:1, Fig. (4b}, the solution is different. This can be

ncced by comparing the data caiculation points (the corners 9n the graph

every 500 p sec) on Fig. (4b) with the same points on Fig. (4a). This ‘23

is in line with what would be expected from the preceding results. Thus

the 1st integral only algorithm is suitable for modest step size ratios

but begins to break down when very high ratios are used.

The results for 1st and 2nd integrals are iljustrate¢ in Fig. (5)
for step sizes ratios of 10:1 and 1000:1. Excellent agreement is obtained
petween the two cases, the solution points of the 1000y sec step size
calculation falling on top of those of the 10 u sec step size calculation.
Again this is what would be expected from the previous analysis.

G
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4.0 Conclusiens

An algorithm suitable for use as a SHUCK-AID interactive controi
routine has been developed that allows 2 numerical integration routing
to be coupled to a modal soluticon tecaninue such that each can have &
different cime step (in int2ger vatie). This means that the numerical
integration can solve the frst dyramics of a few :on linear degrees of
freedom (the shot) with & smal? cime step, wiilst the mods1 SHOCK-AID
solution can sclve the slower dyraviics of a wuch longer nember of
linear degrees of freedom (the barcel), using & much larqer time step.

The algorithm, has been programeed into SHOCK-AID alony with the fuly
projectile model givern in %ef. I} and is at present underguing validation
tests.
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(3)
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The basic mathematical theory 1is presented followed by the computer
realization. No analysis of error is presented in this paper.
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INTRODUCTION

1. Gun systems are generally analysed by treating the barrel as a large
elastic ™ structure with many degreees of freedom, whilst the remainder of
the system is viewed as a set of driving mechanisms. .i

2. Generally these mechanisms are interactive with mutual loads depending
on the current displacment and state of motion of the whole system.
SHOCK-AID (Reference 1) is a suite of computer routines for simulating the
response of gun systems under general firing conditions. It bhas been
designed in a modular fashion to accomodate evolutionary enhancements and,
in particular, contains the facility for a user Lo introduce new mechanisms
via an Interactive Control Routine (ICR).

3. A number of mechanisms have been ccnsidered for ICR applications. For
exampie:

a. A Shot/Barrel ICR to simulate realistic lecads on the barrel as
the shot progresses toward the muzzle. This ICR has been outlined
at previous symposia (Reference 2).

b. A Barrel/Cradle ICR to simulate the contact/impact mechanism as
the barrel recoils through the cradle bearings (Reference 3).

a. Thig report describes the development of an ICR for predicting the
effect of barrel curvature on gun response. Barrel curvature arises in
‘ﬁb many ways: Gravity droop; differential cooling; manufacturing set; etc.

A problem arises in simulating barrel curvature numerically (eg: using
finite elements or differences), since the effect of curvature will be
swamped by numerical approximations unless the model 1is prohibitively
detailed. Furthermore, the performance of parameter sweeps involves the
generation of a new mcdel for each distinect curvature profile. The Barrel
Curvature ICR described here provides for the imposition of small
deviations in the barrel profile as an ipput file and interactively
corrects for the resultant changes in mass distributicn as the event
evolves. In this respect it differs from cther ICR's in proividing a -
correction for geometrical effects rather than adding further loading e
mechanisms.

THEORY

5. Until now gun barrels have been represented in SHOCK-AID by beam
elements with forces being applied to an undisplaced configuratioen. There
are two problem types that can be dealt with by the Barrel Curvature ICR:

a. Any initial shape of the structure must be included in the model
explicitly at the finite element modelling stage. Ffor example, to
model the differing curvatures on a set of barrels due to
manufacturing set a corresponding set of models, one model for each
curvature would have to be created.

IV-47
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b. Calculations performed in the main SHOCK-AID response routine
are based upon the physical geometry of the undisplaced nodes. This
may cause an approximation when the response of the beam is
calculated because it does not account for the modified mass
distribution.

ASSUMPT IONS

6.
made

In order 1 cvercome these difficulties the following assumptions are
in the formulation of the ICR:

a. The effect of small changes in mass distribution can be modelled
by the imposition of appropriate correcting couples to the
undisplaced confiquration. The corrections concern 1inertial and
external loads only.

b. For the purpose of calculating the correction the beam element
may be treated as being rigaid. Although tnis is not strictly
necessary it is an extremely convenient simplification.

c. The correcting couple can be applied as a self-equilibrated pair
of forces applied to the ends of a beam element. This, of course,
relies on the assumption of rigidity.

d. The correcling couple is based upon the state of motion of the
beam elements at the previous time step and any externally applied
loads.

e. The mass matrix is assumed to be banded. Again this is not a
necessary but s convenient simplification.

MATHEMATICAL FORMULATION

7. Figure 1 shows the displaced and wundisplaced beams and their
essociated loading geometries.
8. Consider the vector from A to the point of action
L=-af, = 1 -8,
Then the length of the beam can be written as
1= B -9
or in matrix form
-a -1 1
( B) = [51 ' Ez] 3
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From the point of action to the beam is denoted by

d ==r+x =aF
~ ~

hence couple ¢ = dA Q za ( Ed - §) A(El + EZ)

=a (E'l AE‘Z)+ Z.(I\(E.l + E.z) 2
9. Similarly when an element is rotated by as shown in Figure 1, so the
couple acting is:

-1
[E; » B L

a
where (Bg)

We know that

Xg z ( cos © sin 9)5
-sin 6 cos ©

1 9
Using equation 1 and expanding putting il < — and [2 R
f2 92

a. 1, - a, 1.

i.e. a = 1 I3 L 1

fl192-9%

Similarly for the rotating beam it can be shown that

- (ql 1l + 4, 12) sin® + (gl 12 - g, ll)cose

f192-"29

10. It follows that by subtracting the couple calculated for the
undisplaced beam from that for displaced beam we can evaluate the couple
discrepancy

Q: = cp - cC

Combining equaticns 2 and 3 the expression for the ccuple discrepancy
becomes

GC :'(u.e - a ) (’ElA'EZ) +(56"1<,) A(£l+£2)

&

IMPLEMENTATION

11. The impliementation of the ICR is illustrated in Figure 2. The
routine is called from the main SHOCK-AID loading module. The global model
data is passed on initial entry to the ICR. The routine then lcops through

IV-4Y
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all the elements along the barrel successively extracting local mass and
geometry data, calculating the required correction couple and applying the
appropriate statically equivalent self-equilibrated force pairs.

12. The following is a list of requirements regarding tasks to be
performed by the Barrel Curvature ICR.

a, The ICR should allow initial displacements for one series of
conmnected nodes.

b. Displacements and accelerations should be used to calculate
couples, Equation 4.

c. The response rtoutine (in SHOCK-AID) force wvector should be
modified according to the couple calculated for the beam between pairs
of nodes.

d. Absolute position data must be produced for output using plotting
routines.

e. Geometric, connectivity, acceleration, displacement and mass data
must all be available.

13. The last requirement, e, implies certain modifications to the
SHOCK-AID data structure. A new data structure has therefore been
developed to provide facilities for all forseesable applications.

CONCLUSION

l4. The Barrel Cuvature ICR provides a simple and effective solution to
the problems associated with parameter sweeping on model geometry, and
also corrects for the approximations concerning mass redistribution
inherent in linear finite element techniques. It constitutes an example
of the way in which, with the enbanced data structure, SHOCK-AID can cope
with complex geometries and and boundary conditions in a realistic manner.
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Figure 1. Force System Acting on an Element in both the Undisplaced and the
Displaced Configura*lon.




e
, ]nnrhllvei

. calech .

. Y Faitne h |
L J

7 .
firer

\‘;;_\

P

Mozt ior e

et |
—_— . —

- TS, M
“helk for
f-n:_il_“n f

[N

Fipure 2. Structure Diagram foc the Barrel Curvature

A

LS !
j kend cath
feow t1le [T
N B S
T Ty i
v )
r L.
RN

a1

T

PPregars

V=53

Conuscticon

i
[:r_r__l.lunt for(ul
'

Kal uistle coar

lc lculate rotpl_t__}

__J_n_j
Flchlue ouple
e

4
v Fatameters - T

[cind @)

JRURN
Er_..humj iastis

[t

»{d‘::—uf

Ilnteractive Control Routine.




AUTHOR'S LAST NAME: RBULMAN

TITLE: THE EFFECT OF RCEARING CLEARANCE AND BARREL YXPANSION ON BARREL
RESPONSE
ARSTRACT :

A pumber of mathematical models have been developed to study the
nmotion of a gun barrel during the firing vhase. Most of these models
have consldered fixed or elastic beavings with no clearance and also
assumed that the initial forcing term comes from the recoll of the gun.
It can be shown that beaving clearance, plus an loput fron the expansion
of the barrel, has an {mportant effect on the barrvel response.

BLOGRAFHY :

PRESENT ASSLGNMENT:  Reader in Dynamics of Physical Systems
ilead of Land Systems
Royal Military College of Science, Shriveonhan

PAST "XPrERLENCE:

DEGRERS HELD: BSc(lst) Phd I llech % Chng




B N T S e B R S DR P VR S e NP N A O A A A A A A N S AL e S T S R I R .

to

Intraduction

The prediction of barrel pelaviour during the firing phase has in
che past been approrched in twe distinet ways.  The rirst, that of
finite element analysis to determine mode shapes and frequencies,
followed by the use of these to aive the transient respounse(l,2). The
second, the solution ot the bacic HEuler-Beraoulli, or Timoshenko, beam
equations by a finite diftference or other technique (3,4). In both of
these methods difticeltioes arise when pon-linearities are introduced
pavticutarty vonlinear bearing stiiffiwesses, clearances, or damping.

b oerder to overcowme these dirticulties 4 dedicated j:ckage has
beea produced which treats the barrel as o multi-degree of freedom
spring mass sysctuean.  The resultant set or second order differential
equations are then integrated directly. This technique enables non-
linearities to be introduced easily and nrevious investigations have
included the ettoect on bearing elasticity, bearing clearvance, bearing
and barrel damping (35) ¢ad more recently chot barrel interaction
effects by Powall (o).

This paper describes the princinles ot the programme written for
the STMulation of RBArrel Dynamics, SIMBAD, and 1n particular the

inclusion and ianvestigaction of the effeet which barrel expansion has

=~
upen the barrel response.  The barrel is asswned to expand within the

bearings until the clearance is toxen up.  This cau be introduced to

the biarvel modet as either 2 foreed displacowent at a bearing, or mere
realistically, a generalised torece derived troa the bearing stifiness.

Barre, Simal it icn

In the simulation packagze the barrei is divided {nto a nwiher of

Fuler-bermou!lli team elements with three degsrecs of freedom av evoch




end. These relate to the transverse displavement, the ltongitudinal
displacement, and the anguiar disptacement.  This provides a typical
single plane andlysis which is considered adequate for symmetrical
barrels and sbot barrvel interaction cifects of non—spinanivg
projectiltes.

Foliowing entry of the barrel external and internal profiles, tue
barrel is automatically divided ince a nmmmber of elements as speclfied
by the user. This also takes account of bearing position. The
resultant cquations are assembled into a stiftness matrix in the same
wav 4s a finite element stifrness matrix would be composed., The fina

bisic equition 1s ot rthe torm:

where [R] is the stifiness matrix
[3] represents all of the degrees of frecdom anl
[F] repre:ents the external forces at ecach node which can
inciude in-crtia forces, damping forces, bearing forces, etc.
The present svstem allows a maximum of 25 elements (78 degrees of
freedom) but experience s shown that a solution generally couverges
At betwen 20 and 25 elements.
It the inevtia effects arce included the eguations hecowme
tre] = (M) [s] + [K] [¢]
Where [M] is the mass matrix of the svstem which in the package is

calculacted automatically together with the stifiness matrix,

Additional masses such as breech mass and moment of inertia is added to

the mass matrix and the resultant set of simultancous ditferential

ciuations solved by a second order Renge-Kutta tochuique., During this

process 1t Is relatively simple to suppress a displacement, or impose a

nrescraooed displacement.
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"slow ot ioag’,
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barrel Expansion Etrects

Previous hearving r ntations have genevally elther assumwed a .
8

pin joint, o linca.ly <l e bearing or an elastic bearing with a set
clearance.  The latter ot these s probably the more realistic, but {1
still does not take daccount ot the tact that during firing this
clearance is changing as the barrel expands. Also, the expausion
itselt will tend to make the centre line of the barrel move relative to
the bearing. This latter case on its own, can be represented simply as
a prescribed displacement st a bearing node, such that the displacement
ot the node equals the barrvel expansion.  This represents an
unrealistic, idealistic case of expanszion on a solid bearing. However,
when it is realised that the change in radius for free expansion of a
typlcal 1200 @ gua is ot the order of 0.33 mm, 1t is of interest to
examine the case as i base line,

The complete case {s more couplex because conditions change as the !
clesvance is taken up or the barrel loses contact with either siue of
the bearing. kftectively the model of the barrel represents rhe motion
of the centre llone of the bore. The expansion, or iacrease in barrel
radius at the bearings, can then be added or sudtracted to give the
ctfoect which the expansion has upon the bearings. 1f the barrel is
inittially sitting on the bottom or the bearing rben four separate
conditions need to be cousidered. The initicl starting position 1s
shown in Dicgram 1, and from this point the displecement of the barrel
centre line at the bearing is Xe. The displacement of the lowest

surface is theretore Xe - Bx, and of the top surface Xc + Ex.

V=58




The tour sepatate conditions are now:

te When Xeo - kx> 0 and Xe + Ex < ¢l, the barrvel wil! not be in
contact with the bearing, and ¢ bearing foree, Bt = 0,
- When Neo— Ux < U and Xe + Ex <« Cl, the lower surtace ot the

barrel wi'l be pushing inte the bearing, and the upper surtace
wiil bhe tree. The resuaitant torce dacting on the barrel will
hes
Bro= (N - Ex).KDb
3. When No ~Ex 2 O and N¢ + 1t > Cl, both the ubper and lower
surtface will be in contact with the bearings.  The force on
the barrel will have two componeuts such that:
Bl = =(N¢ - Ex).Kb — (X¢ + £x = Cl).Kb
v
Br = -{(2X¢ - Cl).Kb
It will be noted tnat once the clearance has been taken up,
tirx  rorce component due to any more expansion disappears.

When Xo =~ Ex » © and Xe + Ex 3 Cl, the lower surtace has risen

i~
.

of ' the bearing, but the clearauce has been taken up on the
other surface.  Therefore,
Bt = —(X¢ 4+ Ex =Cl1).Kb
The above equations within the limits indicated, give the force to
be applied to tU - barrel at the bearing node it the barrel initially
rests on the bottom of the beariog. A similar set ot equations can be
written when the barrel initially rests at the top of the bearing.
The barrel expan.ion is actually a dynaic situatioun, but
unpublished stulices by P King at RMCS sugpest that for all practical

purposcs the expansion can be considered directly proportional to the

{fnternal pressure. For this study, a simple finite elemeut model was




used to obtain an expansion coetticient, Coy and the expansion given
bv:
Ix = el lnstantaneousg pressure o
Ihe value used tor the bearing stiftness was derived trom earlier
work carrvied out by King used in studies of a 1.¢ mm barrel.

Computer Simulation

The simultion ot the barrel expansion was applied to a typical 120
m=m pun, similar ro the Chicitain birrel.  The pressure time curve was
also typleal of an APDS round in such o pun. Keepilng the same bearing
positions, the tollowing cazes were censidered:

I. No expansion with pia joiated bearings.

2. Nu expaasion with elastic bearings.

3. No expansion with elastic bearings and clearance of .25 mm.

~

As 3 abeve but with very large clearance ot .0 am-.so that
{wmpart with the other side of the bearing does not occur hefore
shot exit,
5. Barrel capausion on solid bearings.
o. As 3 above but including barrel expanrsion.
7. As 6 above but with clearvance of C,15 mm. . '
8. As 0 above but with a clearance ot 0.5 mm.
9. As 4 above but including barreil expansion.
10, A case with no transverse bearing restraine,(Free-Free).
The simulations all included the rocoil acceleration and the
resultant woments produced by the offsct breech and muzzle reference
sight.,

Digcussion ol Results

Figures 1 and 2 demenstrate the effect ot various bearing

fdealisations witbout barrel expansioa ivcluded, Figure 1 shows the




4 vertical displacement ot the muzele tor pin jonicted hearings. elas'jc
beariups, and elastic bearings with clearance,  Vigare 2 shows the
dicplacewent with tvpical clearance, very jarge clear:uce nd no

¥ Dedliug resiraint o at o all,

m'x

The Tarse clearauce case aud Free-Free case produce very similar

vresults. This s because the centre ot pgravity of the barrel Is ohead

ot the front beavine, aond theretore it normally sits on the boctom of

the tront bearing aad againsr the top of the rear bearing. When the

brooct moment is appliod, the tendency is to 1itt away trom cach A

hearin, and theretare have oo restraint.  However, there is an initial

compression of Lhe tront beaving tor a very short period which produses
the stight dittercuce betweon the Lwo cases,

3 Figure 3 1s shown tor comilateness and displays the prolably
unredatistic case ot expansion on solid bearivgs compared with elastic
bearings and 10 mm ciearance.

Q’ Figure 4 stows the different responses ror expausion with elast.c
beariags and various amounts ot clearance, What is narticularly K
intereating is the flattening of the responses around shot exit as the
crearance is reduced,  This has been obrserved in wctual firings when
weasuremens o wuztle movenenr was betug taken. Lt occurred during a
series ol tiriags 0 relatively rapid svecession. It could therefcore

A have been caused by the barrel expandiog as its tounperature fncreased
and bence the coledarance redueed, Divect comparisons between expansion
and no expansion are shown in Figures > and 6 foc 0.2% mm clearance aud

“ 1 e clearance. [t can be seen cnat the ¢ pansion reduced the peak
response ot the barcel in both cases.

Cont idence in the results (s obtained when the barrel detlected

V-1




shapes ars considered.  These are shown o Fipures 7,4, 9 and 10, and

.

Indicate the barrvel shapes tak-n up at 2.5 ms Intervals.  The case ot
bearing clearance with no expansics, Figare /7, shows thas gt the  cont
bearing the barre! moves acros:s tee clearance aud, atftr conpressiag
into the other side ot the bearing, s detlectod hack across the
clearance,  When expaunsion is o inciinded, Fipure 8, the barrel still
moves deross the clearance, bat bocause the barrei has expaonded and the
clearance theretore reduced, the conire ot line ot the barrel does not
pot detlected back so ecasilv.

N The eftect of the rear bearing is more obvions. The motion of the

barrel downwards L5 assisted boothe oxpaasion ot the barrel agaiast the

top of the rear bearing. The downwards motion oif the breech is

theretore increased by nearty o4 mm.,

The case ot a siwple clastic bearling with no clearance s shown 1n
Figure 9. The motion at each bearing has obviously been suppressed, as
has the overall motion of the compiete brrrel. Figure 10 shows the ~er
Frov-Froee case tor comparisop,

Floaliy Figure 11 snows the jemp characteristics for a simulation
witit o witaout expansion.  The Figure of jump is calculated as the
mugsls angle nlas the musule transverse velocity divided by the shot

exit velociny. This is shown tor the complete time peciod although the

i

Lain area oo interest s oat shot exit, [t enables an appreciation to
be made of e possibie chame in jump if the shot exit point was not
correct, [t can by scen thot for the siwulation with barrel expansion,

the exit time is 10t so critical.  However, 0.9 ms difterence for the

no expansion catsie would produce o very ditrereut jump figurce.




Cone Tusions

The effect of barrel expansion within the bearings and its effect
on transverse respouse can be slmulated relatively easily. [t can be
detined as odditional forcing terms toa the barrel, dependent upon the
displacement ot the barrel within the bearing,

Results show that inclusion of the barrel expansion prodvces a
significant change in the barrel response and should therefore be

considered in studies ot gun jump characteristics.
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Bearing —__

X¢ . Vertical displacement of barrel centre tine
Ex . Radial expansion of the barrel
Cl ; Initial clearance

Kb ; Bearing stiffness

Diag.! REPRESENTATION OF BARRE!. EXPANSION

WITHIN THE BEARING
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POWILILL

A SIMPLE THEORETLICAL MODEL OF <HOLM /BARREL INTERACTION WITHIN A SMOOTH
BORLE GUN

ABL TRACT

A model of a smooth bore barrel in one plane is developed.
This involves the use of stiffness equations of single beam elements,
similar te those used in finite element modelling. The eguations
of motion describing the pitch and bounce modes oif the shot are
st.ated and the two sets of equations are linked to predict the
ef fects on the shot of shot-barrel interaction.

Data from a compressed air powered gun is used to validate
thea model.
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. INTRODUCTTON.
When considecing modern tank gung one of the factors contributing
to round t2 round dispersion is the yawing metion of the shot. TIndeed
Andrews (1) suggests that this wotion is of major importance and
Walker(2) makes the point that shot balloting (ratrling in the bore)
can cause severe shell engravicg and wearing ot the gun barvel. To
understand the cause of qaw for an serodynanically stable shot, it is
necessary to studs barrel movemenrs, projectile {n-bore motion and the

intevaction of the bar.el and th: projectiie.

:rimental and theorebleal work has

A consideranle aasunt of exp
trwen ol dn ol r1gid o darrel motion. Mathewatical modeiling
tochiiques usiny coopuiers are now beiag used. These can be divided
ints taose usinge Ciaite difforence equations, for instance Pagan(3),
and Fine ana Thomas(a) and those using the finite element method,such
as Tavlor,Theomaasen and Vanee(9) in Great Britain and Soifer and
Becker(h) in the Unized statas,

A Tow thecretica] borcel-projectile modeis have been produced.
Notably by so0 Ho. aud Anderson(7) who used equations of motion for the
prosentile drrantos oboained using Lagrange’s method, coupled to a
Finfte diiterence naviel poade!) and Chud8) wno used Euletr’s approach to
obtaln euations, of wetion for the shot. The poteatially more powerful
{inire ¢lenent barrel models produced in Great Britain and the United
3tates are beinyg neditied to {aclude the citfects of shot/barrel
bt i ion,

srolhier Gpproach, susgested by Bulman(9) is to produce the
s1itiness equationg siailag to the finjire elowment technique, include

the irertila torces, and then soive tLo cesulting seot of simultanweous

second erder diftereatia® cquat inus asingg one ot the standard

Alvorittons aviarlable




1n this paper Bulman’s approach is used to produce a model of a
smooth bore barrel in one plane. The equations of motion describing =
the pitch and bounce modes of a shot in one plane are stated and the
two sets of equations are linked to predict the effects on the shot of
shot-barrel interaction.

A compressed air powered apparatus which simulates many of the
characteristics of a recoiling tank gun has been developed at RMCS{10Q).
Data from this gun is used to test the thecretical results.

DERIVATION OF THE MATHEMATICAL MODELS

Barrel modelling

A two dimensional mathematical model of a barrel with constant
bore and outer diameter was produced by considerving a series of
Euler-8ernculll beam eleaments joined at the nodes. At this stage
longitudinal vibrations were not included. This gives two degrees of
freedom at each node, These are lincar motion perpendicular to the
barrel axis and angular motion about the horizontat axis, Using the

sign convention shown below for the displacements,

Y

§

\

l"Jode Uj

Fig 1. Displacement of node j}

and letting the applied external forces on the bucrel element at nodes

j and j+l be shear ftorces Fj and Fj+l and mowents Mj and Mj+1’ with the
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There is no requirament that the barrel elemeuts need to be the

P
same length. Indeed the program cheoses elemenc lengths so that the "
beariungs are at barrel nodes. A
shot modelling

We first make the following assumptions.
1. There is no frictioa between barrel and shot.
2. The driving bands have no play in the barrel. g
and 3., Yaw deflections are small such that sin &8 = &
L
l1 l ) N
[y o :
K Cann i
\ 1 Y
QR
i ="
Fig 3. Schematic diagram of a shot in a smooth bore barrel.
Qj! Using the schema: ic diagram (figure 3) and considering shot
“bounce’ aud “pitch’ we c¢an write the equations of motion for the shot.
My = =k (y = 6Ly) = ky(y + €Ly) = C (y - bLl) ~ Culy + BLy)  eenevieiannn (4)
= - - : N - (- p
0L = T + Lk, (y = 6L) - Loky(v + 6Ly) + CLj(y = 8L)) = CpL-{y + 9Ly).uv. (5)
These equations are solved using a 2ad order Runge-Kutta routlne
and the shot and barrel solutions ar: connected using the following :
method. 7
0
N
R
R
|
N
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Shot barrei inceractior

The position of the shot in the barrel is calculated from the
pressure time curve and the position of each of the driving bands
relative to elemeut nodes {s deducazd.

E)"Forces from the barrel on the shot

To include barrel effects in the equations of motion for the shot
it is necessary to interpolate between the barrel nodes to give values

for barrel motion at thlie driving bands,

i+3

¥iz 4. Displacement of the barrel at tbe onct driving bands.
Using figure &, let the rear dviviag haud be betwean nedes X; and X34,

and the front driviog busa Le betuceon nodes k. and x. then,

] jil
Ra TN ARy - xi)da’L
Ly * % + (xj+l - xj)db/L
The vertical distance woved by the barrel is then incorporated into the

shot “bounce’ equation (4) to give the nev cguation,

A7 = ~k {y-x_~ 0L} = k {y=x, ¥ GL.} = ¢ {0-% S
L) Cly=x OL..) - e =07, - N Ly . 1+ ar &
a a 1 L L X Ld\§ a \.Il) Cll( :‘fb \L.',.’) vre e (‘0)
The equation for shet piveh becounes.
< 1 ~ - -
L= T+ Lok {y=x =210 ) ~ LK (e ko s CL (D% =0 Y =~ ¢ e 291, N
e TR D T N L AR TR PR S e I R O
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bjForces from the shot on the barrel
Vertical forces from a driving band are added to the barrel nades
either side of that driving band in proportion to the distance of the
driving band from the nodes. Using figure 4 and letting Fip be the
shear force from a driving band a distance d, from node i the shear
force on node 1 is caiculated using the formula,
N, = Fpq(l - d. /L)

and the shear force tfrom the same driving band on node i+l is.

Nip) = Fapldy/L)
So that {f the shot is within one barrel element, all of the forces
from the shot are regarded to act at the nodes either side of chat
element. But if the driving bands are in separate barrel elenasnts the
forces are applied at three nodes.

EXPERIMENTAL PROGRAMME

A 30mm, muzzle loaded, compressed air powered gun has been
developed at RMCS to simulate many of the charactevistics of a
recoiling tank gun. Many parameters can be variad easily, these
include breech mass, breech inertia, buffer . tiflness, bearing spacing,
shot mass, bearing clearance and breech pressure/time profile. Barrels
can be interchanged within a few minutes aud these include a smooth
bore mild steel barrel with a wall thickness of 10 c¢m, a thin walled
aluminium smooth bore barrel and a rifled barrel.

The gun body is symmetrically balanced about both the horizontal
and vertical axes but masses can be added above or below the axis to
create an out of balance ’breech’.

Instrumentat.on has been designed which records the change in
angle of the shot, about both the transverse horizontal axis and the
vertical axis. To facilitate this the round was required to carry a 12

mm diameter mirror on its froont face.
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A round lias been dosigned(ll) to give a set of characteriscics
that include,

1, a pitch frequency of between 150 Hz and 300 Hz, to rive
sufficient number of cyeles as the shot passes down the
barrel,

2, a maxinmun pitch deflection of +4 mrad,

3, a damping ratio of .1, or less,

and 4, symmetry about the central axis with provisiun to
attach oft axis masses to create an out of balauce
tound.

A cross section of the desizn is shown in figure 5. It consists
of an ocuter cup (AA) with machired driving bands (BB) and (CC), a 12mnm
dlameter inner beam (D), a cantilevered beam (E) and an end wmass (FF).
The position of the mirvor to be used when measuring the angle of the
front face is shown at (G). 1ln the experiments described here the

cantilevered beam (E) was specified in silver steel, with the rest of

IR

the shoc in aluminium alloy. However in future shots beaws "D’ and "
are to be integrally machined from one material. The “free’ end of the
beam is shaped to give a larger contact area with the mass. This is
attached by a press fit and adhesive,

The driving bauds were specified with a tolerance of .0l mm, this
fit was designed to form a pressure secal and was considered tight
enough for the balloting motion (rattling in the bore) of the shot
outer cup to he neglected in theoretical predictions.

Except fer two holes in the end mass (FF) the design is
symmetrical about the central axis. Various masses can be screwed into

these holes, to make the shot symmetrically balanced about the bore

axis, or to give 1t an off-axis centre of gravity,.




(»

To give an fnitial test of the mathematical model two sets of
firings of shots with a 2.1 grawm wass, offset from che shot axis by ﬁ{
16.5 mm and positioned below the bare axis prior to firing, were
chosen.These used,
1) The mild stecl barrel with a muzzle support fitted so that the
barrel can be regarded as inflexible and the shot studied in
{solation, aud Fl
2) The flexible {(aluminium) barrel with a balanced “breech’.

RESULTS AND DISCUSSION

Figure 6 shows two theoretical traces for a shot with a 17mn x
2.6um diameter cantilevered beam with ar offset mass of 2.1 grams
placed 10.5mn underncath the axis of the shot. Oae frace is for an
inflexible barrel and the other for the flexible barrel. The
theoretical predictions suggest that barrel motion will have a definite
effecrt on the shot, Tn this cage the effect nf the flexihle harrel ig
to rotate the nose of the shot downwards abouf the horizontal axis.

In figure 7 the theoretical prediction and an experimental result
from the “inflexible’ barrel are plotted. As this figure shows the
theoretical model is now giving reasonable predictions of shot motion
within a solid barrel. The experimental trace shows a frequency of
approximately 222 Hz, whilst the theoretical trace has a frequency of
about 210 Hz.

Theoretical and experimental traces for a shot with a 20mm x 2,6mm
diameter cantilevered beam, fired from the flexible barrel, are plotted
in figure 8. The experimental result counfirms that a downwards
rotation of the shot nose, about the horizontal axis, does occur when

the inflexible harrel is replaced by the flexible barrel,
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One cause of inacurracy in the flexible barrel wodel is that the
gun bearings were modelled as pin joints, and it has beeu shown(9),
that the bearing stiffnesses and in particular damping at che heariogs
is an importapt factor when predicting barrel respouse.

A large scale firing programme to provide data to fully test the

mathemat ical model will now be implemented.

CONCLUSIONS

Early comparisvuns with a few experimental results show encouraging
results.

One of the advantages of the experimental apparatus described is
that a large nunber of firings can be undertaken cheaply and quickly. A
firinyg program will now be undertaken to provide large amounts of data
both to -est the simple mathematical wodel described_and for the

testing of other theoretical models.
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NOTATION

For the barrel.

:ji Fj Shear force at node j
Mj Moment at node j
L Modulus of clastic 'ty
Iy Second mement of arca of the barrel crouss section
Ly, Length of barrel
L Length of a barrel vlement
Uy Horizontal displacement of node j
Vj Vertical displacement of noade j
Gj Angular disvplacement of node j
My, Mass of a barrel element

For the shot
0 Angular displacement

L, L, Position of the body centre of gravity relative to
’

s the front aud rear springs.
y Vertical displacement of the shot centre of gravity,
T Couple produced by the effect of an offset centre of
gravity.

ko,kp Stiffness coefficients for the driving bands

M Mass of the shot boay

I Momeut of inertia of the shot about its centre of gravity
€,,Cy, Damping factors for the driving bands

Shot-barrel interaction

Nj Shear force on barrel node j due to a driving band
Fip Force from a driving band
d. Distance of the driving band frowm a barrel node
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ANALYSIS OF SOURCES OF ERROR IN TANK GUN FIRING

EDWARD M. SCHMIDT, PhD®* AND JOSEFH W. KOCHENDERFER, MR
LAUNCII AND FLIGHT LCIVISIGN
U. S. ARMY BALLISTIC RESLARCH LABORATORY
ABERDEEN PROVING GRCUND, MD 21005-5066

1. INTRODUCTION

The capabilities of modern tank ammunition can be fully realized
only when the rounds are delivered accurately. A pirimary source of error is
the ability of the fire control system, including the gunner, to sense and
locate the target then to lay the weapon to the proper orientation to insure

ballistiec intercept. However, even if this operation 1is performed to
perfection, there are a numher of perturhations which influence the launch and
flight of the projectile. Some involve the dynamics of the

tank/gun tube/projectile during inbore acceleration and subsequent separation.
Others are dominated by the prcjectile aerodynamic characteristics. Also, the
inability to sense and/or correct for the ambient conditions over the
trajectory will cause disparity between the desired and actual points of
impact. The present paper will address some sources of error in a
representative modern tank, mainly <onsidering perturbations following
separation of the projectile from the launcher.

An illustration of some of the problems facing the analyst of
in-bore dynamics of modern projectiles is provided in Figure 1. The weapon is
a massive guide rail for the projectile; however, under the extreme loads of
launch, the gun tube begins to respond while the shot is still in bore. 1In
order to force a consistent sense to this response, cannon are generally
fabricated with mass asymmetry. The tube is supported and constrained by the
recoil system which may or may not be symmetric in design. Under gravity, the
tube droops producing a curvature which is complicated by variations in bore
straightness induced by manufacturing, installation, use, or the environment.

Upon firing the charge, the pressure within the tube builds up to
thousands of bars causing both the projectile and gun tube to accelerate.
Each of these moving bodies is subject to a gross rigid body motion upon which
is superimposed flexural or vibrational modes. The 1linear and angular
acceleration of the gun tube induces inertial loads which contribute to
flexing. In addition, the motion of the projectile along the curved path of
the tube results in transverse reaction loads which drive the gun motion.
Historically, projectiles are assumed to undergo rigid body balloting moticn
as latcral clearances are taken up and rebound occurs. With long rod kinetic
energy ammunition, this response is supplemented by longitudinal flexure of
the sabot and of the projectile relative to the sabot.

In terms of accuracy, the critical moment of the in bore c¢ycle is
the separation of the projectile from the gun tube (Figure 1). Anything that
influences the magnitude or direction of the projectile velouity vector could
resuit in significant deviation from the intended trajectory. If the launch
process terminated at the muzzle, the parameters of interest would be the
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transverse velocity, angle, and angular rate of the gun tube plus the
transverse linear and angular velocity cf the projectile relative to the gun
tube. Unforturately, the projectile must disengage from the tube, pass
through the reverse flow region of the muzzie blast, and then dascard the
sabot componenis before entry inlto unconstrained free flight. During transit
of this near nuzzle region, the trajectory may be further perturbed.

Once clegar of the blust and sabot discard regions, the projectile

free flight motion 1is reasnnably well understood. Assuming that the
projectile has not been damaged during launch, the trajectory can be well
determined if the initial state 1¢ defined. The wain source of error

associated colely with the rree flight o £he round can be ascribed to the
inatilicy of the [Iire contrel system to accurately sense and provide
appropriate correcticns for ambient conditions over the flight path.

In order to complement the papers describing the contribution of gun
and projectile in beore dynamics to launch conditicns, the present paper will
discuss the environment seen hy the projeatile following separation from the
gun tube. Muzrle blast loads will be reviewed for weapons with aad without
muzzle brakes. Sabot discard interactions will be considered and related back
to in bore properties. Finally, the free flight motion will be addressed.

2. MUZZLE BLAST LOADS

When probliems are encountered in launching rounds from cannon, it is
a common practice ho ascribe the difficulty to loads encountered in the muzzle
blast. In defense of this interesting gasdynawmic phenomena, it must be made
clear that care 1is required 1in diagnosing the origin of weapon launchn
problems. Muzzle blast may be the source of disturbance in some instances,
particularly, for objects which are bhluff, asymmetric, or of low density.
However, 1in many cases, the extreme loads characterizing the in-bore
environment are the real source of difficulty.

Once free of the gun tube, the projectile must transit the muzzle
exhaust flow which consists of an outer air blast driven by the expanding
propellant gas plume (Figure 2). The piume has the structure of a supersonic,
underexpanded jet and is terminated at the shock layer consisting of the pluwe
Mach disc, the propellant gas/ailr interface, and the outer shock of the blast
wave. While inside the Mach disc, the projectile is subject to the plume flow
wherein the gas velocity reaches values 2-3 times that of the projectile,
i.e., the projectile 1is in reverse flow. Conventional wisdom dictates that
for such a situation, finned projectiles would be unstable, but since the
residence time within the plume is much lower than the inertial response times
of the body, stability is not rezlly of concern. Rather, it is the tranaverse
impulse transmitted to the projectile that influences the subsequent
trajectory.

The calculated variatior. [1] of the l1ift force, i, with distance
from the muzzle is illustrated in Figure 3 for different values of the ratio
of the projectile exit velocity Lo the propellant speed of sound at shot
ejection, Vp/c, i.e., the Mach number of the propeliant gas prior to shet
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exit. For values of the parameter equal to or greater than one, there 1is no
in~bore interaction possible. For values less than one, the in-bore
interaction occurs and may be important. Outside of the weapon, the behavior
of the 1lift function is of interest. The relative flow velocity increases as
the round moves threough the plume causing the 1lift on the fins to increase.
However, this increase due to the velocity; is offset by the rapid decrease in
density of the propellant gas due to expansion. Under the influence of these
two property variations, the 1lift functionr peaks a.~d then decays to negllgible
values after only two exit diameters of travel.

Integration of the lift permits the computation of momentum
tranferred to the projectile and the resuvlitant deflection of the trajectory.
The estimated trajectory deflection for a generic kinetic energy projectile is
plotted as a function of launch velocity in Figure 4. The deflection in mils
is ratioed by the launch angle of attack of the projectile in degrees. The
lack of monotonicity in the plot is due to the assumed muzzle exit conditions
which were taken from a variety of data sources. However, the result is
striking. As the launch velocity increases, the trajectory deflecticn
decreases significantly. For a typical tank round, the in-bore yaw angle
should be quite 1low. Even if the angle were as large as 0.5 deg, the jump
induced by muzzle blast would amount to oaly 0.05 mils.

3. MUZZLE DEVICE EFFECTS

When a weapon 1s eyuipped wilh a nuzzle device, analysis of ine flow
Q)? becomes more difficult. A common device, te muzzle brake, reduces gun recoil
by venting the propellant gas rearward. Tle device has a three-dimensional,
confined geometry through which the propellant gases expand over the
projectile. For sabot encapsulated rounds, the installation of a muzzle brake
on the gun can create serious problems. First, the muzzle brake must not
interfere with the sabot discard. Mechanical contact does extreme violence,
both to the brake and to the round. Another, major difficulty can be the
enhancement of muzzle gasdynamic loadings. Since mnuzzle brakes are under
consideration for installation on a number of low recoil tank gun systems, it
is of practical interest to consider the possible interactions.

Recently, tests were conducted on a meaium caliber cannon with and
without a triple baffle muzzle brake in place [2]. When the brake was
installed, the dispersior of the system doubled. To determine if the flexural
characteristics of the tube were altered, z mass simulating the brake was
nounted at the muzzle. The mas: did not interfere with the free expansion of
the muzzle gases. Firings dec.ionstrated that the dispersion returned to the
level obtained with a bare tube indicating that the added mass was not the
cause of the problem. A further investigation was conducted to investigate
the influence cof brake length. Successive baffles were cut off the device.
As the baffles were decreased from three to one, the dispersion also
decreased. It was found that a single barfle design produced no measurable
increase in dispersion over the bare muzzle case. Apparently, enhanced
gasdynarmic loaas associated with the confinement and length of the brake were

— altering the launch dynamics of the system.
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Computations cf the gasdynamic loads on the projectile as it passed
through the brake, predicted a 20% growtb in dispersion. Since dispersion
doubled, this was not the sol. effect. A series of orthogonal flash
radiographs were taken of the sabot discard process for cases with and without
the triple baffle brake in place. These data show that the presence of the
brake produced a change in the sabot discard trajectory which was not treated
in the computations. Mechanical contact between the sabot components and
projectile occurred over a longer period and asymmetry in sabot discard was
enhanced. The resultant asymmetry in the discard increased the 1loading upon
the projectile and degraded precisinn. The tests demonstrated that care must
be taken in the installation of muzzle devices upon weapon systems which are
designed for precision fire.

L. SABOT DISCARD

The fact that sabot discard interactions influence the trajectory of
fin stabilized projectiles can be demonstrated by considering measurements of
free flight yawing motion (Figure 5). The data were acquired in the BRL
Transonic Range on a typical kinetic energy projectile. The plots present the
arngle of attack versus the angie of sideslip as the round moves through the
200 m facility. With distance downrange, the yaw level decreases; therefore,
the maximum yaw occurs near the weapon. Two nlots are presented representing
a case with low and high sabtot discard perturbations, Figures 5a and 5b,
respectively. The nature of this categorization can be seen if one considers
Lhe condition of' the projeciile at separation freowm the gun tube.

¢

Within the bore, the projectile is constrained by clearances to yaw
levels on the order of 0.1 deg; although the angular velocity may be
appreciable. If a statically stable projectile enters into free flight with
such initial dynamics (i.e., near zero initial yaw, but finite yaw rate) the
resulting angular motion should be nearly planar yaw. In fact, this type yaw
is well represented by the data shown in Figure 5a. This plot would suggest
that =sabot discard interactions either were not significant or are consistent
with norwal free flight aerodynamic loads.

In contrast, a second round of the same type demonstrates the effect
of sabot discard interaction (Figure 5b). Here, the yawing motion is not
planar, but elliptical. If cne were to postulate initial laurnch dynamics for
this round, they would be initial yaw of roughly 4 deg and a finite yaw
velocity orthogonal to yaw angle. Obviously, the projectile did not have a
4 deg yaw at release from the gun tube; nor is it reasonable to assume that
disengagement from the tube forced the yaw to build to such a level. Rather,
the sabot discard process produced perturbations which significantly altered
the launch dynamics of the round.

The sabot discard perturbations consist of both mechanical and
aerodynamic interactions. At the muzzle of the weapon, the sabot components
and projectile are in direct mechanical contact due to the constraints imposed
by the tube and the various bands or seals of the sabot assembly. After
clearing the tube, elastic decompression, spin, and gasdynamic 1lcads act to
break these bands and to lift the sabot away from the projectile. Depending
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upon the design of the sabot, the 1ift process may be rapid and clean or may
involve pivoting about a point of contact on the projectile. Alternatively,
t.he sabot components may initially breal contact only to reimpinge on the
projectile at a later stage of discard. Asymmetry in the contact will
generate lateral momentum tLransfer between the sabot components and the
projectile. This alters both the projectile trajectory and the symmetry of
sabot discard. Geometric asymmetry in the sabot discard results in
aerodynamic asymmetry in the mutualily interacting flowfields associated with
the sabot cowmponents and the projectile.

The relative magnitudes of in bore and sabot discard perturbations
have been estimated using data acquired from x-ray measurements of near muzzle
projectile motion [3,4]. The results of a comparison of transverse angular
impulse are presented in Table 1, below. The data indicate that the level of
impulse due to sabot discard perturbations, is the same as that due to in bore
disturbances. This conclusion is supported by data acquired by Biele [5] who
measures the dynamics of a 120mm gun tube and the subsequent projectile
trajectory. He finds that the gun wmuzzle motion acecounts for roughly one-half
of the measured trajectory Jjump angle. The remainder is associated with
disengagement and sabot discard dynamics.

Table 1. Comparison of Transverse Angular Impulse

Round No. In Bore Angular Impulse Sabot Discavrd Angular Impulse
(rad/s) (rad/s)
1 6.37 560
2 417 10.26
3 3.03 21
4 3.58 3.28
5 7.45 1.82
6 1.71 6.30
7 14.28 5.88
8 1.29 9.04
a 5.97 G.08

Since sabot discard can significantly alter the projectile
trajectory, it is of interest to consider the crigin of asymmetry in discardg.
Conceptually, there could be asymmetry associated with the failure of bands or
retaining rings; however, this hehavior is difficult to measure or model.
Alternatively, the asymmetry could be directly related to the initial state of
the sabot and projectile upon disengugement frum th ibe. During travel
within the gun, the projectile moves along a curved pat: Jetermined by the
tube bore profile and tube dynamic response. In addition, the projectile and
sabot may be oscillating both relative to the bore and to each other.
Finally, during release of constraints at shot exit, transverse loads may be
imparted.

Plostins [4] assumed that a major factor influencing the sabot
discard interactions was the in-bore oscillation of thne projectile relative to
the sabot. He examined the magnitude of measured sabot perturbation relative
to the parameter * '/ 2 , For small values of this ratio, the projectile is
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assumed to be near the peak of its in-bore yaw. Conversely, large values of
the ratio dimply the projectile is being launched near the minimum of in bore
yaw. The correlation indicates that sabot discard interactions are large for
small values of 5“' /85 - This would correspond to a condition where the
projectile angular displacement 1is greatest and, presumably, where the
differential strain in the sabot components 1is appreciable. The minimum
discard interaction is measured for the case of large &.,' / 8. , which should

be the case for low differential strain in the sabot components.

The results point out the need for a design tradeoff. To reduce
aerodynamic jump, the 1launch angular rate must be minimized; however,
Plostins' correlation suggests that as the rate is reduced the sabot discard
interaction begins to build up. This implies that there could be an optimal
launch condition for the minimization of the sum of the sabot discard
interaction and aerodynamic jump.

5. FREE FLIGHT

In this section, consideration is given tc the influence of the free
flight aerodynamics upon accuracy. First, aerodynamic jump will be discussed.
Second, the manner in which exterior ballistics is implemented in the fire
control solution is addressed.

Aerodynamic jump is the deviation of the trajectory associated with
the yawing motion of the projectile. As yaw builds up, a lift is produced
which results in latzral acceleration and displacement of the round. Murphy
[6] integrates the equations of motion to produce the following expression for
the aerodynamic jump:

o= X ! [¢' + H& ]
m? CM ° v

To examine the importance of the initial angular rate and angle of attack,
consider two cases representing thc launch conditions ¢f a fin-stabilized
projectile:

Case 1: £

5 deg, & 0 rad/s

0 Q

0 deg, &,

Case 2: & o

14.5 rad/s

"
"

Q

To give yawing motion which is similar in magnitude (but not in
phase) for each case, the first waximum of yaw will be roughly 5 deg. For
Case 1, the projectile is assumed to be launched at this angle. For Case 2,
the projectile 1is launched with an angular rate which will cause the yaw to
build to a maximum of roughly 5 deg. In both cases, the initial velocity
vector is assumed tc be along the desired lay angle.

The resulting trajectory for each case was computed using a
gix-degree-of-freedom code (Figure 7). It is observed that the jump for
Case 1 is negligible; however, for Case 2, there 1is significant trajectory
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deflection. Since this case is more nearly that of typical gun launch, the
computations indicate that the yawing mction of projectiles must be considered
as an important source of deflection. This 1s especially true for yaw levels
whizh are greater than one or iwo degrees. For comparisen, the value of
aerodynarnic jump predicted by the above equation is shown on the plot. The
two v~lues are in good agreement. It is interesting to note that trajectory
deflec. 'n angle 1s sensitive to projectile yaw for ranges less that 200 m.
Beyond this distance, the jump approaches its asymptotic limit.

The second free flight effect to be considered 1s associated with
the implementation of gun lay. The fire control system, inclusive of the tank
crew, must sense the ambient conditions and correct the pointing angle of the
gun to provide the correct trajectory. If the ambient conditions are not
properly sensed or input to the fire control computer, then the round will
deviate from the desired point of impact. Since the flight characteristics
are sensitive to the projectile design and launch conditions, two typical fin
stabilized tank rounds are considered: full bore, spike-nosed and -
sub=-caliber, saboted long rod shapes. For a given 1level of uncertainty in "
ambient conditions, the shift in vertical target impact location is given as a .
function of range in Table 2, WS

Table 2. Shift in Ve:rtical Target Impact Location (in mils) due to
Error in Fire Control Inputs where FB = full bore round and
SC = sub-caliber round.

S Range 10% error in 0% error in 10 w/s wuzzie 5 w/s cirusowind T
Q.‘ (m) density ambient temp. veloecity error estimation error o
FB SC B SC FB sC FB SC

0 4 0 0 0 0 0 0 0 ;
500 .018 .Goe .004 .000 .036 012 .20 .035 -
1000 ., 090 .005 .020 .002 .083 022 632 072
1500 .245 .013 .059 .004 .139 .035 1.003 107
2000 .560Q .025% L .008 .220 047 1.484 » 145
2500 1.114 040 .286 .013 .321 .060 2.003 .182
3000 2.184 060 .558 021 U478 075 2.718 .226
3500 4,002 .084 1.000 .030 .686 087 3.490 .268
4000 6.947 116 1.617 L0482 1.6170 .104 4,545 .30

It is readily apparent that the sensitivity to errors in fire
control inputs is significantly lower for the sub-caliber round than it is for
the full-bore round. In addition, the wvariatien with range 1is highly
non-linear. To gauge the importance of these shifts in impact location, it is
necessary to consider whether the estimation errors are reasonable, For
example, a 10% variation in air temperature is about 30 deg C from the 15 deg
C standard. This could reasonably result from a seasonal excursion or from ua
day to night change in a high desert environment. A 10% change in air density
is at the extreme when variations are considered at a given altitude;
however, if the weapon 1s moved from sea level to 1 km altitude, such a

-, density change is possible. A 10 m/s variation in nmuzzle velocity has been
o observed 1in tank guns even with a correction for prupellant temperature and
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has been attributed to uncertainty in tube wear and propellant aging
characteristics. A 5 m/s error in tne estimation of c¢rosswind is an upper
bound on this property.

Due the short engagement ranges of tank cannon, the influence of
rotation of the earth on the trajectory is neglected. The magnitude of this
effect on the azimuthal fall of shot is illustrated in Fig. 7. Even at 3 km
range for the slower round, the correction is relatively small.

The algorithm in the fire control system used to aim the weapoa also
influences the ability of the gunner to successfully engage targets. To
compute gun lay angles, current systems use either a pelynomial fitting to
standard conditions plus corrections (unit effects) or solve two-dimensional
equations of motion (with a closed form add-on equation for the cross plane},
As long as computer memory space permits and the conditions are not widely
different from standard, both =solution methods yield comparable results.
However, if there is a reasonably large divergence from standard such as a 15%
density decrease coupled with a 10 m/s cross wind at an engageunent range of
2000 meters when firing a full caliber finner, the interaction of density and
wind, if uncompensated, would introduce an error of about one mil in the cross
plane. Fire control algorithms which utilize polyncmial fits for nonstandard
corditions could suffer from the nonlinearity of the corrections but this
shortcoming is minor and, generally, may be ignored. It should be pointed out
that the fire control system attempts to compensate for the nonstandard
effects addressed in Table 2; however, there is error in measuring each of
these gquantitics which will influencs the fall of shot. The nerturbations
listed, such as 16% in air density, can be properly accounted for if the
correct value is input to the fire control. Unfortunately, the default values
are often used in the solution of the aiming data because better data are
unavailable or because the importance of these quantities is not recognized.

6. SUMMARY

The influence of perturbations to a projectile trajectery following
separation from the gun tube is examined. Muzzle blast, sabot discard, and
free flight effects are considered. Muzzle blast has a minimal influence.
Sabot discard can cause changes in the trajectory similar to those due to
transverse loads within the gun tube. Generally, free flight loads are well
understood; however, uncertainty in ambient conditions can generate errors in
the lay of the weapon which can be significant in some cases.
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Accelerating, oscillating projectile

Curved, recailing tube

a. In-Bore

b. Muzzle Separation

Figure 1. Schematic of Launch Environnent
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ABSTRACT:

Computer graphics 1is rapldly d=zveloping as an engiaeering design and
danalysis tool. The adveac of interactive computling and array processing oi
miaicomputers has made it possible to interface both experiuental data and
comaputer simulation with graphic displays to facilitate analysis. The use of
color as a moanitor of stress level or thermal effects, for example, provides
an enhaaced capability for the recognitlion aud understanding of ballistic
pheaomena.

This paper describes a computer code which provides three-dimensional
color output to display the dynamic motion of a guen tube., Using a description
of the tube from a database and the centerline of the tube at rest, the static
tube is displayed in both two and threze dimensions, Data for the ceaterline,
obtained from either a gun dynamics modeling progtam or experimental data, are
used to calculate the gun tube display coordiunates at a gilver time,
Successive frames can be generated at appropriate time iatervals to be used to
make a film of the tube motiorn.
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A THREE-DIMENSIONAL O)YLOR (IMPUTER GRAPHICS PROGRAM FOR DISPLAY
OF PROJECTILE GUN DYNAMICS

KATHLEEN L. ZIMMERMAN
U.S. Army Ballistic Research Laboratory
Aberdeen Proving Ground, MR 21005-5066

1. 1Iatroduction

Graphical represeatation of data 1s an old, widely used analysis tnool.
Computer algorfthms to automatically geaerate 'X-Y®' plots were developad
quickly by the Iiadustry. The adveat of the low-cost graphic terminal and
development of mini- and micro- computers led to a tremeadous growth in the
graphics field during the early seveaties. Graphics, suddealy available at a
reasonable cost, captured the interest of many users from a host of disci-
plines. Almost instantaneously, computer graphics were being used to display
threo-dimensional objects in 'computer arc', movies, and vendors' promotional
material. FEven the change ii language from 'plottiag routines’' to 'computer
graphics' reflects technological advances which allow us to make artistic use
of color to show deasity, stress, temperature, texture, etc.

A survey of commercially available software was made before this project
was undercaken i1 earaest. The leading coatender, PATRAN, has a fantastic post
processor for display of three-dimensional objects; the graphlcs modeling
capability iacludes surface smeothing and highlighting which produce almost
rhotographic quality results. Unfortunately the company which sells it does
not plan to market a versicn which will rua oa any of our three candidate
computer systems: an HPL00O-F wminicomputer, an HP9836C microcomputer, or a
PE3252 minicomputer with a MEGATEK 7200 graphics engine. 1t tocok very little
time to learn that buying software desigoed for our particular hardware
combiaations was aext to impossible,

Since the ultimate goal of this project is to wmake a movie of the tuhe
moticn, it was decided to conceatrate development efforts using the Perkin-
Flmer minicomputer, the MEGATEK, and a MATRIX camera. DISSPLA, version 9, has
been 1iastalled on the PE and 1s the curreat graphics package belng vsed., 1t
has the advantage of familifarity siace [t 1is also installed on the malasite
CYBER 173 and CYBER 825 computers. The 3-D graphics available with DISSPLA
canaot be usad for this application since DISSPLA expects a siagle-valued
function to describe in x aud y the surface.
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The cbject of this paper 1s to present a simple, direct method for
showing gun tube motion as predicted by a gun modeling coda. The program has
been written so that the user can generate the graphlcs plcture usiang familiar
two-dimensional plottiug routiaes. Further, the program has beea designed so
that only one subroutine needs to be re-written when the code is 'ported' to
other computers. With very little effort, the graphics subrcutine has been
coaverted to ruin on the HP 10C0-F and the CYBER 825,

2. Graphic Concepts

The assumption has beea made that gun modeling codes can produce
centerline coordinates (x,y) for each aode at a <=iven time t and/or three-—
dimensional information which gives the centerline coordinates (x,y,z) and the
rotation of point on the surface about each axis for each node at a given
time t, The radius of the tube at each node 1is obtained from a database of
gun tube descriptions. Surface coordinates are calculated at 25 points around
the circumfereace of the tube at each node and stored in a three-dimensional
matrix by node number, clrcuference point number, and axils coordinate. This
tube matrix is similar to a finite elemeat mesh and can be used to display a
'stick figure' representation of the tube,

In order to use the hardware polygon fill or software routines of a
graphics package like DISSPLA, the data needs to be preseated in a form so
that coasecutive vertices of a polygon are defined. A plotting matrix is
computed using the iaformatioa in the gun tube matrix just calculated. The
surtace coordinates are arranged so that each group of five deascribes a
polyzron where the fifth vertex is identical to tue first and is used to close
the polygoa. The plotting matrix will become much larger than the tube matrix.

All that vemains now 1is to transform this three-dimensional data into
information which can be used for a two-dimeansional display medium. At the
present time, a 4 x 4 rtransformation matrix is calculated which perfourms an
isnometric projection of the plotting data and then projects it onto the 2=0
plana. Every polygon is displayed and filled, includiag polygoans which are
not visible in the picture. This takes a lot of time, but does aot alter the
final view. 1Ia order to give the three~-dimensional sense, the centevline of
the tube as weil as the surface circumference poiats at each node ara drawa.
A picture is takea of the tube at 1ts initial posicion.

To calculate the plotting matrix for the next time step, it 1s necessary
to perform the required translatioa of the ceaterline coordinates aad the
correspoadiag rotations at each node. This is doae using the tube matrix and
the plotting matrix is thea defined again.

It 1s obvious that a hidden line or hidden surface toutine must be added
to this program in order to speed up the actual display of data on the
graphics terminal, Since a wmua tube s a serites of convex volumes, the
Roberts hidden line algorithm (reference 1) can be used to compute hidden
lines. New eadpoiats are computed for partially visible lines and can replace
the corresponding hidden vertices; thus a new polygon describing the visible
portion of the original polygon is obtaiaed. Totally invisible polygons,
defised by the hidden vertices of thelr hidden e=dges, are aot plotted.
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Visibility, that is to plot or not to plot, 1s indicated by putting a one or )
zero in the fourth columa of the plotting matrix. Even though the routine is
CPU intensive, this should greatly reduce the plotting time for each frame.
It must be emphasized that this addition will save time; it will not change -
the picture at each time step. Jh

3. Program Details

The prograwm reads input from units 5, 10, and 11, Unit 5 is usually the
default iaput unit in FORTRAN and associated with the terminal in aa interac- .
tive mode, Units 10 and 11 are &sttached to data files DTUBE and CIUBE. Each o
input required is described below. -

The user is prompted for an ealargement factor (EF) aad the desired tube
name  (RNAME). Respoase 1s expected on unit 5, The y coordinate of the
conterline (and eveatually the rotations) are multiplied by EF so that the
movement will be noticeable to the user. RNAME is used to pick the correct
tube description data from the file DTUBE.

The database of tube descriptions 1is created by the user from the
engineering drawings and recorded ia the file DTUBE. This input file {is
attached te uait 10. Each itube 1is describad in the following manner:

Liae 1: (A20,15)
DNAME = Name of gun tube, i.e. 105mm - M68

NSEC = Number of seciions in ifube

Line 2: (12,1X,Al,1X,4¥%10.4) ~ repeated NSEC times
[SEC = Sectioa number
TYPE = Cross-section description

R -> rectangular ;
T -> trapezoidal .
D -> discontinuous e

XB = x coordinate at bhegianiag of section

YB = y coordinate at beginning of section

XE = x coordinate at end of section

YE = y coordinate at end of section

Figure 1 shows the diagram of the 105mm gun tube and Table 1 shows the data as
entered in the file DTUBE.
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Figure 1., Tllustration of the 105mm - M8 Gun Tube. T
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Table 1, Example of data as cntered in file DTUBE.

105mm - Mb8 6

Il R 0.0000 8.9000 22 .5000 3.9000
2R 22,5000 8 .9000 59,5000 8.9000
37T 59 .0000 8.9000 103.2500 7.0100
4 T 103.2500 7.0100 126.8500 6.2500
5 T 126 .8500 6.2500 202.,4375 6 .0500
6D 202 .4375 6.C500 210.5000 6 .0500

The file CIUBE, which is attached to unit 11, is created by the gun
modeling program. It must contain the following 1aformation:

Line 1: (NODES (6X,15) = Number of nodes chosea (does not change
during the run)

Line 2: TIME (6X,E17.10) = time at each step

Line 3: (6E12.7) -> to be used for a 3-D modeling program
c(1,1) x coordinate on ceaterline
C(J,2) = y coordinate on centerline
¢(J,3) = z coordinate on ceaterline

R(J,1) = rotation of polat on surface about x axis
R(.7,2) = rotation of point on surface about y axis
R(J,3) = rotatinn of poiat on surface about z axis

e where . = nndal point number < 20 and this line
Q., is repeated for each nodal point.

Data at subsequent tilme steps repeat line 2 once and line 3 C(NODES number
of times. Line 1 is never repeated. Table 2 shows the data generated by the
Boresi modeling program (reference 2) for the 105mm at time zero. This is a
2~D program and tihe format of line 3 is (11X,2£18.10) since only the x and y
coordinates of the ceateviine are provided.

Table 2. Example of data as expected ia file CTUBE from the Boresi model.
8 CNODES

.N00000CO00E 00 INTTIAL QNDITLONS
1 .0000000000E+02 .3167988028E-04

2 «2250000000E+02 «2731650263E-C3
3 .4090000000E+02  ~,12580901859E-03
4 .5950000000E+02 -.1519039589£-02
5 .1032500000E+03 -,8859127947E~02
6 «1268500000E+03 -.1497079945E~01
7 .2024375000E+03  -.4300180835E-0!
8 2105000000FE403 - .4623445425E~01

The program uses the gun tube description data to find the radius at each
of the ceaterline wnodal points. 1t has beea assumed that the modeling program
will 1include the ead points of each tube section in the nodal point set. The
) program will create two polats at the beglaning of each discoatinuous sectilen.

o
R
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Table 3 shows the plottiag nodes which have been determined from the tube
description dota and the gun model data. Note that the y coordinates have
been multiplied by the ecalarpement factor ER=1000.

Tahle 3. Plottiag nodes determined from DTUBE and CTUBY input.

Plottiap

Node X y 2
1 0 .00000 0.03168 0 .00000
2 22.50000 0.27317 0.00000
3 40 ,89999 -0.12809 0.00000
4 59 .50000 -1.51904 0.00000
5 103 .25000 -8.85913 0.,00000
6 126 .85000 -14.97080 0.00000
7 202 .43750 -43.00182 0.00000
8 202 .43750 -43.00182 0.00000
9 21050000 -46.23455 0.00000

Th (v,z) coordinates oa the surface of the tube at each node x are
calculated in subroutine CIRCLE. This subroutine uses a parametric equation
of a clrcle so that the coordinates are evenly spaced around the clircumfereace
of the circle rather thaa evenly spaced on the y-axis. The results are stored
{a the tube matrix G(KJ,KC,1) where KJ is the node aumber, KC is the number of
the circumference point on the surface, and I 1indicates the x, v, or z
coordinate.  The first and Jasr poiats are identical In order to close the
circle.

The plottiag arvay Z(N,3) 1is created from the tube matrix G(KJ,KC,3).
As stated above, the surface ccordinates are arranged 1n groups of five to
derscribe the polygoas which approximate the surface of the tube. The size of
N is determiaed by

5 x (# pts oa circlo =1) x (# plottiag nodes -1).

Assuming that 19 aodes are specitied by the gun modeling program and that
there is just oie discontiauous section, thea the number of plottiag nodes is
20. The program always calculates 25 points on the circle. Therefore, in
this case, N = 5 x 24 » 19 = 2280 and 6840 words are regquired to store the
cntirve plottiag array. Tt is obvious that the size of N grows qulickly and
that care must he exercised to keop the arrays within the memory iimits of the
computer heing used, The current liwmit for N is 2500.

Sabroutiae GRAPH3D is the driver routine for calculating the homopgencous
coordinates which will bhe displayed va a two-dimensional medium. It expects
data ia an N X 4 plotting matrix where the first three columns detfine the x,
v, aud z coordiaates and the fourth columa indicates (f the point [s tu be
plotted. The subroutine call is

SUBROUTINE GRAPU3D(ZP, IR, T9, 7H, INTTL)

V-6
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where ZP = input data matrix
IR = numoer of rows in 2P
TS = £x4 transformation matrix from subroutine TRANS
ZH = homogeneous coordinate matrix
INITL = O.

Normally, options can be selected to describe the type and order of transfor-
mations to be made to the data. For this application, an isometric projection
of the data onto the z=0 plane has been presct. In general, the transformation
matrices T(4,4) are calculated and concatenated in the order specified by the
user, The crtions supplied by GRAPH3D are used in subroutine TRANS to select

iIccessive 4 x 4 matrix multiplications until the final transformation matrix
15 calculated, These multiplications are done first in order to avoid succes-
sive matrix multiplications with the much larger plotting matrix. It 1is
important that the options specify the transformations in the correct order.
The last transformation matrix for a given set of options

)

[T] = [T1] % [T2] X .e. o x[])
is used in GRAPH3D to calculate the transformed data:

[ZP]Nx4 X [Tly,q = (2T, -
All transformations assume a right-handed coordinate system; the user 1is
responsible for making any adjustments for left-handed coordinate systems.

The homogeneous coordinates are determined by dividing the elements of
cachh row by the fourth element of thet row:

ZH( IROW, ICOL) = ZT(IROW,ICOL)/ZT(IROW,4)
where ICOL = 1 to 4.

Thus, all fourth column elements now equal one. Since the transformation
usually includes a projection onto the z = 0 plane, the homcgeneous coordinate
matrix |2ZH] contains the two~dimensional representation of the chree-
dimensional data in the form [x y O 1}.

Detailed descviptions of the mathematics used tor the translation,
rotation, and projection matrices used in subroutine GRAPH3D and TRANS can be
found 1n reference 3., This is an excellent text for mathematical techniques
required to develop computer graphic algorithms.

Now, since the fourth column information has been preserved in the array
ZP(N,4), it can be inserted in the fourth column of the homogeneous array

ZH. Finally, the data is ready to be displayed on whatever medium chosen.
This data can be passed to a subroutine for actual plotting or written to an
output file to be plotted later. Because of the amount of ccmputation

required, this proygran writes to file DGRPGP on unit 12, This decision has
given the flexibility to try the graphics using different graphics packages on
other computers without worrying about user program Space or memory size,
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If the user wants to remove uirdden lines, this must be done before the
data is projected onto the z=0 plane and after all other transformations are
calculated. An option is available to do just that in GRAPH3D. Subroutine
ROBERT is the implementation ot a hidden 1line algorithm [reference 1]
developed by L.G. Roberts at M,I.T. in 1963. This algorithm looks to see if
an edge or line is hidden from view by any object in the scene. Each volume
or object must be convex in itself; the total scene need not be. Each object
is described in several ways:

1. By a volune matrix composed of the plane equations
tor each plane .n the object,

2. By a corner matrix which gives the x, y, and z
coordinates of each vertex, and

3. By a plane/vertex matrix which contains the vertex
numbers describing each plane,

The general eguation tor a plane
A.x + By + C.z + D. = 0
y YT 3

provides the coefticients for each column of the volume matrix

_Aj Aigq e 1
(vl = Bj Bjpq oo

C5 Cyuq eee

Dy Dyyq e

where j counts the plares. Using the plotting matrix, which is conveniently
ordered by vertices defining each plane, this volume matrix 1y determined in
subroutine VOLMAT. Three wvertices on ea~h plane are used to calculate the
plane equation ccefficients A, B, and C; coefficient D 1is set to one. The
following is applied

Xg Y2 Z2 -1 = B
' _ -
X3 Y3 dy 1 C

to each ot the j planes describing the obiect. Since an arblitrary 25 points
were chosen tor the circumterence points, there are 24 planes around the tube
and one at each end; therefore the volume matrix is 4 x 26. The volume matrix
must be adjusted so that the dot product of the position vector of a point
1slde the volume ond the volume matrix vields a positive result. The point s
1s found by raking the average for each X, Y, and Z:
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X = ()(1 + Xy b e F Xj)/j
y= (Y1+Y2 + 0:.+Yj)/j
2= (g + LA o+ Zj)/j
and its position vector 8 = {x y z 1]. If s [V] < 0, then the correspoading

column of the volume matrix is multiplied by -1.

The corner matrix 1s calculated in subroutine RMAT. ‘This matrix is
simply a reordered subset of the vertices contained iun the plotting matrix,

The plane/vertex matrix is determined in subroutiae PVMAT. This is
another hookkeeping type routine which orders the vertex aumbers of each plane
counterclockwise, The 'sides' of each object, which 1s the section of the gun
tube between each node, are planes with 24 vertices,

As previously stated, the transformations required are concatenated up to
the poiat of projection oanto the z=0 plane. The inverse of the transformation
matrix [T] is stored in matrix [T9]. The volume matrix 1is pre-mulciplied by
the {inverse trausformation matrix to give the volume matrix In the transformed
space:

(t17! = {19]
[T9] [v] = [vT].

The corner matrix is transformed by post-multiplying it by the transformation
matrix:

(o] [r] = [cr].

Using the plane/vertex matrix, an edge matrix is computed which gives the
two vertices describing the edge, the two planes which intersect at the edge,
and a flag indicating visibility of the edge. Ianitially, the flag is set o
oae to iandicate visibility.

The determinatioa of hidden planes 1s made 1ia subroutine HIDEl. The
transformed volume matrix is pre—-multiplied by the eye point vector

c=1[0010]
to yield a vector

G [vT] = PP.
If each component of the resultiang vector. PP, is positive, then the planes
are not seen. The edges formed by the Intersection of these planes are ialso
invisible. The flag for that odge 1is then set to zero la the edge matrix for

the volume being tested.

Testiag for visible and noa-visible lines begins ia subroutine HIDE2. A
quick test for complete visibility is done first. Given the two eadpolats s
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and py of an cdge, the liae becweea them is visible is both eadpoiats are
visible. The following vectors are calculated:

d = Py - 8
Py = 8 fvrl
. =d [VT
95 [vr]
. = G [VT].
vs [vT]

1f, for aay j, the two conditiong

l. P. <0 P

J
2. P; + qj <06 and W A w

where G = [0 0 1 0}

are satisfied, then the line is visible. Tf the edge is visible, its flag ia
the edge matrix remains set to oae aand the next edge is processed. If the
edge is aot visible, the flag is set to two aad furtlier testing is doae.

At this poiut, use is made of a parametric represencation of a line to
determine its visibility. Given

P(t) = Py + (PZ—PI)t where O < t < | )
V = 5 + dt
where 0 £t <1, a > 1

]

L
=Py, and d = PZ—Pl

It

{a ,t) =u=s+dt + oG
Substituting,

u [VvT]
u [vT]

s [VT] + td [VT] + o G[VT]

pj + [:qj + 53 Hi (2)

[}

Equation (2) yields a set of j liaecar equations to be solved for a and t.
Eacl, pair of equatioas is solved ia RIDE3. It there is a solutioa for the
given pair of equations subroutiae TLIMIT is called to determine if t is a
miaimum or a maximum, This subroutine determines the MAX(t

min’ and MIN(tmax)

for the eatfre set of solutions to =quation (2). The portioa of the liae
which is visible is givea for the region of t

- : a; < $
0 = t < t'min 1nd C'HHX t <1

and the Invisible portioa for values of €

st <t

Lnin nax * -
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The eadpoiats are caloclated usiogy t o= tuin and t = Ui and substitautiag the

values ia equaiion (1). The values of tinin and tmwx Are used to determine the
i IS

aumber  of  visible  segmeoais  from cach edyoe. litvisible  sepmeats  arce

discavded. Visible sepuments from each edye are stored in a temporary array
and  are tested agaiast oany remataing volumes hefore proceediag to tae acxt
eage.  Those segmeats which ave found to ke totally visible are stored ia a
iiaw matrix ia subroutiae KIDE2.

Atter ail the eodges are checked agaiast all the volumes, excepl its own,
the liae segments from the live matrix and aay edges which were fouad to be
totally visible after the auick check are put {ato an array for plotting.
Projection oatn th2 2+ place v doxe just prior to writiang the plotting
array.

4. Conclusicas

Although calculations have not been done with as small a time step as
will be aecesssry to produce ecaough {rawes for a movie, the method has beea
demoastraved,. The hidden line algorithm kas 2ot been applied rto this specific
problem, bat {1t has been tested for a scence composed of three rectangular
paralleipipeds. The routiae will have to he modificd to handle the 24-sided
nplanes of each tube section.

Only the Boresi gun model has beea wscee for iaput so far. Thus there has
beca an test of the votactions; agaii, the subreatine invelved has been used to
calecalate rotations of other obliects and its results have heon confirmod.

Simple enhaacemenss arve planned lite wsing a contrasting colored stripe
on the surface of the rube to show twist and a marker of some sort to show the
position of the projectile. Evantually, the wmoition of the projectile will
also be displayed. 1In this zasa, the iavisibhle section of the tube wili be
drawa with the visible pcrtion ot the projectile., Highlighting, shading, aad
surface smoothing are desirable but cot planazd for the near futare,
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ABSTRACT:

A ctudy of the projectile-gun tube interactions using a two point force
technique was presented at the Third US Army Symposium on Gun Dynamics. It
showed that the large computation-experiment.l discrepancy of one to two
orders of maguitude for vibrations in the M68 gun tube could be eliminated.

This paper presents the work related to the two point force formulatioun of
the general case of the transverse vibration of an elastic gun tube with
uniform rifling. It outlines the formulations of projectile motion and tube
vibration, piesents correlations of computations and tests, and discusses the
theory of formulation. The success of the formulations is in the use of
elastic deformations ro replace the stereemechanical nact for projectile
motion and the use of a two point force technigue to replace the point mass
approximation for tube vibration. The computations show the important effect
of projectile c.g. eccentricity and tube-projectile clearance. A detailed
compr tation of the muzzle motion of the M68 gun tube is obtained using a
typical pressure~time curve. From the computed results it is seen that the
gun vibrations fluctuate dependingz on the variations of initial conditions.
For given realistic initiagl condition, the computed results are comparable to
the teut data and therc exists no computation-test data discrepancy. The wide
range in the variation of the computed results can be explained by recalling
the principles of resnnance of vibration. The evaluation of the computed
results gives an insight inte gun tube vitrations.
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AN INSIGHT INTO GUN TUBE VIBRATIONS

$2U HSIUNG CHU, PH.D,
US ARMY ARMAMENT RESEARCH AND DEVELOPMENT CENTER
LARGE CALIRER WEAPON SYSTEMS LABORATORY
DOVER, NEW JERSEY 07801

INTRODUCTION

The existing state in gun dynamics is that the computation of the
transverse gun tube vibration generates results that are one to two orders of
magnitude less than the corresponding expeiiwental data (1, 2)*%. However, the
torsicnal vibrations of the gun tute have good computation-test agreement (2,
3). In order to improve the computaticns, a two point force technique was
proposed at the Second Meeting of the Gun Dynamics Steering Committee (4).
This technique considers a projectile as a rigid body except at the bourrelet
and the rotating band where =lastic deformations may occur. The transverse
prolectile-gun tube interactions computed from a six degrees of freedom
formulation of such projectile motion are then used as the two exciting forces
with opposite sign at the bourrelet and the rotating band locations of the gun
tube. Thus, in addition to the effect of the conventional point mass forces,
the cffect of a moment induced by the base pressure resultant and the
projectile c.g. eccentricity is also included. The M483 projectile
computations (4) show that the results nre dependert on the projectile e.g.
ecrentricity and agree with the available test data. Thi¢ technicue together
with a simple example was later presented at the Third U.S. Armv Sympecsium on
Gun Dynamics (5). Reference {6) shows the effect of a moviny couple
introduced by the projectile eccentricity and (7) presents a si: degrees of
freedom formulation. Both use gimilar concepts, ard indicate tha. the
techrique has many advantages.

This paper documents in more detail the twe point force technique and the
rclated gun dynamics work performed in the Applied Sciences Division of the
LCWSL, ARDC. 1Its aim is to present some ohservations and insights inte the
gun dynamics field. The modification of current formulations using the point
mass approximation may be easily done by substituting the original forcing
function with the two transverse interactions at the bourrelet and the
rotating baud, or by an equivalent force and moment.

This paper will emphasize the principles of problem formulation,
descriptions of forces and deformations, and correlations of computations and
tests. The equaticas of motion will be mentioned briefly, since the
derivation is rather a general mathematical maunipulation once forces and
masses are defined.

*Numbers in brackets { ) in the text denotes the reference listed at the end
of the paper.
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The presentation begins with the formulation of the projectile motioa.
After the motion and forces are determined, the opposite of the traansverse _
forces acting on the projectile are used to formulate the transverse vibration -
of an elastic gun tube with uniform ritling. Methods and examples of solution
are rresented. A detailed result of the computation of the muzzle motion of a
M68 gun tube is obtaired using a typical pressure-time curve. Various cases
of different initial conditions are considered. Some correalations between the
computations and the field tests are mentioned. The discussions of the
formulstions and the computed results indicate the advantages of this I
formulation and may give some insight into the2 complicated gun dynamics
problem.

FORMULATION OF PROJECTILE MOTION

The forces acting on a projectile during launch are the base pressure,
gravity, projectile~tube intaraction, air resistance and the inertia force.
Knowing these foices are essential for designing projectiles and fuzes,
de fining initial conditions of exterior ballistics and generating tube g
vibrations. R

In 1971, a research program was initiated to determine the forces to he !
used in fuze and projectile design. After surveying rclated literatures, an ot
extensive formulation was performed and documented (8). This formulation has

the following features: ';

1. Six degrees of freedom o replace the ccaventional three degrees of

fret_‘(if)!n; .-

7. Physical reasoning is used to define the applied forces instead of .
mathcmatically assuming the three components of a force;

3. Introduction of elastic deformation instead of traditional
stereomechanical impact at the bourrelet contact o

4. Emphasis of the projectile c.g. eccentricity from its gecmetrical
axisi

5. Consideration of the effect of non-unifoim band engraving of the
rotating Land;

6. Inciusion of the influence of tube curvature generated by its own /
weight or temperature difference; !

7. Initial position of the projectile;

8. Using the base pressure directly as input to the system of motion
equations;

9. Including the affect of transverse tube vibration; A

1. Considering rifling effects; aund

11. Thhvow oflf at muzzle.
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The program Ras undergone successive improvements and documented in (4, 5,
9-15). Additional features as follows are considered:

1. The air resistance or acrodynamic forces at th2 front portion of the
projectile;

9. The frictim forces at the bourrelet and the rotating band;
3. The effecet of tube wear and copper deposit in a worn tube;

4. The center of the engraved rotating band is not confined to move aloug
the tube axis, .nd lateral motion is permitted; and

5. The effect of the resisting moment of the rotating band, which oppcses
the transverse rotation of the projectile.

The six degre=s of freedom formulation (8, 11, 15) is based on the basic
principles of rigid bedy dynamics, that is, Newtun's second law of motien for
translational motions and its complement in the law of moment of momentum for
rotational motions. For econowmic purposcs, the products of inertia of the
projectile is ignored. Consequently the following Newton's and Euler’s
equations of motion are used,

ma, = Fy )
wa,, = I-Y ()
G ma, = F, (33
El - W4hy 4 Q,hy = My {43
h, - Q;hy + f3h) = M, (5)
1'-13 - 2,h + gl = g (6)

whavyc
w = mass 2f projectile,

ays Ay @y = accelerations ian the x, y, 2 dhections,
E I?y, F, = forces in the », y, z directlons, )
hy» h,, hy = angular momenta in the 1, 2, 3 directions, E
€ W \23 = angular velocities in the 1, 2, 3 directiuns, s
5
Ml. Mz, M3 = zoments in the 1, 2, 2 direvtions, and %
dot over a quantity de¢ sotes Lt. tiwe derivative. %
T In additicn, spincins is governod by the vifling eguation, N
R ,:“v
o195 E
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Wtany = R() + dcosd) {7)
vhere
W = displacement of rotating band in 2z direction,
y = twisting angle of rifling,
R = bore radius, and

¢ +,0,6= Euler's angles.

To properly d=fine the wotion and forces, several sets ¢f fixed and moving
right—handed rectangular coordinate systems and Fuler's angles are employed.
These coordinate systems are described in Tables 1 and 2. The rixed X, Y, 2
coordinate system 1s the basic reference system and it is fiied to the
stationary portion of the gun tube c¢r the ground. The woving X', Y', Z'
system is parallel to X, Y, 2 system but its origin moves with the driving
band. The moving Xy, Yy, 2 system translates with the rsorating bLand but
rotates so that the Zj-axis is always tangent to the gun tube axis. The
moving coordinate system, 1, 2, 3 and 1', 2', 3' are parvailel to each other
but with different origins. The body-fixed 1", 2", 3" system is fixed in the
projectile and is equivalenu to the 1', 2', 3' system rotated an angle ¢;
about its 3'-axis.

The Euler's augles, v, ¢ and 8 , are defined as follows:

1. ¢ 1is ithe angle of precession, which is the angle betwcen the nutaticn
wxig (intersection line of the driving band plarne and the ¥~Y plane of svstem
X, Y, Z ) and the X-axis;

2. 4 is the angle of spin, which is the angle between the body-fixed 1"-
ax1s 1n the rocating band plaae and the nutation axis, and

3. ¢ 1is the angle of nutation which is fcrmed by the Z-axis and the spin
axis.

Superscript ' and subscript 1 are usea for Euler's angles with respect to
the reforence coordinate systews X', Y', 2" and Xy , Y; , 7] respectively.

The forces and moments a:ting on the projeccile are basically visualized
or the assuwption that the projectile has elastic deforuatior at the bourrelet
and tie rotating band, and othe:rwise rigid everywh2re. All forces aund moments
consideced are shown in Fig. 1*. The subscripts used iu this figure have the
following meanings:

A = aerodypamic force or air resistance,
a = inertia force due to moiion of gun systea,
LRT = hourrelet novmal and frictior force.

*Fipures ave shown at the end of the paper
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~ TABLE 1. RIGHT-HAMDLD CARTESIAN COORDIMATE SYSTENS -GUN TUBE AXES
SYSTEM FIRST SECOND THIRD
HAME ORIGIN AXIS AXIS L AXIS
X,Y.Z Fixed at point where Horizontal, point- In vertical Tangent to gqun
(fixed) gun tube axis intzr-  ing to right when plane tube axis
sects rotating band viewed facing
plane at t=0 muzzle
X', ¥',7*  Always at moving Parallel to X- Parallel to Y- Parallel 1o Z-
(moving}  point where gun axis axis axis
tube axis inter-
sects rotating
band plane
Yo, 12 Same as origin of Same as X-axis In vertical Tangent to tube
17171 X',Y', 7' system Vane axis
(moving) A o f
TABLE 2. RIGHT-HANDED CARTESIAN COORDINATE SYSTEMS-SHELL AXES
i)’; SYSTEN FIRST SECCND TH1RD
#  NAME ORIGIN _AXIS AXIS AXIS 5
1,2,3 it shell C.G Parallel to nuta- Normal to shell Parallel to :
{moving) tion axis 1° axis shell axis
1',2',3" At moving point Nutation axis in Parallel to 2- Parallel to 3-
(roving}  where gun tube axis  center plane of axis axis N
intersects rotating rotating band
band plane. Same
as origin of X',Y',
ZI
1v,en, Fixed on shell at Intersects 3- Normal to shell Parallel to
(body- point coinciding axis at ncgative axis shell axis .
fixed) with origin of side gcoincides with -
1',2',3" system 3daxis) e

et
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g = gravity force,

p = base pressure, ij .
RB = rotating band normal and friction force, ‘

RF = rifling normal and friction force, and 'il“

X,y,z = components in the x,y,z directions

The forces at the bourrelet is worthy of special attention. An elastic
deformation or spring force is introduced instead cf the traditional use of
rigid body contact or stereomechanical impact force (see Discussion
sec tion). This technique avoids the jerky computed results. A general
configuration of bourrelet deformation is determined by the contact condition
for an unevenly engraved rotating band case. The associated bourrelet force
is the force resultant acting on the contact area. The simple expression for
the normal bourrelet force is:

kbéb (8)

op
]

normal bourrelet contact force,

=
o
[

=
lon
i}

spring constant, and

:b = deflection at the contact. ey
The rotating band forces may be obtained by integration around the

rotating band. To avoid not including the effect of the uniformly distributed SR
forces, the formulation computes the uniformly distributed force and an '1§
unbalanced force due to ihe lateral motion separately. The unbalanced normal
force has an expression similar to the normal bourrelet force. Furthermore,
for a rotating band of very narrow width, the resisting moment due to uneven
force distribution in the tube axis direction may be ignored. In case this
womenl is not neglected, it is expressed by

M_ = CpY (9)

=
i

resisting moment, il

4

yaw angle, and e
C, = coefficient of resisting mowent.

The air resistance or aerodynamic focce at the front portion of the
projectile is not formulated in the same mauver as the base pressure. Rather,
it is considered as forces acting on an inclined object moving in the air
confined inside the gun tube. Consequently, equations similat to the
aerodynamic force formula are used.

The rifling force is determined from the rifling condition (8). When a "
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projectile is launched in a smooth gun tube, the situation is quite different
and the formulation is much simpler (14).

The equations of motion for both drooped and vibrating gun tube cases
present additional computation problems over and above the original equations
programmed for the fixed straight gun tube. These problems were solved by
referring the moticn to the ground fixed coordinate systems and using a number
of coordinate conversion equations. A simpler set of equations have resulted
from considering the relative motion with respect to a moving coordinate
system which translates and rotates as it moves along the gun tube axis, This
technique computes the projectile c.g. accel:ration according to the following
general acceleration expression and makes corresponding moiifications in the
formulation.

The general vector expression for the accleration, a, of a point referred
to a moving coordinate system is from the theery of dynamics of a rigid body,

a = R+ uxiluXp) + 0Xp + P + 2w+d (10)
C r r

wvhere

Pen
I

- = acceleration vector of origin of the moving coordinate svstem,

w rotation vector of the moving coordinate system,

p, b, B = displacement, velocity, acceleration vector of th2 point
relative to the moving coordinate system.

Manipulating the cross product operation and separating the acceleration
and associated components in the X1, Y9y 24 directions, these components of
accelcration are

.. .. . ) . .2 2
a = R., + X, = 2Y.w + 27w - X (w + 0. )
+ Y. (- Ui -—w, ) + 2w w + o)
1 Xm Yl &l 1 Z) Xl Yl
a =R, +Y¥Y - 2ilw + ?xl Y, {w sl )
Yl C 1 1 Xl Zl 1 Xl
My W, — Wy, ) o+ X {uw + 4 (12
+ Zl( ¥,%¥7y X xlmyl le) )
a-. = h 4+ Zo- 2% 1 2Y,0 - 2. (w + 2 )
<1 cz) 1 1 Yl 1 ) 1 X Y1
4R ey ey ) F Y (ey w, v D) (13)
1 /,l X} Y1 1 Yl ?_1 Xl

In Lthe case of a drecoped gun tube which i¢ considered stationary with
corvarure in the veriical Y,~ 7, planc, the motion of the X, Yy, Z1
coordinate system is coufined in this plane and hence its acceleration
components are only ﬁuY and ﬁc21 . and the angular velocity and acceleration
components are oaly ., and &x]- Consequently, the acceleration
compoaen £ of the mass center of the projectile reduce to:
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a = ¥ (14) .
X 1 1 ‘,:_-:‘.
= 3 ¥, - 223w oy wl - ozl (15) T
2y Rey, %1 1%9% 1%, 1%
o .. . 2 i 16
a = RCZ + Zl + 2Ylwxl Zlmxl + Ylwxl ( )

z

The #oving coordinate translation and rotation terms in these equations
are detcimined by differeatiating the equation of the tube axis with respect
to time and the travel of the projectile. The curvature of the gun tube axis
miy be experimentally determined or computed. A simpler method is as follows:

The non-uniform gun tube is divided into many segments or stations,
counted from the fixed end. The deflection and slope of the gun at
station n are determined from the equations for a general cantilever bean,

namely (25)) 2 3
v Mp?n + Sn¥n
Yy o= Y, 1 + 8p-1%n T 3ET (17)
“n n
- o2
. - . Mng.n onﬂn
n n-1 EI, 28T (18)
where
Y = deflection,
0 = slope, .
M = pouwent, .-"““ -
S ;
. = length of beam element,
I = section area moment of inertia,
S = ghear force, and
n = subscript to denote station.
1n the case of a transversly vibrating gun tube the complete Equations
{11), (12) and (13) are used. These equations show that the transverse and
the torsional vibrations are coupled, since they contain terms with “z)
and %z, , which are duc to the rotation of gun tube about its axis or
torsion. When torsion is not considered, these terms are omitted, and the
acceleration components become:
: = R % 27 - X w2 o+ Y ., + 2.4
a2y chl Xt 2leyl Xl”y] lmxlqu Zl»Yl (19)
. 2 .
= 3 Voo~ 97 - Yqiy - 2w + X w, W
aYVL RCYI + Y.l. 21lwxl 1 Xl 1 xl 1 X1 Yl (20)
A = Rezy + B - 2K w. 4 2¥w. - Z_ (WS 4wl ) - Kby, +Yh (21)
Zl -&1 1 1 Yl 1 Xl 1 Xl Yl 1 Yl 1 xl
These equations coutain coupling terms “x, —and wy and their time e

derivatives. This means that tli» transverse vibrationd in the vertical and
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horizontal planes will not be independent and the usual separate computation
technique is indeed only an approximation. The moving coordinate system
translation and rctation terms are determined by the gun tube vibration which
is described in the next section.

At the samc time Picatinny Arsenal started this work in 1971, similar
investigations were also performed at the Sandia Laboratories, Albuquerque, NM
(16, 17, 18), later at Naval Surface Weapons Center, Dahlgran Laboratory, VA
(20, 21), and recently at S&D Dynamics, Inc., Huntington, NY (7).

FORMULATION OF TUBE VIBRATION

In most transverse tube vibration studies, the projectile is counsidered to
be a point mass since it 1is small compared to the gun tube, and the gun fube
is approximated as a cantilever beam since it is a long tube with the breech
end supported. In reality the transverse vibration of the gun tube 1is not
confined to a plane. However, to simplifiy the formulation, it is usually
considered that the tube vibration has components in two perpendicular planes
and may be analyzed separately. In general, Euler's or Timoshenko's beam
theory is used in the formulation of the equation of vibration. The general
equation derived from Euler's theory for the X-Y (vertical) plane vibration is

(EIY")" + ny = 5(XP - X)F‘p (z22)

where
i}

mass of the gun tube per unit length,

E = Young's modulus,
I = area moment of inertia of the gun tube element section,
X = location of the gun tube element,

X, = location of the projectile c.g.,
Y = normal or Y-ax1ls displacement of the gun tube element,

F_ = projectile-gun tube interaction force exerted on the gun tube by
the projectile, and

6,(){p - X) = Dirac delta function.

The gravity force of the beam is usually i nored in the formulation. A
similar equation is used for the X-Z (horizontal) plane vibration.

The interaction force F_ may be derived from the point mass approximation
(22). An important point is that this formulation ignored the effect of a
moment which is the product of the base pressure resultant and the projectile
c.g. eccentricity (see Discussion section). This moment is not small for high
base pressure cases. Consequently, there is no satisfactory agreement between
the couwputed results and the experimental data (1, 2, 3, 23). Nevertheless,
the computation of torsional tube vibration did show good agreement with the
test data (3). This difference of agreement is perplexing since all theories
and techniques of dynamics are well developed and rvailable.
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To improve the formulation, the technique or concept of a two point force
approach is introduced (4, 5, 15). The equation of vibration becomes

. . 23)
;""ﬁHY‘—:' _l_"\] -'IFX +h—XN (
(E1Y™) ! <Sxxp XN ( o ) by
where
£ = axial distar:e of the projectile c.g. to the rotating band
center section,
h = axial distance of the projectile c.g. to the bourrelet,
Nyy = Y component of normal force acting at the rotating band, and
be = Y component of normal force acting at the bourrelet.
The forces -N and —-N are the components of the two projectile-gun tube

oy
interactions acting at the rotating band and the bourrelet location

respectively. They are computed from the projectile motion but with opposite

sign. They may also be represented by an equivalent force and a moment at the
projectile :.g., since the equivalent of two parallel forces is a force and a

moment. Hcwever, the two point force representation is preferred, since they

represent completely the torce actions until the rotating band leaves the

muzz le.

The acceleration and rotation of the gun tube are obtained by
dlfterentxatlng the dlsplacement and the slope respectively. These quantities
are used in the equations of motion of the projectile as mentioned before.

METHOD OF SOLUTION

Traditionally the computations of the projectile and tube vibration are
performed separately. Usually, the equations of motion of the projectile are
solved fir.t to obtain the displacement, velecity and acceleration data
without considering the effect of tube vibration. The computed projectile
data are then used as known values to solve the equation of tube vibration.

In reality, there is a coupling cffect between the projectile and the tube.
This may be seen from the appearance of the coupling terms such as interaction
forces in the vibration equation, and tube accelerations and rotation terms in
the equations of motion of the projectile. Therefore, for accurate results,
all these equations should be solved simultaneously.

The computation time of solving simultaneous equations increases with the
number of equations involved. To utilize the existing projectile analysis
program and save some computation time, an alternate numerical integration
technique is used. This approach solves the equations of motion of the
projectile and the tube vibration alternately at each time step of numerical
solution. The only data required from the interior ballistics computation or
test is the base or chamber pressure. At the first time step the projectile
pququons are so0lved with the gun tube at rest or no vibration. At the seccnd
time step, the resuylt of the projectile solution at the previocus time step is
used as the known input data to solve the vibration equations of the tube.
The results of this solution is then used to solve the projectile equation.
The same procvdure is repeated for each time step until the projectil-
rotating band is out of myzzle. This technique has the advantage of t »>th
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Slmpllfyln(; the computatioun and ﬂomputlng the effect of projectile-tube
interaction since the time step of Integration is taken small.

Any of the standard numcrical lntegratlon methods may be used in the
solution. A simpler technique is the Euler's method and the constant
acceleration technique (24). The basic equations used are

. -0 4+
yn-{l yn ynAt (24)
2
= + vy + &y (At 4
Yol = Y, YnAt y {8 ) {25)
where

3t = time step size, and
n, n+tl = subscript to denote the time step number.

Modal analysis is used to sclve the equation of motion of the gurn tube.
The natursl frequencies aud normal functions are solved using the Mvklestad's
technique. These techniques are well doeumented in many text books and
technical reports, such as Reference 25, and not repeated here. These
techniques transform the tube vibration c:quation into the following equations:

n
y = L Y. (X)q. (t)

i=1 1 1 (267
4, + wlq; = l(N Yo o+ N Yo ) {(27)
i 194 oy iot Npylip h
n 2 . 3
= R 128)
g = i
whiere
Y; = ith rormal function or mode,
q; = ith rormal coordinate or moda. resporse.
w; = ith natural frequency,

m: = jth lumped mass of the gun tube,
M. = ith generalized mass,

T;;, = ith normal function or mode at the rotating barnd,
the bourrelet contact point location, and

n = total number of lumped mass of the gun tuhe.

Computer programs have been generated based on the above mentioned
technique to solve the following examples of computations.

EXAMPLES OF COMPUTATIONS

The input data for the computations are the geometrical diuwensions,
physical properties, initial conditions of the projectile and the gun tube,
and the firing pressure. ’I'hey are obtained from design data, test results or
interior ballistic computatlons of prupellant charges. The Pquatl")'\\ of
motion are solved by standard numerical integration methods.
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The solution of the projectilc motien ecan calculate all cowmnonents of the
moticn and forces. Some of chese terms avel projectile travel, velocity and .
acceleratien; c.g. and tourrelet center displacement (polar diagram), e
bourrelet contact point and doflecticri absolute isteral velocity of c.g.,
normal accelerations of c.g. aud rowe srecified axiat ooints) yaw angle,
velocity and acceleration; ciross spuit rate; force cowponents at bourreliet and
rotating band; total! forces at .oy cto. These computatiora could not be
vbtained with previous formilations. The computed values from tnis
formuiation are used as design refereace values fur projectiles and iures.

Fxawmpies cf projer.tiles thet have been computed cre the XM673; 1712, M3732A2,
XM829, MIG7, Mi53, M54% and so forth. Some typical curves of the computed
values are shown on Fig. 2.

| In the computation of guu tube vibration only fixed breech end casus are

considered at mrisent. The input data include the outside diameters, area
moment of inertia at different element stations along the tuhe in additica to
those required for projectile analysis. The computeo resolis represent the
tubo configuration at any time, that is displacement, velocity and
acceleration of differeat station points, Special atteation is paid to the
muzz le motion and its displacement, slope, velocity and acceleration are
computed. Sowe of the computed resalts of the 120mm snd M68 105mm guns ace
shown in Fig. 3-5 and Table 5.

CORRELATION OF FIRi.D TESTS

Vost of the ctest data used for cases mentioned in this paper are from
design drawings, similar items, aad simplificacions since no actual test data
sre available. Even in cascs wiicn test data are availab'e, many pstaweters oy k3
constants required im the formulation are not recorded during the rest.

Theve fore, exact comparison between the computations and the tests are not
feasible. Heowever, some correlations may be menticned to show the advantages
of tais formulation-

projcctile fired in the MIS5 gun to deotermiac the cause of short rounds
previously encountered in cold weather test at Nicolet, Canada. la order to
defnrmine the importance of interior ballistic factors en this program, the
ballotup motion of the projectile was analyzed wsing the method described ia
Lhis paper- Iprerior ballistic performance from various M35 tubes was
calculated, including 2 new tube and tubes with a significanl awount of

wear. It is noted that tube no. 22530 (11) had a restriction in 1ts center
portion (180" to 75" from nuzzle), due to the deposit of copper, which teaded
to reduce the in-bore clearance between projectile and tube. Due to this
coudition, the frequency of impacts at the bourreler tended to increase
comared to the cther tubes of better wear conditions and the mageitude af the
contact force at the bourrelet was significantly higher. A comparison of the
calculated balloting behavicr with test firings is indicated in the following
Table 4. It is noted that the coppered tube (Tube No. 22530) prodeced a
higher c-oss spin vate and higher bourielet Yorce than a tube with
siguificantly higher wear in both the origin of rifling and the muzzle, and
thac rhe caleulated performance correspouded with the higher first wmaximum yaw
and higher incidence of short rounds noted in the field firirgs. After firing -~
an additional 800 rouuds, howeve, the star gaping of the tube indicated thatb
the reduced diameter section wa  rewoved and perforwance appeated to improve.

|
|
‘ During 1974, a thorough flight evalustion was conducted on rhe 155am MAS3
|

-
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TABLE 4. FLEFFECT OF GUJ TURL CONDITION - M185 GUN

- . Computatior . . Field Experfence

Peak Bourrelec Crouss Spin Rate Ist Hax, Short Rd.
Tube lmpact To:ce at Huzzle Yav, lvg. Rate
No. Type (1bs.) (rad/sec) (deg.)
225135 Neu 1100 AN 1.6 1/20
27530 Copprred 8500 1.6 4.7 420
22910 GO rds 5700 1.19 Not Taken 3/60

laterc

ez Candrzned 5100 1.01 2.0 o/1C

An addirionzl instance of correspondence betweea the analyticail
predictions and the field experience was found. The 1482 projecrile used in
the field tests at Yuma Proviag Sround were all tested for projectile mass
balance, and the position and degree of nnbalarce recorde!. Tt is noted that
for initial values c¢f the precession an,le, V , and spin ang.e,d , of 0%, 907;
90°, 0°; 180°, 770°; and 270°, 180° respectively, the center to gravity of an
cccentriz projectile is in the 12 o'clock position in the gun tube. Average
calculated values for initisl conditioens with the neavy shell side leccated In
the 3, 6, 9 ans 12 o'zlock positioas are piven in Table 5. It is noted that
the initial orientatior calculated to yieid a higher value of cross spin rate

wos CTound to produce a highar value of firet maximum ya¥ in the {ield firings.

TASLE 5. FFFECT OF INTTIAL PROJECTILZ CENTER OF CRAVILY ORI 9vATION

K485 PROJECTILE

Couter of “Coupiiced Peak Computed Ficld Test
firavity Bourrelet Ciroses ?.I-in Average st
Orientation Ferce e Max Yav
(oL lock) (1bs) {rad/sec) (degl)
. 4500 1.08 Not caken
6 4700 .96 3.4
9 3500 1.06 St taken
12 6200 1.36 4.7

The 155mm projectiles MLO7, MAR3ZAY, aald MH49, fired in the M198 hov itzer,
perform differenutly, especia’ty in the Lourrelet eng-vings found in field
tests. An analysis was perloraed to 1deacify and compare theis iu-bore
lateral mntion characteristics (12}, There prochiilvs with an assumed c.p.
(actual data vot available} unbular-e of 4ine:-N (20 1u-oz} and 353mm-N (50
in 0z} were inalyzed. Both new and «orn gun tubes «ete considered. The
~ompu tued results a2 presented in plot.'- and tatles Tor tte peak values and
variaticans of the yaw angle and velocity. The coumputed dtems include crosz-—
spin rate, the normal accelerations av tws axial polnts (6.3% cum and 25.4 cm
to the pu)_]m*t‘ile nose, the lateral terces acling at the rotatiag baud, the
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bourrelet {Fig. 2C) and the c.g., and the paths of the c.g.
centa These results show thac the
affaci of the three projectiles, and
tte M549 rounds have more savero

and bourrelet

M549 prejectile has the iarzest balloting
the field cest results tiwat

the hourrelet.

-
ie

agree with
ene raving at

All analyses of projectiles with large c.g. eccentricity fired in a cow
rifled gun tube, show that the boarre’et aad the votating band forces increase
toward the muzzle (Fig. 2B8). The tube wear at the muzzle end reglon are due
to the friction betwesn the projeceile and tube. Corsequently, with the
rotating band and bourrelet forces increas~d, the tube wear 11! he ipcreased
accordingly. This corresponis w21l to the general observatina of more tube
wear near the muzzle.

A computation in 1977 of *he M344Al projectile in the 106m MZ06 canuon
showed the bourrelet and the Lorces has a miximum value as shown
2A. failed at the loca%ilon where the computed force
is maximun.

ro fati ng band

in Fig. Later, a yun tubs

Another interesting correlaticn mav be mentioned here. As shown by
computation resulrs, the bourrelet force (Figs. 2B and 2CY is inr:rcased with
c.g. eccentricity, and along the rifling. Thevefore there are manv

puiscs of bourrelet forze acting aloug the rifling during lacuch. L1f the
large enough there il be many deats or local bending aliong
This may explaiv the test fa.t that local bending was observed
ty of the prajectile (pp 14 of (27)), and these detlections are
-y

‘
P ed by the Bounoglli-ng

travel

force pulse 1is
the rlfliwg.
in the vicini

S s r!

e L

Ten

. ~ 27 cory .
\e . o . : .
Tube vibration 18 of primary concern 1n gun tube dynamics.
discrepancy between the computed results and rre experimental measuvemeats
puzz led investigators a long time. Tue computations based ou the polnt
mass approximation are much less than the test dara (1, 23). However, the
corputations from the two point foree <echnijue are well ccmparable to the
tast data depending on the paramatevs ol ¢c.g. eccentricity, projectile-tube
¢clearance, spring conmstants and so forth. For exawple, the BRL test aata (26)
of mean vertical muzzle deflection nf the MINSAL howitzer at shot exit is

2.029mn and the computed result with several c.r. eccentricity valves o

The large

for

=27

shown in Table 6. The average watue of the four computations is 1.972mn.
TABLE 6. COUPUTTD MUZZLE VERICAL DISE™  “RNiS_OF 155HY, NI0)6L
IOWIT/FR WiTl MA8% ROUND 77 EXaT
T Case ' c.g. Foo c.v. Imb. Trmmm T
No . man I Defl. om
_ (ir) {1n--az)d (in)
1 154 T 0.l B X R
{.00A) ) (.04
2 184 g4.71% 1.5¢&
(.037) () {.09)
3 .2G3 31,70 2.03
(.C3) (1) (.n8
) 4 231 104,92 1.1
(.000) (1) (.16}
NOTE: Projectile launched with zone 3 charge, c.g. at & o'ckarl sosition
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The mos:@ described and ~ompuced .ase Yo “ilzrature is the transverse gun
vihration of the M68 10%wa pan with a MIGZ2A2 pirvgeciile. fTest ¢a*r and
sownatitlors cre wetl reported (237, A dctailsd comgotariag on the Tixed
breech eud case using the wmetho! mentioned 1o Lie paper :ie perforined to
compare the results. The prak fest <ata for the vertical zad the Zirizontal
muzzle displicamzats are ¢ .25 anl .2%me respectively ‘Tosu Ho. ident 06 of
(23)). The 1unpyut data used ftor anslyses ave £rom desige d iwings, similar
items, and simalifications. Some o1 the computed results ace shown ir Table 3
ard also shown ju Figures 4 tn 5. From tbe <avle awd figures it 's seen that
depending on tlie bourvele® contact conditlons, <.g. eccentricity, so.ing
conetants aad initial projectile nmositions, the compuled pea. mazle
displacement values are eitker larger or sma'ler thiaa th: test jatsz. Whereas
the computations of point mass apgrroaimation alusys sive a3maller viowes. This
shows that the methnd mentioned in Lhig paper has tha capa%iliiy (o compute
the comparable values. The proble= is hLov to obcain prop2r inap.r data of
ccmptltﬂ.tion.

LISCUSSTONS
A major difficulty in solving sun dynemics proalens is Fow to dofine che
torce relat’ons among the various componente of the gun syscem i how they

behave during firing.

The polnt mass approximation his rhe advanrage of simplitying the
formulation and the subseguent solution of the resulting equations. However,

in considering an object as a poiot mass, sowe chacacteristics of the object .
nay be inadverteatly ig.aored. In gun dyramics, the projec.ile is cmall ol

compated to the gun tibe and the vaw nobtion 1s severely yestoicted by the
tube-bourrelet cleararce, and beace traditionaliy the point mass approximacion
ig used. This leads to two Jiscdvantages in tie solutinn.

The first adverse effoct i, in che formalaticen of the wation of Lhe
prajectile.  Tiaditicnally, 2 prajoscicie 15 first considered s 3 »oint mass
e coapute the forward accelervatica. To compensate for spin «fiect, an
equivalent (heavier) mas. is used. Later, the centritugal force is added to
account for the c.g. cccentiicity effect. Turtherunre, ¢o comute toe yaw
effect, it 15 considered as . spinaing Lody with a yav totion. The point mass
approximation excludes body deformation. This Yveads (o the solid body contact
Yorce or the stervowechanical impact formulation o desrribe the bourrelet and
rotating forces. The sollid Lody couract force formalation computes a less
varicd or fixed yaw angle while the st2reomackonical irpact approach computes
jerky motior The sterenmecharical iwpact formuiation i incapable of
describing the tranglent “mevs or Joformaticns producad, and 1s limited Lo a
specificatan of 1nitial amd termival velocrty gtates ou tae objects and the
applied lizears or angalay impuiza (283, Furthermore, the gun is tired in a
ratt,e1 short time duration, and thus not including the transient deformation
leads to (naccurace computation. SHatista.tory computation: sre therefore
vnobtalnabla.  The mitlod mentioned in this puiper uess the six degrees of
frecdom forualat:on sad cousiders Lhe prejestiic as a rigld body except at the
bourrclvt aud tne yocating bant wheve doforaction exists, and consequently
intrvauces the elastic contact v apring forces instead of the
stereomechanical Lapart "erses.  Yhe seccesstul coempanrations mentioned in
previous sectlens and the fa0t taagt the scereemechanizal imnact formulations
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are subsequently replaced by similar elastic forces by other: in rhe field
) show that this technigue of formulation is practical and useful. VYowerer, the
T small time step size of numerical intepration is essential to the

computation. Unless scme check measure is employed in the cemputer prograre to
make sure the time step size is small epnough, the cormputation will be
incorrect.

Next, the poin mass approximation has a great intluence or the traansverse
tube vibration formulation. Traditionally the projectile is always considered
as a point mass in the problem formulation since, as mentioned above, the
projectile is apparcntly very smnall compared to the gun tube and there is
serious restrictions of yaw motion. The approximatior does have the advantage
of simplifying the formulation by reducing the number of equations of
motion. However, the tube-projectile interactions or the transvevse forces
exerted on the gun tube by the projectile are only one force resultant.
Cons:quent iy, the mument effect which is the product of tke base pressure
resultant and the projeccile c.g. eccentricity, is inadvertently ignored.
Unfertunately, this momcat is so large that it should not be ignored for large
guns or in cases wher high base pressure is used. An approximate computation
of this neglecied moment of several projectiles 7, chown in Table 7.

TARLE 7. MOMENTS DUE TO PRIJECTILE C.G. ECCENTRICITY AND BASE PRESSURE

T Projectile " Time, ms Base Pressure, psi Moment, in-1lb

m.' (MPa) {m-kgl
M106 4.9 37300 18590
(257) (214)

M107 4.9 35150 10240
(244) (118)

M39242 3.9 49600 4480
{(342) {527

M456 2.2 54140 7230
(373) {87)

KM549 5.0 38250 1107
(264) orzn

NOTE: All wmoments computed with .01 in c.g. eccentricity and firiag
pressyre from Hepprer, Leo D., "Methodology Invesiigatioca on
Setback and Spin for Artillery Mortar, Recoilless Rifle, and
Tank Ammunitien', TECOM Proj. No. 9-C0-01l1-075, Repor. No.
APG-MT-45073, Materiel Testing Directorate, APG, ™), Sept. 197¢.

.

._ < . Th(} t_ub [x Y ib rait 1 urt (l\'!"](‘ll'l s on the f(‘,r(_j i ng func t i_on 'w'i o
force the vibration decreases accavdingly. This is why all cowputacions usivg
the point mass approximation gave resalts of guch less value tivan the

Teus exciitng
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experimearal) data (1, 2, 23).

The coucept of point maes approximation is deeply ronted in guu tube
wibration investigations. Thig is seen by the fact that though the rotating
tavd and bourrelewy forces have been computed using the six degrees of freedom
formulsatica, yet these forces are not vaed as the two interaction forces to
excite the tuhe vibration. Inscrad, a single force which is their resultant
15 uced.

Tables 3 aad 6, and Figs. & ana 5 show that the computation results of pgun
vidbrations flucluase depending on the variations of initial conditions. For
certain initial cenditions, the computed result may be larger, less than or
match fhe tesc data, and there exists 1o computation-test data discrepancy.
The wide range of variation of the compated results is not difficult to
explain if oae recalls the principlz of resonsace of vibration. The ballnting
motion, spianing, rifling reaction and different natural Zrequencies of
vitration may cause many variations. This insight into sun vibrations may
help to pin-point impnrtant conditions for good weapon system design. The
successful computations using the method described in this paper and tae
apparent importance of the initial conditions iniicate that this method is a
proper way Lo persus moye accurate computations. The problem now iz how to
ohfain more accuvate data to be used for comprtation. ard perform nmove tests
to get octual date te refine the details of the formulatioa.

Many coarficients or constaats used in the method cre assumed to be
obtained, Sefore computation, from experimental mezsurements, suislar items or
may be cemputed using general elasticliy eqeations ov [iniie element
proj;rams. Either average value or ta ulated values wa; be uscei. The wethod
of computing coefiicients at each fimc step i not uscd and thase consrants
are saved once they have been compired previossty. This reduces computiug
time.

The resisting meaent at che rotabtion band which scts against the
transverse turmning of the arojectile may be outained by either test or
computations. Since the yaw angle is rather small, this mouert 1is ignored in
the computation by using a zeio coefiicient ol resictaur momen.. This
ormittance mway have rather srall effect when the widch of the rotating band is
smill compared 1o Lhe bourrelet-rotating band distance.

In the formalation of the aeradyrmamic forc~s or air resistance, which acts
ou the front portion »f the projectile, a techaique similar to that of
acrodynimics is used instzad of computing a uniformly distributed air pressure
on a flat surface. The air is compressed through the vneven tube-bourrelet
clearance and acts oa the cylindrica’ portien of the projectile, in addition
to acting oa the nose portion. She projectile s not always parallel to the
tube axis, c¢r there is a yaw motion. Thus the “ir pressure 8 nst
necessarily wniformly applied on the [rent po-tion of the proifectile.  In
theory the total force should be ovtained from the integralicit of air pressure
on ali suifaces of this foomt portion. 7This procedurs is similay o cowputiug
cerodynamic foreea. The problem aow is how to detcrmine experimpatally the
related coefificients and paramcters. AL present, there is no data avatlable,
and sow-s assumed values based or test data of s-1id objects noving in air ave
usod, ot tae fere s ate ignored by using zero coeflicicuts.
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computations and the ftield tests.
mass approximation includes the important effect of moment which is the

results are no lonyer small as computed with the traditional point mass
approximation. Thus, this technique can eliminate the computation-test

precjectile c.g. eccentricity.

of rotating hand further affect the condition. To¢ reduce the projectile
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The introduction of the two point force technique to replace the point

discrepancy which has long puzzled sciertists and engineers in the field.
\’ computations ol the MIUJA gun with the .:483 projectile and the M68 gun with
thie 2392A2 projeciile both show that the computed results can exceed, he less
than or match the test data, depeuding ov the wariatioos of parameters, such
as spring constants, projectilc-gun tube clearauce, etc., and ecpecially the

From 21l computatioms, it i1s seen that the magnitude of the nrojectile
c.g. eccentricity arnd tubeprojectile clearance have a large effect oa the
projectile ballsting motien and the tube vibrationn. The mowent irduced by
base pressure resultunt or setback ferce at the projectile c¢.g. depends on
lecation of the prcjectile ¢.z. with respect to the projectile itself and the
tube axis. Tha sprirg coustaats, tube-bourrelet cleavance, and the engraving

balloting and tube vibruations, it is essential to dezrcase the affecr of
rarameters, especially the c.g. eccentricity and tube-projeciile cicavance.
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From all computations, it is s2en that the projectile c.g. eccentricity
and bourrelet contact are essential to the projectile motion and the tube
vibratinn. The momeat inducced by the base pressure resaltant or sethack force
at the projectile c.g., depends on the location of the projectile c.z. with
respect to the projectile itself and the tube axis. The spring constants,
tube-bourrelet clearance, engraving of rotating bhand, etc., further affect
rhis state. To reduce the projectile balloting motion and ftube vibraticas it
is essential to decrease ¢.g. eccentricity, and the tube-bourrelet clearance.

Successful computations in gun dynamics depends on the proper formulations
of forces atting at the projectile, and the description of the projectile-gun
tube irteraction forces which excite the tube vibration. The intreduction of
an elastic deformation force at the bourrelet and the rotating “and instead of
the traditional stercomechanical impact wmake the compuiation practical and
dccurate. Projectile in-bore motions, such as that of M483, XM673, XM712,
M107, erc., have been computed. There arc many cerrelations between the

product of the base pressurc resultant and the projectile c.pg. eccentricity.
This increases the exciting force of tube vibration and ithus the computed
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B. 8" PROJECTILE, XM201 GUN
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s ABSTRACT:
Traditionally, the terms ightweipght and long ronpge, when applied

_‘ﬁ to artillery weapons, have been mutually exclusive goals.  To obtain a

¢ impulse applied to the weapon structure

must Galso inerease,  This increased impulse negativelv atfects the stability

ability problem is the decreased weapon

mass due to the Tightweight syvstem requirement.  Significant weight reduction can

folightweight materials (i.e. composites),
ors, or a combination of both. The load

appiicd to the weapon strocture becomes eritical as safety factors and

rials are utilized.

involves throttling hydraulic oil threugh
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cal parameters which rarcely exist.  The
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1 lntroduction

Traditicnally, the terms lightweight and long range, when
applied to artillery weapons, have been mutually exclusive . In
order to obtain long range capability, the impulse applied to
the projectile must be large. Due to the realities of
conservation of momentum, this same impulse is also imposed upon
the supporting structure- This applied impulse has a negative
aftect upon stability. Compounding the stability problem is a
decrease 1in weapon mass resulting from lightweight design
requirements. Reduced tiring loads are mandatory if truly
lightweight artillery with acceptable range characteristics is to
be rcalirzed. Conscquently novel approaches to recoil energy
managen: .t are necessary.

Te
P

Y
i

Th: numerous design considerations essential to attaining a
lightweizht, long range wecapon are outlined in the following
sections of this paper.In section 2, perfermance characteristics
for a lightweight 155mm howitzer are discussed and methods of
obtaining these characterisiics are described. In scction 3,
basic recoil mechanism design is reviewed and shortcomings of
present systems are prescnted, In section 4, the concept of
electronic feedback recoil control is introduced. Finally, in
section 5, two approaches to lightweight recoil mechanism design,
augmented with electronic control, are described.

2. Design Approach for a Lightweight Howitzer

The Army Rescarcih and Development Center, Dover, NJ, i1s
developing a full scale lightgweight, 155mm towed howitzer

teasibility demonstrator. The weapon must have the same
periormance characterisitcs as the MI198 towed howltzer but weigh
9,000 pounds. Sesected performance criteria of the M198 arec

listed below.
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1198 Towed Mowitzer

Total welght - 16,000 1b
Maximum breech force = 1,500,000 1b
Maximum applied impulse- 11,400 1lb-sec
(with muzzl: brake)

Weight of recoiling parts- 7,060 1b
Maximum trunanion force- 80,000 1b

Thus, overall weight reduction of approximately 44 percent is the
desired goal. The use of state-of-the—art composite materials
including glass/wupoxy, graphite/epoxy, Kevlar and metal matrix
are being investigatad as alternatives to more traditional
homogeneous metal construction. Further weight savings can be
realized by reducing structural safety factors. Through the use
of finite element analysis, critical areas of the weapon can be
determined and mar»ximum stress levels can be established. This
analysis presupposes a specific input force; this force heing
generated through the recoil mecharism. It structural safety
factors are reduced it is imperative that the applied load be
consistent. Unfortunately traditional recoil mechanism design
cannot be relied upon to provide consistent applied force.

3. Recoil Mechanism Design

Conventional large cdliber artillery recoil mechanisms are
comprised of three basic components; a recoil brake, a
counterrecoil mechanism, and a counterrecoil buffer. The recoil
brake provides controlled resistaince to weapon rtecoll by
throttling hydraulic fluid through a variable orifice. The
counterrecoil mechanism, or “recuperator” returns the recoiling
parts to the initial tiring position by storing and releasing a
portion of the recoill energy. The counterrecoil buffer reduces
counterrecoil velocity of the¢ moving parts to zero through a
hydraulic fluid throttling process similar to the recoil brake.

Ideally the recoil brake should throttle hydraulic oil such
that a rectangular retarding force verses recoil distance is
obta.-ned. See figure 1. Since the area under this curve
represents the work necessary to stop the recoiling mass

, @

rectangular curve wili yield the lowest retarding force tor a
glven recoil length. Theoretically, the only limit to this
reduction in retarding force 1is the physical constraints
associated with length of recoil. These consiraints are
attributabie primarily to weapon coufiguvaltlion,
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RECOIL

RECOIL LENGTH

Y

Figure 1 -"Ideal” Force Versus Stroke Relationship

The M198 towed howitzer, as an example, can accomodate the
following recoil lengths

Propelling Charge Nominal Recoil Length (in)
Designation
M3 25
M4 45
M119 62

(reducaed to 50 for high elevation)

Teclced celeoeval 100 S

M203 70
(reduced tc 50 for high elevation)

Reduced recoil length at high firing elevations 1is necessary
to prevent the recoiling parts from striking tl: ground. Thus
the weapon supporting structure must be designed to withstand
this "worst case"” retarding force. In the instance of the M198
towed howitzer, the worst case is the retarding force associated
with the impulsc from the M203 charge and a 50- 1inch {(nominal)
recoil length.

In order to gencrate a constant retarding force, a vaviable
throttling orifice 1s required. This is necessary due to the very
high input force which must be attenuated. The procedure for
determining a preliminary orifice “"profile™ is well established,
(refs. 1,2,and 3) and is not repeatod here. However, it must be
stated that for any preliminary recoll brake orifice profile
design, two paramecters are essentlal:

° Total applied ifiwmpulse (lb-sec)
] Total leugth available for recoil (in)

This iuformation Iis just the first of numerovs assumptions

V-42

>

e A e VL T L e S




FLOROFF/LIGNLTTL

made in the design process. Ultimatcely due to practical
realities of machining operations,; hydraulic tluid
compressibility, and turbul-nt fluid tlow, many ifterations ar-
necessary to obtain a workable system- Computer models must be
modiried with 11Tuid discharge coctticients to obtain a suitahle
match to live fire data,

As discussed previously., maximum force reduction is possible
only when maximum recoil =troke is utilized. While the oritice
profile is designed to do just that, many system variahles tend
o upset this ideal torce versus stroke relationship. These
include

) Var tations in maximunm impulsce due to production
tolerances in propellant manufacture.

<] Propellant temperature var.ations due to varying
climatic conditions which change the maxinum {mpulse profile.

© Manutacturing tolerauces in tne tirottling
oritice(s).

o Temperature induced hydraulic fluid viscosity
changgas.
iﬁi In essence, the recoil hrake throttling orifice is a pre-
programmed device designed around ideal parameters hich rarely
exist. This may result in a non-optimized force versus stroke

vrelationship during firing. 1f weapon wcight and stability are
not concerns, this approach to recoil design is satisfactory.
The lightweight artillery challenge however, requires an
ctiective and consistent encergy dissipation system,

4. Micruprocessor Control of Weapon Recoil Energy

In order Lo ensurc consistent recoil operat«on regardless of
the system variables mentioned above, the concept of closed-loop

rec2il oil through a constantly variable orifice controlled by a

feodback syst m is not new. It was described in a 1977 Rock

. I1sland Arsenal Technical Report (ref.4) but was never pursued.
The reason for this . i, the author's opinion, was twofold.

° Microprocessor technology was not ther sutticiently
Jeveloped
® The high degree ot "tinesse” alluded to was

umilecessary

. " The advantages of electronic control include the tollowing:
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a. Variable recoil length - Many artillery recoil
mechanisms have provision to shorten the recoil stroke for high
elevation firings. As discussed in section 3, this is necessary
to prevent the recoiling parts from contacting the ground during
recoil. The mechanism nccessary to accomplish this reduction 1iun
stroke adds considerable wmechanical complexity to the recoil
system. This can be alleviated by providing the microprocessor
with a weapon elevation input. The microprocessor could then
perform the trigonometric calculations necessary te determine
available recoil length. Recoll resistance could be adjusted
accerdingly.

b. Counterrecoil control - The system used to control
recoil could be used to control counterrecoil as well.
Throttl.ng of hydraulic o0il can be programmed to ensure
consistent buffing action and return-to-battery. This wouid
eliminate the need for separatce counterrecoil passages, thus
further reducing mechanical complexity.

c. Elimination of control orifices - Traditional
artillery recoil mechanisms employ control rods or grooves to
throttle oil. These oriiices are precisiou maclhiincd and

therefore costly to manufacture. Furthermore the final design
is often done by tedious iteration with prototype hardware. This
is both ecxpensive and time consuming. Precision-made control
oritices can be eliminated through iacorporation of a constantly
variable throttling orxifice.

d. "Tailoring” of the rccoil force versus stroke
profile- As discussed in section 2, one approach to weight
savings to to apply a consistent load such that structural satery
factors can be reduced. The welght savings gained through
incorporation of reduced safety factors 1is of little value,
however, 1i weapon stabiiity is not maintained. Practically
speaking, the weapon must not ‘jump"™ or "hop"” when tired.
Unfortunately, a lightweight artillery piece is, by nature, more
prone to instability due to the reduction of overall mass.
Consider the free body diagram of forces acting on the weapon
(fig.2.)
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By sumaming moments about point A it can bhe scen that the gun
system will remain rotationally stable as long as the counter-
¢ ockwise moments trom the weights of the recoiling parts (Wr),
anud carriage assembly (We) excend the clockwise moment from the
forc:- that the ¢ecoiling mass exerts on the carriage-. The
conditioun for sitabiiiily L5

RECOTLFORCE {LJ<W(L-0)rW.i, .

Note that as recoil progresses to the right, the counter-
clockwisc wmoment trom the r.-coiling weight decreases due to the
moving center oi gravity of the recoiling parts; therefore the
conditiou lovr stability is most critical at the end of the recoil
stroke. While this condition does not override the primary goal
of maintaining a consiztent recoil force as low as possible, it -
demonstrates that the recoil force should not increase during the .
final portion of the stroke. 1t would be entirely poss:.ble for
the micruprocessor to tatlor the force versus stroke profile to
improve stability of a lightweight weapon.

The constantly variable fluid throttling orifice cthus
described is envisioned as a microprocessor—-activated servovalve
operating as a tluid bypass. A schematic of this system is shown
in figure 3.
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uming various factors such as r.coll force, position,

y and acceleration arc available to the microprocessor in
me during the rocoil stroke, optimum rrcoil energy

tion can be programmed. Two cornitrol algorithms have been
ed (r«f 5) to accomplish this and ar. described below

vel } Coptrol — Maintain a Preset Recoil Force, The recoil

or the force transmitted to the weapon supporting
re can be monitored and maintained at a presclected
This value could be mathematically or empirically
ned such that the total available recoil stroke is always
d for a specific impulse input. Tf actual recoil force is
an the preselected value, the servovalve would be
ed to shift to the closed position Tf recoil force 1s
than the presclected value the valve would shiltt to the
en position.

controi algorithm described above is very simple, vet it
potential for true optimization of each recoil stroke

the concept of closced loop teedback -~ontrol.

evel 2 Control- Compute Recoil Force During Firing A 1ore

sophist

icated approacu to effective recoil energy dissiparion is

to dynamically determine requirad recoll force during recoil .

This has the advantage of not requiring advance knowledge of what
impulse 1s to be cxpected.

This technique cquates the mechanical cenergy ot the recoiling
mass to the amount of werk necessary to stop the vecoiling
parts. The work encrgy reiationship is first established. For a
simple, one-dimensional recoil mechanism, motion is governed by

Newton's

sccond law

V=46

EAN

-
L]




AT BTN W e ey TRSFUVEFU TERFTEN IR "IN ITRET Yy TR ARNRENAN ARV CAIRTTIRANIRT AN AV NI AW A T L e 'm*m‘trj

FLOROFF/LIONETTIL

e v . .
o /[ - ‘/4,, X (2)

where: F= sum of all forces acting on the recolil
meshanism in the direction of motion
(1b)

Mass ot recoiling parts (slugs)
Acceleration ol recoiling parts
(£t/sec ).

P4
ity

Figure 4 illustrates a Ltree body diagram ot torces acting on a
typical artillery recoil mechanism.

-
R )
8,\ \+ DL Rl\%%)-[l']: f)C)NN OF
Q}/
\2;§§§L :3\\\

W Figure 4. - Forces Acting on_an Artillery Recoil Mechanism

where: B(t)=Propellant gas force as a function

ot time (1b)

K =Recoil resistance (1b)

F =Me¢chanical triction due to recoil

" mechanism movement (lb )

W =Weight ot r coillng parts (1b )

0 =Angle of elevation of weapon
(degrees)

Arbitrarily assuming a positive direction as shown in figure 3,
cquation 2 can be re-written as

/\//X 15’/1‘)1“ 5//79 /(f (3

Recoil dlstance 1ntroduged with the 1ollowing substitution:

S /V_Q/K v 4
X“fi“dt%*‘/f;}‘ “

yielding

>

M va/v = REIEWSINE -K =/ @
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Integration wlth respect to distance yiclds ~

A e inode S

By selec .ng dn initial Lnchratton condition aL some
arbitvarvy distance,Xx, (where the velocity 1is V), a tinal
condition at maximum recoil stroke.xmax (where recoil velocity is
zero), and assuming recoil torce (k) i5 te be maintain.d at
constant value, equation 6 becomes

max
—~ “/17 V= ﬂt}dm— WSing xmx—x) Kfma-x)- ﬂ (7

SOLVLnb this quation for recoil resistance (k) result in

/ -Xmax A X

e 2 V‘J"%‘)O&“' FC/’( +W.S/l’79 (8)
XMaX-X,

Equation 8 becomeb the 'LOHLr01 equation” used to compute
recoll resistance during the recoil process. While the
microprocessor c0u1d probably update the computation quickly
enough, the mechanical transducers. A-D converters and servovalve
action may be "too slow” to effect the proper change. Although
this has not yet been estahlished through ctest, It certainly
would be desivabic to simplify equation 8 to reduce computation
time. This could be accomplished using the following logic.

AL
f{
L

A comparison of the magnitude of forces used in equation 8 as
a function of recoil streke for a typical artillery recoil
mechanism is depicted in figure 5. It is evident that the
friction and weight terms are unot large contributers to the work-
energy relationship. Realizing that friction tends to reduce the
recotl rosistance force while the weight contribution tends to
juncrease it, it would be prudent to include th: weight
¢omputation and to simplify equation 8 jomit friction. This will
ensure the stabllity requirement i{s met siance recoil force will
not increase as recoil action progressces

Further simplification of equation 8 1is possible if the
breech torce component is ignored. This may appear radical since
the breech force 1is the largest force applied to the weapong
however, it acts for only a fraction of the total recoil
stroke.Furthermore, the computed value would only be correct
atter BZe) b.ocomes nogligible. Ignoring breech force would
require the servovalve to control reccil force to a preset value
unt il the majority of it (the breech force) has been applied.
This value could be the waximum recoil force the wezpon is
designed to handle. Incorporating these declsiens; cquation 8 can
be vewritten as
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The obvious gquestion is at what polnt during recoil should
control trausition from preset rodpull to the calcealated rodpall
computed in equation 9. This could occur when the acceleration
al the vocoiling parts changes sign trom positive to negative.
1i the weapon employs a muzzle brake, transition would occur when
the muzzle brake activates. It a muzzle brake is not used,
acceleration will change sign when the breech torce is reduced to
a4 level below the combined vecoil resistive force aand trictional
Lorce

There are both physical and computational problems with
equation 9 during the final portion of the recoil process which
need to be addressed.,  Due to the incevitable leakaye of piston
seals and variatioas in frictional and recuperator forces the
recolrling mass would ncever stop at preclsely the specified xmax.
This, in turn, causes k to becowme undefined as xmax is
approached. 1n order to prevent this ,a countrolled closure of the
servovalve should be provided at a specified distance from xmax.

This approach to recoll mechanism control has been simulated
et.5). The results are euncouraging, and prove the viability of
this approach to recoil control.

Iuplementation of the microprocessor recoil approach results
in some concerns. They include:

a. The substitution of clectronic complexity for
mecnanical complexity. It must be acknowledpged however, that
vicetronics have proven their dependability in the acrospace and
antomotive tields. therefore,This may not be a deterrecut.

b. Input ot encrgy 1Is necessary to "manage” recoil
canergy dissipation.( Electrical energy is required to power the
nmicroprocessor and a high pressure (luid source iIs required to
shitt the servovalve.)

¢. Microprcecessor tailure could be critcal it a
redundant backup is not provided,

These comments dare not peant to discourage the approach, but
merely to point out unique problems not previously encountercd Ln
recoll mechanism design.

S-Lightweight Artillery Recoil Mechanisms

Lowered recoil force is maudatory tor a lightweight artillery
picce. There is no magic ianvolved 1n achieving this; lewered
force levels can be achivved only by increasing eftective recoil

1 .\
&

A




.
S M
PN

uéu

FLOROFF/LIONETTL

lenpythe. 11 this can be accomplicined, the microprocessor can sap-
ervise the recoil process to ensure that the total recoil stroke
is always utilized.

Two approaches to lightwelght recoil mechaaisms are described
in the tollowing paragraphs. These concepts are ncot unew but with
the addition ot micrvoprocessor control, become viabile
alternatives for a lightwelght artillery application.

Super Long Recoil - Using a conventional cycle; t.e. five-raecoll-
r—J(urn"L[)'—i).-i—-tl:*—f;, but incorporating 120 inches for recoil

travel ,the torce imparted to the weapon can be reduced by 50
percent . This reduction in force 1s due to more than doubllng the
length ot recoil. An artists sketceh ot one possihle approach is

shown in flgure 6.

Utilization ot this approach does have drawbacks . Theso
include:

a. Drastic changes when comparced to a conventicnal
weapon carriage. For example, a significant increase in wveapon
hetght. This would, in turn, negatively astect the vehicie's
silhouette, making it more "spottable”.

b. Loading the wcapon would be more diilicult because
the bhreech {g 17 tt. off the ground. This nrobiem could be
aileviated by programming the microprocessor tu bring the
recoiling parts to a load position,foirlowed by re-pasitioning tor
firing.

Sott Recoil- Ferhaps the most intriyuiag approach to
recoil. The basic idea ot soft rocoil is embodied by its
fundamentally difterent sequence of operations when compared te
the conventional recoil eyele. This dittercnce is graphically
illustrated in figure 7.

In conventional r-coill mecharisms the firiug momeantum is
directly transferred to recoiling parts that are al rest prior to
liring. This momentum is then absorbed hy the supporting
structure, and the recoiling parts are brought to rest. In soit
recoil, approxiamately halt the momecatum of the projectile is
applied te the recoiling parts by accelevating them in the tiving
dircerion prior to firing the projectile. Firing momentum thus
transferred to the toward moving recotliag parts stops and
propels cthem to the roear. In ettect, vrecoil tength is doubled
and ifwmparted ftoward momentum is absorbed. The soft recoil cycle
can roduce forces applied to the sapporting structure by more
than hall that imposed by a conventional system.(ref. 6 )
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Due to .ail-sate devices inccrporated in past soft recoil
mechanisms,the existing mechanisms tend to be heavy and complex
simply due to the practical rcalities of building such a
weapon. Specifically., two .onventional "recoil mechanisms”™ are
required, one at each end of travel. This is duc to the potential
for two overload conditions which may occur as follows:

a. The weapon must be programmed to tire at a foward
recciling parts velocity commensurate with the propelling charge
envrgy released during combustion. The possibility exists to
fire the highest zone (maximum impulse) at lowest foward
velocity- This results in a rear gverload conditicn. This
condition can also occur due to propellant "cook off"”, in a hot
tube prior to the initiation of foward velocity. In either casec
the imparted energy must be dissipated usually through a
traditional oil throttling process.

b. After foward velocity is initiated, ignition delay
or misfire (failure to fire) will cause a forward overload
condition. This energy must also be dissipated again, usually
through an oil throttling process.

In essence, the soft recoil approach requires a high degree

of controi during the recoil process. Timing is critical. In

addition, stability problems are inherent in the design 1if it
do:s not function properly.

It is suggested that microprocessor technology can be
incorporated te "manage” the entire soft recoil cycle. This
management could consist of the tollowing:

a. Prior to firing,ensure that the proper zone, i.e.
requir:d foward velocity,y is input into the weapon control. This
could consist of a keyboard excerise, or manual verification of a
firing command. This could eliminatc the rear overloag
condition.

b. FKlectronically monitor foward velocity and initiatve
firing. The microprocessor could monitor propellant temperature,
changing frictional torces and store past firing performance so
that firing 1is initiated at just the right instant based on the
action of the particular weapon. This will ensure optimum cnergy
dissipation.

¢, Assuming a misiire or ignition dalay occurs, a
controlled shutdown is initiated by throttling oil through a
servovalve, The recoil shutdown torce profile could be designed
such that weapon stability will be maintained. This could bu
accomplished with "tipping” sensors to maintain overall
stability.
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d. Oun-board diagnostics will ensure the weapon wil! not
be destroyed due to failure of a replacable fail~-soft
component . Assuminmg an overload condition occurred, such that a
sacrificial energy absorber was used, for instaance,in lieu of, or
in addition to, scrvovalve throttling, firing would be prohibited
until a replacement was made.

These "management”™ options are only suggestions of what 1s
possible with wmicroprocessors controlling soft recoil. It is
essential to review state-of-the—-art soft recoil to fully
appreciate the problems associated with this concept. The U,S,
Army has constructed ..nd type classified a [05mm soft recoil
howitzer, designated M204. An excellent synopsils concerning the
developmeut of this weapon and can be found in reference 6.
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In order to arrive at a decision in regard 1o the development of a flick
rammner for the Howitzer Improvement Program the compatibility of the flick
ramming environment with large caliber fuzes was investigated. The fuzes
investigated were the M557, M739, M577, XM762, M732 and M572. The only
poscible area of concern uncovered in this investigation was the M1 delay
plunger (used in the M557, M572 and M739 fuzes) and Its successor the impact
delay module (IDM) which is used in the M739A1 fuze,

The centrifugal pin in the HM!1 delay plunger has been undercut to prevent
functioning in the absence of a spin environment. A range of setforward
decelerations, plunger spring prefoads and frictional forces were simulated.
‘n alt cases the undercut ¢n the cenirifugal pins caused the plunger assembly
to lock up before it could function,
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Effect of Flick Ramming Environment :r?
on Selected Artiilery Fuzes

Robert X. Brennan

US Army Research and Development Command
Large Caliber Weapon Systems Laboratory
Picatinny Arsenal
Dover, New Jersey 07801-5001

1. lntroduction

To insure the interchangeabiiity of current and future US & NATO artillery
fuzes ammunition used in the flick ramming/autoloading environment, PM-CAWS at
Picatinny Arsenal initiated en experimental and thecretical investigation of
the compatibility of the M557, M739, M577, XM762, M732 and M572 fuzes with 1he
flick ramming environment,

In May 1983 the deceleration G-level required to seat the 155mm round in
the M199 gun tube of the M198 Towec Howitzer equipped with a flick rammer was
measured with triaxial accelerometers. Figure 1 shows the accelerometers
meunted in the fuze well of the 155mm MI07 projectile.

Ten ramming Tests were conducted through a range of elevation angles 0 to
70 degrecs In osteps of 10 degroes.  These tecte ylelded a total of 80
deceleration-1ime traces. The traces were digitized by the Hybrid Division of é:;
ARDC. A subsef was usad To provide a quantitative time dependent forcing
function for the computer simulation. The highest magnitude of pulse observed

on these traces was 1800 G's.

As part of the study the fuze mechanisms were discussed with the
respective project engineers. Those components about which there was some
doubt as to whether thay could withstand the flick ramming environment werc
sub jected to analysis and/or testing.
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The first step in determining the response of fuze mechanisms was to
measure the deceleration G's required to seat the 155mm round In the M159 gun
tube of the M198 towed Howltzer equipped with a "Flick Rammer". In the fuze
weil of the 155%mm round the deceleration G's were monitored by a triaxial
acceleromeler. The mounting of the accelerometer is shown in figure 1. Ten
flick ramming tests were conducfeq gf quadrant elevation angles of 0°, 10°,
20°, 309, 409, 50°, 60°, and 70°. {1} These tests yielded a total of 80
deceleration-time traces. The results of these tests are shown in figures 2
and 3, Figure 2 shows the maximum measured values of the deczaleration at
the fuze well as & function of the quadrant elevation angie of the gun tube.
Figure 3 gives the range of ramming speeds generated by the flick rammer. R

These 80 anaiog traces were digitized and Pf?cessed by the Hybrid
Division of ARDC using a program called "Hydra" “’. The maximum axial o
deceleration amplitude was about 1800 G's. A typical trace for quadrant ‘
elevation angie 30° is shewn in figure 4. The x and y axis are transverse to
the round and they represent balloting forces The z component is directed
along the longifudinal axis of the round. The HYDRA program can expand the
time scale and the plot is shown with the expanded Time scale. Since the
round decelerates when being seated by the flick rarmer the sign asscciated e
with the G's should be negative. Accordingly, in the analysis only the N
negative portion ot the z component was used as input to the anatysis. The
positive portion of the trace was assumed to be noise. These pulses have a
typical time duration of Z milliseconds. These durations agrec well with
the measurements conduc{;f by GE for the Bundesamt fur Wehrtechnik and
Beschaffung (BWB) 1981 which resulted in pul!se durations of 1.8
milliseconds, |In a series of tests conducted at Meppen in 1983 by the
BW3, 40 rounds with the M739 fuze set in the delay mode were tlick rammed at
33 feet/second and all the rounds subsequently functioned properly cn
impact. Twenty fuzes were mounted on the L15AT projectile and fired at hign
and low temperatures. Another 20 were fired with tne M549A1 RAP round at
high and low temperatures. The ramming G's were not measured, but they
could have been as high as 4,000 G's,

As a comparison, measurements w?gg alsc made in the M185 gun tute
equipped with a hydraulic rammar . This trace was also
processed by the HYDRA program. The pulse duration is again 2

milliseconds, but its peak is only 218 G's,

Fuzes Inveutigated

The fu: zs, which we cheched for compatibility with the fiick rammer
sere the M557(6) M739{5(§, M577(d7), 21765 ) and 173200 tfuzes.

Discussions were held with the project engineers cn these fuzes, and those
sub=-aswembiies which could poscibly fail as a result of the flick rammer set-
forward fcrce were identified. The following sections of this report

summar ize the analysis and laboratory testing of these parts,

M227 PD Element

=

Figure 5 shows a sketch of the firing pin In the M557 PD element., Under
set forward deceleration it is possible that the firing pin could be forced
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through the washer and the crimp on the nose. Using a s<pring tester the load
on the firing pin head was increased until the crimp sheared. The shear ing
force measured was 69 Ibs and since the firing pin weight is 0.021 oz it weould
require 52000 G's of setforward deceleration to drive the fi-ing pin through
the crimp. Since the highest flick ramming G's never exceeded 1833 G's, this
fai lure mode can be disregarded.

M739 Fuge Firing Pin

A possible mode of failure in the M/39 fuze Is for the firing pin head to
come of ¥ the firing pin. According to the drawing specifications for part
§#9294¢06, it would take 80 Ibs to pull the head off the pin. In the actual
asse bly as shown in figure 6 more force would be required since the firing
pin head is a'so held by the firing pin fube. Since the pin weighs 0.03 oz,
u=ing 80 Ibs as a ccnservative estimate it would require 42000 G's setforward
deceleration for this mode of failure to occur. Therefore, this type of
failure can also be ruled out.

M739 Fuze, Firing Pin Support

Ancther potential mode of failure in the M739 fuze is tor the firing pin
support to collapse. According to the drawing part number 9258614, it takes
atout 160 Ibs to collapse the firing pin holder. Since the detonator heousing
weighs 0.075 cunces, this mode of failure would require a set forward
deceleration of 21,000 Gis.

M577 Fuze Time Assembly

In the M577 fuze +the weakest elements appeared to bhe the timer hairspring
tube and the timer hairspring. A skeich of this mechanism is shown in figure
7. According to drawing part number 9236712, the timer hairspring tube must
be able to withstand a load of 800 ibs. The weight of the tube was calculated
o be 0.054 ounces. To break thic press fit would require a setforward
deceleration of 235000 G's. According to the same drawing, it would require 9
Ibs to pull the t mer hairspring free of its collar. The weight of the
hairspring was calculated to be 0.002 ounces. |t would, therefore, require
65000 G's to pull the hairspring free.

M732 Fuze

Three M732 inert fuzes were mounted cn inert 155mm projectiles and iammed.
ALl three fuzes locked undamaged, hadn't turned and felt tight in a hand ygrip.
The three fuzes were disasembled anﬁ(ﬂofhing unusualy was observed, Receni
air gun tests at Picatinny Arsenal indicate that the time setting torque
could be seriously degraded when the fuzes were subjected to setforward
decelerations between 1000 G's and 20060 G's for a duration of 5 milliseconds.

XM762 Fuze
This fuze is in the engineering development phase. Discussions with the

project engineer did not point io any part of the mechanisn as being possibly
sub ject 1o failure.
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Ml Delay Plunger

The M1 delay plunger which Is built into the inventory of M557, M572 and

X M739 fuzes provides a functioning time delay. A sketch of this device is

DAY shown in figure 8. Since the detay element is designed to function due to the
setforward deceleration generated when the prejectile impacts and penetrates a
wall, 1t is possible that it could also function when the projectile Is seated
by flick ramming. The major difference is that 1he projectile has a high spin
when it impacts a target whereas there is no spin when it is flick rammed. As
a result the setfforward deceleration would have to be sufficient to retract
the centrifugal pins. Since the centrifugal pins are skewed atl an angle of 15
degrees in the direction of flight it is possible that there would be a
component of the deceleration G's sufficiently large to cause the pins to
retract., As the cenirifugal pins retract, the spin lock detent (not shown in
the figure) will play no role since the plunger immediately rides forward over

the plunger support.

Once the plunger goes forward the delay element would be

¢riven into the firing pin,

The initiation of the delay element would in turn

dammage the S&A causing the round +¢ be a "dud". Qualitatively there is The
possibility of a malfunction of the M1 Delay Plunger and the question remains
to be answered if quantitatively there is enough energy for this to occur.

Centrifugal Flunger Pin and Spring
In order to proceed quantitatively the differential equations for the

rmotion of the centrifugal pins as well as for the plunger are required. The
di fferential equation for the centrifual pins ¢ given by:

1ym% = - kx =~ mg Gop = i 3 Gelt)ero8y ~mg Gr (£) e 6y 4 my Gp(t)ain 6

x(0) =0
x{o}] = 0

m is the mass of the centrifugal piunger pin, 0.116 X 1074 1b

s

sec?/inch
x is the displacement of the centrigual plunger pin, inches
k is the centrifugal plunger pin spring rate, 0.19 Ib/inch
g is tne gravitational acceleration, 386.4 inches/sec
Gsp centrifugal plunger pin spring preload, 17 G's (MIL-P-10480)
G, (1) is the longitudinal component of setforward deceleration

Mx coefficient of friction

8, angle between the centrifugatl plunger pin and the perpendicutar
tc the spin axis, 15 degrees (see figure 8)

G.(1) transverse or balloting component of deceleration
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For the purposes of analysis equaiion 1 can be written In the form
2) R:—w}}(—ﬂc;sp“ﬂgﬁ G](f)wee + 9 (Gl(““‘;‘GO" Gl‘ (t)wa')

where

3) We= fg: 28.4 herw
Piunger Assembly

The differential equation for the motion of tThe plunger Is
4) '"r§’==-"r7-mm@s+mrs Geft)-—,uympj G- ¢)

mp mass of the plunger body 2.74 X 1074 Ib-sec/Inch

Bp plunger restraining rate 3.9 Ib/inch

Gs plunger restraining spring preload 13 G's

For the purpose of integraticon equation 4 can be written as
5) “=—w§7—3GJJ-JG;(C‘)—}'),JG;-N)

where @p = 20 herz

Resulfs of the Computer Simulation

(L

The diiferential equations 1 and 4 were solved simulianeously employing a
special purqqse computer program for solving ordinary differential equations
called ACSL The results for test 29 rammed at QE of 20° are shown in
tigure 9, In figure 9 three curves are superimposed. These are the axlal
setforward G's (650 G's max.) and the displacement of the cenirifugal plunger
pins together with the plunger displacement. To cause initiation of the delay
element the centrifugal pins must displace 0.095 inches before the pin and
plunger assembly are rammed against 1he plunger support. In figure 9 the
coefficients of friction of both 1he centrifugal pins, #Mx , and the plunger
body, My , were taken equal to 0.1. The relaticnship of the plunger assembly
with respect to the plunger support is shown in figure 10. The cenirifugal
pins must release before the plunger moves 0.059 inches. In figure 9 the pins
displace oniy 0.044 inches before being rammed against the plunger support.

If the G trace were to be multiplied by 1.5 it would peak at 1000 G's.
Maintaining the coefficients of friction mx and My equal to 0.1 the results of
a simulation are shown in figurce 11. Once again the pins are rammed against the
plunger support before they free the plunger.

The simuiation was rerun using the 630 G pulse and the coefficient of
plunger fricticn was set equal 1o 0.5. Again the M1 delay plunger does not
function. The simulation was repeated with the same coefficients of friction
and a 1000 G pulse. Although the pins displace somewhat further there is
no functioning of the M1 delay.




However, if the preload on the plunger spring is Increased from 13 G's o
100 G's the M1 delay will almost function. Tho main effect of the high
preload is to deluy motion of the plunger until the pins release.

A higher preload on the plunger spring (150 G's) allows the pins to clear
the ptunger support permitting the plunger to move forward. However, as shown
in figure 12 the plunger does not close the 0.2 inch gap to the firing pin as
the plunger spring is too stiff.

I f the conditions of the previous simulation are repeatad except that the
peak G's are increased to 2000 G's the M1 plunger assembly will function,
This is shown in figure 13, The peak kingtic energy Is over 200 inch ounces
which would initiate the M1 detay element. On the other hand a 2000 G puise
and a 13 G preload on the plunger causes the pins to jam the plunger.

In conciusion, the race between the plunger and the centrigual pins is won
by the plunger unless the plunger spring stiffness is increased by a factor of
10.

Effect of Plunger Support Interference

The question remains to be answered as to whether the M1 delay assembly can
function when the retraction of the centrifugal pins is Interfered with by the
plunger support., The head of the centrifugal pin is undercut by 13° which
produces an additional normal force on the pins, Taking this additional normal
tigure 14. For convenience the angle of the pin and the angle of the undercut
were both taken as 8, = 15°. From this figure the equation of equ!librium can
be read directly,

ba) Ncoa&o—-ms Gs CooGo-ms Gr 08,3 0

6b) mx = mgGaamb, - kx-mg Gsp ~mg G- Co08, - Hx Ner 6,~ Nain 8,

In these two equations terms of the order of 4, aim & have been
neglected. Combining these equations yieids:

7) i':—-wrxi‘ﬂe‘f'ﬂc'"“'%"/"xﬁ(G!"""%" G"“‘;"9°)

Since ali the terms in thls equation are negative the pins cannoi move.
Oniy the ballctting force G.(f) can change sign. Since the two pins are
diametrically opposed, it the ballotting drives one pin out, it drives the other
pin into engagement with the plunger support.
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”

The importance of compurer zimufations of performance of
complex mechanical systems has long been recogiized. The Army Materiel
Systems Analysis Activity (AM3AA) has deveigped an armored vehicle
mod=1 for studies of automotive rerformance, hit probability estimations,
and related parameters. Since qun aynamics is known to play an important
role in wgapon accuracy, it was deemed apnropriate to replace the rigid
gun tube povtion of the ANMSAA model with a relatively simple qun
dynemics model suppiied by the Ballistic Research Laboratory (BRL).

In this paper we describe the inteyrated medel, including the
Hmrtations and simplifying aszumptions concarning the qun dynamics
portion, and uresent comparisons betwaen computer simulation ocutput of
muzrle motion with actual re:zorded rmuzzle motion from a moving vehicle
ove. various types of tervain.

2. OVERYIENW OF TU: INTEGRATED WEAPON ARMORED VEHICLE MODEL (IWAVM)

The qun dynamics medel used in the simulation has as its basis
a modeling technique develceped by Woresi (1). This technique involves
the uss of & finite element mathod to simulate the dynamic response
of the gur tube 1o inount motion ana batlistic loading. For the purposes
of the cu:rent cumputer mocdel, numerous significant changes have been
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Sl GROFF, WAL3ERT, DOLCE

made by one of the authors to the original medeling technique. In
particular, the recoil, the interior ballistics, and the mount motion
sections of the model were completely reworked to reflect mcre realistic
conditions,

The original interior ballistics portion of the model used the
so-calied standard equations for pressure and projectile acceleration
and travel from Corner (2). These equations suffer from two main diffi-
culties. Namely, the phasing between pressure and acceleratiaon is not
accurate, and an additional infiection point which results in incorrect
curvature near the critical nuzzie exit point. To correct this problem,
the simulation was modified to use actual pressure, acceleration, velocity and
travel curves for particular projectiles.

Figures 1 through 4 depict the modified and augment Corner
interior ballistic responses for the M392 projectile used in the simulation.
These data curves were obtained by averaging, uiing ammunition Tot acceptance
deta. The fact that the interior ballistics were modifiea necessitated
reworking the recoil section of the code, since the interior baliistic
forces drive the recoil mechanism. In this case, the same scaling between
projeciile acceleration and recoil acceleratiun was used as in the original
version, The breech is modeled es a solid mass with axis offset from the bore
axis.

eﬁ' To accommodate vehicle motion input to the trunnions, the model was
modified to accept time series data, instead of using a Fourier expansion
as forced base motion. In this way, actual data recorded from vehicle
road and cross-country tests could be input to the gun dynamics portion of
the model for comparison with response to simulated vehicle motion. This
also allows actual firing data from moving vehicles to be compared with the
simulation. It should be noted that in the current model, only gun tube
motion in the vertical plane is simulated. It is anticipated that
future developments will include a full six-degree-of-freedow qun dynamics
model, for more realistic simulation.

The gun dynamics mode]l has been run independently of the vehicle
model for verification of its output in terms of response to ballistic
Teceding. On the basis of available experimental data for comparison, the
model gives an adequate representation of the actual firing dynamics of the
M68 105mm tank cannon. Comparisons of test data with computer runs of
the full simulation show gocd correlation, especially of muzzle vibration
frequencies.

The motivation for inteqrating the Boresi qur dynamics model
into a detailed engineering model/simulation o7 an urmored vehicle stems
from an analytical need to:
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GROFF, WALBERT, DOLCE

a. Characterize/Quantify this error source and it's impact
on weapon system delivery accuracy, especially for dynamic situations
such as firing on the move, and

b. Study possible fire control modifications/algorithms
designed to correct for muzzle flexure induced errors rasulting from
base motion disturbances and interior ballistic efforts. Besides enhanc-
ing the delivery accuracy capability of & weapon study, this study has
the potential of increasing taraet servicing rates by allowing firing
of the weapon under extreme base mction disturbances resulting from
high terrain severity conditions. Figure 5 depicts the functional
block diagram of the "Integrated Weapon Armored Vehicle Model" (IWAVM)
that has been jointly developed by the US Army Materiel Systems Analysis
Activity and US Army Ballistic Research Laboratory.

The digital computer simulation of an armqred vehicle weapon
system that is heing used in the study contains representations of
the vehicle and target motion, suspension characteristics, weapon/turret
servo drives, fire control, sight/reticle servo drives, human qunner
model, human driver performance characteristics and terrain profiles.
Briefly, the basic subroutine modules are:
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b. SUBRQUTINE MOTION, which generates the motion of the road
wheel over either an APG Bump Course or Micro Terrain Profile and the
anguiar motion of the hull on the suspension. In turi it calls SUBROUTINE
BUMP, in which the terrain or APG Stabilization Sump Course is modcled,
and SUBROUTINE SUSPEN, in which the torsion bar, volute springs, suspension
stops, and dampers are described.

c. SUBROUTINE DRIVE, which describes both the elevation and
azimuth stabilization drives to include the analog cempensation networks,
hydraulic servo valves, load dynamics, gear box characteristics and sensors.

d. SUBRQUTINE GUNNER, in which the human dynamical responses,
decision making, and action and visual thresholds are modeled.

e. SUBROUTINE SIGHT, which simulates the gun-director type
fire control in the elevation sight axis and the driven-reticle model in
the azimuth sight axis.

f. SUBRQUTINE RETCON, which simulates the digital control laws

programmed in the ballistic computer for commanding the azimuth reticle
Servo.

g. SUBRGUTINE OFFSET, which emulates the M1 elevation and azimuth

algorithms for computing the ballistic offsets for the kinetic-energy o
and heat rounds. )
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h. SUBROUTINE TRAJEC, which computes required weapon to target
offsets and takes into account target motion as well as additjonal
velocity components imparted to the projectile.

i. SUBROUTINE GUNDYN, which simulates the independent weapon
tube flexure responsas based on the Boresi model formulations. The
model has been modified to accept vertical and gun tube translational
motion generated at the trunnions by the armcored vehicle simulation.

3. SUMMARY

To date the Boresi gun dynamics model has been successfully
integrated with the M1 engineering armored vehicle model and exercised
for various verificaiton/validation scenarios. Figures 6 and 7 depict
actual and simulated power spectral analysis responses for the M68
105mm weapon. The scenario conditions were gravel road (0.5 inch RMS -
Waterways Experimental Station Terrain Severity Criterion) at 15 mph.
Both simulated and actual responses generally exhibit the same resonance
frequency range and amplitude levels.

Further verification and validation work as weil as additional
refinements to the mode! are being pursued prior to application of the
IWAVM simulation. Futura work will focus on extending the model to
include the extended 105mm as well as the 120mm qun tubes.
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ABSTRACT: A computer programme is used to investigate khe
changes which occur te the variables mhirh contribute to the
term ‘gun jump’  and the manner 1n which these variables change
with chanrges to the gqun barrel and cradle bearing sti1ftness
and the bearing location. Attenticn is drawn to the
undesirability of high rates of change «f certain variablas
just as the projectile exits the barrel.
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THE FREDICTED EFFECT ON "GUN JumF*  LDUE TO CHANGES
IN BUN CRALLE BEARINGS ANU GUN BARREL STIFFNESS.

F H G FENNY
lleyal Armament Research % Development Establishment (Chertsey?
Chebham Lane, Chertsey, Surrey, kET16 QEE
United Fingdom of BGreat Britain % Northern Ireland

W F C FING
Foyal Military College of Science,
Schoel of Management and Mathematics, Shrivenham,
Swindon, Wiltshire, SM&6 8BLA,
United Fingdem of Great EBritain & Northern Ireland

L.INTREDLUCT ION

Since the sevent2enth  century many people have noticed thzat
qunr prejJectiles do not always land on their expected taraet.
nttempts to 1mprove gunm accuwracy are ceoncerned with  the
scurces and mechanisms which cause a given projectile impact
distribution at Lihe target.

The flight of the prejectile tc the tarrget can be considersd
in three phases:

{al Interior ballistics — projectile motion within the
barrel.

{h? Intermediate ballistics — projectile lauwnch, propellant
gas blast and, for sub-calibre rounds, sabot separaticon.

() Extericr ballistics - dewnrange flight and target
1mpact.

In this paper we will consider the moticn of the gun barrel
and 1ts mounting up to projectile launch. The computer program
FAMA $54 was used. This pregram was written and develcped by
The Royal Military College of Science and & paper describing

an earlier versicn was presented to the Frd US Army Sympesium
~n 3un Dymnamics (L),

S.LESCRIFTION OF COMFUTER MODEL

fhe mathematical medel represents a flexible gun barrel
mounted 1N a rigid body cradle. The cradie 1s aple 1o rotate
about 1ts trunnicns, 1ts rotatiocnal movement being res: Ltad
an elevating gear stiffness coupled to a slipping clutch

Fiqure 1). The barrel can have breech anrd muzzle anas
attached te 1t.
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At the barrel/cradle interface are two identical cvlindrical

elastic bearings of finite length. The hbearing pcsiticns ard
parrameters can be varied.
L dvend CRALE,
SinRwéS
w N
+ K
SARAEL .
BRedcH. . — YRUNNIONS.
Ecavation
4GAR,

Figure 1 Schematic of the Breech, Rarrel and Cradle

The theoretical basis cof the model is the Euler-Bernocull:
theory of Lhin S&ams- The model ig eubisct to bhoth flexural
and axial vibrations. The resulting differential =quations
with their boundary conditions are numerically solved using an
1mplicit finite difference algorithm. The program is now very
user friendly and data files are easily compiled, edited and
recorded.

The algorithm wsed for the sclutien of the different:al

2quatiors 1s efficient and robust. The method of solutiasn was
described in the earlier paper.

I.FARAMETERS IMVESTIGATED

In & pre.icus paper presented to the TTCF kTAs Seccnd Worl zhap
1n  September 1984 (27, the predicted effect of lozal
stiffening and mass ruodistribution of the gun barrel was
e:amined. One parameter not eramined 1n the +FTAS paper was
that of cradle bearing stifiness.

t 3hould be emphasized that the gun system parametsrs uszd 1n
1s 1nvestigation are for illustrative puarposes only and deo
et irepresent a current tanb  gun nor any propeosed future tank

gun. The effects due tec changes in three parameters will he
gaminead:

(a) Gun barrel stiffness
(b3 Cradle bearing spacing
(<) Cradle bearing stiffness

V=94
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4.CHOICE OF QUTFUT MVAR1AELES

If we intend to produce a ‘better’ gun we must decide what
measured criteria we will accept as producing an i1mprovement.
In this paper the vibration and yaw angle of the p-ojectile
within the. gun barrel will not be considered. although scme
work im this area does looi: promising. The assessment will
simply compare gun muzzle transverse velocity, muzzle <clope
and gun cradle rotation.

It could be claimed that a gun system giving & consistenkly
high ‘gun jump’ figure (see Figure ), would give a constant
bias which could be compensated for within the sightirng
system. It should be mentioned, however, that 2 gun which 1z
sensitive to small production variations will preobably lead to
variable accuracy whereas a gun which demonstrates a lowsr
sensitivety tc changes in these parameters would probablw he
termed an ‘improvement ‘.

“Adee
TMIIKASE WiloCTy,

/ ﬁgﬁ‘
L

BArAGL Asccé,
(taa),

‘Guo Tump' = ol + ol

-

Fiqure 2 Definiticn of ‘Gun Jump’

5. RESULTS

3.1 Gun barrel stiffness

Two gun barrel configurations were 2:xaminead and are shown 1n
crtlinme 1n Figure 2.

The first configuwraticn was used to examine the etfect or
inserting a more compliant barrel section between the breech
and the forward cradle bearing whilst retaining the same
recolrling macss. The barrels, of course., no lcnger retain the
same degree of balance.

In almost every case Configuration Mo.l 15 tine worst caze |
terms of the meximum disturbance amplitude, although claose to
sheot et1t {just over 7ms), there 1s often litltle difference. =
comparison ot barrel transverse velocity at the muistie 13
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shown in Figure 4; ncte the difference 1in the ratszs ¢+ chance
at shot exit. At “ms the cradle rotation 1¢ about dcuble that
of the s@cond configuraticn.

RBdcs

e 1,

Lol FrbuaAtion] [ - ] zz

Bebrn4 €,

o o
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0 | ) 5 .
BALAEL  LiGTA,

Figure = Barrel Configurations

=lo ¢ ™ Al

Figure 4 Muszle Transverse Veiocity R

NS NI R

3 mer e detaitled @2ramination of the results i1s comnf1n=d 2
Cemfiguration Mol 2.

-

&4

Forward cradle bearing position

The forward cradle bearing positiosn was increased 1n 0.5m
tncremaents from Im to 2m. The mutzle transvy rse velocity does
not exhibit a marked change before shot exit (see Figure 5.
The muztla slope figures alse show the majroer differences *o
cccur  after shot enit (3ee Figure 6). The cradle rotaticon ixﬂ,f
reaches a maszimum value earlier as the credle bearing spacing R
: 15 1ncreas d (from 9.5ms down to B8ms) and the ma;ianum
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amplitude 15 reduced from 0.8m- teo  O.5mr. At shot entit,
Howe.er, the cradle rotaticon increases with the cradle beari.ng
spacing since larger moments are being passed 1ntc the
cradle. LQ] .
(=)
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{
j -
[4
1
<
-t 6 !_ T T v
(] 4 _
¢ (are)
e Figqure 5 Muzzle Yransverse Veiocity k
W Caph numbering danotes cradle bearinag gpacing in metres !
t.Q-l - - o
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Figure & Muzole Slope ?
Gi-aph numbering caenotes cradle bearing spacing in metres 2]
5.7 Cradle bearsing stitfnese i
A
N A number of cradle bearing stiftmnesces were examined buk only g
s thiree are shown. The wnits cof bearing stiffness are Newtons 1
» 3 A
per metre deflection per metre length cf bearing. The figure N
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W

=
2F 1.0::107  Nm/sm 15 often uged and these results are comparad
with C.S«<107 Mm/m and S, 107 Nm/m.

Examination of the muzzle transverse velocity, muzzle slope
and cradle rotation graphs indicated that the effect of the
softer bearings was small, whereas the effect of the stiffer
bearing was Qquite noticeable; in particular note the 1ower
rates cof change with the stiffer bearings. It should he noted
that the stiffer bearings were much stiffer from the standard
figure than the degree of softening. The results are shcwn 1n
Figures 7, 8 and 9.
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Figure 7 Muzzle Transverse Velocity -
Graph numbering dencted cradle bearing stiffness 107 TR m
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Figure @ Cradle Rotation o
Graph numbering denotes cradle bearing stiffness 10 7 Nm/m

The results are only true for the combinmations of barrel and
bearing stiffnesses together with the gun balanmce and bearing
locations.

The ccmputer model used for this wark had limear elastic
bearings with no backlash. The model indicates a substantially
changed response with different stiffness cradle bearings. The
pregram  is  1n the process of ircorporating a cradle bearing
model which includes bachklash. & paper by Bulman indicates the
possible effecte of bearing backlash (3).

Zince the cradle is considered as a riqgid bedy the gustag
bearing stiffness includes the effective cradle stiffness.

The csutput variables chosen are not the only variables tlhiat
can be enxamined and some projectiles are known te be sensitive
te certain launch conditions. As Powell demonstrates., the
projectile dynamics within the gqun barrel can be impertant
{4y, However, based on our simple criteria the pr=ferred
system would be Ceonfigura’ion No.2 with the stiffer cradle
bearings.

It 1s considered that the computer model has 1mproved cur
appreciation of the dynamic interactions within the weapson
system and that properly supportead by trials results 1t will
assist us 1n producing a meore effective weapon system.
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1. A model for tank gun mcvements during firing nsind an
implic:it difference numerical algorithm’'; W F King, G Fajgan
and ™ D Thomas. 3rd WUS Army Symposium on Gun Dynamics.

Fensselaerville, NY, May 1982.

‘Observations on the effects of parameter changes ta the
gun dynamics computer program ;F H G Fennv. Fapar
“ted to TTCP, KTA&L Second Worksnop on Gun Dwnamics,
. Fort Halstead, UK, September 1984.
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ATTN: DTIC-DDA

CAMERON STATION
ALEXANDRIA, VA 22314

COMMANDER

1S ARMY MAT DEV & READ
ATTN: DRCDE-SG

5001 EISENHOWER AVE
ALEXANDRIA, VA 22333

COMD

COMMANDER
ARMAMENT KES &
US ARMY AMCCOM

ATTN: SMCAR-LC
SMCAR-LCE
SMCAR-LCM (BLDG 321)
SMCAR-LCS
SMCAR-LCU
SHMCAR-LCW
SMCAR-SCM-0 (PLASTICS TECH
EVAL CTR,
BLDG. 351N)
SMCAR-TSS (STINFO)
DOVER, NJ 07801
DIRECTOR

BALLISTICS RESEARCH LABORATORY
ATTN: AMXBR-TSB-S (STINFQ)
ABERDLEN PROVING GROUND, MD 210035
MATERIEL SYSTEMS ANALYSIS ACIV
ATTN: DRXSY-MpP

ABERDEEN PROVING GROUND, MD 21005

NOTE:

US ARMY AMCCOM, ATTN:
WATERV'.IET, NY

TECHNICAL REPORT EXTERNAL DISTRISUTION LIST

NO. OF

COPIES

12

el e e e

NO. OF
COPIES
COMMANDER.
US ARMY AMCCOM
ATTN: SMCAR-ESP-L

ROCK ISLAND, IL 61299
COMMANDER

ROCK ISLAND ARSENAL

ATTN: SMCRI-EMM (MAT SCI DIV)
ROCK ISLAND, IL 61299

DIRFECTOR
US ARMY INDUSTRIAL, BASE ENG ACTV
ATTH: DRXIB-M

ROCK ISLAND, IL 61299

COMMANDER
US ARMY TANK-AUTMV R&D COMD
ATIN: TECH Li8 - DRSTA-TSL
WARREN, MI 48090

COMMANDER
US ARMY TANK-AUTMV COMD
ATTN: DRSTA-RC

WARREN, MI 48090

COMMANDER
US MILITARY ACADEMY

ATTN: CHMN, MECH ENGR DEPT
WEST POINT, NY 10996

US ARMY MISSILE COMD
REDSTONE SCIENTIFIC INFO CTR

ATTN: D™ NTS SECT, BLDG. 4384
REDSTONL: A-.\;)E:NA.L‘ AL 35898
COMMANDER

US ARMY FGN SCIENCE & TECH CTR
ATTIN: DRXST-SD

220 7TH STREET, N.E.
CHARLOTTESVILLE, VA 22901

PLEASE NOTIFY COMMANDER, ARMAMENT RESEARCH AND DEVELOPMENT CENTER,
BENET WEAPONS LABORATORY, SMCAR-LCB-IL,
12189, OF ANY ADDRESS CHANGES.




o

COMMANDER

US ARMY MATERIALS & MECHANICS
RESEARCH CENTER

ATTN: TECd LIB - DRXMR-PL

WATERTOWN, MA 01272

COMMANDER

US ARMY RESEARCH OFFICE
ATTN: CHIEF, IPO

P.0. BOX 12211

RESEARCH TRIANGLE PARK, NC 27709

COMMANDER

US ARMY HARRY DIAMOND LAB
ATTN: TECH LIB

2800 POWDER MILi, ROAD
ADELPHIA, MD 20783

COMMANDER
NAVAL SURFACE WEAPONS CTR
ATTN: TECHNICAL LIBRARY
CODE X212
DAHLGREN, VA 22448

NOTE: PLEASE NOTIFY COMMANDER, ARMAMENT RESEARCH AND DEVELOPMENT CENTER,
BENET WEAPONS LABORATORY, SMCAR-LCB-TL,

US ARMY AMCCOM, ATTN:

TECHNICAL REPORT EXTERNAL DISTRIBUTION LIST (CONT'D)

DIRECTOR
US NAVAL RESEARCH LAB
ATTN: DIR, MECH DLV
CODE 26-27, (DOC LIB)
WASHINGTON, D.C. 20375

COMMANDER
AIR FORCE ARMAMENT LABORATORY
ATIN: AFATL/DLJ

AFATL/DLJIG
EGLIN AFB, FL 32542

METALS & CERAMICS INFO CIR
BATTELLE COLUMBUS LAB

505 KING AVENUE

COLUMBUS, OH 43201

WATERVLIET, NY 12189, OF ANY ADDRESS CHANGES.

NOTE: COPY TO EACH SYMPOSIUM ATTENDEE.

NO. OF
COPIES

i




