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I. Introduction

In the currently projected battlefield environment the quality of American weapon sys-

tems is pitted against the quantity possessed by opposing forces. Therefore, it is becoming

increasingly important for our armour forces to possess a first round kill capability. This

requirement effectively translates into the development of tank main gun systems possess-

ing enhanced accuracy. An initial step in this direction is the quantitative determination
of those disturbances which significantly affect the accuracy of tank gun ammunition, both
saboted Kinetic Energy (KE) and full bore High Explosive Anti-Tank (HEAT) ammuni-
tion. Once this is accomplished, those areas in which meaningful contributions to improved

accuracy can be made, may be identified.

No single quantity fully describes the accuracy of ammunition, rather one must utilize
a hierarchy of values. The lowest order term in this hierarchy is the ammunition dispersion
or standard deviation of a series of impacts obtained from a single gun firing a single
type and lot of ammunition during a single occasion. The next rung on the ladder is
the deviation of the group center of impact from the aim point for this occasion. Then
consideration can be given to variation in center of impact between gun tubes and tanks.
In this paper, the hierarchy is limited to a single firing wherein the angular deviation
between the aim and impact points, i.e., the jump is examined in detail.

The overall jump of the projectile is the resultant of many disturbances. For purposes
of illustration, consider the flight of a saboted projectile. Prior to launching the round, the
gun is aimed at a target. The propellant charge is ignited and the high pressure combustion
gases propel the round forward in the gun tube. The gases also exert a force upon the
breech, causing it to recoil rearward in its mount. If the center of pressure is laterally
offset from the center of mass of the system, this force produces a moment causing the
gun tube to rotate around the trunnions. Although an idealized cannon bore is perfectly
straight, gun tubes typically have some curvature due to machining, droop under gravity
and firing dynaniics. This results in the occurrence of interactions between the gun tube
and projectile, causing a mutual exchange of transverse momentum. At the instant the
projectile is launched, the muzzle therefore is no longer pointing where it was initially
aimed.

The saboted kinetic energy round consists of a sub-caliber penetr ti rod encased
within a lightweight, elastic sabot. The combination of penetrator and shuot :na., be con-
sidered as a system of spring/mass elements, subjected to forces as it follows the irregular
curvature of the gun. The resulting transverse motion, causes the projectile/sabot combi-
nation to ballot and vibrate giving it a linear velocity which is not aligned with the gun
tube centerline and an angular velocity about its own center of gravity. Within the gun
tube, the projectile/sabot is supported at two points along its length. As it exits the gun
muzzle, it sequentially loses the support of these two boreriders. During the decoupling.
conditions can arise which result in a force and/or moment being imparted to the bullet.

During the initial few meters of flight, the projectile flies through the muzzle blast.
The bullet is subjected to abnormal ambient conditions, resulting from the outward flow of
gas from the gun muzzle over the rear of the projectile. The resulting pressure distribution



on the bullet, particularly in the case of finned projectiles, can give rise to forces and
moments which deflect it from its initial trajectory.

The process of sabot separation begins as the bullet leaves the gun tube. Due to the
transverse motions of the projectile as it moves down the bore of the tube, energy is stored
in the elastic sabot petals. As the projectile leaves the muzzle, the constraints of the gun
tube are released and the sabot elements are able to move laterally outward. Aerodynamic
forces acting on each of the sabot petals then causes them to lift up and physically disengage
from the buttress grooves of the penetrator rod. Despite the higher drag forces acting on
each petal, the sabot elements will fly in close proximity to the penetrator for several
meters downrange. Aerodynamic interaction between the sabot and projectile will occur
throughout this period. Asymmetric shock waves formed due to the supersonic flight of
the sabot elements impinge upon the penetrator body and fins. imparting disturbances.
Ultimately the sabot petals move sufficiently far from the penetrator, either to the side
or rear, to prevent further interaction and the penetrator is in free flight. However in
the process, both aerodynamic and mechanical disengagement asymmetries can result in
"a significant net force and moment being applied to the penetrator.' As the projectile
enters free flight, it has an initial yaw angle ý0 and rate ý'. The net lift force acting upon
the projectile as a result of the yawing motion produced by the initial rate results in a
deflection of the trajectory known as aerodynamic jump. For most finned projectiles of
interest, the yaw rapidly damps and the magnitude of this term can be determined from
the values of Cm., CLa and •, as shown by Murphy.2

Lastly, the projectile is subject to both cross winds and gravity as it flies downrange.
The effect of gravity is directly related to the time of flight to the target. Hence it can be
determined from a knowledge of the projectile drag coefficient, initial velocity and range
to the target. The influence of cross winds will be a function of the projectile geometry
and the range to the target and can be minimized by limiting testing to periods when
their magnitude is small. For the tests reported upon in this paper, the intitial portion of
the projectile trajectory was indoors, through the Transonic Range Facility, thus reducing
further thle impact of cross-winds upon the results.

Each of these disturbance sources has the potential to significantly affect accuracy,
either the jump or the ammunition dispersion. To rationally approach the problem of
maximizing accuracy, it is first necessary to quantify the contribution of each disturbance.
A methodology to accomplish this task has been developed at BRL and during the past
three years it has been utilized to examine the behavior of ammunition currently in the
inventory for the 105 mm and 120 mm Main Guns of the M1 and MiAl tanks. This
paper will provide an overview of the test methodology and instrumentation required to
measure the launch disturbances. The "closure analysis" which unifies the jump compo-
nents, indicating the contribution of each to the overall jump of the projectile will also be
discussed.

'Plostins, P., "Launch Dynamics of APFSDS Amnnmuntio.v", BRL Tedinical Report BRITR-rS95, U.S. Army Ballistic
Reaeardh L&b, Abecrdeen Proving Ground Ni) 21005-50S6, 1984

2 Murphy, C.|i., "Free Flight Motion of Symmetric Migsile". BiL Technical Report 1216. t.S. Army Ballistic Research
Laboratory, Aberdeen Proving Ground, NID 21005-066. 1963
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II. Methodology

To quantify the effects of various disturbance sources on projectiles, the overall jump
of the bullet has been divided into component parts which can be physically measured.
Figure 1 depicts the closure analysis for a typical saboted round. The analysis summarizes
the contribution of the possible disturbance sources outlined in the introduction. Each
disturbance is represented by a vector equal to the angular deviation of the projectile tra-
jectory caused by the disturbance. In some instances, multiple sources act at a given point
in the projectile trajectory and separation of the contributions is not possible. Under these
circumstances, it is necessary to lump the deviation due to a number of disturbances into a
single vector. If all the disturbances have been accurately measured, the vector summation
of the individual components will be equal to the angular coodinate of the actual impact
point, yielding "closure". From an analysis of the error sources associated with each of
the measurement techniques, it has been concluded that under optimal circumstances the
analysis is accurate to approximately 0.2 milliradians. Thus, cases for which the difference
between the summation of the measured disturbances and the actual impact point is less
than 0.2 milliradians will be said to exhibit closure.

Figure 2 is a sketch of the experimental set-up for the tests. All tests were con-
ducted from a tank mounted cannon firing at a target located approximately 1 kilometer
downrange. The cannon is aimed directly at the target cross using a collimated muzzle
borescope and no superelevation is used to compensate for gravity drop, On the gun itself
and between the muzzle and the target, a wide variety of instrumentation, some of which
is shown in the diagram, has been utilized to determine both the gun dynamics and the
motion of the projectile as it flies downrange.

The gun dynamics contribution to the overall jump, measured using a combination
of proximity probes and strain gauges, is represented by two vectors in figure 1. The first
begins a• the -"m point, denoted by the central cross in the figure and represents the
nmzzle p~c ,.: ar aie at 4h: instant of projectile launch. The second vector indicates the
deflection kA U ,o W ie veloc ky of the gun tube perpendicular to the line of flight (i.e. ratio
of transverse muzzle velocity and projectile forward velocity).

Six orthogonal x-ray stations are located just downrange of the muzzle. The first threvo
stations ae placed close to the muzzle and observe the projectile just after it exits the
muzzle and during the inital stages of the sabot discard process. The photographic data
obtaiaed from these x-rays provides both the initial yawing rates and linear e.g. motion
of the projectile as it is launched. The deviation of the linear c.g. motion of the proje,,tile
from the pre-shot line of fire is represented on the closure diagrmun by the point which is
marked "1' x-ray". The dashed line between tile end of the gun dynamics vector and this
point represents the s8%u of the disturbances caused by in-bore balloting motion, projectile
"tip-off" or interaction between the gun tube and bullet as it exits the cannon, muzzle blast
and the initial stages of the physical disengagement of the sabot from the subprojectile.
This series of disturbances will be referred to as the mechanical disengagement phase,

The second three orthogonal x-ray stations are located further downrange, after the
sabot has completely separated and the projectile has entered freX, flight. The angular
deviation of the projectile c.g. motion obtainc,1 from these x-rays is represenv-d in the
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diagram by the point which is marked "2nd x-ray". The disturbance represented by the
difference in the projectile trajectory measured by the two groups of x-rays is due to
asymmetric sabot discard. The final two vectors in the diagram are the aerodynamic jump
and gravity drop of the projectile.

After launch, the projectile flies through the BRL Transonic Range where it is pho-
tographed at 25 orthogonal spark shadowgraph stations covering 208 meters of the tra-
jectory. The position and attitude of the projectile in time is defined from this data and
forms the basis for the determination of both aerodynamic and trajectory characteristics.
The trajectory provides a redundant measurement of properties near the gun and at the
target. By extrapolating back toward the weapon, the Transonic Range data fit provides
a verification of the x-ray data. Extrapolation downrange provides a check on the target
impact information.

In the following few sections, each of the measurement techniques used in the analysis
will be briefly discussed. Data obtained for the flight of a saboted cone stabilized training
projectile (TPCSDS-T) will be used to illustrate both the measurement techniques and
the closure analysis.

III. Gun Dynamics

While the in-bore time for a bullet is relatively short, the forces and moments exerted
upon the gun tube by the high pressure combustion gases and the projectile are sufficient
to cause a significant transverse motion of the tube prior to shot exit. This motion is due
to the rotation of the gun about its support bearing and to the elastic vibration of the tube
as it reacts to both the high pressure propellant gases and interacts with the projectile.

In previous gun dynamics investigations, a variety of experimentil techniques have
been utilized, including: optical methods,3 inductive transducers 4 and strain gauges.s The
method employed in the current measurements is a refinement of the technique utilized
by Biele6 in his investigation of the gun dynmics of the 120amm main gun of the West
German Leopard II tank. The technique treats the gun tube as an elastic beam with an
annular cross-section and utilizes a combination of strain gauges and proximity probes to
determine the dynamic shape of the tube. The longitudinal bending strain of the tube,
obtained from strain gauges mounted along the length of the gun, is proportional to the
radius of curvature. For the small values of strain occurring during thse tests

D d:y 
(1)S d -- t-- I

•(ay, H.P. iand FWldar, A.S., "'The Latetml Motion ti a Tank Gun andi its t',ect on the Accuracy ol Fire', Ballistic 1Resea1ch
Lab Rlepo"t 1070, U.S, Army Ballistic Re.easrh 1.horatory. Aberdon frlwing Ground, MD 2)l•OO5%.. 19$•9

"Schmidt. J.Q. and Androws, T.M. ")eOcription of the Joint Bt1,1-IARI)E 40nm) Expetrini.t to DOirne Projectile L.atnch'.
in Ihe P rceedings of the VoIrth U.S. Arm'y S)ympoeaun on Gunc Dynaznics, T.W. `"cin. and 1. Vaxilaki% (040), HPrn.'t %Vtaýtn
Labortiry', Wate-r.iiet NY 12189. 198s

'Simkin•. T1E., Scmanlon, R.D. and Benedict, I.L,i'l•ana•,ery. Motion of an EKstic Suppnritrd 3m.nm Gun To.,be O)unn4
Firing,' Prtceedintg or the Third U.S. Amhy Sympositun on Gun )Dynam•ics. Restu~i~srville, NN, May I W42

Btele, J1K., "The Retatiornsip o Gun Dynamics to Accur&cy in a 120 nua Tank Gun". in the Pt'•octtdisv of thE. st),
hgtem~ationami Suramiurm oan Ballistic*. ADPA. 19t4
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where e is the longitudinal bending strain, D is the outer diameter of the tube, z the axial
coordinate along the length of the gun and y the coordinate perpendicular to the tube
centerline. Integrating this expression twice yields the deflection of the tube as a function
of z. Two constants of integration which can be obtained from an independent measure-
ment of tube deflection are required to complete the computation. For these tests, eddy
current proximity probes have been utilized to perform 'he displacement measurements.
Although the technique requires that displacement measurements be made at only two lo-
cations, they have generally been performed at three or more locations during the current
implementation. This redundancy ha: been utilized as a consistency check for the validity
of the results. In the following two sections both the strain and displacement measurement
techniques will be discussed.

1. Proximity Probes

The proximity gauges employed in these tests are commercially available units
(Scientific-Atlanta model M-61 eddy probes coupled to model 606 eddy prilt, drwers)
originally intended for use with rotating and reciprocating machinery. These small (di-
ameter: 5 mm, length: 35 mm) transducers consist of an inductive element potted in an
epoxy material. A high frequency electric curent is passed through the device creating a
magnetic field, When the transducer is in close proximity to a conducting surface (e.g.
a steel gun tube), eddy currents are induced in the metal. The resulting loss of energy
from the transducer is proportional to the gap between the unit and the surface aid is a
function of the material properties of the surface. Since the transducers were calibrated on
the gun tube surface (i.e., the sane type of metal was used for both calibration and during
Measurement), a time history of the current drawn by the probe is a direct measure of the
gap brtween the transducer and the gun tube during the test.

It has been assumed that during the firing sequence, the cannon will undergo trans-
verse motion in both the vertical (y) and horizontal (x) directions, recoil along the central
axis (z) and radially expand or contract. It is also presumer4 that the cross section of the
gun tube will remain circular. The outer surface of the tube can, however, be tapered.
Under these condiitions a imnimnum of thret transducers are required to completely de-
termine the transhtiom raid radial expansion of the gun at any position along its iength.
However, to sIuplify the data tnalysis, four transducers spaced 90 degrees apart around
the circumfercnce of the tube were utilized. In this configuration, the difference in the
Change of the gap width measured by two opposing probles will yield the translation of the
gun along the axis joining the probes. The sum of the change in the gap widths, when
corrected for the effect of tube taper and motion of the gun perpendicular to the probe axis
yields the chaunge in the diauneter of the tube. A complete discussion of the application of
proximity probes for gun dynamics measurements. including a discussion of system errors.
cran be found in Bornstein &- Haug."

Probes were placed at four locations along the tube as showin in figure 3: at two points
In the vicinity of the muzzle (per-mitting the estimation of the muzzle pointing angle), near

'MRornsein, I A. anmd HaltI, H 'L.. Glnr T*li G;un Syttemo". 011, Memorandwn liclMw,MW-48,gl V.. Army BAWliltir 14"w-A"c 1-6164'atcwy,. Alwe•wl t I'rw'tug Groun4. Sit) 2100s..•W6. jW'Ag



the center of the tube just forward of the bore evacuator and towards the rear portion of

the tube near the thrust nut. To accomodate the strain gauges which were mounted on

the tube, the probes were mounted along perpendicular axes oriented at 45 degrees to the
vertical and horizontal directions. Data were acquired using transient recorders possessing
a pre-trigger sampling capability. The instrumentation trigger signal was provided by a
static pressure probe placed in close proximity to the muzzle (approximately 1 cm to the
rear) that started the sampling process when the main blast wave associated with the high
pressure propellent gases reached the pressure probe.

Figure 4 presents the translation of the tube measured by the four proxir; cy probes
situated near the muzzle while firing a saboted training round. A number of fe-atures are
apparent in the figure. Notably, the lack of any significant motion of the muzzle prior to
three milliseconds before shot exit, a spiral-like movement of the tube during the following
2.5 ms and finally a rapid motion of the tube both downwards and towards the right during
the final few hundred microseconds before the pro ectile exits the gun.

Figure 5 displays the change in the outer diameter of the gun tube measured by the
proximity probes. The passage of the projectile past the probe location is marked by
a rapid expansion of the gun tube as the tube is suddenly subjected to high pressure,

high temperature combustion gases in the bore of the tube. Since we anticipate that the
expansion will be radial in nature, it is not surprising that the expansion measured along
perpendicular axes is virtually identical. A by-product of the muzzle proximity probe
measurements is a coarse estimate of the projectile velocity obtained by comparing the
bullet passage times at two closely spaced axial locations.

The relative motion at the two locations close to the muzzle permit an estimate of
the muzzle pointing awgle as a function of time (figure Q). Inberent in this estimate is the
assumption that the (urvaiure of the tube between the measurement pohit and the muzzle
is negligibly small; a criterion which cannot always be met. For these tests. however, the
curvature in the vicinity of the muzzle was sma.l and the proximity probes yield a good
estimate of the pointing angle.

2. Strain Measurementa

While the nmizzle data are quite valuable, a description of the complete tube motion
duri(ng the launch cycle permits a more detailed analysis of the projectile and gun tube
interaction. To define the dynamic tube shape. strain gauges were moutared at eighlt axial
stations along the gun (figure 3). Each sta•tion consisted of four orthogonal gauges (two each
in the vertical and horizontud planes) oriented lengthwise Ilong the tub,-. Diametrically
opposed gauges were wired in a difference Inode in the bridge completion circuits to reduce
common mode signals such as hoop or pure axial stresses and to maxmiize the sellsitivitv
to longitudinal bending strain. Data were initially multiplexed and recorded on ana!og
tape. It wa; late'r played back and digitized, with the resulting information transferred
to a digital computer for analysis. A sample strain data record (the raw data is marked
"unfiltered") is shown in figure L.

6



The analysis, developed by Heaps' based upon the work of Biele, treats the gun tube
as a cylindric elastic beam which can deflect only due to longitudinal bending or rigid body
motion. The longitudinal bending strain is related to the local curvature of the tube as
shown in equation (1). Perform'.ng a double spatial integration of this expression yields the
displacement due to the bending or the instantaneous shape of the tube. The two constants
of integration are evaluated using the tube displacements obtained from proximi~y probes
mounted near the muzzle and rear of the gun tube.

Sampling theory requires that the interval between successive data points be no larger
than half the shortest wavelength of the signal (i.e. mode shape) to be measured. If
shorter wavelengths (or higher modes) are present, aliasing will occur. In the current
set of measurements, bending strain has been determined at 9 points on the tube (8
measurements and a zero strain condition at the muzzle), implying that at best we can
hope to faithfully represent the shape of the tube through a linear combination of the
first four vibration modes. This argument requires the employment of an anti-aliasing low
pass filter with a cutoff frequency of 400 Hz. A srAmple of the filtered data is also shown
in figure 7. Once the strain data were filtered, the data at any instant of time could- be
approximated by a polynomial function. The resulting function was then integrated twice
and the proximity probe data were used to evaluate the two constants of integration. A
more detailed discussion of the data analysis procedure can be found in Bornstein & HaugT.

Figure 8 depicts the results of the analysis, prese.ting both the vertical and horizontal
shapes of the segment of the gun tube external to the turret during the in-bore period of
the projectile, from 2.5 milliseconds prior to shot exit until the bullet is launched, at 500
microsecond intervals. The solid circles denote the location of the projectile at any instant
of time, while the x's represent the proximity probe data used to obtain the constants of
integration. Prior to -2.5 ins, the cannon exhibits little movement. The motion of the
gun in the vertical pline is significantly larger than that observed in the horizontal plane.
A wave-like whipping motion of the tube :s apparent from the observation of successive
framues in the plot. In the horizontalt plane, the gun is constrained by the recoil system and
is subject to motion which is more limited in amplitude. The driving force for this motion
is presumably interaction between the projectile and gun tube.

Tile muzzle pointing angle can be obtained from thmes plots by numerically differe'n-
tiating the displacement curve in the vicinity of the mnuzzIe. The muzzle cro.ssing velocity
can be obtain.ed by deternlining the rate of chawge of muzzle displacement at shot exit.

I'V. Transitional Ballistics

The purpose of this portion of the test is to provide the bridge between the in-bore
and the free flight dynamics of the projectile. Specifically. the motion of the projectile is
recorded by flash radiography covering the region from the weapon tmizzle through initial
entry into undisturbed free flight, a distanre of approximately 1? meters. A schematic
Cepresentation of the x-ray set-tip is given in figure 2. Six orthogot.al x-ray units art,

1114-aln. C.W., ~'Deteitiatim ofGun TO)# Moti~rontsct "A rain 1MeAAursrnent%,' IARL rnwn~iRptIltI~3.



positioned in two groups of three each. The first group is placed in close proximity to
the muzzle and captures the initial projectile position and orientation with respect to the

line of fire. The second group is positioned further downrange, after the sabot separation
process has occurred, and determines the linear and yawing motion as it enters free flight.

Six orthogonal Hewlett Packard 150 kV flash x-ray units are utilized to determine
the transitional ballistics. Plywood cassettes protect the Kodak XAR840 X-Omat x-ray
film which is exposed by Dupont Cronex Intensifying Screens bonded to the inner cassette
surfaces. Both cassettes and x-ray heads are placed at a distance of approximately 1.5
meters from the line of fire. This provides sufficient source to object distance for a single
head to completely illuminate the projectile and enough object to cassette distance to
prevent reflected shock waves from disturbing the cassette before the x-ray of the projectile
flight is recorded.9 During the test, the x-rays are fired sequentially, with the delay time

between successive stations determined by the separation distance and the projectile muzzle
velocity. The initial trigger signal for the entire system is provided by the muzzle pressure
probe used for the gun dynamics measurements.

The standard calibration procedure for radiographs'° uses a double exposure tech-

nique. A fiducial cable is strung through the x-ray field of view close to the projectile line
of flight (figure 9). The x-rays are pulsed at a low power level, the cable removed and the
shot fired. The second, high power x-ray pulse places the image of the projectile on the
same photograph. A sighting target is placed at the far end of the x-ray array, roughly
13 meters from the muzzle. The muzzle boresight aligns this target to the sight line. The
boresight is removed and a second target is placed in the muzzle of the gun essentially
locating the bore center line. The fiducial cable is strung between these two targets taking
care that the cable does not touch the targets and distort their orientation. The cable
contains both fiducial beads and two sightline spheres located near the target centers.
The positions of these reference markers are located in the Transonic Range coordinate
system using standard surveying techniques. The downrange target is then removed and

Sthe x-rays pulsed at a low powor level. Since both reference spheres appear on the x-ray
photographs, the sight line is also captured. The fiduciai cable is then removed and the
round fired. The calibration procedure ensures that the fiducial cable lies along the line of
fire and permits a straightforward evaluation of the projectile linear and angular position.
The cable survey also locates the line of fire permitting a determination of the variation
in jump through the x-ray rig.

Figure 10 is a set of orthogonal views. of a cone stabilized, discarding sabot training
projectile &s ih is launched from the gun tube. In the figure, the upper photograph corre-
sponds to a view of the projectile taken from below, while the lower image is a side view

* of the bullet. Immediately aftcr disengagement from the gun tube, the sabot components
remain essentially in the as-fired position. In this example, the cone base of the projectile
is just clearing the muzzle. The recoiling motion of the muzzle can also be observed, with
the fainter image of the muzzle corresponding to its po'ýition prior to the test and the more
intense image corresponding to the muzzle as the projectile exits the gun. Also visible in

9 Sdnaiidt, EM., PlostinA, P. & Bundy, M.L., "Flah Radiographic Diagnostics of Projectile Launch," in the Proceedings of
the 1984 Flash Radiography Symposium, E.A. Webster, Jr. & A.M. Kennedy (eds), The American Society for Nondesructive
Testing, 4135 Arlingate Plaza, Columbus OH 43221, 1984

St Schmidt, EM. & Shear, D.D., "Aerodynamic Interference during Sabot Discard," USABRL Report R-2019, U.S. Anmy
Ballistic Research Laboratory, Aberdeen Provinb -'round, MD, 21005-5066, 1977
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the photo are the fiducial cable and the two reference beads for this station. As part of the

calibration procedure, the distance between the notches in each of the beads is measured.

Comparison of this distance, with the distance between these two points in tile x--ray image

yields an in-situ determination of the magnification factor for each x-ray, eliminating the

necessity to accurately measure the distance between each head and the object and film

planes.

Just downrange of the muzzle (figure 11), the components begin to rotate off the

flight body. Contact is maintained between the aft end of the sabot and the projectile up

to the third x-ray station. In the illustration, one of the sabot petals has already lifted

off at the rear, an excellent example cf a discard asymmetry. In the side view shown in

figure 11, one can also see a significant pitcl, angle between the projectile and the fiducial

cable developing. Between the third and fouri.h stations, the components lift away and
"only aerodynamic interaction continues. By the tirmt. the projectile reaches the second set

of three x-ray stations, the sabot components are still withirn the x-ray field of view, but

have moved sufficiently far from the flight body to preclude further interaction and the

projectile is in undisturbed free flight (figure 12).

The motion of the center of n-avity of a saboted prnjectile through the x-ray system
is p-esented in figures 13 and 14, g. er with the mea.red line of file. In the figures, the
z axiv corresponds to the downrangt, coordinate, while the y and x axes correspond to the
vertical and horizontal coordinates respectively. The plot of the projectile vertical motion
shows that the projectile begins its trajectory at a point in space near the static muzzle
location but with a "separation angle" above the line of fire. This angle is a component of
the total jump representing the sum of all perturbations seen by the projectile up to this
point in the trajectory, including: tank, gun tube, mechanical discard, muzzle blast and
initial sabot discard disturbances. During passage of the bullet through the location of the
first three x-ray stations, the projectile does not appear to be subjected to any significant
accelerations and its trajectory can be approximated by a straight line. In the horizontal
plane (fig 14), the projectile is to the right of the line of fire; the trajectory again is at a
small angle with respect to the line of fire. Due to the smaller deflection in the horizontal
plane, errors in the determination of the projectile center of gravity are more apparent in
this plot. The scale of these errors is of the order of "0.5 mm", which is the accuracy to
which we expect to be able to read deflections on the x-ray. The c.g. trajectory is still
approximated by a linear fit.

Between the first and last set of x-rays, the sabot discard process goes to completion.
Further alterations to the trajectory may occur in this region leading to al "initial free
flight departure angle." The differences in the muzzle separation and initial free flight
departure angles are more apparent in the horizontal plane in this example, though this is
by no means the rule.

To this point, the x-ray data has been utilized to consider the linear motion of the
projectile. However, the contributions of launch dynamics to total jump are not completely
defined until the aerodynamic jump (or jump due to yaw) has been treated. The angular
"motion of the projectile as a function of the downrange location is given in figures 15 and
16. The x-ray data show that the projectile is launched with a very small yaw angle,
consistent with the strong constraints provided by the sabot components and the gun

9



tube. The round has a finite angular velocity about its center of gravity (or yaw rate) as
it exits the cannon and the yaw angle grows accordingly. This is more apparent in the
vertical plane, where the yaw angle has grown to approximately 1.25 degrees at the third

Sx-ray station, than it is in the horizontal plane, where the yaw measured at the first three
stations is less than 0.1 degree or roughly the order of the estimated accuracy (±0.1 deg)

*: that can be obtained from a good quality x-ray. In the figure, the squares represent the
* yaw angles determined from the x-rays, while the solid line is a prediction of the yawing

motion of the projectile based on the measured angular rate in the first three x-ray stations
(i.e. prior to sabot separation) and a knowledge of the aerodynamic coefficients for the
projectile.

As the round moves through the sabot discard region, it is subjected to angular
"disturbances caused by asymmictries in the precess. These cause a change in the yawing
motion. The dashed curve rnpresents the predicted free flight yaw behaviour based on
the angular rate measured in x-ray stations 4 through 6. These yaw rates can be used

Sto compute the projectile free flight aerodyamic jump2. The solid curve repres rnts the
predicted angular motion of the projectile if it had entered free flight at the muzzle.

V. Jump Analysis

Figure 17 depicts the closure analysis, introduced in section 2, for a saboted cone
stabilized training projectile. In this case, gravity drop has been accounted for by shifting
the aim point. Looking first at the gufi dynamics disturbance for this round, the muzzle
pointing angle makes a significant contribution to the overall jump, providing a disturbance
of approximately 0.45 mils in magnitude, while the contribution of the crossing velocity is
much smaller, roughly 0.12 mils in magnitude. Experience gained firing a number of these
rounds has shown that the round to round variation in the magnitude and orientation of
both of these vectors was fairly small.

The trajectory of the projectile just after it has been launched but before sabot
discard has occured (determined from the first three x-ray stations) is represented by
the point marked first x-ray. The effects of in-bore projectile motion, muzzle blast and
tip-off disturbances have been lumped together into the vector which joins this point and
the tip of the muzzle crossing velocity vector. The magnitude of this vector is comparable
to the muzzle pointing angle. However the observed variation of both the magnitude anld
orientation of the vector was larger than for the gun dynamics. This was also found to
be the case for the disturbance caused by the sabot discard process, which is represented

* by the vector joining the trajectories determined for the 1st and 2nd group of x-rays.
Lastly, for this particular case the magnitude of the yawing motion was fairly small and
the aerodynamic jump computed from the projectile angular velocity measured by the
second group of x-rays (i.e. as the projectile enters into free flight) is similarly small. The
tip of the vector representing aerodynarmic jump is the angular coodinate for the expected
impact point of the projectile, once the effect of gravity drop has been removed. As the
figure indicates, the difference between this point and the actual impact is approximately
0.17 mils, within the 0.2 mil accuracy we attribute to the me'asurement techniques.
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VI. Concluding Remarks

This paper has briefly discussed the methodology and measurement techniques which
have been developed at BRL to quantitatively determine the contribution of individual
dist'urbbuce soircei to the overall jump of a projectile. The technique has been applied
with success to both saboted and full-bore ammunition for the 105 mm M68A1 and 120
mm M266 Cannon used by the M1 and MIA1 tanks. Similar methods, on a smaller scale,
ýre slso currmntly being used to examine the performance of 25 mm ammunition.

/1
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Figure 1. Vector diagram indicating the closure analysis with sources of disturbance to
the projectile trajectory
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Figure 2. Schematic diagram of set-up for tests
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Figure 3. Diagram of 120mm M256 gun tube with breech indicating the location of the
proximity probes (arrows) and strain gauges (crosses) used to determine the gun dynamics
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Figure 4. Transverse motion of the gun tube near the muzzle (TPGSDS-T projectile)
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Figure 6. Muzzle pointing angle measured by proximity probes (TPCSDS-T projectile)

14



100

Unfiltered data' 7 5 . ..... ...1 -................... .: ,
U)Filtered data
U)
E 50 .

0
u 25

-- 02
I I

-5 -4 -3 -2 -1 0

Time [msec]

Figure 7. Sample strain record

0 MME (nmac) -2.50 TIME (msec) -1.00 0 ( ) = -2.50 TIME ( ) -1.00S0.4 - 10.41"

0.2- 0.2-

0.0- -I 0.0.]

-0.2-0-2 -0.2
.-0...411 1- 1 1 -0.41,, , , ' v

"0. M (rms-) - -2.00 TIME (mEcc) = -0.50 TI4ME (mw) -2.00 TIME (msoc) -0.50
0.4- 0.4-

0.0- 0,2- _ _

-0.2- -0.21

-0.4 -1 -OA ,

04 ME (mac) -1.50 TIME (mm) , 0.00 TIME (macc) - -1.50 TIME (msoc) a 0.00

~0.2- E .2

S0.0- 0.0

0.4- I 0.4

-0.4- -0,4
-3.5 -2.5 -1.5 -05 0o.5 -3.5 -2.5 -1.5 -0.5 0.5 -315 -2.5 -1.5 -0.5 0.5 -. 5 -2.5 -1,5 -0.5 0.5

POSITION ON TUBE (M) POSITION ON TUBE (M)

Figure 8. Displacement of the tube (a) vertical plane, (b) horizontal plane

15



FIDUCiAL SUSPENDED FROM THE BREECH

,MUZZLE 
O

-- SPHERE Pp

FIlDUCIAL CABLE - ' -DOWNRANGE

6 STATIONS OF "•J TAROET
FIOUCIAL BEADS E

DOWNRANGE/

SPHERE

Figure 9. Schematic representation of x-ray set-up
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Figure 10. TPCSDS-T projectile at launch. Muzzle is shown at left of photo. Lower
image shows pitching of projectile, upper indicates yawing motion
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Figure 11. TPCSDS-T projectile 3 meters downrange of muzzle. Lower photo shows
pitching of projectile, upper indicates yawing motion

Figure 12. TPCSDS-T projectile entering free flight, 10.4 meters downrange. Lower
photo shows pitching of projectile, upper indicates yawing motion
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Figure 13. CG trajectory of TPCSDS-T projectile - vertical plane
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LIST OF SYMBOLS

CL Lift Coefficent LiftForce
•.pV2S Pt

• ,S Pitchin oment
CM Pitching Moment Coefficient hLgMot

ypV2SI

_ reference length
S reference area (normally 12
V Projectile velocity

yaw angle of projectile
yaw rate of projectile

SUBSCRIPTS

a derivative with respect to a~ng1e of attack

o initial value
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