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I. INTRODUCTION

Modern cannon-fired, anti-armor ammunition consist of high density, sub-
caliber, fin-stabilized projectiles which are launched within sabots. Figure
(1) shows such a kinetic energy device with examples of sabots. The Armor
Piercing, Fin-Stabilized, Discarding Sabot (APFSDS) munition weighs less than
a full-bore projectile and can be launched at higher velocities. The penetra-
tion capability of the long, low-drag, fin-stadilized rod is directly related
to its striking velocity. The discarding sabot is used to provide support for
the rod and obturation of the gun gases during launch. As the munition exits
the gun, interactions between gun, sabot, and projectile occur. These inter-
actions set the initial conditions for subsequent dynamic and aerodynamic
performance of the penetrator1 as well as for the dispersion characteristics. 2

"Saboted rounds may experience additional interactions during the sabot
"discard process. The higher drag sabot components are removed from the flight
vehicle in a manner which can produce a variety of disturbances.' 8  As the

2. W. H. Drysdale, "Design of Kinetic &nergy Projectiles for Structural

Integrity," U. S. Army Ballistic Research Laboratory, Aberdeen Proving
Ground, Maryland, BRL Report ARBRL-TR-0O365, September 7981 (AD A105502).

2. C. H. Murphy, "Free Flight Motion of Symnetric Missile," U. S. Army
Ballistic Reaearch Laboratory, Aberdeen Proving Ground, Maryland, BRL
Technical Report 1216, Jaly 1963 (AD 442757).
.E. M. Szmn•t, "Disturbance to the Launch of Fin-1tabilised Proiectites '

Jog yl of Spacecraft and Rockets, Vol. 19, No. 1, January-February 1982,
p. 30.

4. E. M. ScTkmdt and D. D. Shear, "Aerodynamic Interference During Sabot
Discard," U. S. Army Ballistic Research Laboratory, Aberdeen Proving
Ground, Maryland, BRL Report 2019, September 19?? (AD 050308). Also
SJoural of Spacecraft and Rockets, Vol. 15, No. 3, May-June 1978, pp.

162-167.

V�5. E. M. Schrnidt and D. D. Shear, "Launch D~ynamics of a Single Flechette
Round, " U. S. Arny Ballistic Research Laboratory, Aberdeen Proving

114 Ground, Maryland, BRL Report 1810, August 19?5 (AD B006?81).

6. W. D. Glauz, "Estimation of the Forces on a Single Flechette Resulting
from a Shock Wave," Midwest Research Institute, Kansas City, Missouri,

r• Final Report 19 June 1970 - 18 March 1971, May 197.1 (AD 724178).

- 7. G. Clotz, "Investigation of the Stability of the Flow During the Sabot
Discard Process," Sixth Internationawl Symposium on Ballistics, Orlando,

N, Florida, 27-29 October 1981.

8. P. Crimi and D. Siegelnan, "Analysis of Mechanixit and Gaedynamic Load-
ings During Sabot Discard from Gun-Launched Projectiles," U. S. Army
Ballistic Research Laboratory, Aberdeen Proving Ground, Maryland, BRL
Contract Repo;'t 341, June 1977 (AD B020019).

'L7

V. -,'.' .' -. *. .*..- * * . .Q U



* . .. * ,* -.•.-T

shot e(i:erges from the gun tube, elastic decompression together with the resid
"ual inertia of the sabot components start the discard sequence. Dynamic and
aerodynamic loads on the sabot parts force them away from the prtjectile. Any
existing geometric asymmetries in sabot components may cause a momentum
exchanqe between the components and the long rod flight vehicle. As separation
proceeds, air flow is established between the sabot parts and the projectile;?

stronq aerodynamic interactions occur and become the dominant source of the
"discard disturbance. Schmidt 3 has observed that the two dominant discard
-mechanisnis are mechanical contact and aerodynamic interaction. Flow field
asymmetries have their primary effect on the projectile fins where skewed
shock patterns have been observed by Schmidt and Shear." Wind tunnel data for
the pressures on symmetric and asymmetric sabot configurations have been
obtained by Schmidt and Plostins. 9 ' 0 Mechanical impacts have been observed
by Schmidt et. al. 1 1 for the case of a spin-stabilized penetrator.

The initial dynamics of the penetrator are established during the launch
process; therefore, it is important to size and determine thq contributions of
,,arious phases of the launch cycle to the flight dynamics of the projectile.
This retiort presents the results of one part of a test program on an APFSDS
projectile. The program was to study launch problems and prooose methods for
the mitiqation of launch disturbances. Only the sabot discard and discard
effects on other portions of the launch cycle are discussed here. An analysis
of the perturbations to tne projectile angular motion due to inbore, mechani.
cal, and aerodynamic interactions during launch are presented.

The comprehensive test proqram was a joint effort by the Interior Ballis-
Stics Division (IBD) and the Launch and Flight Division (LFD) of the Ballistic
Research Laboratorv (BRL). IBD was responsible for determining the inbore
behavior of the rounds using doppler radar. 1 2  The LFD was responsible for
meisurement of the aerodynamic performance of the penetrator and the sabot

'.). E. M. Schmidt, "Wind Tunne I Measurements of Sabot Discard Aerodvynamioe,"
"Y. S. ArmT Ballistic Research Laboratory, Aberdeen Proving Ground,
Maryland, RRL Technical Report ARBRL-TR-02246, July 1980 (AD 088900).

19. PF. M. M.Schmidt and P. PZosatns, "Aerodynamics of Aoynmmetr-'c Sabot
"1)io cad, " U. S. Army Ballistic Research Laboratory, Aberdeen Proving
-',ound, maryland, BRL Report ARBRL-MR-03281, June 1983 (AD 130011).

. 11. F. Al. Schmidt, B. P. Bumas, and G. Samos, "Replica ModeZling of the !.aunt-h
and Plight Dynam..cs of Projectiles,e" U. S. Arrmj Ballistic Riesearch
Laboratory, Aberdeen Proving (,'ound, Mary land, BRL Technical Report
ARRHL-TR-02104, September 1978 (AD A063521).

12. J. N. Waibert, "Analysis of the in Bore Motion of Several T ypes of
*. Projoctiles," U. S. Army Ballistic Research Laboratory, Aberdeen Proving

Ground, Maryland, BRL Memorandum Report ARBRL-MR-03293, July 1983 (AD
BO76398L).

, - 8
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discard process. The test program was conducted at the Transonic Range tacil-
ity' 3 ''• of the BRL.

II. TEST PRELIMINARIES AND TEST MATR;X

It was desired to test a projectile with improved flight and terminal
performance. The design improvements consisted of a lengthened penetrator
body with increased sabot load-bearing surface and a reduction of fin span to
"decrease aerodynamic drag. The standard penetrator, Figure (1), is equipped
with bore-riding fins to provide inbore stability. The drag coefficient of
the improved model was less than the standard projectile but at the expense of
inbore stability. As d result of these changes, the dispersion of the imuroved
projectile was greater than that of the standard projectile.

The long sabot also showed signs of permanent deformation, Figure (2).
The aerodynamic liftoff characteristics of the sabots tested caused sabot taildeformation. Large initial sabot petal rotation produced significant loads at

the sabot tails which were the pivot points of the rotation. It was necessary
to change the initial lift and moment coefficients of the sabot components in
an attempt to alleviate the effects of this mechanical interaction. The sabot
lift was reduced on five test rounds by removing lift area through a venting
procedure. Figure (1) shows a vented sabot petal. A first estimate of the
effect of venting the sabot was computed using the AVCO Sabot Discard
Code. 8'15 17  Both vented and non-vented cases were run. The code consists of
a dynamics package with a six-degree-of-freedom model for the sabot petals and
a three-degree-of-freedom angular model for the penetrator, as well as a
sabot-penetrator interaction package and an aerodynamic interaction package.
The aerodynamic package is based on shock expansion theory.

13. W. F. Braun, "Fiducial Systems for Free Flight Spark Ranges," U. S. Army
Ballistic Research Laboratory, Aberdeen Proving Ground, Maryland, BRL
Memorandum Report BRLMR 2009, September 1969 (AD 860693).

14. 0. H. Murphy, "Data Reduction for Free Flight Spark Rangee," U. S. Army
BaZlistic Research Laboratory, Aberdeen Proving Ground, Maryland, BRL
Report BRLR 900, February 19h4 (AD 35833).

25. P. Crimi and D. Siege ban, 'Projectile/Sabot Discard Aerodynamics," U. S.
Ar•my Ballistic Research Laboratory, Aberdeen Proving Ground, Maryland,
BAL Contract Report ARBRL-CR-410, December 1979 (AD 080538).

16. D. Siegleman and J. Wang, "Sabot Des ign Optimization, " U. S. Army
Bal'istic Research Laboratory, Aberdeen Proving Ground, Maryland, RRL
Contract Report ARBRL-CR-450, March 1981 (AD 100264).

17. D. Siege lan, J. Wang, and P. Crimi, "Computation of Sabot Discard, "U. S.
Army Ballistic,- Research Laboratory, Aberdeen Proving Ground, Maryland,
ARL Contract Report ARBRL-CR-505, February 1983 (AD B0715792).
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"The measure of the severity of discard interaction is the Inte grated
angular impulse experienced by the penetrator during the discard sequence.

**Total Angular Discard Impulse I Im + Ia (1)

t t

"Im f Mmdt l ft Ma dt (2)
0 0

where Ma is the total moment due to aerodynamic loads and Mm is the total
moment due to mechanical loads. The restults of running the code showed that a
50% vent (hased on area) in the sabot cup would reduce the mechanical impulse,Sli, by 57,. The mechanical interaction model in the code 8 provides a linear
variation of impulse with vent area. The limit to the size of the vent hole
is, however, set by considerations of mechanical strength of the sabot petal.
Thus, the sabots of five standard rounds were modified to provide vent holes
which red(ced the front cup lift area by 21%. The introduction of vent holes, . to the sabot cups had the unfavorable consequence of increasing the time dur-
inq which discard interactions occur. Even though the sahot tail mechanical
interaction force might be reduced through venting, the increased discard time
could result in greater total interaction impulses. It was decided to test,, the tive rounds with vented sabots to determine the effect of lift reduction
orl discard behavior.

A total of twenty-seven rounds were tested. Two were proof slugs, firedto calibrate the test equipment. Proof slugs mimic the sahot-penetrator shot
inbore. They are monolithic, without moving parts. Fifteen standard rounds
"with horespan fins and non-vented sabots were fired to provide a baseline for
com'mparison with the experimental models. Two experimental groups of five
rounds each were fired to determine the effects of sub-borespan fins and the
effects of vented sabot petals. The first five rounds used the lengthened
penetrator with sub-borespan fins and the standard sabot. The second five
rounds used the lengthened penetrator with borespan fins and the ventedsabot. Twelve of the above penetrators were modified by establishing a radar-
reflective flat surface at the nose for doppler radar measurements. The proof
slugs have full frontal flat surfaces.

One caliber is defined as the diameter of the body of the penetrator.
The standard test projectile had 3.91 caliber borespan fins and a length-to-
diameter ratio of 23. The sub-borespan fins had the same surface area as the"borespan fins but were 3.31 calibers in diameter. The ratio of moments of
inertia Ix/Ily was 4.46 x 10o03 and the transverse radius of gyration was 5.91
calibers and the axial radius of gyration was .395 calibers. The penetrator
with sub-borespan fins had practically the same inertial properties.

.Ill. DATA ACQUISITION AND INSTRUMENTATION

A schematic of the experimental test setup is shown in Figure (3). The* discard sequence data were obtained from six orthogonal x-ray stations which
covered the first 460.5 calibers of penetrator travel. Free flight data of
the penetrator motion were collected in the Transonic Range facility. The

10



instrumented Transonic Range consists of an orthogonal array of 25 spark
stations covering a 207 metre length of the flight path. The first station,
number 1-1, was considered the zero point of the test. The muzzle of the gun
was located 2031.4 calibers uprange from station 1-1. The x-ray apparatus,
Figure (4), was calibrated with a fiducial cable strung through the six sta-
tions along the line of fire. Three fiducial beads are located at the center-
line intersection of the x-ray heads as shown in Figure (Sa). The center bead
wds surveyed into the Transonic Range coordinate system. The outer two beads
provide a measure of image magnification on the x-ray plate. In the range
coordinate system, the z axis Is along the line of fire, the x axis is posi-
tive to the left looking downrange. and the y axis is in the recoil plane of
the gun to fonri an orthogonal triad. The locations of the six center beads
along the line of fire were surveyed:

Station Number Location

I z - -2020.5 cal 3a
2 z - -1924.5 cal (3b
3 z = -1826.4 cal (3c
4 z - -1721.0 cal (3d)

5 z =-1639.8 cal (3e)
6 z - -1560.0 cal 31

A low level x-ray photograph of the cable was taken before each firing.
The cable was then removed from the line of fire and a second exposure of thu
film recorded the penetrator and sabot motion during the test. Thus, the
double exposure contains a record of the fiducial cable, the penetrator, and
the sabot. Figure (5) is an example of the type of x-ray data obtained.

The x-ray heads used for the test were two 180 KV units at stations one
and two and eight 150 KV units for stations three thru six of the x-ray set-
up. Digital counters, accurate to 0.1 microsecond, were used to obtain time
intervals between stations. A photodiode which detected the muzzle flash was
used to trigger the x-ray delay units and digital counters.

IV. DATA REDUCTION AND TEST RESULTS

lhe data obtained from the tests were orthogonal x-ray photographs and
time measurements. The x-ray photographs show the fiducial cable, the fidu-
cial beads, and the model and sabot components. Since x-rays are conical
sources, objects close to the x-ray heads appear larger on the photographs
than objects farther from the heads. For these tests, however, only the
penetrator performance was measured and the deviation of the penetrator tra-

* * jectory from the line of fire was sufficiently small to allow magnification
errors to be ignored. A detailed discussion of errors in range x-rayphotog-
raphyisgiven in Reference 5, Appendix A.

The orthogonal x-ray photographs are measured to provide the location of
the center of gravity of the model as a function of downrange position and the
angular orientation of the model with respect to the velocity vector. The
angle of attack, a, and the angle of sideslip, $,are thus determined. These

11
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angles are depicted in Figure (6). The angle, 6, is defined as the magnitude
of the local angle of attack, or the angle between the penetrator axis of
symmetry and the velocity vector. For small angles, 6 is given by

S--' 6 (=2 + +2)1/2 (4)

"F"igures (7a-c) show typical angular behavior for a standard penetrator. For a
penetrator in free flight, the dominant applied torque is the aerodynamic
static moment. During sabot discard, an additional applied torque due to the
"discard mechanism must be considered. Most discard loads are applied at or
near the penetrator fins. Hence, a small force may be magnified by a long
moment arm to produce a substantial torque. It is hoped that the analysis of
the photgraphic data taken in these tests will produce a measure of the
effects of the discard torque loadings.

!n addition to the orthogonal x-ray data taken during the tests, free
"flight range data relevant to the aerodynamic behavior of the rounds were
obtained in the Transonic Range. The important aerodynamic coefficients
measured were CD the drag coefficient, Cx 0, the lift curve slope, and Cm., the

static moment coefficient. Thp results of the standard range reduction pro-
cedure2 also produce a history of the yawing motion within the range. A
typical yawing history based on a fit of the reduced range data for a standard
penetrator is shown in Figure (8). The fitted curve between the muzzle and
station 1-1 was the result of extrapolation. From the fitted data, values of
the first maximum yaw, 6max, the initial angular rate, 6, and the initial

max' 0yaw, 6 0, can be obtained. These values are a direct measure of the total

launch disturbance experienced by the penetrator. The customary assumptions
are that the launch disturbance occurs at the muzzle of the gun and is
entirely due to inbore effects. For the case of saboted projectiles,
additional disturbances must be accounted for in the transition region between
muzzle and free flight.

The initial angular rates at the nuzzle are computed by taking first dif-
ferences of the data at the first two x-ray stations. To obtain the yawing
motion from the first differences, certain simplifying assumptions are made:
(1) at the muzzle the round is not rolling (smooth bore gun); (2) damping is
negligible (less than one cycle of yaw is observed); and (3) gravity need not
be considered (short segment of trajectory). The angular motion, then, is

-q?

4'(o / ) sin(O'S) + Z cos(€'S) (5)

0

where, Z is the complex angle of yaw, Z 0 is the complex initial angle of yaw,

C is the complex initial angular rate, S is the distance along the trajec-:0
tory, and 0' is the yaw frequency. Prime, ', denotes differentiation with
respect to distance. The magnitude of yaw, 6, is identically the magnitude of

o the complex angle of yaw, C. Thus, the yaw frequency is related to the static
moment coefficient by:

12
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= E(pAd3 /2[y) Cm0 ) 1" 2 . (6)

Typically, the yaw frequency of the test penetrators considered in the test
is, a0 2.406 x 10-05 (rad/cal). Equation (5) is used to predict the yaw
behavior based on measured initial rates and angles.

A. First Magnitude of Yaw Effects

Total angle of attack versus distance downrange for a proof slug and a
standard penetrator are shown in Figures (9a) and (9b). The results of using
equation (5) to predict the yaw magnitude are also plotted. The data of
Figure (9a) for the proof slug agree well with the behavior predicted by equa-
tion (5) since the slug was a full bore round with no discarding parts.
Evidently muzzle blast effects can be ignored. The penetrator data shown in
Figure (9b), however, diverge from the prediction of equation (5) after z =
-1924.5 calibers. The penetrator data contain all the effects of the sabot
discard disturbance and the figure shows the importance of taking these dis-
turbances into account. From the Transonic Range round reduction, a first
maximum yaw can be computed. For the penetrator, this yawing behavior is
shown in Figure (10a) (dashed curve) and is compared to the prediction of
equation (5) based on the muzzles rates. Also plotted for comparison are the
data from the x-ray stations. The increase in first maximum yaw due to launch
disturbances is clearly evident. The average first maximum yaws for the three
different penetrator/sabot configurations are compared to the inbore predic-
Lior. in the bar chart presentation of Figure (lOb). The standard penetrator/
sahh,.- configuration showed the least inbore as well as discard effects.
There is a progressive increase in both inbore and discard effects with the
sub-borespan finned configuration and the penetratori-ented sabot assembly.
The percentage of first maximum yaw due to discard disturbances is about 41%
for each of the three types of test rounds.

B. Mechanical Separation

The test results show that mechanical separation plays an important role
in the magnitude of observed initial yawing motion. Direct mechanical contact
between sabot parts and the penetrator was maintained until the assembly
reached station two. (Figure (5a-b)). Between stations two and three, mechani-
cal separation took place as seen in Figures (Sb-c). Beyond station three the
discard interaction was purely aerodynamic. The photographic evidence sug-
gests that only a single mechanical interaction took place between stations
two and three. Using the angular information at station two and first-order
differences between stations two and three to obtain rates, initial values for
equation (5) were computed and a yaw behavior predicted. This new yaw behav-
ior was analyzed to yield a first maximum yaw value which is due to both the
angular momentum produced by mechanical interaction as well as the angular
momentum resident in the system at station two. Figure (11a) shows all three
contributions to the first maximum yaw: inbore, mechanical, and aerodynamic.

The penetrator was in free flight past station five as seen in Figures
(5e-f). Figure (5e) shows the sabot petals sufficiently far removed from the
penetrator to provide any intersecting shocks with the penetrator tail.
Figure (5f) shows that the sabot shocks were behind the penetrator. Data from

13



stations five and six were included in the range reduction. Although the
range reduction did not predict the correct location of the x-ray free flight
data, Figure (11a), the angular rate of the x-ray data at stations five and
six were reasonably well predicted. Beyond station three, strong shock inter-
actions between sabot petals and the penetrator provided the final discard
disturbances. The momentum exchange due to aerodynamic discard effects
brought the angular mumentum of the Denetrator to a level compatible with that
indicated by the first maximum yaw extrapolation from the range reduction.
The bar chart of Figure (11b) illustrates the contribution of each of the
effects, inbore, mechanical, and aerodynamic, to the average first maximum yaw
for each penetrator/sabot type. The Figure shows that the mechanical separa-
tion effects were "favorable" for the penetrator with sub-borespan fins and
the penetrator with the vented sabot petals but were larger in magnitude than
for the standard penetrator. The aerodynamic interaction was least for the

Sstandard penetrator and greatest for the penetrator/vented-sabot configura-
tion. The adverse aerodynamic effect for the penetrator/vented-sabot case was
due to the longer discard interaction times of the vented sabots.

"V. ANALYSIS

The analysis of the preceding section gives an overall view of the inter-
*i action between discard disturbances and the penetrator and shows how the

"interaction changes the initial angular momentum to the free flight value.
The penetrator with vented sabot petals has the greater total first maximum
yaw despite the "favorable" mechanical interaction. The term "favorable" ismeant to indicate a reduction in first maximum yaw. It should be made clear
that any discard interaction which causes the penetrator to deviate from its
original yaw behavior is undesirable.

A more detailed investigation of the discard sequence can be made if a
baseline for comparison is available. Inasmuch as there is no control over
inbore effects, we select the yaw predicted .,y the measured angular rates at
the muzzle as the baseline. This baseline, then, is the curve in Figure (11a)
labeled "inbore effects." Each test round fired had different initial condi-
tions at the muzzle. Therefore, in order to compare the results from differ-
ent rounds, it is necessary to normalize the results in such a way that they
are either in a common reference frame or are presented relative to the base-

v• line. Equation (5) can be rewritten in the following form:

n = [Z - Zo cos('S)]/(Z'o/') = sin(4'S). (7)

* Equation (5) can be decomposed into real and imaginary parts and is normalized
just as was equation (7):

=3 -3 cos(.OS)J/(;/r) sin(O's). (8a)

n [W -0 cos(s'S)]/(O;/') = sin(O'Sý. (8b)

o..
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The magnitude of Equation (7) is:

""jm = IEZ - Zo cos(.OS)l/(Zo/f')l Isin(O'S)t. (9)

We will refer to Inj as the normalized yaw. Thus, the equation describing the
yawing motion of a round in free flight has been recast in normalized form so
that all rounds in free flight are described by a single curve independent of
launch conditions. This procedure is akin to writing boundary layer equations
in similarity coordinates. The pertinent similarity variables here are In'
and 'S. Thus, the free flight yaw behavior is scaled in amplitude, 0 f ii
- 1, and in frequency, 0 e +'S 4 2w. The normalization has removed the inbore
or initial effects and the free flight motion of all penetrators is described
by:

hIn = Isin(O°S)l. (10a)

The test data can then be used to evaluate:

0 0
jrl = Iiz-zo cos(2+S)]/(-,/*iIl. (lOb)

I = - ýo cos(OS)] 2 + "o cOs(,S)]211 / 2 /((02 + ;2)/,2h1/2. (Moc)

Any d&fference between the test data and Equation (10e) is a measure of the
C. effects. of the discard loadings only.

A plot of Inl versus *'S is given in Figures (12a-b) for the standard
A. penetrator, in Figure (12c) for the penetrator with the sub-borespan fins, and

"in Figure (12d) for the penetrator/vented sabot configuration. The standard
penetrator is seen to have the greatest discard disturbances. The penetrator
with the sub-borespan fins seems to have the least discard disturbances. Both

*• the penetrator with sub-borespan fins and the penetrator/vented sabot show
significantly less discard disturbances than the standard penetrator. This
statement appears to contradict the statements made about Figure (11b). In
the normalized system, the discard disturbances are measured relative to the
"inbore effects and consequently a strong discard disturbance does not necessar-
ily result in poor overall performance.

Figures (12a-b) include a significant amount of data for the standard

penetrator. Within certain tolerances, one standard penetrator/sabot round is
identical to the next and all rounds were fired from the same gun. Neverthe-

"At, less, the discard disturbances range from weak to strong. If the discard
A disturbances were symmetric, one would not expect the firing data to deviate

from the predictions of Equation (lOa). The data, however, do differ, and,
"the greater the difference, the more asymmetric the discard disturbance. The

15
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asymmetry Is found in the initial conditions at the muzzle of the gun. While
in the gun tube, the round experiences a periodic motion known as Inbore
balloLing. A planar description of balloting is shown in Figure (13). The
penetrator/sabot shot center of gravity moves toward and away from the axis of

* the tube and the shot yaws about its center of gravity. The sabot components
v.-. which constrain the penetrator to move along the tube axis can be modeled by

two stiff springs. As the shot ballots in the tube, the sabots elastically
expand and compress. At muzzle exit, the sabots can be elastically stressed
between two limiting states. Either one sabot component is highly stressed
and the other is relaxed or both sabot components are equally stressed.

If the inbore behavior is assumed periodic, and given by a cosine law, we
can write:

e = A cos(wt + 00) (11a)

where e is the angle the penetrator makes with the tube axis. The rate at
which the penetrator/sabot shot ballots is:

•..• •=--,A sin(wt + ,o) (11b)
0~

The angular orientation of the package inbore is uniquely described by c and

Z. The balloting amplitude can be eliminated by taking the ratio of Equations
(11a) and (lib):

a/c = -w tan(wt + 0 ) (llc)

"which describes the system in terms of the balloting frequency, w, and an
"initial condition, *o" For a given system, the balloting frequency, w, is a
function of the system geometry. The initial condition is indeterminate and
varies with shot start at the breech of the gun. The length of time, t, the

I shot is in the gun is a function of tube length and shot velocity. For a
given tube and fixed charge, t does not vary significantly from one shot to
the next. Thus, 00 is responsible for the variations in a/c and this ratio is
"a measure of the state of stress of the sabot components.

* At the peak of the balloting motion, Z goes to zero and, consequently,

-/; goes to zero. At this point in the motion, one sabot component is more
highly stressed than the other. Conversely, the point of equal sabot stresses
occurs at the maximum angular rate with the balloting angie equal to zero,
that is, as a/c goes to infinity. The elastic decompression of sabot compo-

". nents starts the discard sequence and is the mechanism by which asymmetry in
the gun tube is transferred to the discard sequence. If a/c is a measure of

16
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asymmetry at tube exit, it should correlate with the severity of the discard
interaction. The x-ray data provide the muzzle angular rates and angles. Let
us describe the severity of the discard by the parameter an, the magnitude of
the difference of the data from the behavior predicted by Equation (10a),
Figure (12). Figure (14b) is a plot of lAnl versus V/6 , the absolute value

". of s/c. Only rounds with data at station six are included in the plot. All
the rounds with large discard disturbances are grouped near zero. These

"I rounds exit the tube with one or more of the sabot petals highly stressed in
an asymmetric fashion. Of greater significance, however, is that there exists
a region beyond which the discard disturbances are a minimum. Note that the
nonstandard penetrator/sabot packages were launched with 6'/6 on the border-

0 0
line or beyond the point where the discard disturbances approach a minimum
value.

The quantity lAni is an accurate measure of the launch disturbance only
if evaluated in the neighborhood of first maximum yaw where it directly
relates to the total work done on the penetrator. Evaludted away from first
maximum yaw, Ian] can be related only to that part of the total work done
before first maximum yaw. Thus far, Inl is only a measure of the difference
of the data from the yaw behavior predicted by the initial conditions at the
muzzle. Since the discard not only alters the level but also displaces the

* position of first maximum yaw, it is not clear how close the data are to the
A. first maximum yaw. The correlation of Figure (14b) may be fortuitous because

"of this consideration. The paucity of data is an additional problem in evalu-
ating the correlation. In future tests, data must be obtained at first maxi-

,. mum yaw. At values of 6'/a where large discard disturbances were evident,

data also existed for rounds with small disturbances. Thus, a low value of
'5'/6 is a necessary but not sufficient condition for large discard disturban-

ces. There are other conditions which comprise a sufficient set and what they
"consist of is a topic for further research.

Schmidt and Shear 4 have obtained penetrator yaw data for a 60mm sabot-
penetrator combination. The sabot design is similar to that for the present
test rounds with the exception that the front lifting surface does not have

the extended cup. The rounds of Reference 4 were fired from a rifled tube
J.. while the rounds of this report were fired from a smooth bore tube. The 60mm

round has an initial roll rate of 110 rev/sec and uses centrifugal accelera-
tion together with aerodynamic loads to throw off the sabot components. The

*. data from Reference 4 can be analyzed in the same way as the data from the
smooth bore firings. The normalized yaw, n, is redefined to include the
effects of roll. The following yaw equation applies for the rolling case:

•;• = [Eo/(iC - *))][eliS_- ei1'2S]

+ [tol(si -*)][B1ei2-S -Ae

The magnitude of the normalized yaw is defined as:
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Z -" o Colet 2 1 2I, [ ( ) e - ei'OSI. (19b)

The fast and slow frequencies, 01 and 2, may be evaluated from:

= (1/2)[iP ± (4 M- p2)1/2] (13a)

M [pAd 3 /(21y)] Cm . (13b)

P = (pd/V) (Ix/Iy) . (13c)

The downrange similarity variable in this coordinate system is now (01 - )S.
The data are evaluated using the first equality in Equation (12b) and the pre-

"-.. diction is computed using the second equality in Equation (12b). Figure (15)
shows a comparison of the data from the standard penetrator of this report
with the data from Reference 4. The effects of the discard disturbances are
quite similar. In both tests, the data differ from the similarity prediction.
Just as for the standard round of this report, Figure (12a), a variety of dis-
card disturbances are evident for the data of Reference 4. Let us define nAnd
"as before, and correlate the Reference 4 data with initial V/6 . Figure 16

0 0
shows that the data of Schmidt and Shear appear to have the same type of rela-
tionship to initial conditions as the present case. The results are plotted
in the coordinate system of Equations (12) so that both sets of data are
properly scaled relative to each other. Only five data points are available
from Reference 4 and hard conclusions cannot be made. The proper trend, how-
ever, is indicated.

The analysis thus far has considered the effects of the discard process
on the total yaw. If the discard disturbances are not a function of the yaw-
ing motion of the penetrator then theperturbations to the total yaw are a good
measure of the discard effects. However, should the yawing motion of the pene-trator and the discard loads be coupled, thena similar analysis can be used on
the components of yaw. It is possible to construct the effects of discard on
the components of yaw, that is on the pitching and yawing motions considered
"separately. The components of yaw, t.' angle of attack, and the angle of side-0 slip are not necessarily similar in amplitude and the discard disturbances
are not necessarily in either plane. Equations (8) have already been devel-
"oped to provide expressions for normalized yaw in both the pitch and yaw
planes. Let us begin by considering the proof slug. The proof slug has no
discarding sabot, hence no discard disturbance, and its components of yaw, n.
and rii, should correlate with the predictions of Equations (8). Figure (17a)
shows the results of a comparison of In.l and Inj with the magnitude of the

18
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second equality of Equations (8) and it is seen that the data agrees with the
prediction and behaves the same for either function.

For the sabot/penetrator packages, a variety of disturbances are possi-
ble. Figure (17b) gives an example of a discard disturbance acting in the a
plane only. Figure (17c) shows a small disturbance in either plane. Figure
(17d) illustrates equal discard disturbances in both a and p planes. In
Figure (17e) we see an "unfavorable" disturbance in the a plane and a "favor-
able" disturbance in the a plane. Finally, in Figure (17f), we see almost no
discard disturbance in the a plane and a substantial disturbance in the B
plane. Figure (18a) shows the result of plotting the yaw predictive equation
(5) as well as the standard penetrator data in the a - 8 plane. The yaw pre-
diction is the usual ellipse while the data seem to show planar motion. P n
the other hand, Figure (18b) shows a planar prediction while the data exhibit
non-planar behavior due to the discard process.

For a non-rolling projectile, the pitch and yaw equations are uncoupled.
If the discard phenomenon is not a furction of the angular motion of the pene-
trator, then the disturbances can be resolved into a and B components and the
equations remain uncoupled. If we assume this to be the case, we can define
lAn1a and JAnBJ in a fashion similar to JAnl, Figure (17d). The correlations

for the discard disturbances in the a and 8 planes are given in Figures (19a-
b). These correlations are not as pronounced as the correlation for the total
disturbance, 1A01. This leads to the con'lusion that for this round the dis-
card disturbances may be weakly coupled to the yaw behavior of the penetrator.
Nevertheless, the evidence supports *he contention that the largest discard
disturbances occur for low values of ao/ao or 0'/6o.

VI. SUMMARY

A series of firing tests of standard penetrators, penetrators with sub-
borespan fins, and penetrators with vented sabot petals was conducted to pro-
vide data relevant to the sabot discard process. Analysis of the test resultsshows that it is possible to quantify the magnitude of the inbore, mechanical,

and aerodynamic contributions to the total discard disturL.,nce. Gross effects
of the discard disturbances can be readily determined from the firing results,
as seen in Figure (11b). A full-bore round experiences only inbore effects
while sub-bore penetrator/sabot rounds experience severe discard disturbances.
The discard disturbances lead to increases in first maximum yaw of about 41%
for the standard penetrator. The vented sabot/penetrator packages and the
sub-borespan fin penetrators also have a net increase in first maximum yaw of
about 41%, but the discard effects contributed more strongly to the first
maximum yaw increase.

Penetrator/vented sabot packages showed increased inbore effects over the
standard penetrator/sabot configurations. Inbore, the standard penetrator, is
the most stable since it has a front borerider as well as a rear borerider,
the fin assembly. The penetrators with sub-borespan fins lose the rear bore-
rider stability and an increase in inbore effects is noticed. If the inbore
contribution of the standard penetrator is used as a baseline for comparison,
then the loss of the rear borerider gives about 50% increased inbore contribu-
tion. The vented sabot/penetrator packages produced about 100% increase in
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the inbore contribution. Venting the sabots may eliminate initial aerodynamic
lift but the structural response of the front boreriding system is also
changed. Since the penetrators with vented sabots also had boreridirg fins,
it is clear that the structural design of the front boreriding system is crit-
ical to the iWbore behavior. Indeed, the front boreriding design seems much
more important than the rear boreriding fins. The front boreriding system
could be structurally stiffened to upgrade inbore performance. The result
should be levels of first maximum yaw comparable to those of the standard
penetrator. A series of such experiments is recommended since the payoff
would be improved terminal penetrator performance with higher accuracy.

The purpose of the vented sabot/penetrator tests was to relieve the
mechanical interaction between penetrator and sabot. Although the mechanical
interaction changed from "unfavorable" to "favorable." it did not reduce the
magnitude of the interaction, but rather increased it. A change in the first
maximum yaw is produced by an angular impulse which is an integrated quantity.
The increase in discard time was enough to increase the magnitude of the

* impulse even though the applied moment may have actually decreased. The
effect of increased discard time is also evident from the increased aerodynam-
ic disturbance to the penetrators with the vented sabot package. The AVCO
saoot discard code 8 predicted a redu,'tion in the level of the mechanical
impulse for the vented sabot/penetrator package. It is clear from the data
that this was not the case. The AVCO code computations were based on a sym-
metric discard of the sabot components. A computation including the asymmet-
ric effects on the discard is needed for a proper comparison. Such a computa-
tion is presently being performed.

A simple model of the inbore behavior of sabot/penetrator combinations
allowed a correlation between the severity of the discard and the initial con-
ditions at the muzzle. From these correlations, Figures (14b), (1ga-b), it
can be seen that sabot/penetrator combinations with small initial 6;/60 ratios

(related to an asymmetrically compressed state) are characterized by large
discard disturbances. There is a point beyond which the discard disturbances
appear to diminish to a constant level.

The aerodynamic dispersion of a full bore round is related to the angular
rate at the muzzle. Improved performance of full bore rounds can be achieved
by reducing the initial angular rates. For sabot/penetrator combinations,
such a strategy could lead to increased discard disturbances, offsetting any
gains achieved by reducing the initial angular rates. Thus, the optimallaunch point for APFSDS ammunition is at values of 6'/6o beyond the point

where discard disturbances manifest themselves (i.e. at a 6'/6 of 0.015 in
Figure (14b) for the present case) and at the least possible angular rate for

a minimum inbore launch disturbance.

VII. CONCLUSIONS

1. The net increase in first max yaw associated with sabot discard distur-
bances averages 41% for all APFSDS rounds tested.
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2. The inbore contribution to first maximum yaw of a long rod penetrator may
be reduced by stiffening the front borerider.

3. The severity of the discard disturbances can be correlated to the initial
conditions at the rmuzzle.

4. Sabot/penetrator combinations launched in an asymmetrically compressed
state are characterized by increased discard disturbances.

5. There is an initial angular rate to angle ratio beyond which the discard
-0 disturbances asymptote to the constant level.
-N

6. APFSDS ammunition should be launched at angular rate to angle ratios large
enough so that the discard disturbances do not manifest themselves and at

- angular rates producing the minimum inbore launch disturbance.
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' LIST OF SYMBOLS

A penetrator frontal area

Co penetrator drag coefficient

C1 lift curve slope
a

Cm static moment coefficient

d penetrator diameter

la aerodynamic angular discard impulse

Im mechanical angular discard impulse

Ix penetrator roll moment of inertia

Iy penetrator transverse moment of inertia

M defined in equation (13b)

p penetrator roll rate

P defined in equation (13c)

S downrange distance (calibers)

t time (sec)

V penetrator velocity

GREEK SYMBOLS

a angle of attack

angle of sideslip

6 nm tude of yaw

2 balloting angle

normalized yaw

in nori.?i :;ed yaw alpha plane

nB normalized yaw beta plane

0 C complex yaw = ( + i;)
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LIST OF SYBMOLS (continued)

p air density

4' yaw frequency (rad/cal)

*0 initial balloting angle (Equation 11a)

w balloting frequency

SUPERSCRIPTS

differentiation with respect to S

o differentiation with respect to t

siqnifying non-rolling coordinate system for 4 (see Reference 2)

SUBSCRIPTS

o initial value at the muzzle of the gun

- 4
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