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1. Imntroduction

Inbore launch disturbances determine the initial dynamic state imposed on the transi-
tional ballistic phase of projectile launch. During inbore travel, the projectile must traverse
a path determined by the static, dynamnic and gravity induced curvature of the gun tube.
The gravity induced curvature is simply the droop of the gun due to the force of gravity
acting on the tube. The static curvature is the hore straightness profile resulting from
the inability of the manufacturing processes to machine a perfectly straight tube. The
dynamic curvature of the gun tube is a result of complex interdependent events. Part of
the dynamic curvature or bending of the gun tube arises from the forces and moments
created as the propellant gas pressure acts on the breech. The recoil axis, the mass center
of the recoiling parts and the center of rotation are not colinear. Therefore, the propellant
gas foree causes linear and angular rigid body motion as well as vibrational bending of the
gun tube. As this occurs, the propellant gas is also accelerating the projectile along the
bore. The projectile responds to the motion of the gun tube walls and the gun tube to a
lesser extent responds to the motion of thie projectile. This path can be thought of as the
forcing function causing the balloting motion of an elastic sub-projectile supported by a
group of elastic sabot petals.

The response of the sabot petals to this forcing function determines the linear and
angular dynamic state of the sabot/projectile at muzzle exit. The interaction between the
sabot boreriders and the tube walls will therefore determine not only the auality of the
dynamic state at the mwuzzle but the level of asynunetry immparted to the projectile. The
rear borerider is the stiffer of the two boreriders and can be expected to act more as
pivot. point. The front borerider is generallv located on the sabot cup and will jrobably
drive the elastic response of the sabot/projectile. The primary objective of the study is
to determine how the borerider stiffuess affects the launch dynamics and dispersion of the
projectile.

Generic 25mm sabot launched fin-stabilized kinetic energy ammmnnition was tested
with sabots whose front borerider stiffuess was increased and deeveased from that of a
baseline configuration. The stiffness of the borerider was computed by an ANSYS finite
clement analysis, performed under contract by Battelle Pacific Northwest Laboratories,
The projectiles were manufactured with 4-petal sabot segments and a steel sub-projectile,
Figure (1), A steel sub-projectile was chosen because it has low inertia. Consequently,
the sabot/sub-projectile weight ratio is high and any inbore or transitional ballistic dis-
turbances to the sub-projectile ave amplified, simplifying measurement,

All aspeets of the launch dynamics were measured. These included gun dynamics,
transitional ballistics and tree flight characteristics. Proximity probes were used to measure
the motion of the gun tube muzzle during the inbore cycle and to determine the muzzle
pointing angle, linear crossing velocity and angular velocity at shot exit. Six orthogonal
flash x-rays recorded the dynamice state of the projectile at the muzzle and subsequent. to
the sabot discard. The Actodynamic Range Facility photographed the free flight motion
for a distance of 70 meters, thus establishing the projectile trajectory and acrodynamic
jump.




1I. Sabot Petal Stiffness Analysis

Determining the effective borerider stifluess is o diflicult problem. In general, exper-
imental methods clamp either the bulkhead or the saddle of the sabot and apply a foree
to the sabot scoop and measure the resultant scoop deflection. A load-deflection curve
can then be generated for the scoop. This technique has the obvious problem of only
measuring the stiffness of one petal. Also, clamping the bulkhead or the saddle will result
in different effective stiffnesses. Fixing the bulkhead results in a lower stiffuess becanse
the saddle region bends outward under the action of the applied load. An argument can
be made for clamping the bulkhead only and including the saddle deflection because the
sub-projectile is an elastic member. Another unknown is how and where on the bourelet
the force actually acts. One can postulate that as the scoop deflects, the application point
of the force moves rearward and the cffective stiffness could inercase due to the shorter
monent arm. The effects of clearances between the sabot and gun tube could vesult in a
load being applied on only one side of the scoop at a given instant. The number of sabot
petals is an important parameter to consider. The interface boundary conditions between
the petals and the sub-projectile will be affected by the number of petals and must result in
a different overall stiftness. A four petal sabot was picked for this study sinee it has a lower
inbore stiffness than a two or three petal system and should amplify the disturbances.

To compare the effects of different scoop stiffnesses, an analytic experiment was con-
ducted to compute a representative front borerider stiffness. An ANSYS finite element
code was wsed to compute the force required for a uniform lateral displacement of a 3-
D model of one sabot petal. Penetrator bending was not considered and the boundary
condition of a clamped saddle was used. Three sabot petals were analyzed: a baseline
scoop configuration, a stiffer scoop and a softer scoop. Figure (2) is a photograph of two
bascline sabot/peuetrator assemblies, each one next to a stiff and a soft scoop assembly
respectively. The differcnt thicknesses of the scoops is clently visible. Figure (3) shows the
displacement of the stifll scoop relative to the undeformed state. Table (1) lists the foree
to deflection ratio for cach sabot petal. This is un effective spring constant representing
the different scoop stiffuess levels. The percent change in the stiffness from that of the
baseline is also listed. Only a 29% reduction in stiffness could be achieved for the soft con-
figuration because the sabot/penctrator assembly would lose its inbore structural integrity
if the borerider were weakened any further. These designs were manufactured and tested
in the second part of this study.

III. Test Instrumentation and Procedure

A schematic of the test set-up is given in Figure (4). Figure (5) is a photograph of the
set-up and Figure (6) is a closeup of the proximity gage arrangement at the muzzle. The
dynamic state of the muzzle was measured by two stations of proximity probes located 10.7
cm and 20.8 em from the muzzle of the gun. At each station. four Scientific- Atlanta mod.l
61 cddy cuwrrent proximity probes were mounted in protective plastic holders, with two
probes dinmetrically opposite cach other in the horizontal and vertical planes respectively.
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A piezoelectric pressure gage shown in Figure (6), placed close to the muzzle provided
an iustrumentation trigger signal. Using a custom built trigger signal processor that sensed
both the precursor shock and the main blast wave, all instrumentation was triggered by
the main blast wave pressure pulse. All proximity probe signals were recorded on Nicolet
model 1094 digital oscilloscopes at a sampling frequency of 200 KHz. Muzzle displacement,
pointing angle, transverse linear velocity and anguler velocity were determined utilizing
appropriate data reduction techniques. The details of the experimental technique and
analysis procedure are given in Reference (1).

A 25mm Mann barrel was used to launch the projectiles at & nominal velocity of
1525 m/s. Seven bascline and one five round group each of the stiffer and sotter scoop
configurations were launched. The transitional ballistics of the projectiles were measured
following the procedures outlined in References (2) and (3). Six orthogonal x-ray stations
at the muzzle, nominally located 0.11, 0.45, 0.82, 1.33, 1.71 and 2.10 meters from the
muzzle recorded the dynamics of the prejectile at muzzle exit, Figures (7) and (8) are
horizontal x-ray images of the baseline configuration at 0.11 and 2.10 meters respectively.
The photographs indicate that the sabot petals are still in aerodynamic contact with the
sub-projectile 2.10 meters downrange.

The fiducial cable used to measure the projectile ovientation and position can also be
seen in the x-ray images. The test procedure required suspending the cable on the line of
fire through the center of the muzzle and the first group of Aerodynamic Range stations. A
low level x-ray of the cable was taken as well as photographs ot cable fiducial beads at each
range station. From the range photographs, the fiductad cable can be located m the range
coordinate systemy therefore, the location of the beads under each x-ray head are known.
The precise location of the muzzle could also Le determined from the fiducial cable, The
cable was then removed and a second x-ray image of the projectile is recovded on the film
during the test. The result is the double image presented in the xray photographs above.
This technique was also used in Reference (3).

A target was located in the last station of the third or fourth group of range stations,
at 51 or 70 meters respectively. A collimated muzzle borescope was used to locate the
target on the line of fire and a nail placed at the aimpoint on the target was photographed
in the range station. The coordinates of the muzzle and the target aimpoint were used to
determine the pre-shot line of five,

Using the data reduction procedures and theory documented in Reference (4), a com-
plete set of aerodynamic coefficients were obtained for the sub-projectile, permitting the
determination of the aerodynamic jump.

IV. Jump and Dispersion Model

The previously described test set-up and data acquisition procedures are all designed
to measure the primary factors contributing to the fall of shot on the target. An early
report by Gay and Elder, Reference (3), is an analytic and experimental study of the jump
of a 90mm cannou. Only the gun dynamies, the acrodynamic jummp and inbore projectile




asymmetries were considered at that time. The anthors coneluded that these three effects
could not account for the jump on the target. A recent paper by Biele, Reference (6), does
discuss the sabot separation eflects on the jump. Referesce (6) concludes that the jump is
o vector sum of a series of components and that the gun dynaics alone is not suflicient
to close with the target impact.

This paper utilizes the following jump and dispersion models for sabot launched fin-
stabilized kinetic energy nmmunition, The origin in Figure (9) is the intersection of the
target and the pre-shot line-of-fire. An aimpoint can also be defined and is below the origin
on the vertical axis. 1ts magnitude in milliradians is equal to the gravity drop experienced
by the projectile at a given range. A jump vector in Figure (9) is o vector, whose horizontal
and vertical magnitude is the angle in milliradians of the deviation from the line-of-fire.
The jump model for o sabot launched fin-stabilized kinetic energy penetrator consists
of the 6 components displayed in Figure (9). The first component is the jump due to
muzzle pointing angle. The gun deviates from the line-of-fire prior to shot exit. At shot
exit the muzzle of the gun has a transverse velocity which it imposes on the projectile.
This determines the second jump component, the muzzle crossing velocity. [t is the angle
computed by dividing the muzzle transverse velocity by the projectiie launch velocity,
The third jump component is the angular deviation of the projectile center of gravity
from the instantancous bove centerline at shot exit, This vector is caused by the inbore
bulloting motion of the projectile, muzzle blast disturbances and projectile mechanical
disengagement from tho gun tube. The next component is the net deviation of the projectile
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the aerodynamic jump or the mean angular deviation of the projectile swerve trajectory.
The sixth vector is the gravity drop which is included here for completeness. It is not
normally considered a true jump vector but can atleet the dispersion if a large varintion
in projectile muzzle velocity exists, These six jump components are required to determine
how the projectile arrived at the target impact point.

Based on the model defining the projectile jump, a dispersion model can be generated.
Consider Figure (10); a series of projectiles arve fired and a target dispersion is created,
This dispersion is the standard deviation of the projectile impacts about the mean impact
point. Each impact is created by the sum of a series of different jump components., Each
Jump component has a dispersion associated with it. Statistically, if the dispersion is the
rexult of the sum of independent events (i.e. the individual jumps), theu the square of
the standard deviations of the jump components will sum to the square of the impact
dispersion. This is true for the horizontal as well as the vertical components. Thus, a
dispersion model is described by Equation ('l).

” ) )
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It would be simple if the dispersion was a linear sum of the dispersion in six jump compo-
nents. However, it is possible for the jump components to be interrelated. For instance,
it is immediately obvious that the eg jump at the muzzle is coupled to the angular rate
of the projectile at the muzzle. Both are determined by the smne inbore forcing funetion.
The angular rate at the muzzle, modified by any sabot discard disturbances. is the initial
condition for the free flight acrodynamic jump. Therefore in the physical, as well as vhe
statistical sense, a correlation could exist between 0o and o, This correlation can be




expressed by Equation (2).
Ocgaj = I'T50aj (2)

The factor “r” is a correlation coefficient which can be either positive or negative and is a
measure of the statistical strength of the correlation. If such a correlation is found, then
Equation (1) must be modified to include this effect. Including the example correlation in
Equation (1) results in Equation (3).

2 2 2 2 2 2
62 = amp + Tcv + acg + Tyd + dqj + agd + 2acgaj (3)

Correlations can exist between all of the components statistically and the one in Equation
(3) has been used as an example of how to include this effect in the sum. Later in the paper,
data and physical justifications will be presented as to why this particular correlation was
chosen. In the next section the test data will be analyzed based on the simple model
discussed in this section.

V. Presentation and Analysis of the Data

For each of the projectiles launched it was necessary to generate a jump component
plot such as described in Figure (9). The complete data required to generate the jurap
piot and the procedure by which this was accomplished will be presented in this section.
Figures (11) and (12) are the muzzle displacement and pointing angle history measured
by the proximity probe array for a baseline round, number 19160. From this data the
muzzle pointing angle, cressing velocity and angular rate of the gun muzzle were computed.
The inbore residence time of this prejectile is approximately 2 milliseconds. Both the
displacement and pointing angle are plotted as functions of time, and 12 milliseconds prior
to shot exit both muzzle displacement and movement are observed. These arise from two
sources; the first, is that the line of fire is determined with a borescope in the muzzle of the
gun. When the borescope ;s removed, the gun changes its position and angle as measured
by the proximity gages used to measure the gun motion. The second is that the gun is
fired by pulling a lanyard which can cause giun motion prior to the propellant ignition.

Figures (13) and (14) are x-ray and Aerodynamics Range data of the horizontal and
vertical components of the center of gravity trajectory of the projectile near the muzzle.
The solid line is the pre-shot line of fire to which the jump is referenced. The next set
of data, Figures (15) and (16), is the horizontal and vertical angular motion of the sub-
projectile. Both x-ray data and Aerodynamics Range data are again included. The dashed
line in these two plots is the non-linear least squares fit of the free flight yawing motion of
the projectile. It is clear that there are no measureable sabot discard disturbances such as
those reported in Reference (7) which alter the angular rates during the transiticnal ballistic
phase. This leads to the iraportant conclusion that tor this sabot/penetrator system the
linear and angular dynamics of the projectile at the muzzle are the initial conditions for
the free flight motion of the projectile. The free flight angular motion recorded by the
Acrodynamics Range and the fit of that data is presented in 3D in Figure (17). The plane

of the total yaw can be clearly identifted. It is also the plane containing the aerodynamic
jump.




The jump plot can now be composed. Since the data indicated that the sabot discard
disturbances were effectively zero, the jump model contains only five components. These
components are: the muzzle pointing angle, crossing velocity, projectile center of gravity
motion at the muzzle, the aerodynamic jump and the gravity drop. The following technique
was utilized to close the jump components with the target impact: first, the muzzle pointing
angle jump and muzzle crossing velocity jump vectors were constructed from the origin of
the jump plot; second, the gravity drop and aerodynamic jump were extrapolated backward
from the target impact. The final component, the projectile center of gravity jump at
the muzzle, could then be determined by subtracting the other components from the total
jump. A check was then made to see if the center of gravity jump component was consistent
with the slope of the swerve data recorded by the x-rays at the muzzle, the Aerodynamics
Range swerve data and swerve data fit. Thisis the dashed line labeled ”CG JUMP SLOPE”
in Figures (13) and (14), respectively. As can be seen the dashed line is tangent to the
swerve fit, solid line in the respective figures which is consistant with penetrator free flight
motiocn. The jump closure for round number 19160 is presented in Figure (18). Each round
was analyzed by the above technique and a summary of the results for the three different
front borerider stiffnesses is presented in the next section.

VI. Summary and Discussion of the Results

There are only seven rounds of data for the basecline configuration and five rounds
each for the soft and stiff boreriders, respectively. These are few data on which to base
what would be termed statistically significant conclusions. Howevar, even with so few data,
insight can be gained about the pnysics of the stiffness effects on the launch, accuracy and
dispersion of this ammunition type. Table (2) is a summary to the target impact dispersion
for the three different cases. The data in the table are all in milliradians.

The obvious conclusion to be drawn from this data is that the projectiles fired from
the sabots with the stiff borerider appear to have lower dispersion. The proverbial question
is "Why?”. As was discussed in the previous section, there are only four jump components
and the gravity drop required to close with the target impact point. The gravity drop for
the 70 meter trajectory is small, its dispersion is negligible and will be ignored. Figures
(19), (20), (21) and (22) are summary plots of the individual jump components. Each jump
vector is normalized to it’s own origin; therefore, these are plots of the magnitude and
direction of each component. The muzzle pointing angle, Figure (19), appears randomly

distributed in the vertical and generally in the positive horizontal direction for all borerider
stiffnesses.

Figure (20), the muzzle crossing velocity, is also randomly distributed but is an order
of magnitude smaller. The projectile center of gravity jump at the muzzle is random
in magnit'ide but is directed only in the upper half plane. Its magnitude is significant
because it is at least one order larger than the muzzle crossing velocity magnitude. It
can therefore be concluded that the projectile lincar motion at the muzzle is not due to
the motion of the muzzle but depends primarily on the motion of the projectile relative
to the instantaneous bore centerline. The aerodynamic jump component, Figure (22),
appears completely random in magnitude and direction. Since there are no sabot discard




disturbances, the aerodynamic jump is linearly proportional to the angular rate of the
projectile at muzzle exit, Figure (23). Comparing Figure (24), the angular rate of the
gun muzzle at shot exit, to the data in Figure (23), a similar conclusion can be drawn for
the angular dynamics of the projectile as was for the linear dynamics. The angular rate
of the gun does not account for the angular motion of the projectile at the muazzle; it is
the angular motion of the projectile relative to the bore that dominates by at least one
order of magnitude. Another conclusion to be drawn from these data is that the muzzle
pointing angle can contribute to the ammunition dispersion but it is not likely that the
muzzle crossing velocity contributes significantly.

The plots provide physical insight to the phenomenon. However, there appears to
be no clear indication as to why using the stiff borerider sabots result in the lower target
impact dispersion. Tables (3), (4) and (5) are a tabular presentation of the data (in
milliradians) previously plotted.

The sum of the mean jump of each component in the horizontal and vertical pianes for
all three configurations closes nicely with the measured mean impact point on the target.
The larger di+rence in the vertical between the sum and the measured terms is the
average gravity drop, * ™ich has not been included here. The standard and stiff borerider
configurations were la.nched at a 70 meter target and the soft borerider configurations at
a 51 meter target. Therefore, the gravity drop is a little smaller in Tabie (5). The mean
of each of the jump components is not significantly different for the three configurations
and neither is the dispersion. The Aispersion in the aerodynamic jump component of

the stiff configuration is smaller or . - average but this is not enough to account for the
significantly lower target impact . _rsion. Much more interesting is the result in the last
two columns of the three tables. . .estandard configuration, Tz : (3) the squares of the
“individual component dispersi /- 'd up to the squares of the tauget impact dispersion.
This result indicates tha’ =" .« .=v can be modeled by the dispersion model given by
Equation (1) and the comy - ..- ~ independent of each other. Unfortunately, the stiff
configuration, which h~ t dispersion, and the horizontal dispersion component
of the soft configu=~+ - - isfy the simple dispersion model because the sum of the

squares of the indiv.iua . ., onents is much larger than the square of the target impact
dispersion. This leads to the conclusion that the dispersion model given by Equations (2)
and (3) must be applied in order to explain the lower target impact dispersion.

If there is a perfect correlation between any two jump components, then the correlation
coefficient is one. Because of its extremely small magnitude, any correlation between
the muzzle crossing velocity component and any other component even for a correlation
coeflicient of unity would not play a significant role in Equation (3). This is purely a
statistical argurnent to justify dropping any cross terms containing the muzzle crossing
velocity. However, a valid physical argument can also be mad.  Since the projectiles
were all ficed from a Mann barrel and its inertial mass is so much larger than that of
the pro_.ctile inbore weight, the interchanee of linear and angular momentum between
the projectile and the gun tube will affr . e gun dynamics only slightly. The primary
driver of the gun dynamics in all pro' ty, see Reference (1), is the response of the
tube to the breech pressure and the nai.re of the recoil system. In this specific case, as
was demonstrated in Figures (13) and (14), the effect - © the lanyard moving the gun also
plays a role. The above reason along with the data presented in Figures (20), (21), (23)
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and (24), which shows that the linear and angular dynamics of the projectile at shot exit
is not driven by the muzzle dynamics, can be used to conclude that the muzzle pointing
angle component should not be correlated to any of the other jump components. The
only possible correlation that remains is one between the center of gravity jump at the
muzzle and the aerodynamic jump. Physically, there must be a coupling between these
two quantities because it is the inbore balloting motion that drives the dynamic state of
the projectile at muzzle exit. Both the linear velocity and the angular velocity of the
projectile are excited by the same interior ballistic forcing functions (i.e. the dynamic
and static curvature of the gun tube). Using the jump component data for the horizontal
component of the soft configuration, the existence of this correlation can be confirmed. It
can be shown that the correlation coefficient in Equation (2) is directly proportional to
the slope of a linear fit of any two components of the jump plotted against each other.

Figure (25) is a plot of the muzzle pointing angle versus the aerodynamic jump, the
muzzle pointing angle versus the projectile center of gravity jump and the projectile center
of gravity jump versus the aerodynamic jump. Clearly, the slope of the data plotted against
the muzzle pointing angle is small if not zero. However, there is a clear negative correlation
between the projectile center of gravity jump and the aerodynamic jump. Figure (26) is
the same plot but for the horizontal component of the stiff configuration. A similar trend
is seen in the data but the scatter in the data is much larger. The cross correlation terms,
Equation (2), can now be determined from the data in Figures (25) and (26) and the data
for the vertical jump components of the stiff configuration. From & basic statistics text,
Reference (8), the relation between the slope of the data and the correlation coefficient is:

r=p-2 (4)

The solid lines in Figures (25) and (26) are least squares fits of the projectile center of
gravity component versus the aerodynamic jump component. The results of using the
dispersion model given by Equation (3) are given in Table (6).

Clearly, the addition of the correlation term o.4,; has helped close the difference
between the measured target impact dispersion and the dispersion computed using the
dispersion model. In the case of the horizontal component of the soft configuration, the
closure is resnarkable. It is probably just fortuitous that this occurred; however, the
closure for both components of the stiff configuration is good by statistical standards for
the nuraber of datw points available. Using a x? test, it can be shown that the 80%
confidence interval on the measured target impact dispersion is 0.23 < & < 0.62. In Tables
(4) and (5) dispersion obtained from the sum of the individual components is just out
of this interval. Using the correlation terms brings the computed dispersion much closer
and well within this interval. Statistically this means we have closed the dispersion by
using the correlation model to within the ability to measure the data. It is felt that the
correlation model for the dispersion includes the important terms required to describe the
phenomenon.

Since the correlation term does appear to explain the lower dispersion numbers, a
physical explanation for the phenomenon is also required. To aid in understanding what
is occurring, Figure (27) is helpful. Consider the simple case of only two jump compo-
nents. In Figure (27) the first jump component is random in magnitude and direction and




the second is less random in direction but still random in magnitude. The dispersion of
each component appears high individually but in the last view “Net Jump” the impact
dispersion of the sum of the two components is low, demonstrating the existence of the
correlation. Because the aerodynamic jump is proportional to the projectile angular rate
at the muzzle and the projectile center of gravity jump is actually the linear velocity at the
muzzle, both components are coupled inbore. The fact that they can interact so directly
is unique to this test because there were no sabot discard disturbances. In the case of
the baseline configuration and the vertical component of the soft configuration, no cor-
relation terms were found. The only plausible explanation for this is that changing the
front borerider stiffness has altered the inbore dynamic response such that the linear and
angular motion at the muzzle is in phase, out of phase or between phases in such a manner
to cause a symbiotic interaction reducing the dispersion.

VII. Influence of In-bore Balloting Motion

The experimental study has demonstrated that interrelationships between jump com-
ponents can have a significant impact upon the magnitude of ammunition dispersion.
Through statistical arguments, it was shown that the aerodynamic jump was correlated
to the linear motion of the projectile at the muzzle, for somne test contigurations. Since
there were no measurable discard disturbances, potential correlations between the linear
cg motion, angular rate at the muzzle, cg motion after sabot discard and aerodynamic
jump could be eliminated. The angular rate at the muzzle and the aerodynamic jump
are therfore linearly related and the correlation between aerodynamic jump and linecar cg
motion was not obscured.

In the report, it has been further postulated that the in-bore balloting behaviour of
the projectile/sabot represents the link joining the linear and angular dynamics of the
bullet at the muzzle. Support for this contention can be garnered through a simplified
analysis of projectile in-bore motion, illustrating the potential for a correlation between
the linear and angular motion of the projectile as it exits the gun tube.

A number of sophisticated models have been developed to examine the details of
projectile in-bore motion, including lumped parameter models, References (9) & (10), and
finite element models, Reference (11), capable of accurately predicting the flexing of a
penetrator subjected to the large lateral accelerations due to projectile balloting motion.
Normally, the computational time required to implement a model is directly related to
its sophistication and ability to predict the details of in-bore projectile dynamics. In the
current study, interest is limited to demonstrating the potential for a correlation between
the angular and linear motion of the projectile at the muzzle, rather than accurately
predicting the detailed in-bore dynamics. To accomplish this task, a greatly simplified
model is utilized. In this model, the projectile/sabot is simulated by a rigid rod supported
by four linear springs representing the front borerider and rear obturator band of a saboted
projectile. The stiffness of each spring and its placement with respect to the center of
gravity of the rod is equal to that of the corresponding sabot element. Passage of the
projectile down the bore of the gun tube is simulated by permitting the point of attachment
between each of the springs and the supporting tube to translate in the transverse (v)
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direction, as shown in Figure (28). To determine the position of the attachment points
as a function of time, only the static geometry of the gun tube (i.e. bore centerline and
diameter profiles) are considered.

Although the experiments were conducted for a projectile launched from a rifled tube,
the model limits itself to the examination of the planar motion for a nonspinning projectile
(i.e. a projectile launched from a smoothbore gun). Also, the dynamics of the rod is
represented in terms of the linear motion of its center of gravity y., and the rotation of
the rod about this point, a. This motion can be determined from the summation of forces
and moments acting upon the cg.

EF = mi, (5)

M = Ié (6)

A fourth order Runge-Kutta technique, Reference (12), is utilized to integrate the equa-
tions. The excitation or driving function for the system is due to the passage of the rod
down a gun tube having curvature and/or a varying diameter resulting in an extension
or compression of the springs over and above that due to the free vibration of the rod.
The magnitude of this additional extension/compression is obtained by determining the
projectile axial position from a match case computed using the IBHVG2 interior ballistics
code, Reference (13), then using the measured bore straightness profile and bore diameter
to determine the instantaneous displacement of the attachment point for each spring to
the outer wall.

Figure (29) depicts the computed linear displacement of the cg for a rod with char-
acteristics similar to the “baseline” case traversing a gun tube having a sinusoidal bore-
straightness profile (wavelength = 1.8m) at constant velocity. Note that the cg motion is
larger in amplitude and out of phase with the displacement of the wall at the location of
the front borerider. It was found that the magnitude of both the linear and angular mo-
tion for the projectile/sabot will be a function of the magnitude and frequency of the bore

centerline and diameter profiles as well as the placement and stiffness of the supporting
springs.

In the model, provision has been made to incorporate the effects of manufacturing
tolerances for both the projectile and and gun tube through the use of non-linear stiffness
functions for the springs (i.e. springs are linear but act only when a sabot element is
compressed) and non-zero initial conditions for both the linear and angular position of the
rod. The gun tube utilized for the experiment was unusually straight. The measured bore
straightness profile, Figure (30), reveals only a few small “bumps” with a magnitude larger
than the sensitivity of the measurement technique. In the mode!, the measured values for
bore straightness were used directly with no attempt to pass a smooth curve through the
points. The bore curvature will therefore cause a series of impulse disturbances to be
applied to the spring-mass system. Since a thick wall Mann Barrel was employed in the
tests, the “droop” of the tube is also expected to be small and was not included in the

computation. The bore diameter was, except for the zone where rifling begins, uniformly
25.02mm.
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For the current analysis, it is assumed that dispersion is due solely to differences in
the initial orientation of the projectile in the forcing cone of the gun tube, presumably
due to permitted tolerances when the projectile is loaded into the cartridge. Figure (31)
depicts the linear rate of the cg perpendicular to the guntube centerline for six possible
initial conditions, with the projectile: (1) cocked upward: to the full extent permitted
by the diameter of the gun, (2) parallel to the gun centerline, but placed initially at the
bottom of the tube, (3) cocked downwards to the full extent permitted, (4) parallel to the
gun centerline with the rod cg at the centerline of the tube, (5) cocked upwards, but only
to half the amount permitted by the diameter of the tube and (6) cocked downwards to
half the permitted amount. In all cases the diameter of the rod is 25mm.

The results can be placed into two groups. The first, consisting of cases for which
the cg was initially below the centerline of the tube exhibits an oscillatory motion with a
dominant frequency roughly equal to the natural frequency of the equivalent spring-mass
system. The second group was positioned with the cg initially above the centerline of the
gun and therefore the rod was not subjected to the same initial disturbance. At the muzzle
the motion of the two groups appears to be out of phase due to the different disturbances
to which they were exposed.

Figure (32) shows the angular rates (angular veloc'ty multiplied by the forward pro-
jectile velocity) for the same six initial conditions. Here a monotontic decrease of the rate
at the muzzle can be observed as one proceeds from the cocked up position through the
straight initial state to the cocked down position. Plotting the aerodynamic jump versus
the linear jump, Figure (33), a negative correlation between the two velocities can be read-
ily observed for the “stiff” case. The figure also depicts results for “baseline” and “soft”
boreriders. There are positive correlations for both, approximately 3.4 times larger than
the negative correlation for the “stiff” case.

Care must be taken when interpreting the results. As aiready noted, the balloting
motion of the system will be a function of not only the stiffness and position of the supports,
but also the geometry of the gun tube (i.e. curvature and variation of diameter along the
bore) and the axial acceleration of the projectile in-bore. Therefore, results obtained for
this launch system may not be directly applicable to other gun tubes. As an example,
a sinilar computation was conducted for a system, in which the coordinate system was
permitted to rotate at an angular rate proportional to the forward velocity of the projectile,
modifying the driving function for the system. Figure (34) depicts the relationship between
projectile aerodynamic and linear jump in the vertical plane with respect to the gun tube.
In this instance, the correlation for the “stiff” borerider has increased in magnitude while
remaining negative. The “baseline” and soft borerider results show that the correlations
have decreased in magnitude by one-half the value computed for the non-rotating case.

In summary, computations performed utilizing this simplified model have demon-
strated that the angular velocity and linear velocity of the projectile at the muzzle can be
correlated. The rates will depend upon the projectile properties, the initial conditions, and
the in-bore geometry of the launch system and can produce correlations which increase or
decrease dispersion. Ideally, one should strive to design a system which is least sensitive
to anticipated variations in both the launch system and projectile geometries.
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VIII. Conclusions

The purpose of this research was to analyze the effects of structural changes in the
sabot components on the launch dynamics, accuracy and dispersion of fin-stabilized kinetic
energy ammunition. It had been hoped to find a simple design criterion for improving the
performance of the asumunition. Unfortunately, such a rule is not forthcoming. Based
on the data, a significant understanding of the factors influencing the accuracy and dis-
persion of this ammunition type was obtained. The dispersion model proposed by the
authors appears adequate to explain the physics of the ammunition dispersion. Because
the sabot/penetrator launch system is structurally very elastic, understanding the inbore
dynamic response of the projectile is the key to determining the initial conditions which
are needed to predict the accuracy and dispersion characteristics of the ammunition.
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Figure (7) X-Ray of the Projectile

at 0.11 meter

Figure (8) X-P.ay of the Projectile
at 2.10 meters
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|| Configuration | Stiffness (nt/m) | % of Baseline |

[ Baseline | 945x105 | 100
Stiff 15.24 x 10° 161
Soft 6.65 x 10° 71 ]

Table (1) Front Borerider Stiffness

| Configuration || Xmean | Yimean | 0 | 0, |
[ Baseline 1-0.467 ] -0.187 [ 0.83 7 0.60 |
[ St 1 -0.055 ] -0.10 [ 0.32170.40 ||
Soft 0.44 | 0.01 [0.39]0.94

Table (2) Measured Target Impact Dispersion

Component Xmean | Ymean || 0= | oy | o2 | o ]
Muzzle Pointing Angle 0.140 | 0.040 |l 0.17 { 0.09 || 0.0289 { 0.0081
Muzzle Crossing Velocity [ -0.007 | -0.004 || 0.02 | 0.02 || 0.0004 | 0.0004
Projectile CG Jump -0.210 | 0.480 |[ 0.27 | 0.20 || 0.0729 | 0.0400
h Aerodynamic Jump -0.380 | -0.540 |{ 0.78 | 0.58 || 0.6084 | 0.2916
Sum -0.457 | -0.049 || 0.85 | 0.58 " 0.7106 | 0.3401
[Messured [ -0.467].0.187 ] 0.83 | 0.60 ] 0.6880 [0.3600 ]

Table (3) Mean Impact and Dispersion Summary - Baseline Configuration

| Component [ Xmeon | Ymean [ 0: [ oy [ of [ of ]
Muzzle Pointing Angle 0.120 | -0.180 J{ 0.18 | 0.17 || 0.0324 | 0.0289
Muzzle Crossing Velocity || -0.020 [ 0.003 || 0.01 [ 0.01 || 6.0001 | 0.0001

l’ Projectile CG Jump -0.074 | 0.607 || 0.40 | 0.34 || 0.1600 | 0.1156
Aerodynamic Jump -0.080 | -0.390 || 0.49 | 0.50 || 0.2401 | 0.2500
Sum -0.054 | 0.040 | 0.65 | 0.63 || 0.4326 | 0.3946 ||

[ Measured [-0.055 | -0.100 {1 0.32 | 0.40 “ 0.1024 ] 0.1600 |

Table (4) Mean Impact and Dispersion Summary - Stiff Configuration
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Component _ Xonean | Ymean | 05 o, | o | o 1
Muzzle Pointing Angle || 0.03 [ -0.11 [ 0.040 [ 0.150 ] 0.0016 | 0.0225
Muzzle Crossing Velocity || -0.02 | -0.00 || 0.013 | 0.029 {| 0.0002 | 0.0008
Projectile CG Jump 0.28 | 0.43 [ 0.450 | 0.190 || 0.2025 | 0.0361
Aerodynamic Jump 0.15 | -0.20 || 0.430 | 0.870 || 0.1849 | 0.7569
Sum 0.44 | 0.12 [ 0.620 | 0.900 [} 0.3892 | 0.8163

[ Measured [ 044 [ 0.01 [{0.390 [ 0.940 [ 0.1521 | 0.8836 |

Table (5) Mean Impact and Dispersion Summary - Soft Configuration

Component i
Description .

Horizontal | Vertical

Horizontal | Vertical

[ Muzzle Pointing Angle 0.0324 0.0289 0.0016 0.0225
Muzzle Crossing Velocity ol 0.0001 0.0001 0.0002 0.0008

'l Projectile CG Jump il ot 0.1600 | 0.1156 || 0.2025 | 0.0361
Aerodynamic Jump | 0.2401 0.2500 0.1849 0.7569
Correlation 2050 -0.2040 | -0.1518 | -0.2380 | 0.0000
Sum Eqn. (3) I o* T 02286 [ 02428 | 0.1512 | 0.8136
Measured o’ 0.1024 | 0.1600 || 0.1521 | 0.8836

[ Sum Eqn. (3) I o [ 048 | 049 | 039 0.90 |

“ Measured " o 0.32 0.40 0.39 0.94

Table (6) Dispersion Results with Jump Correlation Terms
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