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I. INTRODUCTION

Gun performance is continually improved in order to maintain a
competitive posture on the modern battlefield. Higher muzzle veloc-
ities increase lethality, extend range , and reduce time of flight.
Advanced projectile shapes improve stability , reduce drag , increase
payload , and ease automation . New propellants increase specific
energy, reduce erosion , decrease flash , and improve combustion .
However , overriding these technological innovations is the essential
requirement of hitting the target , preferably on the first shot . To
prove that a new or improved gun system maintains specified accuracy,
the Army invests considerable resources in field testing . Often the
full scale data are limited , providing indication of the existence of
a problem but giving little information to diagnose the origin.

It is of interest to determine if a portion of the full-scale
development testing can be replaced by reduced scale experiments. This
would permit savings on facilities and equipment costs while providing
a more ben ign environment favorable to the installation of sophisticated
diagnostic equipment. Reduced scale testing is a common procedure. An
obvious example being wind tunnel testing of aircraft and missiles.
In ballistics , this type testing is well established in the determi-
nation of projectile aeroballistics 1 and in charge development ;
however , data are not available describing the scaling of launch
dynamics , which is taken to include perturbations to the projectile ’s
nominal or desired trajectory due to in-bore vibrations , transit of
the muzzle bLast , and sabot discard interactions.

This paper addresses replica modeling of the performance of a
kinetic energy projectile for the M68, 105mm gun which is currently
the main armament of the M60 tank. The M392, sabot , spin-stabilized
projec t il e is consi dered both b ecaus e of the rest ri ct ive accuracy
requiremen t p laced on direct fire tank gun ammunition and because of
recent launch related problems experienced by the round . Data are
taken on the interior ballistics , muz z l e  blas t, sabot discard , and
free flight motion of the one-third scale model and compared with full—
scale tests . An analysis of the sabot discard mechanisms is presented
which agrees reasonably well with the measured results. From mea-
surements taken of the sabot and projectile dynamics during the
discard process coupled with ballistic range measurements of the
initial yawing motion of the projectile , the existence of strong

2. C. F!. ~f t~rp hy ,  “Fr ’e~ FUght Mot-~on of Syrirri etri c MissiZ.es ) ”
U. S. Ai~ny Ballistic Research Lahor~tory Repor t 2Vo . 1226’,
Jul y 1963, AD 442757.

2. F. Hunt , G. Hinds , C. Cl err~now, and C. Tranter , ( ed) ,
Interna l Ballis tic.,~ The Philosop hica l Library , Yew York, 1, 95 1.
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sabot discard interactions is es tabl ished and shown to be dependent on
the magnitude of transverse angular velocity of the round at separation
from the gun tube.

II. TEST MODELS AND APPARATUS

The reduced-scale and full-scale projectiles are shown in
Figures la and lb. The two rounds were fabricated from identical
materials. The sub-projectiles consist of high density tungsten and
steel penetrator components encased in a steel and aluminum outer sheath.
The sabots are fabricated from magnesium and aluminum alloys with nylon
centering bands and pressed fiber rotating bands. The full-scale round
has a rubber obturator; however , this could not be readily forn~ed in thesmaller dimens ions and was deleted. No significant blow-by was experienced
due to the lack of obturation of the one-third scale model. A comparison
of the inertial properties of the two rounds is given in Table I.

TABLE I. Properties of Sub-projectile

105mm (full-scale) 35mm (one third-scale)

Diameter (mm ) 60.91 20.31

Length (mm ) 264.92 88.75

Mass (kg) 4.04 0.149

Kx (kg-rn
2
) 1.16 x l0~~ 4.78 x 10 6

2 _ 1 5(kg-rn ) 1.09 x 10 - 4.48 x l0

The 35mm gun was manufactured to scaled specifications of the ~168
tank gun. The tube length and twist of rifling (in calibers) were
repl icated. The rifling design was also matched. However , since an
existing 40mm breech mechanism had to be utilized , the exac t chamber
configuration could not be maintained . A 40mm , M25 case was cut
down to mate with a titanium dioxide/wax liner (simulating the wear
reducing additive of the full-scale round). This configuration pro-
duced a scaling of the chamber volume , but not of the chamber geometry.
The propellant was specifically manufactured to the composition and scale
geometry of the full size , seven perforation , M30 propellant used in
the M68 tank gun. Due to manufacturing difficulties , some of the
propellant grain dimensions could not be maintained. The interior
ball istic parameters of both systems are summarized in Table II.

10
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TABLE II. Interior Ballistic Parameters

105mm (full scale) 35mm (one th i rd-sca le)

Gun Tube
Length (m) 3.33 174

Projectile travel (m) 4.76 1.57

Chamber volume (rn~) 6.60 x l0~~ 2.43 x

Twist (rev/cal) 1/18 1/18

Round
In-bore mass (kg) 5.79 0.215

Propellant
Mass (kg) 5.48 0.205

Type M30 M30

Number perf . 7 7

Grain length (mm) 15.93 5.25

Grain dia . (mm) 6.63 2.40

Web (mm) 1.16 0.37

Perf. dia. (mm ) 0.66 0.31

Data on the performance of the 103mm , M68 tank gun firing the
M392 projectile comes from a var iety of sources3 5 . The one third-
scale model was the subject of a series of tests conducted in the BRL
Aerobailistics Range, Figure 2. In-bore measurements of pressure and
projectile velocity were acquired6 using BRL Minihat transducers and

3. J .  M. Fra nkle, “Interior Ballistics of Hi g h—Velocity guns,
Experimenta l Pro gr~ n-P hase 1, ” BEE MR 2879 , Ballistic Research
Laborato ry, Aberdeen Prov ing Ground , AID, ?~overnber Tho~7. 4D 830408.

4. F . Kel l y ,  “Firi ng Record: Cartridge , 20 5r7~n, APDS- T, .‘13.92A2,”
FR P -82598, Test and Evaluation Cor,~nand, Aberdeen Proving Ground ,
MD, June 1977.

5. M. Pi ddington and F. Brandon, Private Corir inunication, Ball is t ic
Research Laborato ry, Aberdeen Proving Ground , MD, .4pri i 19 78.

6. 2. S~ nos, B. 3. Grollrna n, and J .  ~~~. Schmidt, “Tnitial F iring Test
Results of the 35rmn Sca led Mode l of the 205r~n M68 Tank Gun, ”
ARBRL MR 02804 , Ballistic Research Labora tory, Aberdeen Proving
Ground , MD , Janua ry 1978. AD A05 050.

11
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microwave interferometry. Muzzle blast was measured both optically
and with side-on pressure transducers. Sabot discard and projectile
dynamics were observed at a series of six orthogonal X-ray stations
placed at 0.46m intervals over the first 2.38m of the projectile
trajectory . The projectile entered the Aeroballistics Range after
3.4m of flight . Its free flight motion was measured using 25
orthogonal spark shadowgraph stations positioned over the remaining
95n of the trajectory. Discussion of these experiments will be broken
into two phases. First , the measurements which were expected to scale ,
i.e., interior ballistics , muzzle blast , and aerodynamics , will be
presented. Second , the measurements of sabot discard and launch
dynamics will be examined .

III. EXPERIMENTAL RESULTS

A. Interior Ballistics

Uunt defines the type of scaling applied in the current tests as
Geometric Similarity and notes that the projectile velocity versus
travel and pressurization versus travel histories will be identical in
each weapon if the travel is expressed in terms of calibers. This is
equivalent to defining a reference time according to the relation :

-r = 0/V (1)

where 0 is the gun tube diameter and Vrn is the launch velocity. Using

this parameter to nondimensionalize time , the measured chamber pressure
and projectile velocity variations , Figure 3a and 3b, are similar for
both the 105mm and 35mm guns. The minor differences between the two
sets of data are ascribed to the discrepancies in the chamber configu-
rations and lack of exact scaling of the propellant grain geometry.
Hunt2 reports that during World War II , Krupp applied this type of
scaling to design guns up to 800mm in diameter.

B. Muzzle Blast

A number of attempts have been made to develop scaling parameters
which describe the muzzle blast from guns. One of the most extensive
studies is that of Westine - . He presents a universal blast scaling
relation which is supposedly valid for a wide variety of guns having
differing geometries , projectile masses , and launch velocities. While
there are some data8 which suggest that the extent of the scaling may
be limited in terms of variety of different weapons , it is probable that

F.  S.  Weat ine , “The 3iast F~-e -i -~~cu~ t2ze of 2:~na , ” Fboc ~
and Vior at ~cn Bulle~~ n, 1c.  3~, F t .  ~~, :4arch 0~~ .

F. A1. Schmidt and F . J .  J ~ :~:, “V~zz l~ 32~ st J- ~r-~ 
BRL—M2--~290.5, 3a lZ -2 s t i c  ~~arch ~~or azor - ~, 4L~erdccn Fro ~ i-:g

i round , ‘4~, .5~ n~ar ” 2.)?9. 17 3~ 2~~ ?.3L.

12
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the scaling relations should be applicable to affinely related gums
such as those presen t ly under cons ider ation . IVestine indicates for
geometrically similar locations in the blast f ie ld , the overpressures
scale according to

(p - p~ )/ P~ = f ( W/ D 2
L), (2)

where D,L = gun tube diameter and length , respectively,
I

W = m e  - m V / 2 ,c c  p m

rn~~ In~ = charg e and pro jec ti le masses ,

respectively,

e
~ 

= propellant specific energy.

The 105mm and 35mm guns use identical propellant and launch rounds with
equal velocities. Thus , the functional parameter in Equation (2) is
the same for both weapons , and the blast fields should have equal
overpressures at geometrically similar locations.

In the present experiment , extensive measurements of the free field
blast were obtained , Figure 4; however , similar data is not currently
available for the full scale tank gun . The only bl ast record which
could be uncovered for the 105mm gun was taken at the location of the
commander ’s cupola on the tank . This is located along the 150° ray
from the line of fire a distance of 550 from the muzzle , i.e., beyo nd
the range of the measurements taken or the 35mm gun . To extend the
105mm data into the area of the present tests , use is made of the
Whitham far field scaling law as presented by Ranlet and Erdos9. They
indicate that asymptotic analysis predicts a far field overpressure
decay for spherical waves according to the following relation :

(p - p )/p = 0.472 ~y/[y+1])(r/r )~~

1 / ‘
(ln[0.425r /D]/ln[r/D]) ‘ — (3)

where r = radial location of blas t wave

= energy scale rad ius.

0. J .  Ranlev and J .  Er ics , “A1:~z~~ e 3 -as~ Fie d 2a lcuia; icns , ”
CR 2,9 7, Ball is t ic  Research Labora; cr~ , ~4berd een Fr o~ in8- 5ro~ nd ,
A1D, .-J ~ r il 19 76.  ~-1 321196 7L.
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The 105mm measurements give: at r/D = 55.5 , (p - p )/p = 0.056.

Using these values to define r
0/0 in Equation (3), the overpressure

relation may then be extrapolated back into rhe range of the 35mm
data, Figure 5. The agreement between the 35mm measured overpressures
and the extrapolated 105mm datum is quite good over the region of
validity of the Whitham relation (i.e., until = 1.1 or [p - p,,] / p~~
0.245). While the blast pressures should scale and the data indicate
reasonable verification of this fact , more detailed measurements in the
blast field of the full-scale gun are required.

C. Exterior Ballistics

The simi larity laws which apply to inviscid aerodynamics are well
established . For geometrically related shapes , the pressure distribution
around the two bodies is equivalent if they are moving at the same Mach
number relative to the fluid. The 35mm and 105mm projectiles have
identical geometries . The measured aerodynamic coefficients for the
two rounds are summarized in Figure 6. Data have been obtained for the
ful l  scal e round over a wide Mach number rang e5; however , the 35mm
projectile was fired at only one (midrange) Mach number, M = 4.0. The

comparison between the two sets of measurements shows that the
anticipated inviscid scaling is achieved.

0. Sabot Discard

The sabot discard process was measured using the orthogonal X-ray
stations , Figure 7. Only five X-rays are shown due to a failure of
the final station to trigger in this sequence. The sabot discard is
somewhat complicated . At separation from the muzzle , the nylon
centering band fails and is discarded by centrifugal action . The sabot
petals break the narrow shear ring connecting them with the sabot cup
under the action of set-back within the tube. When the nylon centering
band fai ls , they are free to fly off as is seen in the first two X-rays
of the sequence. Upon penetration of the muzzle blast , the sabot cup
begins to decelerate with respect to the flight body due to the drag
and mass differences between the two . As the sabot cup and the pro-
jectile move down range, a relative yawing motion becomes apparent
between them . At 1.47m, mechanical contact occurs. The details of
the sabot discard will be addressed in the following paragraphs , and
the effect of sabot discard on the projectile launch dynamics discussed
in the next sub-section.

The separation of the sabot petals is dominated by centrifugal
effects and is quite repeatable from round-to-round for the 3~mm
projectile. The sabot petal impacts Onto a witness board placed
3.2m from the gun muzzle , Figure 8, for five separate firings form
a concentric circle about the central projectile passageway . Also
shown on the figure are the predicted impact circle (for both the 105mm

14
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and 35mm ) and the actual impact circle4 for the 105mm . The prediction
is based on a calculation of the tangential velocity of the petal center
of gravity due to launch spin. For the 33mm round , the launch spin rate
is 2.24 x 100 rev/s resulting in a tangential velocity of the sabot
petal c.g. of 155 m/s , or an equivalent departure angle of 6.260 against
a measured value of s~ g~0~ An identical value is predicted for the 105mm
round ; however , the actual measurements is 2.80. The reason for this
poor correlation is the behavior of the nylon centering band of the full
scale round. Rather than failing at the muzzle immediately upon release ,
the full-scale band can remain intact. In the smear photograph of Figure
9, the band is observed on the forward portion of the projectile. The
integrity of the band retards free separation of the sabot petals and
points out that failure mechanisms are not always reproduced in the
simplistic replica modeling being examined in this paper.

An alternate hypothesis for the failure of the sabot petals to scale
can be offered. The petals are freed from the rest of the sabot by the
fracture of a shear web caused by axial in-bore acceleration . The
angular in-bore acceleration history , and hence the angular velocity of
the petals at shot exit is influenced by the fracture characteristics
and friction between the tube , the sabot body, and the subprojectile. It
is possible that this complicated phenomena was not duplicated .

The rearward displacement of the sabot cup relative to the projectile
is plotted in Figure 10. The ordinate , ~C, is the difference between the
measured c.g. of the sabot cup and its assembled position relative to
the projectile. The 35mm sabot cup falls back somewhat faster than does
that of the 105mm round . Again this reflects the effect of the differing
behavior of the nylon centering bands. The calculated curve is obtained
by assuming

1. the pressure on the sabot cup leading edge is equal to the
stagnation pressure behind a normal shock in air with M~ = 4.21
(launch Mach number) ;

2. the cavity pressure is the stagnation pressure until the exit
hole in the cup base opens sufficiently to unchoke the annulus between
the sabot wall and the projectile body (after this the flow is computed
using quasi-one-dimensional theory); and

3. the sabot and projectile penetrate the muzzle blast at :/D = 10.

The agreement between the calculated and measured data is good
indicating that the gross discard dynamics and aerodynamics can be
treated in a straightforward manner. The yawing motion between the
sabot cup and flight body is somewhat more difficult to handle. This is
due in part to the complexity of the aerodynamics necessary to describe
the three dimensional flow , but more importantly, the relative yaw is
strongly influenced by the initial separation dynamics of the round .
These are determined by the in-bore mechanical interactions which have
yet to be adequately defined .

E. Launch Dynamics

The relative yaw and eventual mechanical contact between the
sabot cup and flight body, Figure , may be explained by considering
both the separation dynamics and free flig ht aerodynamic propert ies
of the two bodies. Two phases of discard are proposed , Figure 11 .

15 
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Immedia tely upon leav ing the muzz le , the sabot petals separate , but
the sabot cup and projectile are held in contact by the thrust of the
exhausting propellant gases. During this initial phase , the two move
as a rigid body . If transverse linear velocity is neglected , both the
sabot and projectile rotate about their mutua l center of gravity at a
transverse angular velocity which is equal to the launch value , 

~~
‘ .

This type motion results in a linear velocity of the center of gravity
of the separate bodies in proportion to the angular rate and the moment
arm s , Figure 11. In the second phase , the two bodies are independent.
This commences upon penetration of the muzzle blast when the bodies
are separated by aerodynamic loads . The momentum is conserved during
the separation , and each body now rotates about its own c.g. at the
angular rate, Y, and translates at the velocity 

~~~

•

~~~~

‘ • However , the
two linear velocities are in direct opposition which could lead to
collision .

The possibility of collision would be reduced if the two bodies
continued to rotate in coordination . The differences in the free flight
aerodynamics of the projectile and sabot cup prevent this advantageous
occur rence , Table III.

TABLE III. Comparison of Inertial and Aerodynamic Properties
of 35mm Sabot Cup and Projectile

Sabot Cup Pro jec ti le

Z(mm ) 35 20.3

~~ 
(k g-rn2) 0.99 x l0~~ 0.478 x l0 °

I,, (kg-rn
2
) 0.985 x l0~~ 4.480 x 10~~

~~
‘ (rad/cal) 0.349 0.199

C 9.533 1.84m
OL

The influence on the motion of the bodies can be determined from
the following equations1 :

~~ls t max~ = ~~~/({Ix~~
/ I
y
12 - [-ToQ ~C / 2 1 ]) u / t 

, (4)

1 -

T = yaw per iod = 2~iZ/([I,~~’ / I~ ] - [
~~

Q
~
Cm 

/2I
~
]) — 

, (5~

lb

I



= gyroscop ic s t ab i l i t y  factor

= 2r;t
~;~

/(1ro
~
5Cm

I
y) ~ (6)

wh ere ~~~‘ is the launch sp in rate. Table IV summarizes these parameters

for the bodies of interest.

TABLE IV. Comparison of 35mm Sabot Cup and
Pro jec tile Motions

Sabot Cup Projectile

‘1st max 2.91 ~~~‘ 74.2 
~~~

‘
0 0

T (rn) 0.64 9.5

S
g 

22.8 1.68

The sabot cup is s ignif icant ly  more stable than is the project i le ,
and the motion of the two bodies is considerably different. The sabot
cup performs high frequency, low amplitude oscillations ; while the
projectile engages in low frequency , large amp litude oscillations.
From the postulated separation dynamics of Figure 11 and the above
descr iption of the f ree body mo tion , it is apparent that a sufficiently
high launch angular veloci ty will prod uce coll is ion. From the clearan ces
between the sabot and projectile for the 35mm round , the limiting value
of launch angular rate above which collision must occur is computed as

= 1.58 x 10~~ rad/cal. The measured value of Y for the round shown

in Figure 7 is 1 .9 x l0~~ rad/cal . This value is above the minimum ,
and the calculated collision point is l.58m from the weapon muzzle.
The actual collision point can be best determined from measured yaw
histories of the bodies , Figure 12. This plot shows the variation in
the projectile and sabot cup angle of attack , a, and angle of sideslip,
3, as they move through the X-ray field of view . Each data point
corresponds to one of the first five X-ray stations .

The projectile shows no distinct re~~onse to imDact : however , the
motion of the lower mass sabot cup clearly demonstrates its effect.
The sabot initially leaves the gun with a magnitude of angle of attack
and yawing velocity coincident with those of the projectile. The large
differences in dynamic properties , Table IV , between the two causes
rapid divergence in this initial angular motion . The sabot cup reaches
a first maximum of yaw between the first and second stations after which
its yaw begins to diminish. At the third station the yawing velocity
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suddenly reverses indicating the occurrence of a collision near this
point = 1.Olm (compared with a predicted Z = 1.58m) . From exam-
ination of the X-rays , the contact appears to be maintained once
established and the yaw of the sabot cup continues to diverge.

The effect of sabot discard interaction on the motion of the
projectile can be observed in the measurements of its yaw , Figure 13.
In this figure the magnitude of projectile yaw as it moves downrange
is plotted from measured X-ray and Aeroballistic Range data and com-
pared with the ideal , interference free trajectory . The X-ray data
and Aeroballistic Range data (which have been extrapolated back into
the region of X-ray data) are in good agreement at the point in the
trajectory where comple te sabo t discard occurs, i.e., Zf r e~ 

However ,

neither set of data agrees well with the interference free computation .
This calculation is made using the free flight aerodynamic properties
of the projectile in conjunction with the X-ray measurements of the
initial angular rate, Y, and shows the yawing motion the projectile

could follow if no sabot discard interference were present. Comparison
of the three sets of curves indicates that sabot discard interference
is significant and acts to amplify the yawing motion .

The sabot discard interference can be further explored by examining
the varia tion in co mplex yaw angle , ~ = ~ + ia, Figure 14. Three sets
of measured data are pr-~sented for comparison: a full-bore , 175mm , spin-
stabilized projectile; the 33mm , sub-caliber , round; and the 105mm , sub-
caliber round . The motion shown in these figures is typical of that of
a symmetric missile1 , and is desc ribed as two arm or epicyc l ic in
nature. One arm is the fast or nutational component , while the other
is the slow or precessional component . The arms sum according to their
magni tude and orien tation as the round moves dow nrange. Var iations in
the pattern occur as the arm magnitudes change rela tive to each other
due to different damping rates. However , near the muzzle of a gun,
the arms should be of nearly equal magnitude if the in-bore yaw level
(approximately 0.2°) is to be matched as an initial condition of launch .
For the full-bore case, Figure l4a, this does occur . The full-bore
round separates from the muzzle at the low in-bore level , penetrates
the muzzle blast with little if any amplification in yaw rate 10 , and
enters free fl ight with the ep icycl e having nearly equal arms (as
indicated by the continual cycling through zero yaw).

For the sabot projectiles , Figures 14b and 14c , this is not the
case. When they separate from the gun , they fly through a disturbed
region of considerable extent during which the sabot is discarded .

10. 5. M. Sch ’nidt, K. S. F~~s Zer, and D. D. Shear , “Tr ajectory
Perturbations of Pin—Stabilized Project iles due to Muzz le  37-ast, ”
AIAA, JSR, VoL. 14 , No. 6, June 1977 , p p .  339—344.
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The influence of discard loadings causes the relative magnitude of the
nutational and precessional arms to vary producing the open-center
of the epicycles in the yawing plots. One additional observation
should be made regarding these two plots. The magnitude of the angles
are typical of those obtained for the 35mm and 105mm firings. The
maximum angle of attack attained by the 35mm projectiles were consis-
tently higher than that of the 105mm projectiles. It is of interest to
examine the correlations which can be obtained from the mean yawing
motions of these rounds .

For the full-bore projectile , since the minimum yaw level is
nearly zero , the maximum angle of attack can be directly related to
the launch angular rate , Equation (4). This angular rate is equivalent
to the total impulse transferred to the projectile in-bore and through
the muzzle blast:

= fM/ I dt = (V /D) y (7)

Assuming this functional dependence is applicable to the sub-caliber
projectile , the maximum angle of attack is related to the total impulse
transferred to the projectile in-bore , through the muzzle blast , and
during sabot discard. If it is assumed that the minimum yaw level ,
Figures 14b and 14c , is related to the impulse transferred to the
projectile due to sabot discard alone , then the following comparison
may be made , Table V .

TABLE V. Comparison of Mean Yawing Parameters from 10 Round
Firings of the Full- and One Third-Scale Projectiles

105mm 35mm 35mni/lo5mm

0.83° 2.41° 2.90nan

I 4.50° 11. 700 2.60max

I 0.24 0.21mm max

The table shows that the mean yaw level  of the 35mm f i r ings  is
much higher than that of the 105mm case; however , the ratio of the
minimum to maximum yaw is nearly equal for each . This is taken to
indicate that the sabot discard interference has the same re la t ive
inf luence on the launch dynamics of the two rounds . The launch
environment of the 35mm projectile is quantitatively more severe. The
last row indicates that  the launch impulses exerted upon the 35mm
projec t i le  are roughly three times greater than those exerted upon the
105mm projectile. Obviously, this factor of three is also the scale
factor in the current replica modeling. Comparison of the measured
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dispersion on target also produces this factor of three , Fi gure 15.

The level of yaw and large dispers ion of the 35mm repl ica model
indicates that exact , quantitative reproduction of the 105mm launch
environment was not reproduced . One reason may be the difficulty in
maintaining machining tolerances as the projectile is scaled down .
Failure to scale any asymmetries due to these tolerances could produce
a factor of three amplification of the vibration level in response to
the higher, in-bore acceleration of the 35mm round . Another possible
source of error is the difference between the gun mounts used in the
current tests and in actual tank gun firings. The present set-up made
use of an existing 37mm gun mount and sleigh. The tank gun recoil
system is in no way similar . Even with this failure to achieve full
replication of the tank gun performance , the tests demonstrate that
the gross features of the launch dynamics are accuratel y reprod uced
and , further, that the measured details of the sabot discard process
provide information which documents the interaction processes occurring .

IV. CONCLUSION S

An experimental program has been conducted to examine the possi-
bility of replica modeling of the launch and flight dynamics of
complex , sabot , kinetic energy projectiles. The program acquired
data on the interior ballistics , muzzle blast , sabot discard dynamics ,
and exterior ballistics of a one-third scale model of the 105mm , ‘168
tank gun firing the M392, sabot , spin-stabilized projectile. Comparison
with full-scale test results shows good agreement between the interior
ba l l istics, muzzle blast , and exterior ballistics of the two systems .
The sabot discard and launch dynamics are shown to produce good
qualitative correspondence; however , significant quantitative differences
in the launch impulse levels are observed . The data on sabot discard
produced good agreement with analytical treatment of the process and
showed that the discard is inherently asymmetric.

ACKNOWLEDGEMENT

The authors wish to recognize the work of Messrs. 0. 0. Shear ,
V . Thompson, and D. McClellan without which the experiments could not
have been conducted. The fine efforts of personnel involved in the
manufacturing aspects of the program are greatly appreciated .

20

L - - - ~~~~~~~- - - - - - -- - -— -—
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



- -  - -  - - -~~~ — . 
-

A

~~~~~
~~~~~~~~:

Figure Ia .  Photograp h of t ’~- s t  ~iI~~~ - I - t 1 i C s

21 

-~~~~- - ~~~~~- - - --  - -—- - - -  -- -“- ~~~~~~~~~ —-5----.-



ROTATING BAND CENTERING BAND

OBTURATO R 

~~~~~~~~~~~ROJEcT~LE

SABOT -

CUP

Figure lb. Schematic of test projectiles

/

“ PANCAKE ” ORTHOGONAL ‘ AERO -RANGE

BLAST GAUGES X-RAY STATIONS / (25 SPARK

~ STATIONS )

~1 ~~~~~~ _ _  _ _  _ _  _ _  _ _

~~~~~ GUN i i  1 ] [2_1r~]1_~] 1 ~] I 6 1  ~~~~~
Z(m) .08 .55 1.01 1.47 1.92 2.38

Figure 2. Test set-up in Aeroballistics Range

— - - —-

~

- - — - - - — - - - — -  - - - - - - 5 - --- - - -  -- -5”.- -~



-- ~~~~~~~~~

0

I.’1/
5/

~
1IIIII1

~~
\
\\

5 —

5 — 0
(0

/
I

0
V

- o
0

0
-

-~~~~~~~

I - .

0I S

I I I I I I

rn c~
j 

- 0
In

‘0
‘C

U
0.’111 8

a-

23

-- 
- - - —~~~ 5 - - - -  ~~~~~~~ - - -



— 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -~~~ _ - . 

_ .

1.5 - 
—

VP 
(km/s) 

- // 35 mm
7 

—— 105mm

5 .  1
/

0 1 I I I I I I I

0 20 40 60 80 100

Figure 3b. Comparison of measured in-bore velocity histories

24

-

~ 

—- - - -— - -- - - - - -- —~~~~~~~~~~- -~~~~~ . - - - . - - -~~~~~~~- _ --—~~~~~~~~~~~~~~~~~-



r—- -

~~~~~~~

------------

~~

—------ --

~~

- --- -. 

~~~~

-- - .—

~~

---.

~

- 5 - - - - 5 . - - -.----
~~~~~

- - .
- -  ——  - - - --- --5~~- 

—‘

Q
N

/ ~~

.

/

I 
I

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

25

- ~~~~~~ -— -  - - - -- - - - - - - - -  -- 5- -- —-- ——--—--~~~~~~~---— ------- - - - - —.--- -5~~ - 
5 ---.-



--5— - ----=~ -~---— ----‘------~‘-~~~— — —.-- --—-5—.- ---— 
~~~ —.—.--.---—- -- ——-----—-

l .C
. 35 mm Data

— .  — 105mm Scaled Datum
.8 -

::
R/D

Figure 5. Overpressure correlation

2€



r - 

~~~~~~~~~~~~~~~~~~~~ 

- 
—- --—— - 5---

.2 -

o 105mm

.1 I I I

3.0 3.5 4.0 
M

COMPARISON OF FREE FLIGHT AERODYNAMICS
3 -

CL

2 1 I I

3.0 3.5 4.0 
M

2.5 -

a
2.0 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

1.5 I

3.0 3.5 4.0 4.5

Figure 6. Comparison of aerodynamic coefficients

27

— -- ---- 5 - - — - - ~~~~~~~ -5—- - --.-~~~~~~~~~~~~ - - ~~~~~~~~-~~~~~- -- -~



- - ~~~ - - -- -. - - -~~~~~~~~~~~~ _~~~ .i 
_
~~~~~ ----.---

_

_ _ _ _  

‘
i .- -T

__

_

~~~~~~~~~~~~~

_ %

_

~~~ 

_
~~ 

-
~

:- 
- 

-

~~

= 0.08 m

.
5 ~~~~~~~ 

.
-

~~

_ !~~~~~~~~~~~~~~~k 42
- 

S 
- 

_
~~~~~~~~~~~~ ~~~~~~ ,~

= 0. ~~ in

Fu r- ~. ~ ii~p 1 -  ~~
-
~~

i i i i
~~~

- Of \ —  r t’: - h t ~~ raphs for 35 mm project i le

28

_ _ _ _  _ _ _ _ _



- ,~ ,..• ,  ~~~~~~~~~~~~~~~ • . .7 J .~ -

c. : = i .oi rn

•

5
;

~~~~~~~~

- 
‘~~~~~~~

-5—,u

~~~~~~-
. 

- 5 — -- 

- 

- S

d . 2 = 1.47 in

Fi gure 7 . Sample seqiii ’nce ot X-r: iy I)hotographs for 35 mm projectile

-1 

- -~~~~~~~~~~~~-~~~~~~~~~~ --_ - -~~ 
- - --5- — - -

~~~~~~~~



- 1~ 
- - — --- —-5- —-5 ----- ~~~~~~~~~~~~~~~~~~~ —S.-— - ‘—i~~~

- ’u-~~~~~~~~~ - - -~~~~
-~

a)

.—

C)

0

Lf~

0

E..
0- c-I

- 
- 0

- II
• ~-4

4-4
- . 5 . 0

-
- . a)

5

-

,
- 

~~~~~~~~~~~~~~~~~~~~~~~ 
.1

- -
_5 -- _-- - — - 5 _ _ _



~ -
. - ----

~~
..-

~~ - --——-5-.--

35

~~~ ø~

I 
I\J~~ r ; , 
if

Figure 8. Sabot petal impacts on witness board

ig 

—

Figure 9. Smear photograph of 105 mm projectile, 2 = 7.62 in

31



-5— 5 _SS_ _._S___-5_._._ -5•5~~ 5_ - -~ ~-

1.4 -

Projectile clears sobot , áZ / D  131 
/

1.2 -

t~z
D 1.0 - o35 mm

o 105mm
—Caic.

.8 -

.6-

4 -  0

. 2 -

0
1 I I I I I I

0 20 40 60 
Z /D  80

Figure 10. Sabot cup deceleration relative to projectile

32

- - - - 5  -S.--~~~~~~~-~~~~~----



— -  , .--—- -.-S --. -- ~~~~~~~~~~~~~~~~ - -F -~

v~

PHASE I’
, 

ROTA~~ON

vP = L~e~
vc~ t~IC~~4 PHASE 2~ INDEPENDENT

_ _ _ _ _ _ _ _ _  
MOTION

VP = ~ P e~

Figure 11. Model of sabot discard dynamics

33

I 

- — - 5 — - - 5— - - - — - -~~~~~~~~-~~~~-~ -- - -~ -~~~~~~



- — 
~~~~~~~~~~~~~~~~~~~ 

— —
~
, - ~~~~~~~~ —

0 PROJ ECTILE
• SABOT CUP

2-
a(o)

-
~~~ 

‘ 

-

~~~ 

I I

- u_ i
l S 

-

-2

- 4 .

-6

Figure 12. Variation of yaw for 35 mm projectile and sabot
cup through X-ray field of view

34 

—-5—- — - - - --- -—-- -- - -5-~~~~--- -5



-5’.  - 5 - — -— — --5- - ‘ ---5 —-5—- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

- 0
0 —

—~~- E
/
/ 

7 ;_1

-

• 

~~~~~~~~~~~~~~~~~~~~~

rsj - N

35

-1 



—---5.——
- - -- - - -——- -—-—---—-

-t BALLISTIC RANGE DATA
AN D DATA FIT

20

— ;.j - ._.
5-, .a

/
•/ ~,0/ . ~~~~~~

-

I -

I
a . I

/ Is I
• ‘- /_ . I

‘ I 
‘
~.I ~~~~~~~ I I

-3°t -2~°=- ...-L°_’~’\ I”~ 2
0 

3
0

.Is I /3
~‘ 1 I /

— —
%
_ — — _  .—,0 ~~~~~~ 

— I
/

‘S —
5_ _ 5-

-3° -
a. Full bore 175 mm projectile, M437

o X-RAY DATA
- -- - BALLISTIC RANGE DATA

— 

AND DATA FIT
— 5-

.~ If%°_ 5_, II...’

/ a 
-

— -S

/
5./ \..~~~~~~

•

/1 I I
-~IO° 50 50 IO°~

0 ,..
‘-S

I 
-

/
“S.. 0~ I

‘S...
- 0’ /

,
— -_ s. ~ 5-5. —_100 _ 5.. _ ,_~~~

b. Subca liber 35 mm projectile, M392

Figure 14 . Neasured yawing motion s

36

- - - - 5- - - -- - - --5 --- -a-- - —— - - - -— ~~~~~~~~~~~



- - — -- .~~~

~~~~- BALL I ST I C RANGE DATA
AND DATA FIT

a 3° _ -- _ ...

— 5.
5.

-
/ ~~0 —

/ I
• I

I —  I

— -- 5- I
/ • — ,

I I ~, I
—3°\  ~2

0 _ 1 0 1
0__ _ 2 0 \

~ 
3

0

‘ / 3
• - S

/
I ,

‘ _,.0
,

\ —
~~~~/ 

- /
/

‘-S. .-

‘S

3°

c. Subcaliber 105 mm projectile , M392

Figure 14. Measured yawing motions

37

- — - - - --5 - -5- -- - - ---——- ------- ——- - .— - - -~~~~~~~~~  - 5- --



-— — -r - — —- 5-—-— —— 
~~~~~ -r - 4 r ~~~rr.~~ 

~~~~~~ 
_________ — — — -r-1r-- -_,

C.E.P ( 35) 0.77 mr ~~~ 
(miPs)

C.E.P(l05) = 0.29 mr
(35/105) = 2.66

35mm

C 

~~~~~IO~ mm 

(mils)

Figure 15. Comparison of measured impacts

I;

38 

- --5 - - -- ---- - --- - - -- - -  ——----- .--—---—----- —-— -- --



r ”~~ ’ ~~ 
5

REFERENCES
1. C. H. Murphy , “Free Flight Motion of Symmetric Missiles ,”

U. S. Army Ballistic Research Laboratory Report No. 1216 ,
July 1963 , AD 442757 .

2 . F. Hunt , G. Hinds , C. Clemmow , and C. Tranter, (ed), Internal
Ballistics , The Philosophical Library , New York , 1951.

3. J. M. Frankle, “Interior Ballistics of High-Velocity Guns ,
Experimental Program-Phase 1 ,” BRL MR 1879, Ballistic Research
Laboratory , Aberdeen Proving Ground , MD , November 1967. AD 830408.

4. E. Kelly, “Firing Record : Cartridge , 105mm , APDS-T, M392A2,”
FR P-82598, Test and Evaluation Command , Aberdeen Proving Ground ,
MD , June 1977.

5. M. Piddington and F. Brandon , Private Communication , Ballistic
Research Laboratory, Aberdeen Proving Ground , MD , April 1978.

6. G. Samos, B. B. Groliman , and J. Q. Schmidt , “Initial Firing Test
Results of the 35mm Scaled Model of the 105mm M68 Tank Gun ,”
ARBRL MR 02804, Ballistic Research Laboratory , Aberdeen Proving
Ground , MD , January 1978. AD A051050.

7. P. s. Westine , “The Blast Field About the Muzzle of Guns ,” Shock
and Vibration Bulletin , No. 39, Pt. 6, March 1969.

8. E. M. Schmidt and E. J. Gion , “Muzzle Blast of 30mm Cannon ,”
ARBRL-MR-02805, Ballistic Research Laboratory, Aberdeen Proving
Ground, MD , January 1978. AD B024973L.

9. J. Ranlet and J. Erdos , “Muzzle Blast Field Calculations ,”
CR 297, Ballistic Research Laboratory , Aberdeen Proving Ground ,
MD , April 1976. AD BOll967L.

10. E. M. Schmidt , K. S. Fansler, and D. D. Shear , “Trajectory
Perturbations of Fin-Stabilized Projectiles due to Muzzle Blast ,”
AIAA , JSR , Vol. 14, No. 6, June 1977, pp. 339-344.

39



5T5 -- -

US-I OF SYMBOLS

CD , C L .  CM drag, l i f t , and moment coeff ic ient

D diameter of gun tube

e propellant specific energy

I , I axial and transverse moments of inertiax y

L length of gun tube

Z diameter of flight body

M moment

m mass

p pressure (side-on)

r radial distance from gun muzzle

gyroscop ic s tabi l i ty factor

T period of yaw in meters

V muz z le  v e loci tym
Z downrange displacement (Z = 0 at muzz le )

y ratio of specific heats

complex ang le  of yaw , ~ + i~

p densi ty

-r D/V , reference time

launch sp in ( radians/cal iber)
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