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SUMMARY

New equations for the yawing and balloting motion of a projectile in
the bore of a gun have been derived. These equations show that the
previous theories of Reno and Thomas omitted important forces acting to
cause in some cases severe buildup of balloting motion. These equations
also show the prior treatment to be unsatisfactory even where severe
balloting does not occur. The new equations will be used to compute the
details of shell in bore motion in a subsequent report.

In the present report, the general equations for shell in bore
motion have been used to derive equations describing specifically the
growth of balloting motion to show how balloting can build to severe
levels causing tube damage. These equations also make possible a calcu-
lation of the occurrence probability for severe balloting and allow one
to determine important factors contributing to mechanical failures and
premature.

Balloting motion is also important”in causing severe shell engraving
and wearing of gun tubes. Thus control of balloting motion should signi-
ficantly increase the service life of gun tubes.

The theoretical equations have been applied to the calculation of
balloting in the XM201 8“ Howitzer tube. Agreement between observed
damage and the results of computations is obtained in these calculations.

,
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I. INTRODUCTION

This report stems from an investigation of a shell failure that
occurred while testing the 8-inch howitzer tube XM201. The characteris-
tics of the damage to the tube indicated that the shell, before breaking
up, balloted with sufficient violence to cause impact shearing of lands
in three separate sections of the tube. This tube damage will be con-
sidered in more detail below.

A consideration of the Renol* and Thomas2 theories of shell motion
in a gun tube and Gayls3 application of those theories indicates that
they do not predict conditions that would lead to violent motion of the
shell. Gay found that these theories predict that the yawing motion of
the shell will bring the shell bourrelet into contact with the lands
(if not initially resting against the tube wall) early in the motion of
the shell and that yawing motion will be rapidly damped. The speed of
the bourrelet approaching the lands is never large. For a coefficient
of restitution e = 1, a bourrelet clearance of 0.02 inch (a large
clearance) and using Reno’s equations (which give slightly larger values
than Thomas’), Gayfs calculations give (see his Figure 4) 60.0 cm/sec
(1.97 ft/see). ‘l’hisis not a significant speed; the 8-inch shell which
broke up in the tube had passed a 7-foot drop test (velocity at impact,
’647 cm/see) and impact against the lands of the gun tube at such speeds
will not cause damage.

Other evidence cited by Gay would also suggest that severe balloting
has been a recurring problem. Gay shows (his Figure 12) a 105mm shell
in flight beside the broken-off fuze. The engraving noted on 8-inch
shell at the bourrelet also indicates that balloting frequently exceeds
that predicted by the theoretical treatments.

One should expect, however, that under appropriate conditions an
instability in the motion of a shell driven by a force acting behind the
shell’s center of gravity (e.g.) should occur. Such a motion should
resemble “chatter” that occurs in other mechanical systems. The follow-
ing analysis shows that the treatment given by Thomas requires modifica-
tion to incorporate the forces acting on the shell at the rotating band
and a minor correction to the form of the equations giving constants of
the motion. The treatment given here is also somewhat more general in
that it incorporates certain significant effects on the shell motion due
to the elastic nature of the shell.

By taking the time average contribution of the impact to the lateral
motion of a shell, it is possible to derive closed form expressions for
the growth of balloting and show what parameters of this motion favor
its occurrence.

“References am Zisted on page 38.
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II. THE EQUATIONS OF MOTION

We follow the procedure after Goldstein4 for the similar problem of
the motion of a symmetric top supported at one point and acted on by
gravity. The Lagrangian procedure is used to obtain the equations of
motion. Since the shell may be taken to be symmetric about its axis
(also assumed by Reno and by Thomas), the kinetic energy can be written
as

T=
2

~I(u + UZ2) + ;AuX2,
Y

(1)

where Ux, u , u
Yz

are the angular velocities

and I is given by

I = B + m!L2,

about the respective axis

(2)

where A and B are the axial and transverse moments of inertia of the
shell about the e.g., m is the mass of the shell, and !?is the distance
from the point C to the e.g. as indicated in Figure 1. In terms of the
Euler angles, this is

. .
T= ~1(~2 + ~2sin2d) + ~ A(v + ~ COS 6)2. (3)

In a coordina~e system moving with the point C and subject to the
acceleration s of the projectile, there exists an instantaneous poten-
tial field for the projectile given by

v= ms~ cos 6.

The Lagrangian is

L =T-V,

and the Lagrangian equation is

where

d 2L 2L——-—=Qi; i
dt aq. aqi

= 1,2,3
1

ql=d

q2=’$

‘3=$

10

(4)

(5)

(6)

(7)
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Figure1. Eulerts
4

angles,6, $, ~, specifyingthe orientationof a
symmetricalshellabouta point”Cat the-ce~terof the rotatingband
on the shellaxis. The acceleratingforceF, and the componentsof
the impactforcesactingon the bourreletX, Y, Z, and the reaction
forceson rotatingband X’, Y!, Z’ are indicatedtogetherwith the
drivingtorqueon the rotatingband due to the riflingof the tube.
The yaw angle 6 is greatlyexaggerated.Also shownare the dimensions
a, the distancebetweenthe rotatingband and bourrelet,t, the
distancefrom C to the centerof gravity,CG, and b, the radiusat the
bourrelet. The insertshowsthe clearancec at the bourreletand the
reactionforcesat the rotatingband.
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and the Qi are the generalized forces in the respective directions;

Qldd = [Y(a cos 6 - b sin 6) - Z[a sin 6 + b cos 6) + Z’r]drS (8)

where the moment arm of Y’ has been taken to be
band does not deform into a section of a sphere
a plane, Z’r should be replaced by Y’b’ sin d +
the distance between c and the point of ‘fcenter
rotating band and the bore (“center of contact”
which the effective or equivalent of the forces
band originates). In the $ direction

zero. If the rotating
of radius r but remains
Z’b’ cos 6 where b’ is
of contact” between the
refers to the point at
acting on the rotating

Q2d$ = [- X(a sin d +b cos 6) + X’rcos 6]d$ (9)

and

Q3d~ = [- xb + X’r+T]d$, (lo)

where T is the torque on the rotating bands as such, not arising from
impact action and reaction forces.

Equations (3) through (10) yield
.

1: - 1~2 sin 6 cos 6 + A(v + $ cos 6)$ sin d -ms 1 sin 6 = Q
1

(11)

= (a cos IS- b sin 6)Y - (a sin 6 +b cos 6)2 + rZ’

(12)

=-(asin 6+bcos6)X+rcos 6X’+TCOS6

& [A(J+ 4 Cos ~)1 =Q3= -bx+rx’+To (13)

Before proceeding, it will be appropriate to compare Equations
(11-13) with the expressions derivedby Thomas. According to the assump-
tions made by Thomas, when 6 c A, the forces QlJ Q2S and Q3 were set

equal to zero. Under these assumptions, Equations (11-13) yield

1; - 1$2 sin 6 cos 6 + A(; + $ cos 15)~sin 6
..

- ms 1 sin 6 = o, (14)

12



Ii sin2 d + A(~ + ~ cos 6)COS 6 = Cl, (15)

J+; COS6=C2, (16)

where Cl and C2 are integration constants. Equations (14) and (15) are

identical to those of Thomas, while for (16) Thomas gives

J+~=&, (17)

where a = m/nr; here n is the twist of the rifling in calibers/turn.
Since cos 6 is, for all practical purposes, equal to unity, the difference
between the left-hand sides of Equations (16) and (17) is not important.
However, the right-hand side of (17) is not a constant. As a consequence,
(17) is not satisfactory under the assumptions made by ‘ihomas.

Under all conditions of the motion of the projectile (where the
lands and rotating band are intact), the torque on the rotating band due
to forces on the band from the groove walls (see Figure 2 where these
forces are indicated by Xi*) acts at all times to constrain the value of
~ so that

.

i=:= Q(s), (18)

where ~ is the velocity of the point C (at the center of the rotating
band on the pxmjectile axis) along the gun tube axis. Except for the
initial deformation of the rotating band, the band does not constrain ~.

Under the conditions of no impact or reaction forces, therefore,
we obtain, substituting for (18) in Equations
setting all the

%
- 1~2 sin

Ii

If we eliminate

impact and reaction forces to

6 cos 6 + A(fl+ ~ cos d)+ sin

sin2 6 + A(Q

A(Q

the integral
obtain, repeating from ~-ove

(Ii - 1~2 sin 6 cos 6 -

.

. . . . ----
[11), (12), and (13)
zero,

6 - m; L sin d = O,

f

+ $ Cos ti)cos 6 = Cos 6 JTdt,

+ ; Cos 6) =
J

Tdt.

over T from Equations (20 and 21), we
to give the full set of equations,

and

(19)

(20)

(21)

(22)

13



ROTATING

( ‘GROOVE

Z‘, component of frictional force
in z direction

Figure2. Sketchof the regionof contactbetweenthe gun tube bore
and the rotatingband of a shell. me forcesX:, x;, X*...acting

3throughthe moment arm r give rise to the torqueT’: T’
= r 2.X?.

11Ballotingimpactsgive rise to a forceY’ at the rotatingband,
frictionresultsin the force vYt havinga componentin the direction
of travelof the shell (parallelto the bore axis), Z’.
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(23)

Q . &/rn, (24)

and

T=~ dt [A(Q + ~ COS (5)]. (25)

This last equation can be used to detemine the forces tending to shear
the lands along planes parallel to the top of the lands.

Equations (22) and (23) can be put in an interesting and simple
form, although one that is not solvable in closed form,

X/sin 6

where

and

If we multiply Equation
the order of (but not equal
motion, the term in G!’will
reduced by a factor $/fland

=s - Q’f$- 1’$2 COS 6,

1’=:-1,

i-l’ = /U/I,

s = &k/I.

(26) thxmugh by 1, the ~z
to) the kinetic energy in

(26)

(27)

(28)

(29)

term will be of
the precession

be-of the order of fie spin kinetic energy
S will be the increase in the kinetic energy

of the projectile in traveling a distance L. Now the kinetic energy EV in
the spin of the projectile in terms of k , the radius of gyration about
the shell axis and the translational kin&ic energy Es, is

~ Anz‘$=2 = Es(kam/rn)2. (30)

Thus, in terms of an effective length of the gun Le as would be required

to achieve the shell translational energy Es at a constant force of W,

(31)

Since for much of the projectile travel n2 is much larger than Le/fl,

the term S dominates the right side of Equation (26). Assuming S is

15



constant during the swing of projectile from the axis to the gun tube
wall and sin 6 = 6, we obtain the approximate expression

..
6 =Ssinf5 (32)

having a solution for ~ = ~. and 6 = O at t = O,

(33)

With this function determined and substituted into Equation (26), it is
possible to obtain an approximate solution for $. However, such solu-
tions are of limited value in the practical case in which the principal
characteristics of the motion are due to the impacts and the reaction
forces acting on the rotating band.

Let us now turn to the expressions for the forces and torques acting
on the shell in the general case which includes impacts and reaction
forces. The Hertzs theory of impact can be employed advantageously to
obtain a good expression for Y acting during impact together with
Ramants6 formulas for the coefficient of restitution. Gay’s expression.
for Y is

y.

-KC(6 -A), i>O

~>L)

for which the coefficient of restitution e can be expressed as

(34)

e= (Kr/Kc)l/2. (35)

The X and Z forces are dependent on the coefficient of friction p and
on the direction of motion*of
the gun tube. We have, after

the point on the bourrelet in contact with
Thomas (Reference 2)

X2+ Z2= pzyz
(36)

‘thut is, 7%-S sign of i.

16



(37)
and

x .Z

b(fl+~cos~)+a~sind~

or as an approximation,

X % Zbn/;. (38)

The force component Y‘ is given by the requirement that the sum of
the forces acting in the y direction must be zero. However, since the
shell is elastic (i.e., not infinitely rigid), there will be a time lag
Te between the application of the forces Y and Y’ to the shell. Thus

we have that

Y’(t) =- Y(t-Te)

where we can evaluate -ceapproximately, in terms

velocity cs in the shell, using the expression

(39)

of the shear wave

‘e= V/cs*

The frictional reaction forces X’ ad Z’ are _
coefficient of friction v between the rotating band and the tube wall by

(40)

~iven in terms of the

x
92 12 = ~zy’z+Z (41)

and the relation for the ratio of X’ to Z’ in terms of velocity components

x’ = Z’Im/i

which, on substitution into Equation (41), yields

~z’ = vY’/ 1 + (rL?/s)

(42)

. (43)

The total torque T’ = Q3 acting in the z direction [i.e., the

right-hand side of Equation (13)] is constrained by the requirement that

4=Q ●
= ‘fls/rn (44)

as previously given. Thus we have that

17



T’ =

which, as mentioned
the general problem

T+r)(’-bx= + [A(Q + i COS 6)] (45)

above, can be evaluated in terms of the solution to
to determine the shears acting across the lands.

The Equations (11-13), (34-37), and (39-45) provide the complete
set of equations for computing the balloting of the shell where the
function s(t) is given. A calculation of this motion will be presented
in a separate paper. The following treatment is carried out to show the
importance of these reaction forces.

111. GROWTH OF ENERGY IN THE TRANSVERSE MODE

The motion of the projectile in the bore of the gun that can lead
to severe impact by the bourrelet against the lands is the motion along
the 6 coordinate. We will now develop the equations describing the
growth in energy in this transverse motion about the point C (Figure 1)
by first calculating tie effects due to bourrelet impact against the
lands and the subsequent reaction torques applied at the rotating band
and then express this in the form of a time-averaged equation for this
energy.

If during the time t = O to t = tl the shell moves 6 = A (i.e., bour-
.

relet just making contact with the lands) to & = dmu where 6 = O as a

result of the impact and if t2 is the total duration of the contact

between the bourrelet and the lands for the impact, we can write, inte-
grating over Equation (11) for t = O to At, the time between impacts of
the bourrelet with the lands

1‘2
~e+t

J
2

= [(aces d -b sind)Y - (asind +b cos d)Z]dt + rZ’dt
o

‘r
e

where Z’ is zero during the interval r
zero for t < t < At,

e
2

<t>~e+~and Yand Zare

Let us first show that the second and third terms on the left side
of Equation (46) do not contribute significantly to the motion computed
during the impacts. We have from Equations (13) and (18)



‘A#( Q+icos6]=-bX+rX’ +T

where from Equations (18), (36), (38), (42), and (43)

(47)

(48)

and

x’ = T*vY’/ 1 + n /n (49)

Since
b xr (50)

we can write, using Equation (39) to obtain a result holding for a
single cycle of the motion (that is to say, the action and reaction

MY(t) - vY(t - T-)
e

+ T.
i 79

(51)

v1 + n’/m’

Noting that the change in 6 is extremely small during each impact we
have, integrating (51) twice,

J

‘2 Te+t

[A(fl+ 4 cos 6) ~ sin d]dt +
J

[A(: + ~ cos 6) $ sin 6]dt
o T

e

(52)
9

r~(A$)t2 + (A + 6’) TA$ ● t2

‘%

where 6’ is the value of 6 at t = ~ + t~, A$ is the equivalente
angle that the shell moves through during the interval t2 and ~ is the

average force applied in the y direction. Now subtracting Equation (13)
from (12) gives

19



.
-& [1 $ sin26 + A(S2+ ~ COS 6) (COS 6 - 1)]

= (b -bcosd -asintS)X+(cos 6-1) rX’

+ (COS 6 - 1) T.

Repeating the above procedure gives

Te+t

J
2

+ [1 ~2 sin 6 cos L5+ A(.fl+ ~ cos 6) ~ sin 6] dt

‘c
e

~A$.t2 -
~[(b A- a)v+rd’v] +( A+6’)Tt2 A@.

m

Thus from (52) and (54) we have

Te+t

1
2

+ [- I~2sind cos6+A(fl+~cos6)~ sin~]dt

T
e

[

~ (vA-v6’+ Pa) ~+(A+d’)T 1t2A$~

(53)

(54)

20
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We will find below that this

t . .

—

contribution is smaller than other temns by

a factor A$/ ~1 + n’/n’ where A$ is the angle through which
precesses during the impact of the bourrelet.

Returning again to Equation (46) we see that for complete

the shell

cycles of

the motion for which 6 varies between t 6 , the second, third and

fourth terms contribute no time averaged %=age to the motion (although
these terms do effect the value of At) since sin d changes sign for
negative values of 6. This cannot be stated if d always satisfies

in which a more detailed
required. The condition
balloting occurs. Under
will be a likely mode of

6>(), (56)

calculation using numerical techniques is
in (56) will occur if no significant initial
such conditions it is expected that bore riding
projectile motion in the bore.

Making use of Equations (18), (36), (38) and (44) and setting

a cos 15-bsind~a (57)

a sin d + b cos 6 s b (58)

and r~b. (59)

Equation (46) in the time interval O ~t ~t2 becomes

[a-bP,m]~2,d.=I~2~dt.(60)

Now the coefficient of restitution may be more generally defined than as
given in Equation (3S). In general we have

while

[61)

(62)
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As a result, Equation (61) multiplied through by the moment

[a - b V/{-] gives the loss in angular momentum as

momentarily stops while Equation (62) multiplied through by
arm gives
tion (60)

.

an e~ression for the recovered angular momentum.
gives us

[a-bB/-]~2Ydt=- (l-e]I~i

arm

the shell

this moment
Thus Equa-

(63)

where ii is the angular velocity at impact. This can also be expressed

in terms of an average torque ~ acting for the time interval At between
impacts: Y

~yAt=(e-l) I&i. (64)

The last term in Equation (46) is the integral over the torque rZ’.
If

t2 < T < At
—e—

(65)

then both the direction of the torque and the displacement of the shell
in the 6 direction will retain their signs unchanged during the interval
t = Te to Te + t2. It was the change in directions of motion that gave

rise to the sign change resulting in the factor (l-e) in Equation (63).
The rZ’ torque accelerates the angular motion of the shell in the 8
direction throughout the time interval ~e to Te + t2. During this time

interval Y and Z will be zero. We have, therefore,

J‘e+t2 ~1 dt = ~ J
Te+t

r
2

Xdt.

T
e

T
e

From Equations (39), (43) and (44) we have

z’(t) = - v Y(t - Te)/ m.

Thus, the time average torque ~z will be

(66)

(67)
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[

Te+t
2 ‘2

~zAt=r z’dt=-

I+ .’”
e

Now let us introduce a quantity G defined by

(68)

(69)

which is simply the total angle swept out by the shell in the 15direction,
ignoring the direction of motion. Introducing this angle allows us to
treat the impacts between the bourrelet and the bore in a time averaged
way. From Equations (46), (64), (68) and (69) we have

1;=

[

(l+e] v r 116
+ (e-1)

am- ~b

z“
(70)

An expression for At can be obtained using Equation (33). Expanding
Equation (33) in a series gives

where so is

for a swing

80
6 =— (2 &t + “*”) (71)

26

the angular velocity at 15= O. If ~ S At << 1 we can write

through an angel 2A:

At = 2A/:. . (72)
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If we let c be the clearance on each side of the bourrelet then

A= c/a

and

At = 2c/ai .

Substituting Equation (74) into (70) and writing

gives, if t2 < Te < At,

where

dz
Z=YC

[

(l+e) v r
Y=: 1+(e-1) .

a~-pb

(73)

(74)

(75)

(76)

(77)

(78)

For an initial energy of E = E. at G = o, t = o, integration of
Equation (76) gives

cc
eye= .

0

This can also be integrated a second time to yield

t
1
<(

21 ~ - e- yO/2=—
Y ~ )=+&(l -q) ,79,

or, more conveniently,

E = Eo/(l - ~Yt)2 . (80)

This growth in the
conditions be met:

energy in the transverse mode requires that several

24



(i) y>f)

(ii) ~e > t2

(iii) Te < 2c/ai for all 6

(81)

(82)

(83)

(iv) co > 0 .

Condition (iv) implies that some additional mechanism must initiate the
balloting motion. Clearly balloting, particularly the development of
violent balloting, is not to be expected in all cases. However, once
this motion is initiated, the energy of the system rapidly moves into
this mode. Figure 3 shows how this energy increases with motion of the
projectile down the gun tube until some damage to the shell or to the
bore removes the energy. Subsequently, the energy in this motion again
increases until the shell exits or general failure occurs.

Iv. INITIAL MOTION OF THE PROJECTILE

To calculate the growth of energy in the transverse mode using
Equation (80), it is necessary to calculate the initial energy co in

that mode. Thatoenergy comes from the initial swing of the shell.
Since initially $, Y, Z and Z’ are all zero, Equation (11) gives

(85)

where 6- designates the angle between the shell axis and the center of

~avity’projected on the y-z plane. For cases in which the ~ can be
treated as constant we have, taking E = o, 6 = o at t = o:

E
o
=m;!L(l-cosA)

In general, this is not the case however. It is necessary to take
account of the change in pressure as a function of time, requiring
numerical methods.

(86)

It will be noticed that unless the initial value of the center of
gravity yaw, do + 6C, differs from zero, there will be no motion in the
& direction.
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The closer 60 + 6C is to zero initially the longer will be the time

until the shell bourrelet strikes the bore wall. This delay allows the
pressure and thus s to increase. The likelyhood that 6 will be suffici-

0
ently small to allow for a sufficient delay in this impact is small and
largely determines the probability that co will be sufficiently large to
cause significant balloting.

Figure 4 shows the results of numerical integration of Equation (85)
for the conditions of an 8“ M106 HE shell launched with a zone 9 charge
producing a pressure history as given in Figure 5. The shell parameters
as used here were:

weight mg = 201. lbs

I = S.245 slug ft2

c = 0.0142”

a= 9.08”

1,= 5.678”,

In addition, Figure 4 together with the results in Figure 6 gives the
probability that the initial value of 6 = 60 will lead to gun damage

assuming all possible initial positions are equally likely. The prob-
ability P is given by the ratio of solid angles giving rise to sufficient
energy to cause damage ~d divided by the total solid angle allowed for
the initial shell position:

P= Qd/nAz . (87)

Since t in Equation (80) will be a function of d one must compute c and
evaluate Equation (87). This result is shown in°Figure 6.

v. CALCULATION OF THE COEFFICIENT OF RESTITUTION

An examination of Equations (77) and (81) shows that the coefficient
of restitution is an important parameter of balloting motion. Accurate
calculations of this motion properly requires an experimental determination
of this parameter for the particular conditions of the shell in the bore.
An approximation to the value can be obtained, nevertheless by ado ting
the formulas for the coefficient of restitution developed by RamanE

which were based on Hertz’ss (see also the treatise on elasticity by
Love7) theory of impact.

From Hertz’s Theory we have for the duration of an impact between
two spheres of radii rl and r2:
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from Eq. (85) for the 8“ M106 HE shell launched with a zero 9
charge in the XM201 Howitzer tube. The pressure history used

for these calculations is given in Figure 5.
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[(=+’;:J)-]2’’[,f,:;2)~(88)15 l-U1
‘2 = 2“94 m ql

where

u~s ~~ = The Poissonls ratio for the first and second ball,
respectively.

ql$ q? = The Young’s modulus for the first and second ball,
L&

respectively.

ml, mz = mass of the first and second impacting

v= velocity of impact.

Raman modified Equation (88) to apply to the case of

ball, respectively.

a ball of mass me
impacting against a plate of thickness 2b1 and density PI obtaining ‘

bpaz
=11

-Km
2

e

b1P1a2+Km2

(89)

where K is a coefficient describing the dominant vibrational mode, az is

2 ‘“t2blk==7 (90)

and where Raman has taken the approximations

m=m~ ‘1 ‘2
2

‘1 + ‘2

and
‘1 ‘2

r%
2

‘1 + ‘2

(91)

(92)

Raman gives values of IC= 0.56, 0.44 and 0.39.

Because of the special geometry with which we are dealing in the
case of a shell bourrelet impacting against the gun tube wall, we will
also assume Equation (91) holds and replace the term r~ r2/(rl + rz) by

(93)
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where g is the portion of the gun tube lands to lands plus grooves area
and !? is the radius of curvature of the bourrelet contacting the lands. ,
The e?cpressionin Equation (93) provides a correction for the area con-
tatting the lands-on impact which corrects for the “negative” curvature
of the bore surface (compared to that used as a basis in the Hertz
calculations); since the radii of curvature will differ in the two direc-
tion of the two major axes, this must be reflected by introducing Rb to
scale the radius of curvature in the direction parallel to the tube axis.
We thus obtain:

which together with Equations (89) and (90) provide an expression for
the coefficient of restitution.

In the case of the 8~1Howitzer XM201 with the M106 HE shell we have

‘1
= 7.85 g/cm3 = 0.2833 lbs/in3

=U
‘1 2

= 0.3

q~ = q’ = 3 x 107 psi

r = 4.0015”

b= 3.9875”

bl = 2.252” (near the breech of the gun)

and from Figure 4,,anaverage value for co is 3 Joules givino v = &3q’’/sec.
These values gives:

‘2
= 7.35 x 10-4 sec (95)

and

0.566 , K = 0.56

e= 0.642 , K = 0.44

0.676 , K = 0.39.

(96)

In the calculations below we have used e = 0.7.
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VI. APPLICATION TO THE 8“ HOWITZER TUBE XM201 MECHANICAL
FAILURE OF APRIL 11, 1974

On April 11, 1974, while firing with temperature conditioned M106 HE
the shell broke up in the gun tube and produced moderate to heavy damage
to the tube. The test of the Equipment Performance Report is given in
Appendix I.

Damage to the tube as described in the Star gage report of 11 April,
1974 (by P. Booth, J. McWilliams, and R. Kane, Appendix I) itemizes:

185.%1’
line of

b.
249.75”

“Driving and non-driving edge of one land sheared away between
and 186.75” from (RFT).” This shear is symmetric to the center
the land (midpoint of damage at 185.88”.)

“Heavy to moderate damage to lands encircling bore between
and 258.50” from (RFT). Damages consist of lands flattened and

compressed... From this point forward edges of lands have split away
and sprung out from the base of the land for a distance of about 8“....”
Again, shearing is in general symmetric about the land center line.
Shear planes generally meet at the center line toward breach end of shear
and taper off toward land edges toward the muzzle end of the shear (mid-
point of damage at 254.12”, 68.2S” from midpoint of last damage).

c.
between
this is

d.

“Moderate to light [similar to “b” above] damage to 8 lands
273.75” and 280.7S” (RFT).” (Midpoint of damage at 277.2S”;
23.12” from midpoint of last damage).

The maximum increase in bore diameter was 20/1000th inch for the
lands and 7/1000ths for the grooves.

The shear and flattening damage to the lands indicates a high load-
ing normal to the top surface of the damaged lands. Since the magnitude
of the increase in tube diameter was slight, initiation of the HE as a
cause of damage is not indicated. Similar (principal) damage appearing
in several parts of the tube also argues against HE initiation. The

residual TNT after the shot and the fact that the fuze exited the muzzle

intact also argue against HE initiation as a cause of the damage. The
time-pressure record (see Appendix I) for this shot was, except for
small increase late in the strain record, normal. The small spikes in
the strain record are consistent with the present interpretation (this
is discussed further in Appendix I).

The play in the shell between the bourrelet and lands is estimated
to have been 0.014” [all around the shell; i.e., a full swing of the
shell would have been 0.028”) before impact engraving and about 0.024”
to 0.03” after engraving of the bourrelet. These values are obtained
from the tube lands diameter in the undamaged regions as given by the
Stargage report to be 8.003”, the average bourrelet diameter measured on
other shells in lot CSK 1-136 yielding an average of 7.988” at normal
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temperature and 7.97S” at -70”F (the shell temperature at failure).
Computer stress-strain calculations for the M106 shell show an increase
in bourrelet diameter of +0.0046” at peak pressure and -0.0042” at zero
base pressure. At the point of major damage, normal bourrelet deforma-
tion would be small (about 0.001”).

The tube tested (XM201) extends beyond old tube (in M11O Howitzer).
Damage of the type described in paragraph 2b,c above would lie beyond
the 210.74” (RFT) position of the muzzle for the M11O Howitzer tube.
Characteristic dimensions for shells from the same lot as that which
broke up are listed in Table 1.

Using this data let us now determine if the conditions for the
development of balloting motion after Equation (80) as given by
Equations (81) - (84) were satisfied. As shown by the results in Figure
4, condition (Equation 84) is generally satisfied. The sound velocitY. .
in the shell for the calculation
(see Raman6)

~b
2

c =—
s a

of ~e-using Equation (40) is given by

p qz 3 P2 (1 - U24) (97)

where the subscripts refer to the appropriate values for the shell.
The quantity b2 is the wall thickness of the shell and A is wave length

of flexural waves in the shell. The wave length of the principal mode
will be:

,=4~. (98)

Using Equations (97) and (98) in Equation (40) gives:

Comparing Equations
Further, using that

2c/ai = 4.72 X 10-3
substituting for y,
n = 20, we obtain

T = 1.64 X 10-3 sec. (99)
e

(95) to (99) we see that condition (82) is satisfied.
same value of c in Equation (75) we see that

sec so that condition (83) is satisfied. Finally
using handbook values of v = 0.55 and P = 0.50 and

Y = 140.6 (loo)

which, being positive, satisfies the condition of Equation (81).

It should be noted that the coefficients of friction are not
constants under the conditions of gun firing. A precise calculation,
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using a computer to follow the details of the balloting should make use
of variations in N and v as may be obtained from Bowden and Taylor8, for
example.

Now using Equation (100) in Equation (80), taking co from the computed
values given in Figure 4 and allowing for the requirement that t as used
in Equation (80) satisfy the constraint:

t~ = t + At. (101)

where At. is the time to develop the initial energy co and ts is the time

at which the shell exists the muzzle we can compute the energy E at the
end of the muzzle as a function of 6 . The result as computed is given
in Figure 6. The value of 6 in Equ~tion (85) is taken as 0.0070, 0.0088,
0.0097 and 0.0106 corresponding to a CG off the geometric axis by 0.040”,
0.050”, 0.055” and 0.060”. The results show the extreme sensitivity of
the results to the location of the CG.

From Figure 6, we see that the balloting energy exceeds 104 Joules
for a CG 0.055” off axis if the initial position of the shell axis lies
in a region between 6 = 0.0011 and 0.0016 radiams as shown in Figure 6.
Such an energy corresponds to that required to produce the observed de-
formation of the gun tube (8 to 10 K Joules) as occurred in the XM201
8“ Howitzer mechanical failure. Further, the pressure acting on the
lan,dsdue to the impact of a shell with 2800J in the balloting mode on
the 3.49 in2 (projected area) contacting the lands at the bourrelet in a
severe impact will subject the”lands to a pressure of 150Ksi which is
sufficient to cause the observed shear damage to the lands.

If all possible initial values of 6 are equally likely, the prob-
ability that the shell will lie in this”region is about 0.068 for a CG
0.055” off axis corresponding to a chance of 1 in 15 for the build up in
energy by balloting. In addition, 6 must be off axis as mentioned above.
A value of 0.055” off axis for the C& of the shell is not probable but
can occur under the allowed tolerance specified for the shell. The rough
handling of the shell which led to break up of the charge in the shell
also can contribute to the off axis CG. It should be noted that this
value of 0.055” is approximate since the coefficient of friction can vary
considerably from the values used.

We thus find that the equations obtained in this report allow one to
calculate the conditions under which balloting can build to severe levels
and produce gun tube damage.

The calculations indicate the following scenario for the XM201 8“
Howitzer mechanical failure. Onset of balloting was initiated by an
initial high torque due to CG lying off the shell axis. Balloting under
the test conditions developed severely enough to cause early engraving
of the bourrelet of the shell, leading to increased play at the bourrelet.
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The resulting enhanced balloting caused the shearing of the lands at 185”
(RFT) noted in Appendix I and perhaps some shell fracture while momen-
tarily reducing the balloting. Further increase in balloting resulted in
the damage between 249.75” and 258.50” (RFT). The major fracturing of the
shell would be expected at this point, but not shell breakup. The damage
at 277” (RFT) indicates a final buildup of balloting, producing the typical
shear failure of the lands and the final breakup of the shell.

As already mentioned, the coefficient of friction can rise signifi-
cantly as balloting increases pressure between the shell and bore of the
gun which can result in binding between the metal surfaces which causes
striping of the metal. Such failure of the metal is observed 9“ before
the major damage and agin 9“ before the final damage. The appearance
of this damage is exactly the same as is shown in Figure 5, plate XXXII
of Reference 8. Note that 9“ is the distance between the rotating band
and the bourrelet.

It is significant that the damage to the lands occurs in the portion
of the XM201 tube that has been added to the old 8“ Howitzer tube. This
alone is not the cause of the failure, however. The large clearance of
the shell and asymmetry caused by an off axis CG are additional causes
of the growth of violent balloting that produced breakup of the shell and
gun tube damage.

A six degree of freedom formulation for the transverse motion of an
accelerating shell has been given by Chu and Soechting8, and extended in an
application to the 8 inch projectile in the%.1201, M2A2 gun tube, MK-16
and MCLG Gun by Chug. These papers have the advantage that the effect of
shell flexure as a function of shell wall thickness and gun tube flexure
are included in the formulation. The formulation does not include the co-
efficient of restitution nor the very important time delay between bour-
relet impact and the reaction force at the rotating band. Excluding this
latter effect removes the frictional forces as significant contributors to
the development of balloting motion. Although these formulations are quite
superior to those of Renol and Thomas*, no terms are included that would
significantly (i.e., by an order of magnitude) alter their results for the
lateral force exerted by the shell on the bore as computed by Gay3 for the
case of bore riding. Gay does not find the large forces reported by Ref-
erences 9 and 10. The balloting process involving the buildup of energy
in the transverse mode through cumulative, driven impacts by a shell with
(excessive) clearance at the bourrelet is not incorporated into the formu-
lations of References 9 and 10. This should not detract from the signifi-
cant accomplishment of Chu and Soechting’s work.
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APPENDIX I

EQUIPMENT PERFOWCE REPORT FOR 8“ HOWITZER TUBE
XM201 MECHANICAL FAILURE OF APRIL 15, 1974

The attached report describes the damage to the 8“ Howitzer M11OE2
as prepared by Mr. Hendrickson of ~D. A photograph (Figure A-1) of the
damage to the tube is included. The stargage measurements and inspection
data forms for the malfunction as prepared by P. Booth, J. McWilliams
and R. Kane is also attached herewith.

Figures A-2 and A-3 give the pressure time records for the mechanical
failure. Three tourmaline gages were located at 10”, 29.65” and 42.90”
(RFT), (i.e., at the spindle, chamber center and forcing cone locations).
Figure A-2 shows a computer data reduction giving the difference between
the measurements for the gages located at 10” and at 42.90” (RFT).
Figure A-3 shows the computer plots for the three gages (channel 1 located
at 10” (RFT), channel 2 at 29.6S” (RFT)). The kicks in the PT trace are
consistent with the interpretation that a pressure pulse propagated into
the chamber, reflected off the rear face of the chamber and propagated
back up the gun tube. In so doing, the pulse passed gage #l once and
gages 112and #3 twice. The propagation velocity for the wave is 3000
ft/sec. At this velocity, the time required for a pressure wave to pro-
pagate from the position of the shell base at the beginning of the major
damage to gage #l is 5.0 msec. Since from Figure 5 the shell should
arrive at the position of major damage at 9.5 msec after the pressure
peak and since the pressure peak occurs at 13.0 msec in Figure A-3 (the
zero time between Figures 5 and A-3 differs by about 7 msec), a pressure
pulse associated with this event should arrive at strain gage #l at
-27.5msec. The observed time is 27.25 msec. Essentially the same con-
clusion has already been reached by Ingo May of IBL in his consideration
of the PT record of this event.
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DEFICIENCIESAND SEORlCOlU3W ARE SUEJIXXTO REXASS12?ICATION

). DEFECTIVE MATERIAL SENT TO: Held at ~

.’2 ;-; .;:rcc’<or ActiLIGChief,Artilleq~ DivisLoi.
j’:, ) .’AA, & Sp Jhwlo See, liatericlTe3tiqj Directorate
:.A”&yJLz’.oEr, Arty Div, MTD, Zxt. 2267
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Equipment Performance Report (K-2)-102
Title: Engineeriw Test of MIJ.0E2,SP, Ihill-Tmcked, 8-inch Weapon Systeu
TECO1lPro,jectNo. 2-uE-200-I.I.o-004

Each of the ammunition canponents had been subjected to sequential rough
handli~ tests at -700F prior to fi~. The specific rough handlinG
conditions for each canponent were as follows:

(1) The projectile had been dropped T-feet Unpaclcced to impact a steel
plate base first with the axis 45° from the vertical. Fo3Jmwiw this, the
projectile was subjected to a bounce test with the projectile in its
nomal. vertical orientation.

(2) The fuze was subjected to successive l’-footdrops in six
different orientations while in its normal packazin~. F’o~owinc thi~,
the packwed fuze was bounce tested with the fuze horizontal. FinalJy,
the fuze was affixed to a 105-mm Ml she12 and dropped 5 feet so as to

“Strilie nose duwn with the shell.45° from the vertical.

(3) The pack~ed propelli~ charge was dropped 7 feet so as the strfie
the steel pbte with the base end of the cha~e down and the char~e 45°
fron the vertical. Then the charge was bounce tested with the charce
vcfiical.,base charge end dam. Finally, the unpackaged cha~e was
dropped horizontally and base down from a height of 5 feet.

Following each phase of the rough handl~ sequence, each component wa~
visually inspected to establish if the items were safe to continue testin:.
At the end of the sequence, all components were visud-1.yinspected. In
addition, the projectiles and fuzes were x-ma.yedto examine for internal
dar~e. X rays of the projectile involved in the malfunction showed
cracks in the TNT filll.erbetween the forward bourrelet and the nose of
the shell. The fuze showed slight ~isual damage to the nose of the fuze
but no internal -“e. The propelling char~e suffered a seam rip after
two of the planned five drops. This rip was mended before firing, but
no further drops were aonducted.

4. At the time of firi~, the ambient air tempemture was ~s%. Ald
ammunition components were temperature conditioned to -700F. The
malfunction oc&rred
of the sdety
previous test

test.

ra.mds

on the ei~hth round of the day and Ilth test round
Comparison data for the malfunctioned round and the
combined are pruvided in the followi~ table.
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EquipmentPctiomance Report (K-2)-102
Title: En@neerlng Test of Ml10E2, 9P,
TECOM Pr@ect No. 2-UE-200-UO-004

ComparisonData for MUOE2

FuU-Tracked, 8-InchWeapon 9ystem

&fety Teat Firin@ -

MaMmctioning Versus

TW No. Firing
of of Tempexuturu,
Rd g Preconditioned w

KsM.ulc- 1 RH -70
tioll

Test 10 RR -70

IVonmdfunctioningRounds

Avg
Peak AW Ave AVg

Seating$ Pressure, Vel Recoil, N;,
In KSI—— ~In _

44 1/2 36.1 NA 49 1/2 iiA

44 3/8 36.7 241j7 49 7/8 9532

.There were two smaU kicks in the PT trace 17 millisecondsafter the peak
pressurewas reached,but otherwisethe tracewas nomal smd similarto
previoustest rounds.

5* Investigationof the incidentis continuing.

1 Incl
Photqmaph
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FigureA-1. Photographof damageto the 8“ XM201HowitzerTube
lookingfrom,the Muzzleend.
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LIST OF SYMBOLS

distancebetweenthe centerof the bourrelet m
and rotatingband, also,radiusof gun tube
wall area deflectedby shellimpactat end of
impact (t = t2]

radiusof shellat bourrelet m

radiusof shellat rotatingband m

half thicknessof

clearancebetween
for zeroyaw

velocityof sound

gun tube wall m

bourreletand bore of gun m

in shell

coefficientof restitution

radiusof gyrationabout shellaxis

distancefrom CG to the point on shell~s
axis at centerof the rotatingband

bourreletradiusof curvature(in cross-
section)at point of contactwith lands
of gun tube

mass of shell

mass of balls

twistof the rifling

base pressure

chamberpressure

m/see

dimensionless

m

m

m

Kg

kg

(calibers/turn)

newtons/m2

newtons/m2

Young!smodulus (guntube, shell,respectively)newtons/m2

generalizedLagrangiancoordinates (Qixq. have
dlmen~ionsof
energy

radiusof gun tube bore m

radiusof balls m

distancetraveledby shellalong z m
coordinate
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LISTOF SYMBOLS

t

t~

‘1

‘2

v

x

x s

Y

z

zs

A

B

c

c1

C2

time

time from onset

time from first
bourreletand

time from first
bourreletand
contact

of shellmotionto shellexit

contacton impactbetween
gun bore to maximumyaw &m=

contacton impactbetween
gun bore to end of impact

velocityof bourreletat impactwith bore

x-componentof rectilinearcoordinatesfixed
with referenceto the gun tube; z-component
co-linearwith gun tube axis

x-componentof rectilinearcoordinatesfixed
with referenceto the shell;z-componentco-
linearwith shellaxis

y-componentof rectilinearcoordinatesfixed
with referenceto the gun tube; z-component
co-linearwith gun tube axis

y-componentof rectilinearcoordinatesfixed
with referenceto the shell;z-component
co-linearwith shellaxis

z-componentof rectilinearcoordinates;
co-linearwith gun tube axis

z-componentof rectilinearcoordinates;
co-linearwith shellaxis

axialmomentof inertia

transversemomentof inertia

the pointon the shell’saxis at the center
of the rotatingband

constantof integration

constantof integration

translationalkineticenergyof shell

52

sec

sec

sec

sec

m/see

m

m

m

m

In

m

kg m2

kg m2

(dimentionless)

kg m2

Joules
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Qi
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T
Y

Tz
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LIST OF SYMBOLS

spinkineticenergyof shell

momentof inertiaabout
axis at centerof the

constant(seeEq. 27)

forceconstant(Hookefs

Lagrangian

the point on shell’s
rotatingband

law)

gun tube length(fromforcing

componentsof the generalized

componentsof the generalized

cone to muzzle)

Lagrangianforce

Lagrangianforce

Joules

kg m2

(dimensionless)

Newtons

Joules

m

(Q.xqihave
d~mensions
of energy)

(Q.xq.have
d~me~sions
of energy)

7
angularaccelerationin yaw per sin d (seeEq. 29) radians/see’

rotationalkineticenergy,also,
torqueactingon the rotatingband due to the
rifling(excludingimpactand reactionsforce
torques)of the gun tube

time averagedtorquefor y-componentsdue to
impacts

time averagedtorquefor z-componentsdue to
impacts

totaltorqueon shellactingin z-direction
(T’ = QJ

potentialenergyof the shellin a coordinate
systemmovingwith the shell (accelerating
coordinatesystem)

x-componentof impactforceactingon bourrelet

x-componentof impactreactionforceacting
on rotatingband

spinup forces

y-componentof

of landsagainstrotatingband

impactforceactionon bourrelet
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Joules
Newton-m

Newton-m

Newton-m

Newton-m

Joules

Newtons

Newtons

Newtons

Newtons



LISTOF SYMBOLS

y-componentof impactreactionforceacting
on rotatingband

z-componentof impactforceactingon bourrelet

z-componentof impactreactionforceacting
on rotatingband

shellspin rate as givenby Thomas

yaw angle,inclinationof the shellaxis from
gun tube bore axis

anglebetweenthe shellaxis and a linepassing
throughthe pointC and the CG of the shell

initialyaw
chamber

maximumyaw
bourrelet

angleof shellas loadedin gun

of shellduringimpactbetween
and gun bore

angularvelocityat 6 = o (zeroyaw)

constant(seeEq. 77)

kineticenergyin the yawing (~-component
only)motionof the shell

initial(firstimpactbetweenbourreletand
gun bore)kineticenergyin the yawing
(cl-componentonly)motionof the shell

totalanglesweptout by the shellin the d
directionirrespectiveof sign

Raman’scoefficient

wave lengthof

coefficientof
gun tube

coefficientof
and gun tube

ratioof lands
tube

flexuralwaves in shell

frictionbetweenbourreletand

frictionbetweenrotatingband

area to totalbore area in gun

newtons

newtons

newtons

radius/see

(radians)

(radians)

(radians)

(radians)

radians/see

(dimensionless)

Joules

Joules

(radians)

(dimensionless)

m

(dimensionless)

(dimensionless)

(dimensionless)
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LIST OF SYMBOLS

density(guntube, shell,respectively)

poisson!sratio (guntube, shell,respec-
tively)

time lag betweenimpacton bourreletand
reactionforceat rotatingband

azimuthof the
bore axis

rotationangle
axis

shellaboutthe gun tube

of the shellabout its own

componentsof angularvelocityaboutaxes,
x> Y$ z

time betweenimpactsof bourrelet

time from onsetof shellmotionto first
bourreletimpact

angleof precessionduringbourreletimpact

shellspinrate aboutshellaxis

constant(seeEq. 28)

Kg/m3

(dimensionless)

sec

(radians)

(radians)

-1
sec

sec

sec

sec

radians/see

radians/see
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