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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
prematures.

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 Thomas? theories of shell motion
in a gun tube and Gay's3 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'), Gay's calculations give (see his Figure 4) 60.0 cm/sec
(1.97 ft/sec). This is 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/sec) 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 (c.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 are listed on page 38.



II. THE EQUATIONS OF MOTION

We follow the procedure after Goldstein“ 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

TSI Y (n

_ 1 2
T-ZI(w 3

y

where W s my, w, are the angular velocities about the respective axis

and I is given by

I =58+ m?, 2)

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

T = %—1(62 + ¢%sin%s) + %A(tp + ¢ cos &)°. (3)
In a coordinate 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 2 cos §. 4)
The Lagrangian is

L=T-1V, (5)

%%-%:Qi; i=1,2,3 (6)

where q, = $
q, = ¢ (7

9; = L]
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Figure 1. Euler's angles, &, ¢, y, specifying the orientation of a
symmetrical shell about a point C at the center of the rotating band
on the shell axis. The accelerating force F, and the components of
the impact forces acting on the bourrelet X, Y, Z, and the reaction
forces on rotating band X', Y', 2' are indicated together with the
driving torque on the rotating band due to the rifling of the tube.
The yaw angle § is greatly exaggerated. Also shown are the dimensions
a, the distance between the rotating band and bourrelet, £, the
distance from C to the center of gravity, CG, and b, the radius at the
bourrelet. The insert shows the clearance ¢ at the bourrelet and the
reaction forces at the rotating band.
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and the Qi are the generalized forces in the respective directions;
Qldé = [Y(a cos § - b sin §) - Z(a sin § + b cos &) + Z'r]ds (8)

where the moment arm of Y' has been taken to be zero. If the rotating

band does not deform into a section of a sphere of radius r but remains
a plane, Z'r should be replaced by Y'b' sin 6§ + Z'b' cos & where b' is

the distance between c and the point of ''center of contact' between the
rotating band and the bore (''center of contact' refers to the point at

which the effective or equivalent of the forces acting on the rotating

band originates). In the ¢ direction

Q,d¢ = [- X(a sin & + b cos §) + X'r cos §]d¢ (9)
and

Qdv = [- Xb + X't + T]dy, (10)

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

Equations (3) through (10) yield

I§ - I¢2 sin 8§ cos & + A(y + & cos 6)& sin 6 - ms ¢ sin § = Q1

(11)
= (acos § - b sin §)Y - (asin § + b cos 8§)Z + rz'

d [I¢ sin & + A(} + ¢ cos 8)cos 8] = Q

dt 2
(12)

= -(asin § + b cos §)X + r cos & X' + T cos §

d * M _ _ '

i [A(b + ¢ cos §)] = Q3 = - bX+1X +T. (13)

Before proceeding, it will be appropriate to compare Equations
(11-13) with the expressions derived by Thomas. According to the assump-
tions made by Thomas, when § < A, the forces Ql’ Qz, and Q3 were set

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

I8 - 14° sin 6 cos & + A() + & cos 6)¢ sin 6 - ms & sin & = 0, (14)

12



I$ sin2 § + A(& + é cos 8)cos § = Cl, (15)

& + é cos 6 = C (16)

2’

where C1 and C2 are integration constants. Equations (14) and (15) are
identical to those of Thomas, while for (16) Thomas gives

v+ é=a, (17)

where a = ws/nr; here n is the twist of the rifling in calibers/turn.
Since cos § 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 Thomas.

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 X.*) acts at all times to constrain the value of
¥y .so that 1

s

b= == as), (18)

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

Under the conditions of no impact or reaction forces, therefore,
we obtain, substituting for (18) in Equations (11), (12), and (13) and
setting all the impact and reaction forces to zero,

IS - I&z sin 6§ cos § + A(Q + $ cos 6)& sin 8§ - ms £ sin § = 0, (19)
I$ s:'m2 § + A(Q + ¢ cos 8)cos § = cos § f’rdt, (20)

A(Q + ¢ cos &) = det. (21)

If we eliminate the integral over T from Equations (20 and 21), we
obtain, repeating from above to give the full set of equations,

(18 - 14 sin 6 cos & - miR sin 6)§ + b % (14 sin) = o, (22)

13



ROTATING
BAND

GROOVE

Z', component of frictional force
in.z direction

Figure 2. Sketch of the region of contact between the gun tube bore

and the rotating band of a shell. The forces XI, X*, X;... acting
through the moment arm r give rise to the torque T': T' = r ZiX;.

Balloting impacts give rise to a force Y' at the rotating band,
friction results in the force vy' having a component in the direction
of travel of the shell (parallel to the bore axis), Z'.
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g%-(ré sins) - A(R +  cos §) sin & & = 0, (23)

Q = ns/rm, (24)
and

T = é%-[A(Q + ¢ cos &)]. (25)

This last equation can be used to determine 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,

§/sin 6 = S - 2'¢ - 1'$% cos &, (26)
where A
I'=2-1, (27
| 1
Q' = A1, (28)
and
S = msg/I. (29)

If we multiply Equation (26) through by I, the &2 term will be of
the order of (but not equal to) the kinetic energy in the precession
motion, the term in 2' will be of the order of the spin kinetic energy
reduced by a factor ¢/Q and S will be the increase in the kinetic energy
of the projectile in traveling a distance 2. Now the kinetic energy Ew in
the spin of the projectile in terms of k_, the radius of gyration about
the shell axis and the translational kinétic energy Es, is

E = +ag? = Es(kan/rn)z. (30)

2

S

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 ms,

L] . 2
Q'¢ i 2Le¢(ka1r) . (1)

S 9 ™m

Since for much of the projectile travel n2 is much larger than Le/l,
the term S dominates the right side of Equation (26). Assuming S 1is

15



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

§ =S sin 6 (32)

having a solution for § = éo and § = 0 at t = 0,

$
§ = L/_(e/s_t - e'/s_t.) (33)
2vS

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 Hertz5 theory of impact can be employed advantageously to
obtain a good expression for Y acting during impact together with
Raman's® formulas for the coefficient of restitution. Gay's expression
for Y is

- K (5 - 8), § >0
Y = § > A (34)
- Kr(é -4y, §<0

0, § <A

for which the coefficient of restitution e can be expressed as

/2

_ 1
e = (Kr/Kc) (35)

The X and Z forces are degsndent on the coefficient of friction p and
on the direction of motion of the point on the bourrelet in contact with
the gun tube. We have, after Thomas (Reference 2)

2 2 2,2 (36)

* .
that is, the sign of §.

16



and

e -L (37)
b(Q + ¢ cos 8) + a¢ sin § S

or as an approximation,
X = ZbR/s. (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 - T,) (39)

where we can evaluate Te approximately, in terms of the shear wave

velocity c. in the shell, using the expression

r = yrb s at/c. (40)

The frictional reaction forces X' and z' are given in terms of the
coefficient of friction v between the rotating band and the tube wall by

X'Z + Z|2 = \)2Yl2 (41)

and the relation for the ratio of X' to z' in terms of velocity components

1

X' = 2'ra/s (42)

which, on substitution into Equation (41), yields

2' = wY'/V1 + (m0/$)? . (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

v=9=n1s/m (44)

as previously given. Thus we have that

17



T' =T+ X' - bX = T?;' [A(Q + ¢ cos 8)] (45)

which, as mentioned above, can be evaluated in terms of the solution to
the general problem 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.

III. 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 § 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 the 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 = 0 to t = tl the shell moves § = A (i.e., bour-

relet just making contact with the lands) to § = smax where § = 0 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 = 0 to At, the time between impacts of
the bourrelet with the lands

At
./f [I§ - I¢2 sin 6§ cos 6§ + A(Q + ¢ cos 8)¢ sin § - ms 2 sin §]dt

0
(46)
T +t

t
2 e 2
-'f [(a cos § - b sin §)Y - (a sin § + b cos §)Z]dt 4f rz'dt
o

T
e

where Z' is zero during the interval Te St > 1+ tzand Y and Z are

zero for t2 < t < At,

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)

18



S (AR + ¢ cos 6] = - bX+ X' + T (47)

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

7 2
X = uY/ef1 + 3232- (48)
b
and
X' = vr'/§1 + 0P/t (49)
Since

b=r (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
impulses)

nY(t) - vY(t - Te)

&ad—i- [A(n + ¢ cos 8)]aT + T. (51)

1+ nz/'rr2

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

tz Te+t2
/[A(Q + 4) cos &) ¢ sin §]dt +f [A(Q + ¢ cos &) ¢ sin &8]dt
o}
T
e
HA - vé'

x == r Y (Ad)t, + (A +8') T Ao ot
|/ 73 2
1 +n/n

where §' is the value of § at t = T * tl’ A¢ is the equivalent

2 (?2)

angle that the shell moves through during the interval tz and Y is the

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

19



ac_l_t_ (I cp sinzd + AR + ¢ cos 8) (cos § - 1)]

=(b-bcos§-asin6)X+(cosd-1)rX'

(53)
+ (cos 6§ - 1) T.
Repeating the above procedure gives
tz .2 . .
/ [T ¢“ sin 8§ cos § + A(2 + ¢ cos &) ¢ sin §] dt
o
Te't2 " . :
+[ [I ¢° sin § cos § + A(Q + ¢ cos &) ¢ sin &8] dt
T
e
' Y a¢ - t, -
~[(bA-a)u+rs' V] + (A+68)T t, 8¢ . (54)

Vi + 112/7r2
Thus from (52) and (54) we have

t
2 . . .
f[-I¢sin6cosd+A(Q+¢cosé)¢sin<5]dt
o
Tott, ., . .
+f [-1 ¢ sin 6§ cos § + A(2 + ¢ cos &) ¢ sin §] dt

T
e

!
zl:(uA-wS + ua) T+ (a+s" TJ £, ¢

Vi + nz/ﬂ2

ua Y tz Ad
N — (55)

V1 + n2/1r2

20



We will find below that this contribution is smaller than other terms by

a factor A¢/ V1 + n2/1r2 where A¢ is the angle through which the shell
precesses during the impact of the bourrelet.

Returning again to Equation (46) we see that for complete cycles of
the motion for which § varies between * Gmax’ the second, third and

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

§>0, (56)

in which a more detailed calculation using numerical techniques is
required. The condition in (56) will occur if no significant initial
balloting occurs. Under such conditions it is expected that bore riding
will be a likely mode of projectile motion in the bore.

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

acos § -bsind = a (57)
asin 6§ + bcos § = Db (58)
and r b . (59)

Equation (46) in the time interval 0 <t < t2 becomes

t t

2 2.,
[a-bu/"l-rnz/nz][Ydt:If § dt . (60)
o)

Now the coefficient of restitution may be more generally defined than as
given in Equation (35). In general we have

5 1/2 5 1/2
1 max max
f Y dt = 21[ Yds = zrf £,(8)ds | (61)
o] A A
while
. A 1/2 s 1/2
2 max
[ Y dt = ZIf £,(8)ds = e 21[ £(8)d8) . (62)
1 ﬁmax 8

21



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

[a-buVl+ wzlnz] gives the loss in angular momentum as the shell

momentarily stops while Equation (62) multiplied through by this moment
arm gives an expression for the recovered angular momentum. Thus Equa-
tion (60) gives us

t *®
[a-bu/\/l+1r2/n2]j2Ydt=-(1-e)I<S.1 (63)
o

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

in terms of an average torque T_ acting for the time interval At between
impacts: y

T, ot=(e-1)154 . (64)

The last term in Equation (46) is the integral over the torque rz'.
If

t, < 1T < At : (65)

then both the direction of the torque and the displacement of the shell
in the § direction will retain their signs unchanged during the interval

t = T, to T+ t,- 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 §

direction throughout the time interval T, to T, t2‘ During this time

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

Te+t2 T +t2 .

rj .7.'c1t=1je § dt . (66)
T T
e e

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

2'(t) = - v Y(t - Te)/ V1 + Tr2/n2 . (67)

Thus, the time average torque T; will be

22



(l+4¢) vr 1 éi Te

2 s
= IJ{ § dt.
aVis+ nz/n2 - ub

(68)

Now let us introduce a quantity © defined by

t L3
o(t) =./P |§| dt

(69)
(o
which is simply the total angle swept out by the shell in the ¢ direction,
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

16 = (lte) v r + (e-1) 2{% : (70)
a V1 + nz/nz- ub
An expression for At can be obtained using Equation (33). Expanding
Equation (33) in a series gives
3
§=2 (2/t+ ) (71)
2/S
where 30 is the angular velocity at 6 = 0. If %-S At << 1 we can write
for a swing through an angel 24:
At = ?.A/éo . (72)
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If we let ¢ be the clearance on each side of the bourrelet then

A =c/a
and
At = 2c/aé .

Substituting Equation (74) into (70) and writing

£ =-% I éz
gives, if t2 < Ty < At,
de |
do - ¢
where
(l1+e) v 1

+ (e-1) | .

-
"
O|p

aVi+ 1r2/n2 - ub

For an initial energy of ¢ = € at @ = o, t = o, integration
Equation (76) gives

This can also be integrated a second time to yield

€ Y €

o (o}

- Ly (o) L (0 )
Y

or, more conveniently,

€ = eo/(l - ¢s°721 Yt)2 .

of

(73)

(74)

(75)

(76)

(77)

(78)

(79)

(80)

This growth in the energy in the transverse mode requires that several

conditions be met:
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i) v>0 (81)

(i) 1, >t A (82)
(ii1) 1, < 2c/ad for all & (83)
(iv) € >0 . (84)

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 €, in

that mode. That energy comes from the initial swing of the shell.
Since initially ¢, Y, Z and Z' are all zero, Equation (11) gives

16

Q-'Cl
oM

=ms & sin (6 + 5.) (85)

where Gc designates the angle between the shell axis and the center of

gravity projected on the y-z plane. For cases in which the s can be
treated as constant we have, taking e = o, § = 0o at t = o:

€, = I s 2 (1 - cos &)

~ms o c2/2 al. (86)

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.

It will be noticed that unless the initial value of the center of

gravity yaw, § + 6C, differs from zero, there will be no motion in the
§ direction. '
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Figure 3. Calculation of balloting energy € as a function of shell position s in the 8"

Howitzer tube for a zone 9 charge as computed using Eq. (80) and the results of the integration
of Eq. (85). Values of constants used are as given in the text with I = 5.245 slug £t2 and

vy = 140.6. The energy rapidly rises probably producing the first bands damage (see Para. a,
Section VI) without significant loss in energy. The major damage (see Para b, Section VI)
would remove a significant amount of the balloting energy as indicated by the dashed line.
Regeneration of balloting would lead to further tube damage (see Para ¢, Section VI).



The closer 60 + Gc 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 60 will be suffici-

ently small to allow for a sufficient delay in this impact is small and
largely determines the probability that € 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. 1bs
I = 5.245 slug ft2
c = 0.0142"
a = 95.08"
£ = 5.678".

In addition, Figure 4 together with the results in Figure 6 gives the
probability that the initial value of § = 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 2, divided by the total solid angle allowed for
the initial shell position:

P = Qd/nA2 . (87)

Since t in Equation (80) will be a function of 60 one must compute € 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 adogting
the formulas for the coefficient of restitution developed by Raman
which were based on Hertz's® (see also the treatise on elasticity by
Love’) theory of impact.

From Hertz's Theory we have for the duration of an impact between

two spheres of radii T and r,:
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CG 0.040" off axis
CG 0.050" off axis

CG 0.055" off axis
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Figure 4. Plot of the energy € in the balloting mode at first

impact with the gun bore as a function initial shell altitude
(yaw angle 60 divided by the maximum yaw angle A) as computed

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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Figure 5. Plot of the pressure time curves computed by L.D. Heppner
of MTD for the 8" M106 HE shell launched with an XM188 zone 9
charge at -70°F in the XM201 Howitzer tube. The chamber pressure
P.: base pressure Py velocity v and position z of the shell in

the tube are shown. These curves were used to compute the re-
sults given in Figures 4 and 6.
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2/5 1/5

1-02 l-czmm T, +T
15 1 2 1 2 1(°1 2
t, = 2.9 115 * m, +m vir, r (88)
4 4 .
where
Gy» Oy = The Poisson's ratio for the first and second ball,
respectively.
9, 4, = The Young's modulus for the first and second ball,
respectively.
m,, m, = Mass of the first and second impacting ball, respectively.
v = velocity of impact.

Raman modified Equation (88) to apply to the case of a ball of mass m
impacting against a plate of thickness 2b. and density Py obtaining

1
2
b, p, a3~ -k m
e L1 2 (89)
bl G a + k m2

. s Syl . . . 2 .
where « is a coefficient describing the dominant vibrational mode, a~ is

2 _ 2
a~ = t2 b1 'lql/3 Py (1 - 9, ) (90)
and where Raman has taken the approximations
m, m
- ~ 12
and r, T
2 = I, tT, (92)

Raman gives values of « = 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 T, r2/(r1 + rz) by

Tr, T
1 2
Yo (—"— ©9
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where £ 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 ekpression in Equation (93) provides a correction for the area con-
tacting the lands on impact which corrects for the '"negative' curvature
of the bore surface (compared to that used as a basis in the Hert:z
calculations); since the radii of curvature will differ in the two direc-
tion of the two major axes, this must be reflected by introducing &  to
scale the radius of curvature in the direction parallel to the tube axis.
We thus obtain:

5 2/5 1/5
1l - 02 1l - 02 1 0 )
_ 15 [(r -
tz = 2,94 -1—6- ql + q2 m —EV ———I‘ b g‘b (94)

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

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

7.85 g/cm® = 0.2833 1bs/in°

01 =
01 = 02 = 0.3

9 = 9, = 3 x 107 psi

£=0.4

r = 4.0015"

b = 3.9875"

= "

zb 64.0

b1 = 2,252" (near the breech of the gun)

and from Figure 4 an average value for € is 3 Joules givino v = 8.34"/sec.
These values gives:

t, = 7.35 x 107 sec (95)
and
0.566 , x = 0.56
e= {0.642 , x = 0.44 (96)
0.676 , x = 0.39.

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:

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

b. 'Heavy to moderate damage to lands encircling bore between
249.75" 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", 68.25" from midpoint of last damage).

c. 'Moderate to light [similar to '"b" above] damage to 8 lands
between 273.75" and 280.75" (RFT).'" (Midpoint of damage at 277.25";
this is 23.12" from midpoint of last damage).

d. 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 consistant 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 7.975" 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 M110 Howitzer).
Damage of the type described in paragraph 2b,c above would lie beyond
the 210.74" (RFT) position of the muzzle for the M110 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 of t_ using Equation (40) is given by
(see Raman®) €

m™b
.= 52 Ya/3e, (- 0,0 (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:

x=a4 Vit bl + a? . (98)

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

T, = 1.64 x 1073 sec. (99)

Comparing Equations (95) to (99) we see that condition (82) is satisfied.
Further, using that same value of € in Equation (75) we see that

2c/aé = 4,72 x 10-3 sec so that condition (83) is satisfied. Finally
substituting for vy, using handbook values of v = 0.55 and u = 0.50 and
n = 20, we obtain

y = 140.6 (100)
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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Table 1. 8" Shell M106 with Fuze M73 Dummy

Lot No. CSK-1-136 (10P 17-75) with 1 Suppl. Change

Cof G Moments Of

Diameters (inches) Front Total Total (inches) Inertia (1bs th)
Shell Above Below Rotating Band Weight Length From Base
No. Bourr. Band Band Band Lip (1bs) (inches) of Shell Axial Transverse
136 v 7.985 7.972 7.973 8.141 8.281 200.48 35.00 12.17 12.7266 101 . 3459
H 7.985 7.972 7.973 8.141 8.281
150 v 7.989 7.971 7.973 8.138 8.279 201.14 35.10 12.16 12.7266 101.7727
H 7.988 7.971 7.974 8.139 8.279
151 v 7.988 7.971 7.973 8.139 8.279 201.28 35.03 12.19 12.7003 101.5592
H 7.988 7.972 7.973 8.139 8.279



using a computer to follow the details of the balloting should make use
of variations in u and v as may be obtained from Bowden and Taylor8, for
example,

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

to=t+ At (101)

where At is the time to develop the initial energy € and tg is the time

at whlch the shell exists the muzzle we can compute the energy € at the
end of the muzzle as a function of § . The result as computed is given
in Figure 6. The value of 6 in Equgtlon (85) is taken as 0.0070, 0.0088,
0.0097 and 0.0106 correspondlng 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 § = 0.0011 and 0.0016 radiams as shown in Figure 6.
Such an energy corresgonds to that required to produce the observed de-
formation of the gun tube (8 to 10 K Joules) as occurred in the XM20l
8" Howitzer mechanical failure. Further, the pressure acting on the
lands due 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 § are equally likely, the prob-
ability that the shell will lie in thisoregion 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, §_ must be off axis as mentioned above.
A value of 0.055" off axis for the CE 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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Figure 6.

Plot of the energy e in the balloting mode at the muzzle of the gun tube as a function

of the initial shell altitude (initial yaw angle divided by the maximum possible yaw) computed
from Eqs. (80) and (101) using the results the integration of Eq. (85) shown in Figure 4 and

with a coefficient of restitution e of 0.7 and y =

140.6 as appropriate for the conditions of

the 8' Mi06 HE shell at -70°F, the XM188 zone 9 charge at -70°F fired in the XM201 Howitzer tube.
Several values of position of the shell's center of gravity off axis are used in these calcula-

tions.

The CG, shell axis and bore axis are all assumed to lie in a single plane.

The corres-

ponding solid angles leading to at least 103J and 104J for all possible initial positions (i.e.,

CG, shell axis and bore axis not necessarily in a plane) are shown in the inserts.

It will be

noticed that only a nariow range values of the CG off axis leads to large balloting energies
and only if the shell as initially loaded lies in an allowed altitude.



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 Soechting®, and extended in an
application to the 8 inch projectile in thédkﬂ201, M2A2 gun tube, MK-16
and MCLG Gun by Chu®. 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 PERFORMANCE REPORT FOR 8' HOWITZER TUBE
XM201 MECHANICAL FAILURE OF APRIL 15, 1974

The attached report describes the damage to the 8" Howitzer M110E2
as prepared by Mr. Hendrickson of MTD. 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 29.65'" (RFT)). The kicks in the PT trace are
consistant 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 #1 once and
gages #2 and #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 #1 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 #1 at
.27.5 msec. 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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<. Dauane to the weapon consisted of moderate to heavy land damage between 245 an. _.°
Z.cnes from the rear face of the tube (See inclosed photograph.). Star-jage readii . oo
.22 ~roove diameters also indicated a slight bulge in this same region.
3. snaunition involved in the malfunction included the following:

2. Projectile, 8-Inch, 1106, HE, Lot No. 10P 17-75

-+ Iuze, PO, .I557, Lot NWo. MA 19-3

v

Sherge, Propellinc, 3-Inch, X188, Lot No. IND-E-110-Th
DEFICIENCIES AND SHORTCOMINGS ARE SUBJECT TO RECLASSIFICATION

29. DEFECTIVE MATERIAL SENT TO. Hcld at APG
} M 3i. FQR,, APOER |
4 PP
RCIGLD UTIDRICKSEN ‘ B. ANDERSON

Jos% Lireetor Acting Chief, Artillery Divisioi.
Thy Ak, & Op Amno Sec, lateriel Testinyg Dircctorate
<xey Aaro Br, Arty Div, MID, Ixt. 2257
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Equipment Performance Report (K-2)-102
Title: Engineering Test of M110E2, SP, Full-Tracked, 8-Inch Weapon Systern:
TECOM Project No. 2-WE-200-110-004

Each of the ammunition components had been subjected to sequential rough
handling tests at -TOOF prior to firing. The specific rough handling
conditions for each component were as follows:

(1) The projectile had been dropped T-feet unpackaged to impact a stccl
plate base first with the axis 45° from the vertical. Following this, the
projectile was subjected to & bounce test with the projectile in its
normal vertical orientation.

(2) The fuze was subjected to successive T-foot drops in six
different orientations while in its normal packaging. Following this,
“he packaged fuze wac bounce tested with the fuze horizontal. Finally,
the fuze was affixed to a 105-mm Ml shell and dropped 5 feet so as to
"strike nose down with the shell 45° from the vertical.

(3) The packaged propelling charge was dropped 7 feet so as the strilc
the steel plate with the base end of the charge down and the charge 450
from the vertical. Then the charge was bounce tested with the charge
vertical, base charge end down. Finally, the unpackaged charge vas
drovped horizontally and base down from a height of 5 feet.

Following each phase of the rough handling sequence, each component wan
visually inspected to establish if the items were safe to continue testing.
At the end of the sequence, all components were visually inspected. In
addition, the projectiles and fuzes were x-rayed to examine for internal
damae. X rays of the projectile involved in the malfunction showed
eracks in the TNT filler between the forward bourrelet and the nose of

the shell. The fuze showed slight visual damage to the nose of the fuze
but no internal damege. The propelling charge suffered a seam rip after
two of the planned five drops. This rip was mended before firing, but

no further drops were gonducted.

4, At the time of firing, the ambient eair temperature was 53°F. All
anrnunition components were temperature conditioned to -TOOF. The
malfunction occurred on the eighth round of the day and 1lth test round
of the safety test. Comparison data for the malfunctioned round and the
previous test rounds combined are provided in the following table.
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Type
of
Rd

Malfunc-
tion

Test

Equipment Performance Report (K-2)-102

Title: Engineering Test of M110E2, SP, Full-Tracked, 8-Inch Weapon System

TECOM Project No. 2-WE-200-110-00k

Comparison Data for ML1OE2 Safety Test Firings -
Malfunctioning Versus Nonmalfunctioning Rounds

Aig
No. Piring Peak Avg Avg Ave
of Temperature, Seating, Pressure, Vel Recoll, Ro,
Rds Preconditioned OF In KS1 fps In -
1 RH =70 W 1/2 36.1 M 491/2
10 RH -70 W 3/8 36.7 2457 49 7/8 9532

- There vere two small kicks in the PT trace 17 milliseconds after the peak

pressure was reached, but otherwise the trace was normal and similar to

previous test rounds.

S. Investigation of the incident is continuing.

1 Incl
Photograph
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Figure A-1. Photograph of damage to the 8' XM201 Howitzer Tube
looking from the Muzzle end.
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Figure A-2. Plot of the pressure difference between strain gage #1 at the spindle and strain
gage #3 at the forcing cone as a function of time.
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Figure A-3.

Plot of the pressure vs. time for three tourmaline s
spindle (#1, 10" RFT), middle of chamber (#2, 29.65"
cone (#3, 42.90" RFT).
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LIST OF SYMBOLS

distance between the center of the bourrelet m
and rotating band, also, radius of gun tube
wall area deflected by shell impact at end of
impact (t = tz)
radius of shell at bourrelet m
radius of shell at rotating band m
half thickness of gun tube wall m
clearance between bourrelet and bore of gun m
for zero yaw
velocity of sound in shell m/sec
coefficient of restitution dimensionless
radius of gyration about shell axis m
distance from CG to the point on shell's m
axis at center of the rotating band
bourrelet radius of curvature (in cross- m
section) at point of contact with lands
of gun tube
mass of shell Kg
mass of balls kg
twist of the rifling (calibers/turn)
base pressure newtons/m2
chamber pressure newtons/m2

Young's modulus (gun tube, shell, respective

1y) newtons/m2

generalized Lagrangian coordinates (Q.a(q.1 have
dimensions of
energy

radius of gun tube bore m

radius of balls m

distance traveled by shell along :z m

coordinate
51



LIST OF SYMBOLS
time
time from onset of shell motion to shell exit

time from first contact on impact between

bourrelet and gun bore to maximum yaw Gmax

time from first contact on impact between
bourrelet and gun bore to end of impact
contact

velocity of bourrelet at impact with bore

x-component of rectiliner coordinates fixed
with reference to the gun tube; z-component
co-linear with gun tube axis

x-component of rectilinear coordinates fixed
with reference to the shell; z-component co-
linear with shell axis

y-component of rectilinear coordinates fixed
with reference to the gun tube; z-component
co-linear with gun tube axis

y-component of rectilinear coordinates fixed
with reference to the shell; z-component
co-linear with shell axis

z-component of rectilinear coordinates;
co-linear with gun tube axis

z-component of rectilinear coordinates;
co-linear with shell axis

axial moment of inertia
transverse moment of inertia

the point on the shell's axis at the center
of the rotating band

constant of integration
constant of integration
translational kinetic energy of shell

52

sec
sec

sec

sec

m/sec

kg m

kg m

(dimentionless)

kg m2

Joules
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LIST OF SYMBOLS
spin kinetic energy of shell

moment of inertia about the point on shell's
axis at center of the rotating band

constant (see Eq. 27)

force constant (Hooke's law)

Lagrangian

gun tube length (from forcing cone to muzzle)

components of the generalized Lagrangian force

components of the generalized Lagrangian force

Joules

kg m2

(dimensionless)
Newtons
Joules
m

(Qixqi have
dimefisions
of energy)

(Qixq. have
dimefisions
of energy)

angular acceleration in yaw per sin & (see Eq. 29) radians/sec2

rotational kinetic energy, also,

torque acting on the rotating band due to the
rifling (excluding impact and reactions force
torques) of the gun tube

time averaged torque for y-components due to
impacts

time averaged torque for z-components due to
impacts

total torque on shell acting in z-direction
(T" = Q)

potential energy of the shell in a coordinate
system moving with the shell (accelerating
coordinate system)

x~-component of impact force acting on bourrelet

x-component of impact reaction force acting
on rotating band

spin up forces of lands against rotating band

y-component of impact force action on bourrelet

53

Joules
Newton-m

Newton-m

Newton-m

Newton-m

Joules

Newtons

Newtons

Newtons

Newtons



Yl

Z!

max

“One

LIST OF SYMBOLS

y-component of impact reaction force acting
on rotating band

z-component of impact force acting on bourrelet

z-component of impact reaction force acting
on rotating band

shell Spin rate as given by Thomas

yaw angle, inclination of the shell axis from

gun tube bore axis

angle between the shell axis and a line passing
through the point C and the CG of the shell

initial yaw angle of shell as loaded in gun
chamber

maximum yaw of shell during impact between
bourrelet and gun bore

angular velocity at § = o (zero yaw)
constant (see Eq. 77)

kinetic energy in the yawing (S8-component
only) motion of the shell

initial (first impact between bourrelet and
gun bore)kinetic energy in the yawing
(6-component only) motion of the shell

total angle swept out by the shell in the §
direction irrespective of sign

Raman's coefficient

wave length of flexural waves in shell

coefficient of friction between bourrelet and

gun tube

coefficient of friction between rotating band

and gun tube

ratio of lands area to total bore area in gun

tube

54

newtons

newtons

newtons

radius/sec

(radians)

(radians)

(radians)

(radians)

radians/sec
(dimensionless)

Joules

Joules

(radians)

(dimensionless)
m

(dimensionless)

(dimensionless)

(dimensionless)



W, W,

At

At
0

A¢

LIST OF SYMBOLS
density (gun tube, shell, respectively)

poisson's ratio (gun tube, shell, respec-
tively)

time lag between impact on bourrelet and
reaction force at rotating band

azimuth of the shell about the gun tube
bore axis

rotation angle of the shell about its own
axis

components of angular velocity about axes,
X, ¥, 2

time between impacts of bourrelet

time from onset of shell motion to first
bourrelet impact

angle of precession during bourrelet impact

shell spin rate about shell axis

constant (see Eq. 28)
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Kg/m3

(dimensionless)
sec
(radians)
(radians)
-1

sec

sec

s€ec
sec

radians/sec

radians/sec
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