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L7f ' _— 'ébstract’; i

The effects uron ranre, ¢eflection and disnérsion result-
ing fro~ abnornal Gimensicns or mass distributiom in chell
' must be kept small if,accuracy of fire is to bes ensured. The
attion of generzl'abnorralities of shell is traced throich
four: different recines of the flight, iieasuremenis of four
particular ‘abnormalities of shell are discussed to come ex-
tent. Theorectical effects are cpn“uted for sorme abnormalities
of shell and estimated for'cthers, Experimental deternination
of corresponding effects is undertaken fronm two samples of z2b-
normal shell. These resulte are conpared with sirilar exveri-
mental determinations made bty R, H. Kent for 155mm Gun E.Z=.
Shell Ix.I1T. ‘The methods sugsested in this report should
have applicalion to the deterzination of allowable manufactur- .
ing tolerances for shell.
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A. Theoretical and Nuymericsl Basis for Computin; the Effects of
Abnormal Dimensions of Shell on Range, Deflection and Dispersion

I. List of Basic Symbols and Definitions

In order to provide for a mathematical discussion of the
phenomena governing the effects of eccentricity of shell, cer-
tain symbols and definitions will be introduced. " These symbols
will be ordered according to subject matter and their meanings
will be discussed further in the text.? ..

Li: a typical physical characteristic of a projectile
used without subscript if it is unnecessary to
specify the particular characteristic discussed;

R : population mean value of L for normal shell;
M: population mezn value of L for abnormal shell;
L : mean value of L for a sample of normal shellj
L': mean value of L for a sample of abnormal shellj;

design value of L for a particular type of shell;

=L-A: generalized departure from population mean
value of L;

o7, populzation variance in L for normal shell;
°L2§ population variance in L for abnormal shell;
sL?: sample variance in L for normal shell;
st': sample variance in L for abnormal shell;

5

o™
-

‘3;33 optimum estimate of population variance in L for
normal shell;

'Q;EE optinum estimate of population variance in L for
abnormal shell;
tL: tolerance in €.

Particular instances of L referred to in the present report

are:

B : eccentricity of boattail, that is, one half the
difference of maximum and minimum indicator
readings in inches taken at one half inch from
the shell base;

r: eccentricity of center of mass, that is, the distance
from the center of mass of the shell to its longitudinal
axis of figure;

b: band position, that is, the distance of the rear of
the band from the shell base;

d: diameter of the bourrelet;

Each of the above possess population means, sample means, de-
sign values,population variances, sample variances and tolerances.

* The notation here employed is largaly that of H, P, Hitchcock, who gives
many formulae &nd units for use in'the treatment of exterior ballistics

in Ballistic Research Laboratory Report 1ll:"kerodynamic Formulae and
Nomenclature,"




Some discussion of quantities algebraically related to the
above will be given. These are: -

t: eccentricity of cavity, thnat is, the distance
e : a between tne longitudinal axis of the shell surface
' ' - and the longitudinal axls of the cavity.

dm: eccentricity of mass, that is, the mass necessary
- to add to the light side of the shell. at distance
R from the axis of figure in order t: make the
longitudinal axis of mass distribution coincide
with the longitudinal.axis of figure; .
- F: flat length, that.is, the distance between the
boattail and the band;-

' S Certain other characteristics of shell involved in the
.~ discussion are: 5

' SRS m: mass of the shell, T 0 g -

A : . - At moment of inertia about the nearly longituuinal

i o principal axis of inertia. In tanis report it will
"be presumed tnat the longitndinal principal axis
i8 parallel.to tre axis of figure;

B: least moment of inertia. of the shell about a

principal transverse axis through the center of massj

N RB: radius of gyration of the shell about a transverse

W . axis througn the center of mass;

S % 12 distence from the center of mass to the center of
: ‘ " '11: distance frou th: point of impact of the bourrelet
A : : with the land to) to the diametral plane through the
- bandj

i the distance frou the center of mass to the diametral

= plane through tre point on the shell where the impact
. of the bourrelet with the land top takes place;
di: diameter of the bourrelet at the point of impact.w:.th
the land top;

g: ‘distance from tle base of the shell to the center of

) the mass;

-fi: distance of a pint on the shell axis measured from '

the base of the shell; |

total volume oi the shell cavity with fuze in place,

Ve,

c.
" @: -thickness of tle shell wall'

R: radius of the siell between the band and the bourrelet,
¢ coefficient of restitution of the bourrelet;

cll .= ballistic codficient of the shell; - - .
CL' drift coefficieit of the shell; ' '

-i: coefficient-of lorm of the shell;
KD: drag coefficien: for zero yaw;

1 : , K. : yaw drag coeffident, that is coefficlent of augnentation
i Dé‘ of drag due to aw; .

p.

v =l




Ki: 1ift or cross-wind force coefficient;
KM: overturning moment coefficient;

KH: damping coefficient;

g = X2AZ

<, pmn"‘dﬁi(M

: initial stability factor of the shell;

v -
=S°(;Q) : approximate general stability factor of the shell;
Quantities associated with the motion of the shell include:

©: angle between the axis of the shell and the axis of
the bore due to clearance inside the bore. It is
presumed that the band centers the shell at the bandg

@, : value of 0 after ramming;

¢ value of 90 at the instant the band disengages;
: maximum value of 0;

. ¢ : orientation of the center of mass with reference to
the slant plane through the gun bore. This angle is
measured clockwise as seen from the chamber,

value of ¥ after ramaing;

¢ value of y at the instant the band disengages;
: travel of the band from seating position;

23 travel of the band from the position of the band at
seating to the muzzlej

Z. : travel of the center of mass from the position at

soc- . E seating to the muzzle; ..

(?c: yaw of the shell at the instant just after disengzage-

ment of the band due to clearance inside the bore:
-.:-.8ngle between the axis of the.shell.and the tangent to

. the trajectory on emergence of the band;

15 ¢ orientation of the nose of the chell w1th reference

¥c to the vertical plane through the tangent to the
trajectory at thé disengagement of the band;

Ect initial yaw of the shell: yaw due to clearance obtzined
by backward extrapolation from instant of disengage-
ment of the tmnd to instant of passage of the muzzle
by the center of mass;

¢ ¢ orientation of the nose of the shell with reference
€c to the vertical plane through the tangent to the
trajectory at the instant of emergence of the center
of mass;

Jump due to yaw due {o clearance;

orientation of J with reference to the vertical plane
through the gun bore; .

]
g
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. s  initial amplitude of the yaw;

v_: muzzle velocity;

'‘H=e¥*®Y; standard ratio of the density of the air at any

N : spin of ‘the shell at the muzzlej

: Jl=

- e R

R T R I A R AR oo D Tram—,

i ’.’Yg“r o ot sheiate ot Tt

X=~¢J" %;

L4

y: the time interval from the instant the explosion
starts to the instant the band passes .the muzzle;

Js Jump in the vertical plane due to angular motion
of the gun bore;

11: side jump in the slant plane due to angular motion
of the gun bore; Je.

d: yaw of the shell at any time; -

T amplitude of d;

¢ velocity of the center of mass of the shell,
¢ resistance function;

altitude to that at sea-level;
Ei_ GH
: range coordinate of the center of mass of the shell -3
at any time, t; A L5
y: altitude of the center of mass of the shell above sea-
level at any time, t;
z: deflection coordinate of the center of mass of the
. shell at any time, t;
E: angle of elevation of the gun bore above- sea-level;

¢: angle of departure of the center of mass of the shell
above sez-level; . .
.I=11 +J sin¢J:total side jump of the center of mass of

the sheli in the slant plane;
(o

we
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‘range of the shcilj

deflection of the shellj;
drift of the shell;
elevation of the trunnions of the gun a2bove the point

of impact;
mass effect on range through mass effect on ballistic
coefficient;

mass effect on range through mass effect on muzzle
velocity;

velocity effect on range due to non-zone value of the
muzzle velocity; . .
effect of temperature of powder on range;

effect of ballistié range wind on range;

effect of bellistic density on range;

effect of ballistic témperature on range;
effect of depth of point of impact on range;
effect of ballistic cross wind on deflection;

effect of cant on deflection;

effect of the departure € upon range; .
effect of the departure €; upon deflection;
population variance in range;

population variance in deflection;

.y

Certain characteristics of the howitzer also require
definition, namely:

diameter of the bore between land tops and
number of calibers length per full turn of rifling.

The final results to be found are coefficients which, when
multiplied by the abnormality, €15 ‘furnish the éffects of ¢

on thc elements range and deflection at a range of 9600 yards
with muzzle velocity 1478 feet per second with the 155mm.,
Howitzer H.E. Shell Mk. I. These are:
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" different regimes. of the flight and four such regimes will be

II. Dynamical Consequences of Asymmetry of Boattail and
Mass Distribution in Shell. -

1. general

Projectiles with very slightly different shape para-
meters, surface roughness or mass distribution frequently have
very different aerodynamic coefficients. HNotably differing
aerodynamic coefficients result in correspondingly differing
f1light characteristies. The initial conditions, the form of the
equations of motion and the aerodynamic coefficients occurring
therein are, in the case of shell which are asymmetric in shape,
surface roughness or mass distribution, all radically different
from the corresponding case with normal shell. The effects upon
range, deflection and dispersion resulting from abnormal dimen-
sions or mass distribution must be kept small if accuracy of
fire is to be ensured. g : cN

. The design of shell is based in part on the results
of experiment and aerodynamic theory. The manufacturing toler-

. ances upon the design should be governed in part by the magni-

tude of the permissible effects upon range, deflection and dis-
prersion resulting from variation of the sheil within these toler-
ances. Some experimental determinations of the magnitude of

the effects on range and dispersion due to various abnormalities
of shell have been made at the proving ground.? '

-

2. phases of Action of Abnormalities in Shell
'The action of abnormalities of shell is different in ~
distinguished: .

LI ]

1 Pparticular reference will be made in the present report to a report
of R. H. Kent: ".enmorandum Report on Tolerance Tests of 155mm.Projec-
tiles O.P. No. 4084." The latter report is a comprehensive examination
of a carefully designed experimental program on Tolerance Tests of 155mm,
Gun H.E. Shell lkark III. Valuable material containing a treatment of
some dynamic characteristics of asymmetric shell is included in other
reports, notably: H. P, Hitchcock: "Unbalance of 3" C.S. Shell, lodel
1915;" H. P, Hitchcock: "Eccentricity of 155mm Shell."
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(1) the regime inside the gun;

(2) the regime from the emergence of the band
from the muzzle to the first maximum yaw;

(3) the regime from the first maximum yaw to

a distance from the gun sufficient to ren-
der the yaw dominantly precessional; -

(4) the regime from the region where the yaw
has become dominantly precessional to the
point of impact. ,

3. ffect of _eneralized rmalities o el

Let a typical physical characteristic, that is, a
dimension, mass distribution or degree of surface roughness
be denoted by Ly. For the present but one such characteristic

will be considered at a time and its varying value will be de-
noted simply by L. For an indefinitely great number of nor-
mal shell, L will have a population mean value A\ . The con-
struction of firing tables should be based upon the range
firing of shell which have, for each sample mean I, a value very
nearly equal to tle population mean value A; this will assure
the using service of correct mean points of impact in the long
*un. The design value of the shell will be denoted by Eﬁ'

In general QD will differ from ) by a small quantity, Qﬁ‘

which quantity arises from the minute systematic error of manu-
facture.? Then a truly normal shell will be presumed to have

~ very nearly the population mean dimensions xi. The firing

table range X and the deflection Z will be suppcsed to corre-
spond to the population mean values of X and Z attained by an
infinite number of shell with mean dimensions Ai to a sufficient

degree of accuracy for present purposes. Let €y, denote a gen-~
eralized departure from the population mean value of L. -
Then: . . :
I T W Q) K
> . 2 ‘c‘{- . ' ' ' ‘
3 In at least certain cases Ly - A cén never vanish. In considering the

eccentricity of cavity, ¢, it 1is clear that the design value cfy is zero,
whereas the mean value of ¢ for shell made under similar circumstances

- will approach a small positive number c, within limits which become in-

definitely close as the nzmber of shell neasured becones indefinitely
great. . ) )

1




It is clear that the population mean vaiue of gy for an in-

definitely great number of normal rounds is zero. On the
other hand, the actual individual shell, by reason of the
unavoidable imperfections of material and workmanship, possess
values of €;, which vary in a random manner. For an infinite

sequence of such shell, ordered by magnitude of € €y may be

presumed to tuke on a range of values in a continuous manner. .
Then €p,» the generalized abnormality, can be considered a ran-

dom variable possessing a continuous distribution function,

that is, a variable which is capable of assuming any value
within a given range with a definite probabiiity. It should
be noted that while the population mean value of £, is zero,

the population mean square of 2 for an indefinitely great
number of shell will not be zero. This mean square of 27
is described as the population variance of L. Then:

;82 . ..
L — L : °
di = lrj:aaT .

For any finite éize of sample, the variance obtained by direct
calculapion is: . : , )

- 2L -T)? ' .
A (3)

- -
*

-8

In general the population variance must be estimated from

variance of the sample. The mean value of the ratio of the

variance of the sample to the corresponding population para-

meter is :

n -1
n

The "optimum" estimate of o} 1s obtained by 1

(A P (4)

1 . ' ‘

The term "optimum estimate" is used by R. A. Fisher to denote the esti-
mate obtained by the method of maximum likelihood. This formula is given
in a different notation by W, AJ Shewhart: "Economic Control of Quglity
of lianufactured Product," pare 188. The quaniity £%is Shewhart's o and

8*is Shewhart's 02 , The result is well-known.

-11- E———
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‘with the population variance,crz, In this Qay the using ser-

their mean 9ff§ct§:ma§ be assumed proportional to & ‘. Then,

g, are all independent, the effect .of the.sum of ey, ‘being the
’ 1 H i ' g< 4 . f X i ' ! : .
same as the sum of the effects of each €y,  taken seﬁarately.'
‘ ! ! -1 i . i
Then: ' ot : o, : f
) . , § - ;- { ‘
f » . i e { 1
o ax s | |
Sl AL A |

The firing table probable errors in fange and’ de-

‘flection for an individual round should be determined as the:

probaple error frga shell which have for each sample .variance '
si; an estimate L derivable therefrom which agrees very nearly

t

viee is assured a probability correct in the long run, of hit-
ting with the actual shell possessed by the batteries. Accord-
ingly, it will be assumed in the present report that the firing
table probable errors approximate the population probable errors
of individual shell which, for the:tabular points have a sample
variance that is rendered close -to tri upon correction by, equa-.

tion (4). This is equivdlent to the assumption that an indefi-
nitely great number of normal shell have variances in range and
def;ect;op equal to ¢ ; and ¢ ; respectively. A gredt mumber

of shell, edch having a single constant value of eL,~w111 then

have mean coordinates given by: ' -
X +6; X

* ix . H ' l ..‘ )
Z Z+ALZ : |

i

t ' {

where 4; X ahd AL Z are tﬁe mean effects of eﬁ. 'it will be:
supposed that the values of &g, are smill in the éense that L
. . 1 . [

as a'cqnseqﬁence of the latter assumptién, the mkan effects of

i ! ‘ P e Q_Z_ -t . . . | ‘
' . AIJ‘Z '— ldLi EL & kLe‘Ll ) L ! ‘ q

5'-12L‘




: ‘With regard to diSpersion, let 1t be supposed that

there exists a variance in range and a variance in deflection
. which will always otcur because:of, irremovable conditions un-
"+ associated with (design. = These variances are those which would
. 'be present even'if e wére zerop. ‘Then if: the manufacture of

shell. were carried out in perfectly exact agreement with the
: ) population mean values A g the variancés in range and deflec-

_ tion would be given by the quantities here denoted bY<rX ando-Z
' (o)
These latter, the variances of perfect shell, are evidently in-
’ dependent of the variances due to the action of the abnormalities
oo _ ~ The variances,of normal shell are obtalned by the law for

€L
componnding independent errors:
! ; 62503 4+ 6 3 =02 (AX, 4 o 2
. X X, AL X xo dL e A
T T R | (7)
N e 62 = ¢ 2° + 0 3 = g2 iy QZ)z G 3 o
- & Z, by, Z Z°= dL L:

§

In the case of significantly abnormal shell, a group
may exist which have a greater ‘'variance than g L Let this

; abnormal population variance of L be denoted by ¢ L" and let
the COrresponding variances in range and deflection be denoted

b ‘_:) . to | |[

L

by ai' and o' Z . Evidently: '
O‘.' i ‘ '
! 621 = g2 + A 02 ( )z 'z = By (Qz)z( 21 2) 1
X X L X ox dL/ VYL T °L
; o .0'2"=0‘§-5-}AL.%‘-G§+(H‘Aaf‘; ( )(zu 6Z).
Then the effects upon the variances in range and deflection
. which result from the augmentation of the variance in L are AL X
' and AL - These effects are. .
o ' |  a _ (G%ve AB . B 2
i [ AL o-x — (d'L) AO.L "E cL AO.L 0 | (9)
. A 2£= (i&)a A 2 = kz ,Ac'z A * : .
 OL %" \dL/ P “L

!




by If more than one departure from normal population
: characteristic is present, both sides of (6) and (9) become
the sum of terms of which these single terms are typical.

: ,,-( Then the totzl effects on range and deflection and the vari-
A - ances of range and deflection are the sums of the partisl

1 effects.
The dynamical consequences of eL' are the four regimes
i

may all be discussed qualitatively and are frequently capable
of complete theoretical treatment and a priori calculation.
Some discussion of the dynamical consequences of the abnor-
malities will be given now. In general relizble quantitative
dcternination of the effects of most a2bnormzlities can only be
obtained by experiments such as those described later.

A
; i In the first regime, the action of € will be such as
* . to modify the yaw of the shell, the orientation of the yaw and
f the jump on emergence of the center of mass due to the yaw due
n to clearance inside the bore of the gun. Free employment of
|z - the definitionr and symbols given in Section I of this report
: will be made. It has been shown® that the yaw on emergence of
the band from the muzzle due to clearance,c’ and the orienta-
tion of that yaw at the same instdnt,¢GF, may be calculated pre—
cisely by. ~\
A C ' G, = Vez + 32 + 20Jsin(y-vy ) '
‘ - (10)
; ég + J'z - a..z }
%o = Y- arc sin ( ST ).
c
. A 3
B S
.
L
é
,\.' Q; *
% c 3 F. V. Reno: "The Motion of the Axis of & Spiuning Shell Inside the Bore of
1 the Gun", Ballistic Research Laboratory Report No. 320,
1 -14-
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) ' o ° "* The notation
' ’ followed in this
report differs

slightly from that
in the former re-

- port cited. It is
desirable to indi-
cate that @ is the
angle between the
axis of the shell
and the axis of the -
bore due to clear-
ance inside the bore
on the supposition

- that the band centers
the shell at the bangd.

. The angle v is the
orientation of the

$ : canriter of mass with

LINE PASSING THROUSH 3 reference to the

f) AXIS OF FICURE

OF PROTECTILE

TANGENT TO TRATECYORY

-PARALLEL TO SUN BOKE slant plane through
VERTICAL PIERIDIAN Vi E1elgun=bors s LS

v PLANE THRoUGH 3 PAIZAtfgLﬂg:L angle :!'S measured

GUN BORE . clockwise as seen

. : from the chamber.
| SPHERICAL TRIANGLE ON UNIT SPHERE ABOUT & The angles © and Y

w AXIS OF FIGURE ' . are the values

(:) OF PROTECTIL . assumed by 6 and ¥

Fl6. 2 at the instant the
band disengages.:
In general, J, the
jump on emergence

_due to yaw due to
clearance andY ,
the orientation of
the jump, J, with
reference to the
slant plane through

_the bore, are con-

Soine Passive Turoven ¢ stants for a single
Praccee To oonv soke © pound fired. On the

vy PLANE TRIANGLE TANGENT TO UNIT SPHERE other hand 6, 6, V
' ' and ¢ ‘vary with the
time as counted from the instant of initiation of the explosion.
-In the source just cited it is shown that © is determined by so-
lution of the differential equation:

' - 2wy, a .
4 [‘B +mly? - A)( ndH) + mlgzb] .
. (B + ulg") °

(11). ..
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with the initial conditions 6(0) = 0 and 6(0) = 0. The

subscript zero denotes a value after ramming, that is the
value assumed by a variable quantity at the initiation of
the explosion. The solution of this differential equation
governs the motion except at the instants when the bourrelet
strikes the land top. At the instant when the bourrelet
strikes the land top, there is an impulsive change in the
motions which results in a requirement that the solution

of (i1) be resumed with -the new initial conditions:
; b
0t 4 o = Oy : maximum value of @ '
e (12)
. ! li(l te) .. =
6.+ 0~ Q- Z.F lg2 t-0 °l-

In the equations (12), the subscript T denotes the instant
at which the bourrelet strikes the land top,T - 0 the in-
stant just before Strlklna and'r+ o the instant Just after
' , striking. The
B .~uJ time ?easurement,
AR | 2 _ as before, has
e L " .. " its origin at
1 : the initiation
" of the explosion
i and the time at
which the band
disengages is
denoted by T .
In consequence,
the bourrelet
describes a
quasi-cycloidal
‘motion along the
3§ ; - land top which
- 4 ANGLE TIME RELATION INSIDE is terminated by
A BO2E OF THE GUN = - B} 1 the emergsance
: : F "~ t.. of the bourrelet
- g4 | from the muzzle.
""" T " - 2 S W It is shecwn in
the source cited that J s Y ’ ? and !’may be calculated by:

~ ;a‘.'..‘.;
l

05 1 0.001,000,0
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J = }K‘Vez+ 0% v¢ T )
Vo '~ . |

V6% + 9"?‘
v=y, +2L g : | - (15)
o ndH b. _ . : i
. ) &[ . ': . .- o a ' - :
. = o P }
i : ' z
T SR S bt S A AN i ol S g 1 * ‘;
_ The quantity Zy is the travel of the band and ."zb its time ;
l. e SRR . .~ derlvative. “Capital let-
} . : .~ ters denote the values of
3 - these quantities at the -
L - '  {nstant of disengagement :
: ol the band. The quantity
A Zb may be approximated by Vo
l C o , . Therefore: |
:' ‘.,-' ’l o Car ] 4‘
LAl SRURI Lok L~ S N C OB
PN | T R .
‘ f 3 7 . . - :
; i , ! .fump O EMERGENé& - e 21
: L DUE TO YAW DUE i ‘f{- Ng = ndy Vo (8)
’ o, .TO CLEARANCE AND* ' :
. e .'}- . ) L OP.:ENTATION oy .
; e e F8 T ¥ e ! <.
.‘ F]j_s E' . .
.'. g : 'FOr many types of shell, the impulses of the blows received
: i, l by the bourrelet on impact with .the land top‘are very small.

[} 2

e wﬂ\mﬂ:«mxl;ms«';g*y,;ﬂ
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'The cqndition that these impulses are small is expressed by:

The quantity 1 is the perpendicular distance in the shell

from the point of impact on the bourrelet to the diametral
plane through the band; the quantity. 1 is the distance from

the center of mass to the band plane; the quantity kB is the

radius of gyration of the shell about a transverse axis through
the center of mass and the quantity & is the coefficient of
-restitution of the bourrelet. If the relation (19) is approxi-
mately satisfied and G is as great as a few seconds of arc,

the angle @ attains its maximum, eﬁ’ before f_f nine-tenths

of the time of travel. Thereafter the bourrelet remains
nearly in contact with the land-tops: that is, all the maxi-
mum ordinates of the quasi-cycloid described by the bourrelet
are very small. After the time of the first impact, 1, it may
be considered that .

20)

- " . where dy is an angle which is negligible in comparison with
: ?M and b' is an angular velocity which is negligible in com-
parison with 8, n' The employment of (20) results in the
approximate equalities.

"~ l . . 3 B R
ok - ._g o
+ y=arc sin'(sin¥) = ¥,
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Substitution of (21) in (10) results in:

_ —3
- ¥ N2
G’rc Q.M\, 1+ (—5—vis
[} ‘» > 22
o \ (22)
B
s = ¥- arc sin Vo Y.
¢ A Y
g S Vl + (,_5__2 /
_ ' o J
gsimultaneous reduction of (21) and (22) with (17) and (18)
yields:
' ZwL l
@% = eM 1+ ( dH
'211'].;
¢(§, =y + ” zb - arc sin BT
¢ Ve G
: ndH
' 7(23)
(Zgl )
J - 9 RIS =
L
21 .
Y =2V_ + 5. .
o." ndy &

wl

2 ' :
Now ( 3+) is small in the sense that its square is negligible
H . S .

=T
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in comparison V-Iith unity and that
27 2rl: - 1

O

81n ( g) - A4 :o
ndH ndH i
Then: ' i
. —‘I
Ce = O
. 2T - 121 = 2nr
b "ot naz% ~ mdle Yo'nd %
L (24)
2rl }
J = ?M ndH ) N
." 2.1[-
i i ?WQ-*ndH 2y

() : o 5 - A }

The quantities J and Y are constants with respeci; to the time.
The quantities @c. andq)@c represent the yaw on ~mergence of

the band due to clearance and the orientation of that yaw at
the same instant, Y . Time measurements in exterior ballistics
are based on an origin at the instant the center of mass passes
the muzzle. Any quantity used as an initial value in exterior
ballistiecs must correspond to the instant the center of mass
emerges rather than the instant of disengagement of the band.
The values @c and YGe must accordingly be modified to those

values which can be used as initial conditions for the differen-
tial equations governing the motion of the axis of the shell
exterior tc¢ the gun. The time interval during which the modi-
fication takes place is very small and it will be permissible
to regard the velocity of the center of mass during this in-
terval as constant and equal to V! the muzzle velocity. In

consequence :an’ extrapolation of G, and ¢ backward in time
o c €,

) Y : ‘ ‘ 21, )
( In the cass of the shell examined in the present report ("“"‘L) = 0.25.
naH
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from ytoy - ;3 will be performed, since the interval from
o

the emergence of the cente_ll' of mass to the emergence of the
band is sew.sibly equal to "_g The quantities denoting the
o
yaw and its orientation on emergence will be denoted by &
and (pc . The computed quantities may be illustrated by the
c

following scheme. . .

Explocion Center of Band

Starts Mass Emerges Emerges

Time with origin at the instant of |, 0 (y - Zg)
initiation of the explosion Y- 5 Y
Time with origin coincident with - . 0 s
the emergence of the center of mass . + 9o
: o
e % y = 6pM
¥ Yo > ¢
0 0 5 £0
¥ 0 7 ¥
- .'J
- b . :
9Ty t2 - ‘ A
Yaw on Emergencé ) . Ec Ge
Orientation of the Yaw on Emergence %
c

It follows from the second of inequalities (20) and the
consideration that bé is an angular velocity which is negligible

in comparison with Qﬂq, that there is no change in the magnitude

of the yaw during the time interval 1-‘—75 , and therefore &é =@ =g,.

c

. 0
However the orientation of this yaw changes because of its time
derivative. Under the assumptions that have been made the time
21rv
ndH

tion must be subtracted from b@ to obtain 56 , since the

The chénge in the orienta-

derivat’ve may be equated to

center of mass emerges before the -band. This change

B

M
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is (ndﬂ ) ;5 . .It has been noted oy =Y ¢+ -;— Further Zg,

the total travel of the center of mass and 2z, the total travel

of the band are related by Zg =2y - Ig. Therefore:
€ = g%l : \
= e
q,Cc Vo i ndH(Zg 28) ‘
= — & ) H '
¢J=12r-+q -l-%’é(Z +-\g). -_ J
o H g '..

An equétion, which will now be derived, will express qﬁ, the maxi-

mun value of 9, in terms of the dimensions of the shell and the.
diazmeter of the bore of the gun. %The derivation appears worth-
while beczuse of the important consequences that attach to the
equation.

Let d the diameter of
the bourreiet at the point of
impact be taken as nearly equal
to d, the master dizmeter of
the shell. Let the shell be
supposed centered at the band

- o by the band: By the defini-
= . - tions suggested by the dimen-
1 sions of the shell, 1, = & - b

and ) = L+ Y. The quantity

L _ - g is the d1<tcnce of the center
9 3 - of mass from the bace, b is

-+~ the band distunce from the base

1 o L .and 34 is the distance from tne

: Ll\ b center of mass to the diametral
S ‘ plane through the point on the
shell where the impact of the

POINTS AND DIMENSIONS '
o SHELE bourrelet takes plzce. Let dH

Fia 6 . denote the dizmeter of the bore
- Hg : between the lund tops.

} It was suggested by Dr, L. S, Dederick that the rumming of the shell
1nduces approximate cqntering of the shell at the band,
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Since 6 is extremely small, let sin 0, be replaced by O

and cos be replaced by unity in eduafion (26).

. It will be presumed ‘that the :Impacts of the bourrelet
! always take place on a land top.

' sin.G 'z 2

-4,

Z:ZOS QK

b4,

en

y =@

;= 'i, =
H-Tag T

Leads to:

zntrm;uction of, the definitions of 1 and "1 into equations (25)

;.BQ ' ! 211,

"'-'-E+V +3-:-,'-’_B(Z +g-b)-—-+ o\,

I

G R .

-d

kg,

Y, N | ol
~H__-___, '

? 211_.

2;(11 + g “Eb) o

“u

2

)-l(dH

i .

By geometry.

('2_6) o

‘Then:

i (27)"5l
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Let it be supposed thut the normal vulu,e of E, 1s g the nor-
mal value of . "6 is q’& » the normal value of J is J and the

.normal value of 4’J is 'l’J-i The angle of departure, 4’ the

’ o
v side jump; 11, the initial yaw, bo, and its oriéntation, (pb 5

' are the initicl condltionc which are modified by the action of €], :
=t.he general values of tnese quantities are given by: i

L | ¢=,E’+3+Jéos<pJ | Y

.I==11+J.si;nq>J~,: o

b, =€, . I ’ [ (29)

H

. Q’b =‘(P£ ¢

i , ! o ¢ ’ . ) E : . ' ' /

' Differentiation of equations (29') results in:

| 8_9_ aJ 895 ]
: cosq)J-Jsinqu.aT

oL

! oy .00
:-ﬂ-zﬂlsincpJ+J'cos ?J gLl "

8L ' 8L f oL .
: T ‘ . 2 ) i
[ 0d 1 3
l: i ! ‘ 8L ‘ ;aL
J:, ; M _ i ' T (30)
; a9
j o g . 8504'- _aa 6 i
3 . i ’ A 8L - oL ] "
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Hence:

B = AL cos ¢J6(3Lt)_,el, - Jg sindy G 2;’1. L
N ! g ' ' : .

A, o 9%,
sin @; (7)e; + T cos®: (59)e, -
Yo" * Yo ,.{931.‘91.

SN N . }(31)

“;Aﬁ ?_E_‘_C_s P " _.{‘: '5
: (3L2)I' . . S

_ (B,
| 81 = | (E%SL

3]
o
n

», .
60 . . -
()8

o

u

Axﬁ‘ao
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The partial derivatives occurring in equations (31) are supplied

‘for any particular g from the equations (28). The range, de-
0

flection and disperslon effects due to the action of g; during

the different regimes will now be obtained. Th xquant{i ies
sought are the values of the total derivat;ves §f and T .When
these quantities have been found, the right hund sides of the

. equations (6) and (9) can be evaluated. The formulae for the
effects will have the form: i :

- (X _

8 X = (gpley = cpeq
e (. -

82 = (gpey = ke

| > (32)

b2 = (Z)2pe = o2 ac

1% = Gn) 89, < ¢ 49,

by,07 = (‘%)zl‘i =kp Ad . | .




S Since the latter two equations of (32) will not be
i:) B employed in their present form, attention will be confined
! temporarily to the first two.

The action of eL may be considered as divided into

two parts: the modification of initial conditions at the
muzzle of the gun and the modification of the form of the
equations of motion beyond the muzzle of the gun. In order to
develop this principle let the action of €, be traced through

the various regimes. The initial conditions for the second
regime have been modified by the action of £, during the first

regime. Let the effects of changes in initial conditions and
the effects of a change in the form of the equations of motion
be considered small and independent. Let the effects due to
changes in the form of the equations of motion due to the ac-
.tion of & be written as g}— dp )e and (aq e )e . These
quantitiea will be interpreted later and for the present the
expressions within the parentheses may be considered as single
quantities such that: .

-

X, - X
63 ) T km, O
) L2 :
$(33)
Z - :
Zou. =lim g . 2t
A A ef-»o( )

In the equations (33), X and Z denote the values of the ele-
ments for normal shell and X_ and Zq the elements obtained

. with the same initial conditions but with equations of motion
differing from the normal equations by reason of the action
of €y The effects upon the elements X and Z of the changed

initial conditions for the normal equations of motion must
be added to the effects of the changed form of the equations
- of motion in ‘order to determine the total effects, ALX and

ALZ. ‘The effe€ts of €; upon the initial conditions are

given by (31). Then the total effects upon the elements X
and Z are given by:

()
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3¢ " ax o1 + X 7o

= = <, +.9X
&% = (e, = [pe 7w * o1 oL * 3¢ 3% a@ 62

. % ggn] o

N -'y(BI})
%3—-.?% vz 2w

_ (92
a2 = (e * 382 oL % W

A ‘
aq B.L s AL

The Tirst four terms of each of the equations (34) represent
the change in the element due to the action of £, in changing
the initial conditions for the normal eguations of motion for

the second and thereby later regimes. The last terms of each
of these equations represent the change in the element due to

"the action of €, in changing the form of the equations of mo-
tion. The compcnant terms in the effects due to changed ini-

tial conditions are now clearly recognizable: they comprise
the effects due to the action of £y, inside the bore of the gun.

The separate terms are due to the action of ey, in the bore in
modifying the final angle of departure, side-jump in the slant

- plane, yaw on emergence due to yaw due to clearance and the

orientation of this yaw. The separate partial derivatives
are not all easily computed; the expressions must be so modi-
fied as to yield only terms which can be determined on theo-
retical grounds. It will be observed that:

2&:, ]
4
22 0 .
v » | (35)
e, @ B__X_=ﬁ . : -
]2 x
Z . .
oL X sec E
J




The last two quantities in equations (35) are readily obtain-
able from firing tables. The action of €p, over the trajectory

exterior to the muzzle consists in a change in the form of the
equations of motion. The change in the {form of the equations
of motion results, in part, from the presence of additional
terms not present in the eyuations of motion for normal shell,
and, in part, from the modification of the aerodynamic coelfi-
cients occurring in the normal equations of motion. The action
of €y in the bore results, in part, in changing the orientation

of the yaw on emergence which results in a change in the direc-
tion of the cross-wind force on the shkell. This change in the
direction of the cross-vind force results in a2 change in the
diasplacement of the trajectory cue to yaw. This change in the
displacement of the trajectory affects the elements X and Z
somewlkat, but this effect will be considered negligible in the
present instance. Then the zction of e; in changing the orien-
tation of the yav on emergence will be Presuiiea small in so Ilar
as it affects tne range anu aeflection through the change in
the airection of tne cross-wina force.

On examin“tlon of (28), it appears tnat P, will be
“
changed 1f ¥or D dH’ Zg, g or b are changed. Then if &, de-

0 .o notes eg or €, an eflect on Pe, will appear due to the action
{ c

of €y The effect on % in these two cases is:

A
i Be%e, = - %ﬂ ‘g
5§ r  (36)
¢ " Abpeb = EEE €y
y

It is clear that eg Or € will ordinarily not exceed one half

inch. In this case A ¢6 will not exceea 0.025 radian or

‘L :
1¢5 in the case of 155mm. Howitzer H.E. Shell Mk.I. It is im-
probable that a change in tnhe orientation of the yaw on emer-
gence of 125 is capable of chunging the direction of the Cross-
wind force due to yaw due to conaitions of launching sufficiently
to modify the displacement of the trajectory appreciably during
the second and thlrd regimes.




The fractional effects oftpé in the fourth regime are all zero. -
. ] . Eo . :

.then: :
_.3%5 3T e, %0 ' | :
R
WQT L =0

By means of vequations (35) and (37) equations (34) are reducible
to the form:

EEc o e L

g2 ‘ =
- | X 9¢ X _¢c . X 3p
A X [maz." ®2 ;W T op aeL]sL .
. (38)
'Q;LZ=[XsecE31 k% 3-31:!

t -

Let the second regime of the'motion be considered: the trajectory

. between the emergence of the band and the first maximum yaw can

be approximated by a straight line traversed with uniform speed.
Then the action of €, during the second regime consists entirely

in modifying the first maximum yaw due to the effect of g, on Ec.
The yaw, E,, is an initial condition for the second régime. It

is worthy of note that the maximum amplitude of yaw near the gun,
o, may be calculated from the yaw on emergence due to clearance,

.5 by an important formula due to R. H. Kent and H. P. Hitchcock:?

= G- 1 9)1/2 - (39)

It would be possible to use this formula for some of the follow-
ing deductions if a relation were given between «, the ampli-
tude of yaw at any time, and %0 the amplitude of yaw near the

gun. Another procedure is preferable. Substitution of the
first of equations (30) into vequation (38) leads to:

1 EBffect of Cross Wipd on Yaw,

-30-




A

b ¥

- : , 8&?
= 8X 3J _ 2X 29j , X ¢ ,2X 3
A =leoserg oL ~ Sy oE oL T 53 3L T ap ey °L
L - - (40)
Z.=~sinrp’sec]‘:-:}(":"+cos:secF,X?—q—’---‘r-+‘?—Z i._Et_z:_+aZﬂ e '
L= e .aL P 5L " agl oL ~ 9q dep | “Lf

The motion between the {ime of the first maximum yaw and the
time when the yaw has become dominantly precessional is com-
prised in the third regime. In this regime the curvature of
the trajectory is small, and the yaw is dominantly due to
conditions of launching. There is some small change in the
normal displacement of the trajectory due to the change in

the cross wind force arising from the change in the magnitude
of the maximum yaw. This change i the magnitude of the nor-
mal displacement of the trajectory results from the action of gj,
during the first two regimes in changing the maximum yaw; it
may be considered negligible. The initial amplitude of yaw, ag,

fied by the previous action of ¢;. To some approximation during

this regime, then, the effect of ¢ consists in modifying the
yaw-time relation:? T g

b = astn (A (E5H1/2% - (41)

The quahtities given in equation (41) are computed from

. is the only initial condition for the third regime which is moui-

. S _ ‘
e =2 1/4
~ S '
. So = Yyz|
- S
.3y = tam™ — : (43)
e LB |
*" This equation and ihe‘definitioné éi&en below are thoée developed by: )
R.H.Kent: "An Elementary Treaiment of the liotion of a Jpinning Frojectile

About its Center of Gravity," Ballistic Rosearch Laboraiory Report lo. 85,
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i
T = o g 1 ,
J) = “Sinhj i ] (44)
L : ' ' \
5 ! 1 "\. '
1 R |
h, =5 (£+k)at (45) :
i l 2 . @ . B i ,
i 1 t S‘_ 172 | . ;
’hz = 2 'O: (f = k) (8-_. 1) dat (46)
4
. pa VK = :
e i (47)
pdszL
k=—q ° (48)
= ' v’o 2
8=8p (%) - | (49)
~ Over a nutiber of complete periods, th-e{ avérage value of the ratio
2 ; S
' (%-5-) with respect to time is one-half. Then:

& tamda ‘ _
ARS8 — Y va/e 8 31/207M ey
= : )G e udTet (33 - hy)

A R [ c |
e . ‘}
SO g S, -1 s v - 2h
L ’z’?{'nﬁ’il - 5o )l/z(s';;q?;'f*‘ﬁﬂl/ e !ecosn®(y) - hz)J- (50)

~In fhe terminology of R. H. Kent, the yaw in the third-regime
of the motion is described as the yaw due to conditions of
launching. By equation (50) it is ;hown that the average sqi'are




of'tﬁis yaw 1s'propor£ionél to the pro&uct of the square of &,

2 3: T and a function of the time. Let the constant j; beé supposed
@ small:* then, approximately: . . ,

W

P4

S o dyfsmhyy Stanbhyye 0 (51)

_ The equation (50) becomes: .

. _Cc.2 So_y1/2,_So's g2l Nl
7= B8 - 02V e e e L cos nP(3) - by)
2 g 1 sv2 . _om
.0 0 . 0D A
3 = -5- ( So )I/Z(Sbvéf:?—)]:.zze l. cos hz(_jl - hz)
i ;° o
E ; .
E . a2 g x? _ y? -2h._ . - s
3 f ) 9., 00 o j . :
: =???'<§5'" — )}/2 e T cosh®(3) - hy), &)
"In general the total drag of a yéwing‘projectile, D(d), is re-
2L lated to the drag for zero yaw, D(0), by the formula:*

D) = DO + Ky ¥ - L (63)

' The quantity Kp, is described as the yaw drag coefficient: evis
. dently the augmeéntation of drag due to yaw is KDabz (D(0)). L

The curvature of the trajectory during the third re-
gime is small: the early portion of the normal trajectory for
AR the shell examined in the present report is shown in Fig..8. To-
<o a degree of approximation sufficient for the computation of some
’ differential effects during this regime: :

G ot . y _’ . y . e s : e s b
o . K - »_9_ o L. ....9. ) at k
. . .' o b0 . . . ; q. _Q i . .. ’
. P -:‘-:. Y " ".'—.-;—;-ﬁ-'-l\ :.;.‘_- v - ./.‘w_-;_‘.;&._‘._. "“.' T T -......, oooe d oo n
posean 3 0TI T LT
4 o

v | = I'n tﬁe ca's_e'bf issmﬁ.lﬂowitzer H.E.‘Shell'iclk;I ﬁ:r.ed‘at "6'-‘ 1478 [ET/SWJ: thj
't values are : '§3 T0.04C59, sin hj, =0.04059, tanhj, =0.04057. '

7 .

: ®  H.P.Hitchcock: "Aerodynamic Formulae and NOmenclature;" Ballistic Researc)
O Laboratory Report yjy. Hitchcock has found that an average of K% for dif-
' ferent shell is 0.005 where d is given in degrees. :
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For the normal trajectory under standard ballistic table con-
ditions, the velocity of the center of mass of the shell satis-
fies the differential equation:

av, -
N _ DO = _GHv C
-(-ﬂ': = ___(_). ..- g sj_n?l 5 - Gg -g sin‘gl ] (55)

For yawing shell, if the cross wind force be neglected:

dv : o . . :
—-& - - ml ~ - _Jl@)_ 2
it ' ™ [4 Singl m (1 + KD& ) ) - g sinol

_ oiv T ST |
= -"C 1+ KDbb‘) g sing, . (56)

The effect on velocity due to yaw, Abv, at any-poiht on thé} 3

“trajectory is given by:

Abv = Vb ."" VN o"' . ‘. - . (57) :

Let the second order effects of d on v through b on 9, of )

on v through d on G through d on v, and of b on H through
d on y through b on'y be neglected. The effect of yaw on
velocity will then satisfy the differential equation:

A, v '
.__..b - .@!K 62

g = - c,Epbt = - KDaszNv : (58)

- The integration of (58) yields the_ drop in velocity up to any

time, t;due to yaw due to conditions of launching.

By¥ = - Kp, _f&“l‘:‘ﬂ_vdt (59)
e . '
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".Ava is proportional to €7 and thereforée:

‘
1 ' ‘
’

The third regime of the motion'1s traversed rapidly since’ the
'velocity is grezt in' this portion of ‘the trajectory. The yaw
due to conditions 'of lzunching is completely damped out within
a small fraction of the: time of flight; the third regime lasts
only about.one tenth the. total time of flight in the ‘case of the
present shell. In consequence, the drop in velocity due to yaw
due to conditions of launching may be treated, without consid-
erable error, as an effect on muzzle velocity. The effect on

~ range of this drop in initizl velocity is:

) : ) . : t x: ' ll ' ‘ ) :
BRYNG S 'S [.Evbzdt &), ' (60)
‘ : .0 ’ L (4] . ! 0 g ‘ i '
substitution of (52) into (60) results,in: " :
: K ' 1/2 w2 1/2 :
i D . S v “2h1
. o 6 2B 2 (o] - (0] 0 . 2 :
X = -|—=2(£2-1)2(8—= By (:22+-) e “cosh®(j,-h,)dt
by, [2 G2 ‘) (So-l) e (sovo-\r?), B 1728t
'62 . az ). i i ) A ! '. ’ i { (61)
(¢} . ; 5 . ! i ‘:_

! ]

The equation (61), gives the total range effect due’ to the drop :
in velocity due to an zbnormal initial yaw &,. Only the effect

of el'" upon & and thereby upon @, is desired at present. But ;

¥
]

: Avb ' S |
8 x 3 g c H ORI} . e
:: 8&2 Cc : , , ' ; H ' i i

Iz

A.ceftain type of mgén of Evi is given by the eqﬁatioai

. _L . ) Evd3dt
I Ev= o . ) , i . [ § (’63)
o [ T
o i o a 3 H

For the shoré period comprised in 'the third régime; it 1s iikely
that, the mean (63) will agree to perhaps two significant figures.
with the arithmetic mean of Ev with respect to time over the

i

:third regime. Accordingly: ; . a

t

e

i
.
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(64)

o 0.7 V

Evidently (64) isfcdmpletely equivalent to:
. 8é2

'S I ' £ Ty ﬂ—-—g
. Ce . BeXE gezaT fL

of'which the right hand side is the third term of the first
equation of (40). The third term of the second equation of

B /5 N Py
5 o 52 . .

Q

ez, e
8EL 9L

+ which is the effectlon defiection;of the actidn of eL‘in chang-

ing €& .. This effect has attained its complete magnitude by the
end of the third regime in consequence of:the fact that the yaw
due to conditions of launching is damped out by the end of thne
] © third regime. The dominant parts of the normal deflection are
(') ¢ the drift and’ the deflection due to the side-jump. The drift
i, arises: from the action of the ‘cross-wind force due to the pre-
' cessionzl yaw, during the fourth regime, The side-junp is an
initial condition.{for the second regime. The effect on the de-_ -
flection due to the action of e in modifying the side jump I

"has been accounted for. It has a value given by the term

\ ' X: sec E%% €1, of eduation;(BS) or its:équivalent, the first two
i, " terms of the second of equations (33). Therefore the term
) ’ : ) ‘_., a_za a._&_c_e
i : x ! . ' 86(: aL "L

o f ariseés from the gctioniof €1 in modifying the @eflection com~

ponent of the displacement of the trajectory during the third
: regime. This modification of the displacement is due to the
' . augmentation of the cross-wind force arising from the aug-
! ~  mentation'of b by the increase in its amplitude. If the tra-
v +  Jectory were nearly straight, this effect along the trajectory
S . would nearly cancel, tnhe'effect during each half period anni-
; ' hilating the effect arising in the half period preceding. This

!

' N H
g : . b i
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is the condition in the third regime since the curvature of
the trajectory and the consequent precessional yaw and drift
arising therefrom are extremely small. Therefore both this
whole displacement and the effect on it of the augmentation -
of b are negligible. Dropping this deflection term and sub-
stituting (64) for the range term in equations (40) results '

*
*

| oeosn?x 2 R . T W
o X = _"‘gra"'a"'stﬂaEa._fz — G -

s2vi © e =2hy o
ft ((s - ;)Tb vz——-‘-z))ll 2¢ " Loosn? (3; - nyat

a2 L (65)
‘%’&T*%FE €L

8,2 = {fin'pJ'secEx-g% + coséJsecEXJ:é-ﬁ- + %-‘-2— g%I. eLI.-

It is noteworthy that all terms so far obtained are strictly
calculable on theoretical grounds if only derivatives of J,®;
and§, o with respett to the abnormality in question can be found.
The latter derivatives can be found explicitly if the abnor-
malities are with respect to the dimensions given in (28). :
Explicit derivatives can be found theoretically in a few other
cases and experimentally in still other cases. These yield
the first three terms of the first equation and the first two
terms of the second equation of (65). These five terms are all
initiated by the modification of the motion of the axis of the

ternms are calculable as if they were effects upon elements X &nd
Z due to small changes of the initial.conditions at the muzzle

of the gun arising from the action of g, inside the bore oi the -

gun, These five terms are the total erfeuts of the changed

. initial conditions znd they have attainecd their complete magni-

tude by the time of entrance of the projectile into the 1ourth
regime.

- shell inside the bore of the gun due to the action of ej. These -

ok
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The last term in each of equations (65) represents a quantity
arising from the action of €, entirely outside the gun: these

terms are due to the action of €, in modifying the drag and the
cross-¥ind force upon the shell.™ In this sense the last term
in each equation is not due to changed initial conditions at
the muzzle of the gun but rather to the action of &, in chang-
ing the forces acting on the shell exterior to the gun whose
action appears dominantly in the fourth regime.* In contra-
distinction to the terms due to changed initial conditions the
latter two terms in each equation arise from the presence of
additional terms or a change in the form of the equations of
motion exterior to the gun. Practically the whole of the tra-
Jectory is described in regimes three and four, and these con-
sequences of € are a change in the drag for zero yaw and a

change in the permanent yaw. The change in the permanent yaw
results in an augmentation of drag due to yaw and an augmentation
of the cross-wind force. These may be considered as resulting

in an effect upon the averzge ballistic coefficient and an ef-
fect upon the drift. Then:

r (66)
22 89 _ 3%
8q d¢; aL ° )
. ~ o J
Substitution of (66) into (65) leads to: '
_ 8J 293, 9 -
ALX‘[‘“S“’m-mw L) Ik - )

- -2h
2 e 1coslhaz(jl-hz)dt
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. - . o

L]
=

8,2 [(sin wJ'gf + cos qu:: )x sec E + g( ) ] €,
C ' : L . H(67)

Z + A 2 + A Z,
. ‘1L

[t
>

The quantity 1€K may be obtained by simple calculation from the
density effect column in firing tables. The products —3— gr, and
I € are obtainable with somewvhat greater difficulty. At pre-

sent for the general case these quantities must be obtained from
experiment. In the case of an abnormality in mass or diameter the

derivative E%ﬁ can be obtaineﬁ explicitly from the formula:

H. P. Hitchcock1 has formulae exoressing the results of exveriment
in the dependence of form factors upcn various dimensions of the
projectile. In case L is 2 quantity upon which Hitchcock has g
found the denenderce in i, differentiation with respect to L of i

Hitchcock's formula for i will yield g%. Then the formula:.
| . _at_ pCa1 I -
,f CoL. I Pl T (.69)_
f- ( will provide this product. But: - | -
- 8c_ 1 | - =5 7
. G’i .1 ) - ' s 7
| .? " whence: . - .
_ﬁg . l‘. Q—i- Py ’ ’ 4
L = - 1oL (70) .

Thence for some abnormalities in dimensions, Hitchcock's formulae
provide for determination of é%%.- There are additional abnor-
malities whose effects upon the permanent yaw may -be discussed
dynamically and the resultant effects on the elemencs X and Z
found. 1In most remeining cases reliance must be placed either
upon the results of resistante firings or upon firings for dif- -
ferential effects of normal and abnormal shell. An example of
the latter type of firings and their reduction will -be presented
in the present report.

1 H.P. Hitchcock: "A S5tudy of Form Factors of Spinning Projectiles," Ballistlc
Research Laboratory Report No. 166. .

- 40~




T It is now possible to return to the consideration of

) the effects of generalized abnormalities upon dispersion. It
g, is noteworthy that the effects upon the variance 4,0 ; and ALOZ’
arise from augmentation of the variance in € s that, 1s, it is

supposed that unless the quantity af'- f for the lot is zero,

there is an effect upon the variance arising therefrom. The
effects to be regarded as augmenting the variance in range and
deflection are presumed to be due solely to the increase of the
variance in e;. By equations 9): . :

8% = (G " a2 = @) (e2!-52 21). o )

A

&

D 2 | 72)
Aﬁ:;: g—%)aoi ( )(c "°f,)' (

It may be true that”tﬁﬁ”presence of a difference, € - 0, between

the normal and abnormal populztiion means in reality results in
augmenting the dispersion in range znd deflection even if UL'- °L'

However, this augmentation is difficult to calculate from
dynamical principles, and its significance must be establisned
by experiment. It appears unlikely that this latter augmenta-

- tion is considerabie provided that the lot population mean, ei is

kept smzll. The available data are not wufficiently conplete to
provide the necessary evidence for its existence at present. The
total true effect on variance will accordingly be considered that
given by equations (9). The magnitude of the effects on .the
population variances in range and deflection will be considered
independent of the magnitude of the iot mezn of . the abnormalities,
et, and proportional to their deviation from normal population

< variance. Let it be supposed that two indefinitely numerous groups
of shell were fired under identiczl conditions in which ei = € for

the first group and E{ = EL + b¢; for the second group. It appears
that X* = X and Z'= Z in the first case and X" = X + By X and 2Z"
=7 + AAst in the second but o}'= o}" =o§ addo3'= of"'=¢5 in

e
'
—

both cases. In other vords the population mean points of impact are
affected by a constant departure in a mean characteristic between
two groups, but the population dispersion is not so affected. On
the other hand, a random departure whose mean is zero for the two
groups but whose population variance is not the came in the two

Sk T 2 e
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groups causes a change in the pdpulation dispersions in range

.and deflection but no change in:the population mean range and

deflection. It is now supposed that ej is a random variable whose
population mean is zero, and whose magnitude varies from shell

to shell due to imperfections of material and workmanship. 1In

the group considered, which may be great or small, it is further
supposed that the population variance in e; differs from the
population variance 6 # for normal shell. Eet it be supposed,

by analogy with the foregoing, that the elementary effects on
range and deflection are built up from effects of &; upon angle

of departure, initial velocity and ballistic coefficient in the

~ case of range and from effects of eL upon side-jump and drift

in the case of deflection. That 1is?¥

AX =4, X+A X+ :?x' ' B
X = B AgQL ACL‘ |

o)

n
>

ApZ

. . o -
It will be noted that the equations (72) differ from the second

form of (67) only in the fact that some terms have been combined
These terms are: .

3.
. . . . o ' ° .!
l% X-= AJ.X +4. . X
L L ?pp. .
Ay Z=0;2+0 2 RN B
_ ] N

| This combination is made because the effects on magnitude and

orientation of jump on emergence due to yaw due to clearance
require a single treatment in the present case. The effects

of the components in the vertical and slant planes of the jump,

J, will be more convenient to deal with in the case of dispersion
than the effects of magnitude and orientation of J. There are '
several possible somewhat incorrect assumptions concerning the
independence of various subsidiary effects upon the elements that

~h2- !
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can be constructed from the action of a single typical abnor-
mality ¢ The least obnoxious of these assumptions appears

to be th%t of attributing independence to the various terms
appearing on the right hand side of equations (72). Accordingly,
by the law for combining independent errors: .

W
6% =02 +02%2 X+o2 Y +¢
X A X p
Ao T AeX Ay R T b
-, - o L (74)
62 =62 + o + & 3 | '
z°%z 2t 9,2
° AIL o
y

The quantltieso 2 and cﬁ are generaliaed' no specific magni-
tude has yet been assigned to °L' The quantitles with zero
subscripts are populatlon variances which arise from the action
of random variables unassociated with design. Then OXO andc 3 %o

are the population variances of shell whose every characteristic

L is exactly equal to the population mean value A . The quantities
having effect subscripts are the variances of the effects of €
upon the elements, these latter effects having been assumed in&e-
pendent. By definition, the variances are the mean values of the
squares of the effects, that is:

2 - t”“52 2 = z- 52 ;
ax-z &x ,axd- AOX :oz,‘ﬁjj'(:mthjz
L
2 a
X =B DT, G = oRT -
e o L -+ (75)
0'% ._.z zAzsz’ O%@ = AOZ
: 1
. !
A, 2 = (B, Z o, 5=(8 2)%
I, i ’ ACLZ AtL
-’
-3~
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The assumption that the .effect is proportional to the magni-
tude of the disturbing cause transforms (74) into the form:

2 - g2 .ﬂ)_(. 2 5.2 X \2 =2 ' Xv2 2
: °% =0k, t BT GR) et @) %
Q = L Q 9L c L
. - L
g 52 =02 + (B)2o2 ,,_(Q.Z_)z 6z , )
¢ O T A
% Evidently the variances with'the'subscfigtsq»L, yéf, QL’ IL and
3 (L are the mean squares of the effects on ¢, V9s C, I apd 4
k arising from the action of e;. That is: _
i ’ x -
- SRS L (77)

2 - ’ o= [

°1, © @.0%, “fL @,0)
. - . . - ‘ J
(:_ The proportionality of the subsidiary effects to the magnitude

i

o
=

departure £y

-

-—— .

A AR AR < =~ .- vm . -

F - ’ av,, . ,
%%, +[<§%)2 GD* + @)* Gy + G (-3—%)2] ot

oy 4 +[ChrEDe Bz o -

of the fundamental disturbing cause, es may be used, and (76)
appears in the form:

'

r (78)

J

The variance °1 is c'learly the mean square of the random
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Since equations (78) compose the variances due to
; various sources for any fixed population, similar equations
! may be written down for any particular normal or abnormal lot.
That is:

,c;wcéﬂ(oﬁ(g;‘) & ) ( + G)° (——- ] :
> (79)
‘o;f:o;a... ( )z(_lz. ( )z .g_%z]oi:' .A
Subtraction of equations (78) from_(79) leads.to |
bt L(d’” s, QX 961" + (l) ¢ se
y | | - (80)
6% = ch_%)z(g_%)z + Gp® (m)z ] Ao

The explicit form (80) differs somewhat from the extended form
29) the difference is due to the lack of cross-product terms
80). This is a consequence of the attribution of independence

to the terms on the right hand of (72). The augmentation of the

variance in e;, Acf, is of course the difference between the ab-

normal and normal population variances:

= wB) _ 8 - S
A{ OL'_ O-L-' s | | (81) ‘

The equations (35) yleld:
aX _ 2X
8¢ 9E

%% =X secE .,
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Making these substitutions in (80) results in: g

e o @b Fra] et

o1 (82)
897 = (X sec E)'“’( )2+Cz( )] o

. L

g
<8
]

-’

- X ax aX
The quantities TE? av 50 X sec.E or their equivalents are

all obtainable from f1r1ng' tables.. Let tke quantities:

. .0
2 z ! ““2' . 1
( , ) of = @) = e, -
L (83)
@a%w-ﬁ;? G = -
e considered briefly. By equations (29) and (31):
¢ =E+ ] +J cos ¢
_ " - (e
Is= il +J sin @y .
ks A, = cos¢ (-'ﬂ-)e -Jsing (ﬂpj-)é- = ( )e a
| b0  (85)
‘o ar _
51 = sin ?J(;)L)EL + J cos wJ(aL )eL (3 )E‘L
2 1t should be noted that the quantity Zz"is the mear square and not the square
. of the mean of &

1 . -46-

«vmwbgw&& b
i ‘?" ?x;'}




(AL'I) =[si.n2 (pJ(éﬂ) + 27 sin 0 co§ ?y -aTJ-) (g—% (86)

. Let the expressions equatea in (85) be squared and their means

taken. the results are:

( ¢) =[cosz g—) - 2J sin @, cos 1’—13:-7-) (51‘1')_

8y, g @y cos o;GT7) (L
+ 3 st oy ] o ’

1

?

+ J2 cos 2 éJ( ) ] 52 2

4

The averages (86) are. tuken rith respect to the number of rounas
over a great number oi rounds. The last equation of (23) is:

USRS AR S - MR AP

It has been presumed that any cinension of the shell may be

A

denoted by L. It will now be assumed that either L is indepencent

—

u«Zr
' 7vznc FRAVEL

iusj(__

PObIl'IOh OF ThL SHELL
AT bhnTINu

1Yy Xt

It follows that

- I .2..1L
%2*%*n (ZT)'

Thence
aoJ
oL

In consequence:

0'

of 1g and ZG or that L=\g.‘

The totul travel of the base
frem tne position of seating

" to tiie muzzie will be Genoted
" by ZT’ ana it will ve supposed

~that tiie siell is so ruammed
“that tnls cistance iS constunt.

Evicently

ZT:‘g+Zg

w\

(ﬂi?)f = [0052 5 ( ) J

(87)

0

(ALI)2 [sin2 05 ( ) ]

Moreover ( ) is a constant incdependent of the number of rounds:

in conbequunce (387) become:

-

) z é&l 2" ; ; '
(AL¢) = (aL) cos? @5 &f

‘_ éﬁ:?? 32 2
(ALI) = (aL sin® ¢, &

1 (s8)

J

An avalysis differing but slightly from the following could be made with
the more general assumption thet L =p + ql where q is 4 pure number and p

a general dimension independent of‘ASE.
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: -(ALﬁz = g—% 2 cc;s’_.;;h.. € = co's’ o5 (g-%)’ of

g the meaJ'_l with respect to the num-
ounds of, the product of a function of @ y and a function .

since ¢ i: is indépen&( it of €y
of € is. the product of the separale means of the two functions
with respect’ to the, number of rounds. Hence:: . '

H ! iﬂ .
1 | ' ;
= =, 7 ! . 1(89)

] %
¥
'-I

. 1 3 & : J i !
D7 =G T ey T g Gp*. °i
Then A J = ~(%%)GL may be considered the radius of a cii'cie. The
probability that ¢y 1ies in the arc on this circle between QLJ
and-Qy +. dgg is eyual to ﬁ:.éq)J. The average with respect to

the number of rounds of cos® ¢y or _
age of these functions witn respect to @y around the circle.

.Then: ! : ‘ : ) o

' I.Zﬂ's - | o . y ) . !

cos? ¢ -J9 cos ‘pJ;-'d(pJ - Ll =
L J : J‘Zﬂ' - o 2 i

'
RUCE '

i . ’ i

2 - ..];' . # T i
Sirll (PJ-Fz N I . " | o

‘Thence By (89), (90) and (83): -

o 3_@_2 2
%L) °i

o ; : ; '
. i
.

AT\
= 6D o

'sin® 9y is equal %o the.aver-'

t
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: Tﬁe equations (82) may now be written:: ’

.i » T 'Pl' 7 ’
T e = |36R6D7 + Gy )2 GO + (° 29:)aq )
- - L (92)
o 89" ='L.%(X sec E)*® 2_% 2;fC‘.‘(@=L)‘2] .A?’i . J

, :
| The action of gr in changmg 60 ha.S been found to result in a
velocity effect only, and this effect is:

i:) o o .. , ‘ : :

, v, 6 .

’ AL"«;:: —e; = (*'52)(-1‘:—)5 ={7 -lz’é-._;(ZB 1)2 ( )1/2

| . f 1 . | S vo . /2 . : . aa:

| | : m]t(sov ) 'cos hz(jl - hz)dt (.E)—]':—)SL [
Conseqpently (92) become: | R

, g . b v
A;-_‘x: [2( ) G *{* ,D_______(2B_ l)f((uc—l.)( ng_v))l/z

.- o my
S eil“”?‘z(h"..hz)dt}( Eb)z"(c a0)" ¢ cw)]

©
1

.1
H

‘Ao? = |d ady 2 )2 2
Mz [z(x sec E)*(;T)° + f(t.aL } =55 ¢

{

r (93




" } Under the assumptions previously outlined‘a—- and 8—6’-—(2

oL aL may be
obtained by differentiating partislly, with respect to the
'F particular I considered, the expressions:
J’:_:_r(da’d ) —B=b )
n dH \li +g-Dd
4
2..
el (2[}1,8_,3) _ (94)
1 v

The coefficients @ ) and Qggb) are obtained in the manner
described in the discussion of the effects of €; on range and

. deflection. Accordingly the generalized effects on the vari-
i ances in range and deflection due to the action of Ao may be

considered completed. If there are more L's than one such that
. BAo® is non-zero, the effects on the variances in range and
klectlon are additive.

e Chzracteristic¢ Abnormalities in Shell

Let certain characteristic abnormalities of shell be
considered. These abnormalities have been defined as departures
from normal population means in particulzr characteristics of

(: shell. Four measurements, L, will be examined to some extent
: in the present report. Lets

T —

. . B denote the eccentricity of boattail;
! ; ‘ : r- denote the eccentricity of the center of mass;

F ‘ b denote the distance of the rear of the band from tic
; - base - )
' d denote the bourrelet dizmeter _
? t‘ The corresponding design values are '3, r s b, and d For
any shell it is evident that: F5) b i) b
' 4 . . - (95)
i ry= 0. -
; ' The generally unknown population means referred to all manufactured

shell for these characteristics are B, r, b, and d. It will be
supposed that the sample of the shell employed in range firing for
firing tebles is sufficiently large that good estimates of both
o the means of L and the variences in L for individual rounds can be
; obtained. That is, it will be assumed that good estimates of-

- 50~ N




."7, T, b, 4, 0;, 02, .o and.:03 are known. - Then ‘the departures
from population means, € L? are dpproximated to sufficient accuracy
z) for present purposes by:
_1

™
<)

]
- )

1
5]

"

L <)

1
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~~
™

t
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[y
n
4
|
el
]
"
t
=

= r, ) i ol
r L P p .. ,f (96)

B
gg=a-q=4a -:<HD - fﬁi- %b)' ' -

It will appear that in some particular cases L - p;,is so large

in comparison with A- Lfythat the latter ‘is negligible in com-
parison’ therewi:h. whenever this is true for any perticuler L,
the required eguation will be written.down. In consequence,

- 1t is necessary to differentizte between normesl &nd standcrd
shell, the latter being shell 21l of whose dimensions have the
design values Lp- The abnorinzlities e listed in (96) are by

no means all those present in the shell dealt with in the present
report, but the magnitudes of most of the othner zbnormalities were
P) not measured.

In general, the estimates of A and oi azre based upon a

rather large, single sample of shell. This sample is of shell
used in the range firing program for the firing table for 155mm.
Howitzer, Shell Mk. I with %46 Fuze!. This sample has 200 rounds

N and therefore )
-—.rl—- = . ’ . !
Al 1.00502; ,
| then T may be taken as unity to three figure accuracy. Let tL
denote one half the total one-direction tolerznces. The results
are recorded in Table 1. '
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A drawing of thesg shell is included herewith.
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b
d

The nature of these characteristic dimensions and their.
abnormalities will be discussed further in order to provide for a
clear treatment of their individual dynamical effects. The employ-
ment of tolerances in manufacture will be facilitated if the toler-
ances are given for quantities-which are directly and readily mea-
surable by ordinary machine gauges. The.-eccentricities to be
governed by tolerances are accordingly defined. :

The eccentricity in pqéttailg ﬁ, wil};be defined as one

g .. 77 half the difference
‘ S LE - of maximum and mini-
r(' ‘ . o mum indicator read-

- —SMELL_ s - ~ ings one half inch
1 - T ; _u‘:’—;;;///f - from the shell A
_ tJ.:_ ~; base: The nosition

._I;J_" ' .- 7 7,of the indicator

« wewn -o- - T Of the indicator

* MEAS NT OF ECCENTRICITY IN BOATTat  reading be denoted
: ,"f'_EASUQEME. :F H];O Q. , . " by p, 'the value
fl g Y L oo . i of B is given
ormula: S : N

B = %-(p_ max. -

TR e
" e

p min.). N ¢/
The value of B is given in inches.

e

i is shown in Fig. 10.

. The eccentricity of center of mass, r, denotes what is -
commonly described in vibration mechanics as static unbalance.?
The eccentricity of center of mass is the distance from the center
of mass of the shell to its longitudinal axis of figure. This
quantity is evidently related to the eccentricity in mass distri-

bution, (5,), which may be defined as the number of ounces necessary

.

1 an interesting discussion of some dynamical effects resulting from both static
and dynamic unbalance is contained in a report by H.P, Hitchcock: "Unbalance of
3" C.S. Shell 1915." It 1s presumed in the present report. that the shell dis-
cussed are statically unbalanced without being dynamically unbalanced, that is
the rearly longitudinal principal axis of inertia is presumed parallei to the
axis of figure, . T . :
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to add to the light side of the shell at distance R from the axis
of figure in order to make the longitudinal axis of mass distri-
bution coincide with the longitudinal axis of figure. The re-
lation between r and (bm) is given by the formula

L B

where R is the exterior radius of the shell between the bend and
the bourrelet. The eccentricity of mass distrlbution, (bn), may
result from different causes. In case (dm) is due solely ‘to the
eccentricity in cavity, ¢, the latter may be computed from the
former if the dimensions and masses of the different parts of the
complete shell are given. The method may be reversed, and the
procedure given below provides for computation of the eccentricity
.in mass when the eccentricity in cavity is given. The eccentricity
in cavity, ¢, is given in inches and may be defined as the distance
between the longitudinal axis of the shell surface and the longi-
tudinal axis of the cavity. It may be more readily obtained in a
machine shop by measuring the maximum and minimum shell wall thick-
‘ness at a fixed distance from the shell base. Let Ry denote the
‘radius of the interior of the shell between the band and the tourre-
let. The maximum thickness of the shell wall is R - (R; - ¢) and.

the minimum thickness of the shell is R - (Rl+c). Then:

[ R - (R - c) - R+ (Bl +¢) ]

;
2 e .
1 T
3 m_] R

where ¥ is the shell wall thickness
.‘.R‘«."? K e . ‘ -l - - .. C
A \ [ { . \ P .~ The method of com- .
- x - NV e o putation of (dm) when ¢ is
: 1 , - " : .- known will be ;iven, since
e ‘ S .- 7 this is quite likely to be
%h - - - .of interest for shell other
‘ . ‘ : than those examined in the
_ S “*present report. It is nec-
ST p— ‘ . . . iessary to calculate, or
R—b . . tto be provided with, the
Lk 1 . S 'volume of the cavity.

e Ry —

SHELL Sumracs axts v

HELL CAVITY A¥ID
-k« (/=€) *F man.

R- (2,4C) :F min)
MEASURE MENT OF ECCENTRICITY IN CAVITY
FEJ. 11 ,' a
S , e .

Alaig
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Y,

e

If ¢ is the distance of a point on the shell axis measured
from the base of the shell, let p be sectioned into short
lengths, Api, along the length of the cavity. The values of

Api may be taken in the neighborhood of one inch for large
shell. The radius of the cavity, Py should be taken at the
midpoint of each A,. The small finite volumes may be regarded

as if replaced by cylindrical volumes if Ap 'is chosen suffi-
ciently small. The total volume of the sheil cavity, v ! is

given apprpximately by: .
S } | 2 ; 3
Vc =15 Pi A W [IN. ] (100)
i=1 ,

This computation may be avoided when ]
the capacity of the shell with fuze in-
serted is given. This capacity is
265.5 [INY] for tie 155mm. Howitzer

el ® H.E. Shell Mk.I. The computation may

" also be avoided when botn the charge

A

' BRERKDOWN OF CAVITY VOLUME ~mass ana density are given, except
. INTO ELEMENTARY VOLUMES ~ thut the mass ana cuensity are ordi-

. Rg12 narily xnown to lower accurazcy than
the capacity as obtained by other methods. The mass of the
cavity when fillea vwith material of any density, p, can then
be obtzined by equation:

m= pvc. ) ) (101)

It will be convenient for present purposes to employ tue ounce
per cubic inch us the unit ol density. The density ol many
common materials varies in the third significant figure from
sanple to sample. The density of steel varies with carbon
content and other factors and the density of the usuul explo-
sive loading is often more variable. The following rough
figures will be employea for steel:

Py = 490.0 [LB.FT."’} = 4,537 E)z.m *3_] . (102)

- 55 = o

]

it ek s 24



St oL TR e i e L e et TS SRS TR g RS AARE R SESSEN L IR - el T e a R - i e

b e A T S e T Py T A s

Y ' . The resultant mass of the cavity of the 155mm.Howitzer H.E.
Shell Mk.I when filled with steel, INT and 50:50 Amatol is:

m, = 1204.6 [oz; | | .
st [ ] : ) .- : 5
m,' = 242.7 [z] o (203)
INT '_j S '
227 2 OZ
. 50 50 Am : [ ] : :
% - _ . S - -
SN . The éomputation of (Z-nﬁ [QZJ. s when 3 [IN ] is - ' '

known, may now be considered. ~ The fadt that the shell has

an exterior surface of revolution about ‘the axis of figure : -
will be useful for this purpose.” R-has been taken as the
radius of the shell in inches between the band and the bourrelet.
Consider a crocs-section of the shell at any. point,p , along
the axis of figure. The oribin of coordinates x and y is on-
& “ R the axis of 'figure and the axes

- The x axis will be- takén coin-
“cident with ¢ and opposite in
sense. Let X denote the x co-
ordinate of the center of mass
or any portion of the shell
and m the corresponding mass.
" - The subscripts, 4, B and D
will denote the three portions
- of the shell whose cross-sections
"at distancé p -from the base are
A, B and D. @No subseripts will

S B :cgos’s'”c""’“ or .5“'-‘“ ' be employed for the complete .

S S T . shell, A

et R F‘S 1 P T L
Emenm iz 71& =¥p=¥p =0+ (104)

- Taking moments about thé axis of figure of the portions of the
shell whose cross-sections at point y along the axis of figure
are A, B and D, it follows that:

© e e metnam o /
'y v
1 )
o — - v
g Lt SR
X

'x and y lie in the cross-section.,
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It is clear from conditions of syﬁmetry that: b

X, =0

X = ~C.
D 7

Evidently the mass my is the mass of the charge, or filler:

mn, = nm .
D “ep

Substitution of (106) and (107) into (105) leads to:
rm=Xx, + my - cm’
*B B Cp1

Let the portion of the shell whose cross-section is B be con-
sidered. If G 1s the whole cross-section area of B and D,
and if the volume of which G = B + D 1s a cross-section were
entirely filled with steel:

X e = Xn e M, + Xn 2 M e
G g 4B " U T XD ? e o

~~"SCHEME FOR DETERMINING ' xg = 0.
¢ . " AREAL MOMENTS OF
_ SHELL CROSS SECTION

Fg14

Substituion of (110) and (106) into (109) leads to:

Xy o My = CM
B B Cqt

(205)

(106)

(107}

(108)

(109)

‘But if the colune of
which G 1c a cross-sectic
were filled with steel:

(110)

(111)
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Substitution of (111) into (108) results in: R
' . A . . . . ‘

rm= ¢ (m ) = c%g(é{ﬁ:‘ pFl); | (112) L

Cst

Then the moment, of the entire shell about the axis of figure

is ‘the product of the eccentricity in cavity and the difference °
in the mass of the cavity if filled with steel and the mass of
the cavity with the usual explosive filler. ' Now (dm) is the

mass which will balance the shell about the axis or figure if
placed at the distance R: from the axis‘'of figure. Then:

- m

r

i '

!

Substitution of (113) into (112) leaés to ,

(dm)R = c(m, -m, ). . ()
. ! : ST ‘;Fl . l. )

i "

when the radius of the shell between the band and the bourrelet:
and the difference in mgass of the cavity when filled with steel

and with explosive filler are known, equation (114) provides for .
the calculation of (bm) from c. \ L .
?hep: _ ,C(.Iﬁd,‘ - mCF{‘ : ‘. : " . g '
L w = — % . o |
o o ' Y '(11s)
. _Gw R - |
, ¢ = Gﬁ T -m ) . ' o '
®s¢  °F1 S . . s
In the case of the 155mm,Howitzer H.E. Shell Mk.I:«,'-t - '
. R = 3-0175 ' ro .[INJ f : KA
. i ".A."-'-"i .
m,: -m = 1204.6 - 242.7 = 961.9 |* "{' . o
°sp ' CINT - T ' [] | (116)
my, -my = 1204.6 - 227.2 = 977.4 '[.oz._'l il
B  50:50:Am ‘ .= '
_J
. ; : : - ' 1 } ) —5'8- i i '! ¢ ‘ 1 -




e

e

e =o. 003087 (6m)50 50 am [m] ‘

Qf.‘me "“318'85 c. . [OZ;,: '

(bP‘)BO .50 am = 323 9 c [sz

9 o oo e (117)

0

. The measurement of (bnﬂ must, if undertdkon from the above, be

carried out with shelI contarning ‘the charge. The measurement
must be taken at exactly R inches from the axis of figzure, or

. corrected to,that point. If the measurement is carried out with

empty shell, m, = 0. For emnpty shell these results become:
: . F1: ' : )
(bm)o = 399.2 g 2] ]
B L ' (118)
6 = 05002505 (tm),, [ ].

; The 155mm.Gur H.E. Shell Mk III has the szme mass of
"charge of TNT as the 155mm,Howitzer H.E. Shell Mk.I.: Comparison
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