~ Al T o aodB Bl o ik B DIl el R T [P A AR el ah el s A T " v Wi o o e W Tl AP LA WML N 2 ML ML WOLUIW LW NS LU VY OB WP AL W “

. ,r? /}T’-, gt At Phe ¢
AD-A149 022 @
B AD
R CONTRACT REPORT BRL-CR-536
L p&@ - /7 M" 2A-E G-

PROJECTILE MOTION IN A FLEXIBLE GUN TUBE

Prepared by

f S&D Dynamics, Inc.
755 New York Ave.
Huntington, NY 11743

IC

E. . October 1984 B_ICTE

ED s JANT 19853
t-,.

= X B

APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED.

US ARMY BALLISTIC RESEARCH LABORATORY
ABERDEEN PROVING GROUND, MARYLAND

““"i""‘.“‘:'ﬂ.““.'-~~*.-~- Memum,e e W e v o w_ e w e L

L L RaP RO AN S h WL AN \.‘*{"— L v\x-‘x\xgi\xn T R K . . T ATt A, Ta Y L€ v e ,q
SRR CR A A e ST el T I MU L e IR S e A 3
E IR CN i Y N G I N N L L e T S T A R ARt i AP S S gt A R TON AT S o

,,,,,,,,,,



S WU W X T XU WL U WLWT W I WG - N WA e L W LY FaT AU AT W LT T T 1T 1% S ath ™My T e ATKIYS WM TN T LTSRNy

Destroy this report when it is no longer needed.
Do not return it to the originator.

Additional copies of this report may be obtained
from the National Technical Information Service,

U. S. Department of Commerce, Springfield, Virginia ‘
22161,
L

The findings in this report are not to be construed as an official

Department of the Army position, unless so designated by other
authorized documents.

The use of trade names or manufacturers' names in this report
does not constitute indorsement of any commercial product.

D
.

.
e

"'

v 5 S
+

.

A
.
L

[k

g

: el -~ FRE el e DA
PR R Y o, A AP S S N A \ LY e . . -0
. -

.'
YI
')
. A,
¢
' »
¥
"

o
- -t - - - -
-~ - *le et . . - .

- -~ N - - - - . T PR A I 3
~ AR ,~/_‘-"~.r.{-..\(\—~_\_u.1_1.‘\ v _.\,‘_-_-_-_1.~_:-v' B . o D . . - _—‘..‘_ aet
* - - AT AN !
o er e b, o et atat Nates wat faaaalalal,




UNCLASSIFIED

SECUKITY CLASSIFICATION OF THIS PAGE (When Date Entered)

READ INSTRUCTIONS
REPORT DOCUMENTATION PAGE B O ORM
Y. REPORT NUMBER 3, GOVY ACCESSION NOJ 3 RECIPIENT'S CATALOG NUMBER
Contract Report BRL-CR-536 .- AL G 05271
& VITLE (and Subtitle) § TYPE OF REPORY & PERIOD COVERED
Final Report
PROJECTILE MOTION IN A& FLEXIBLE GUN TUBE 15 Nov 82 - 15 Mar 84
& PFRFORMING ORG REPORY NUMRER

7. AUTHOR(s) 8. CONTRACT OR GRANT NUMBER(s)

Martin T. Soifer DAAG29-83-C-0004

Robert S. Becker
9. PERFORMING ORGANIZATION NAME AND ADDRESS 10. ::g2R‘A=°E.L‘E='E‘:IYY.“PuﬂuO.JcE§;. TASK

S&D Dynamics, Inc. 1L162618AH80

755 New York Ave.
Huntington, N.Y. 11743

1t., CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DAT

US Army Ballistic Research Laboratory October 1964
ATTN: AMXBR-OD-ST 13 NUMBER OF PAGES
Aberdeen Proving Ground, MD 21005-5066 88

T§ MONITORING AGENCY NAME & ADDRESS(! different from Conirolling Oftice) 15. SECURITY CLASS. (of this report)

Unclassified
15e. DECL ASSIFICATION/ DOWNGRADING
SCHEDULE

16 DISTRIBUTION STATEMENT (of thie Report)

Approved for public release; distribution unlimited.

17. DISTRIGUTION STATEMENT (of the sbstract entered in Block 20, it diflerent frem Report)

10. SUPPLEMENTARY NOTES

T’.—KEV WORDS (Continue on reverse eide ! necessary and (dentity Dy 0i0Cx m-uo;r)
Projectile Dynamics Gun Dynamics
Projectile In-Bore Motion Gun Tube Motion
Projectile In-Bore Loading

Projectile/Gun-Tube Interaction

20. ABSTRACT (Contimm en roveres oide and idonsity by Hlock Seor)

A general, six degree-of-freedom model of a projectile of finite geometry and
inertia traveling in a flexible, rifled or smoothbore gun tube has been developed.
The model accommodates projectile spin, mass eccentricity, projectile/bore inter-
facial friction, elastic/plastic deformation of the projectile rotating band, and
balloting--including bourrelet impact and rebound with the bore. The model is
unrestricted regarding gun tube motion, and provides the ability to assess the

(continued on next page)

FOonRee )
w e EOIMON OF ? OV €315 OBIOLETE UNCLASS IFIED

SECUMTY CLASSIFICATION OF THIS PAGE (When Date Entered)

D Nt TR G AR T N (LT LTI C TP el pr et ot CRARCERE ATt el o SRR B v BRSO SO NI 0 N MY EE



IR it R LI R T ERAEE LA A I e S e ATENATRE TR AN AT R T LW ST L I TY R TATECCTRONT TR ITTAOTER L KA EP AR VELTTYY

UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE(When Dete Batered)

20. (continued)

mutual effects of projectile/gun-tube interaction when solved simultaneously with
the equations of a compatible gun dynamics simulation, such as DYNACODE-G. The
basic formulation has been compared with other projectile in~bore motion formu-
lations and descriptions appearing in recent literature, and is considered to be
the most general developed to date. In addition, the model has been correlated
with experimental in-bore radar coppler data obtained from firings of a specially
designed 37mm weapon, and has demonstrated excellent theoretical/experimental
agreement. .

UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE(When Dete Entered)

e e R L A I Lo T R L e A R R T A A L It YR T L LN I L T T mtotl



@,—_u-‘-u-uu_-;-v-u-u-u-u F AW R ML XD L VI T B SIBLRUFLE B BLESLE L8  NLELWLREL EZVPL FLALFALT LA FE "L "W "k RERLF L% T LWy

e
ol

TABLE CF CONTENTS
Page
LIST OF ILLUSTRATIONS..cccccesscvcacsosccasssccscssooccssoscsasocss
1. INTRODUCTION. ¢ cvvvccsonssnnnssansasssosnccasssnccsaacassaansnansce 1
2., FORMULATION OF PROJECTILE EQUATIONS OF MOTION....cccececcccsccccaes 9

2.1 Projectile Equations of Motion in Terms of Applied
Loads and MomentS...ccceeesoceccocess teesesectacesssscssscecsese 9

i 2.2 Simplification of Angular Velocity and Acceleration
Expressions....... Gecsesesceni.acean eecesseccsesscessscsssccsncs 22

2.3 Applied Loads and MomentS....ccoecoeee enceesessasaccas ceeseccs 24
2.3.1 Projectile Weight Loading......cccecccvenccncann sescecs 24
2.3.2 Rotating-Band/Bore Interfacial Contact Loading......... 25
2.3.3 Bourrelet/Bore Interfacial Contact Loading.......cccess 32

2.3.4 Propellant Gas Pressure and Compressed Air Loadings.... 37

2.4 Solution Technique...cecevececceosee teecsscscscasccsssccncsnce 40
3. COMPARISON WITH OTHER PROJECTILE MOTION FORMULATIONS.....ccccceseee 42
4. CORRELATION WITH EXPERIMENTAL DATA..ccccececveassscscsscccsoscaccccs b
4.1 pescriptionof Test Weapon, Ammunition and Data Bas€........... 44
4.2 Computer ProgramM..c.cecceeccsecesecsssscssoscsscasasacssasecce 47
4.3 Results of Correlation...cccececsesesssssscscccacscccancassese Sl
4.4 General ObservationS......ceceeees. PP - |
5. INCORPORATION OF MODEL WITHIN DYNACODE=G...ecvsescacvcsscsccccsescs 06
6. CONCLUSIONS AND RECOMMENDATIONS....ccoesececacsosocccscccscscanscse 08
ACKNOWLEDGEMENTS . e e coceecaososcncsasocasssccasnsaccns cecscessesesecs 09
REFERENCES . .cccvcceccenssnssscasoscancncce Y 4 |
APPENDIX A ..ccccceee tececcsesescsavosse Y
NOMENCLATURE.....ccc.. cceecsesccecsscsccsssssssssssscsccscccsccessce 79

DISTRIBUTION LIST ..... ® 00 0% 080000000000 9 0000 0GOSO OO BOE SO 85

X .

s =, NSRS LTI T S e Whe e S T s Y S T I ) ~a P A VA LN PP E CO BN LS TR IR LA S St Rt St S ) b )
DG I N ARG SN W AW S FERIOT AT LIRS LN i e R A8 s 0 S USRI ON O S L SR AR L S TN SRS AR A



3{ TeseEaTESLRsTEE AR TATRAE VR TLARNTIVWAMEBELIFAIS YT RILC R OV RASTRETLILTFS TS LU TWRe IAFMTSTE "2"T e LA Tafalfibe -/

LIST OF ILLUSTRATIONS
Figure Page
Instantaneous Orientation of S Relative to S  «...cievceecsiansss 11
Instantaneous Orientation of So Relative to S' ..ceevevececenaans 12

Radial Load Distribution at Typical Cross-Section of
RotatingBand ® 0 0 © 4 00 0 I P GOGOLNOLOP OO GEOSEDOPEPS NSNS e s 0 e o 28

Loading on Typical Differential Element of Rotating Band ........ 30
Bourrelet/Bore IMpact LOAAiNG ....eeeeeceeeseccssacsossscasaccess 34
Projectile Base and "Ram" Air Pressure LoadS ..ccceveccccossncacs 38

37mm TeSt WEAPON +vvueevvnsiersuerernssoasassonsssessnnseasancans 43

w ~N o N>

§7mm Test Projectiles .veeeececccevecccocseccassssccsoscsocccssnne 46
9 "Waterfall" Plot for Balloting Round ......cceceecoccecccenccccece 48
10 Additional Required Input ....ccceceecececsssocccsscscasasansanns 50
11 Displacement-Time Correlation (Short Round w/o Balloting) ....... 52
12 Velocity-Time Correlation (Short Round w/o Balloting) .....ceeees 53
13 Displacement-Time Correlation (Long Round w/o Balloting) ........ 55
14 Velocity-Time Correlation (Long Round w/o Balloting) ...ececeeees 56
15 Displacement-Time Correlation (Short Round with Balloting) ...... 57
16 Velocity-Time Correlation (Short Round with Balloting) .......... 58
17 Balloting Correlation (BRL Ident. 5) ...ceceececacescsccsccancnsece 60
18 Model Prediction of Projectile Yaw versus PitCh .cccecevcoccccecs 61

19 Pitching Motion COmparisSOn ...i:cceccsceescsscecccsnsssssecscassans 64

20 VeloCity COmPariSON .e.cevscecesescscscesscssvsecossaasescssscsasasess 65
A-1 Definition of Euler ANGleS .......eoeeeeeeeesoacnnsscsosnnannaes .o 75
ﬂ-;é -GRQ&I
pITC oy D
e soFd a
DTIC S 8
-
ELECTE -
~/

JAN7 1685 |

s ‘ . 3
ot ]"‘“ idty Codes |
Aawai e .iulior

B

Dif—' L " ' "l" (™ :.Ql
| 1 g
us PAGE
’ ’ ‘ \ P BLANK
\ MR-

N S I M S X TN S A N A IR AL



 ERAAP SR o7 - AT T LT AT T e g W e A T M P A R I AN TW R W Y WA CTTE S LW S W TELW LY R UR IR U NN RN R a ¥ BN g

SECTION 1
INTRODUCTION

This final report has been prepared by S&D Dynamics, Inc. under contract
DAAG29-83-C-0004 to the U.S. Army Research Office, Durham, N.C., with funding !
provided by the U.S. Army Ballistic Research Laboratory, Aberdeen Proving Grcund, !
MD.

In accordance with the contract scope-of-work, this report documents our
development of a general, six degree-of-freedom model of a projectile of finite
geometry and inertia traveling in a flexible, rifled or smcothbore gun tube.
The model accommodates projectile spin, mass eccentricity, projectile/bore
interfacial friction, elastic/plastic deformation of the projectile rotating
band, and balloting--including bourrelet impact and rebound with the bore. In
addition, the model has been formulated in terms of gun tube motion parameters,
thereby rendering the ability to assess the mutual effects of projectils/gun—
tube interaction during in-bore motion when incorporated within, and solved
simultaneously with, the equations of a compatible gun dynamics simulation,
such as DYNACODE-G (Refs. 1,2). Furthermore, incorporation of this model
within DYNACODE-G provides refinement of the latter, by replacement of the

traveling point-mass projectile description presently contained therein with a

physically realistic, interacting projectile description, as well as extension
of the latter to rifled beore applications. Detailed development of the model
is presented in Section 2.

The basic formulation comprising the model herein developed has been

conpared with other projectile in-bore motion formulations and descriptions |
appearing in recent literature. A summary of this comparison is presented
in Section 3. As will be seen, the model herein developed appears to be the §
most general developed to date and, consequently, offers the broadest range |
of applicability.

In view of the potential applicability of the model herein developed, it

-y
a

was deemed prudent to attempt validation of the model on its own merits (prior

K]

:j tc incorporation within DYNACODE-G), via correlation of model predictions with
¢ experimental in-bore projectile motion data for firings in an environment

Ej reasonably free of gun-tube motion. To achieve this objective, the U.S. Army
ﬁs Ballistic Reseazi’ch Laboratory, and, in nsrticular, Mr, James O. Pilcner II and
& Dr. James N. Walbert of the Mechanics and Structures Branch of the Interior
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Ballistics Division, provided in-bore radar doppler data for firings of two
distinct projectile designs, from a specially designed 37mm weapon. Detailed
documentation of the correlation effort performed, and the excellent theoret-
ical/experimental agreement demonstrated, as well as pertinent general observa-
tions, are presented in Section 4.

The solution technique required to incorporate the model herein developed
within DYNACODE-G, and thereby provide the desired refinement and extension of
the latter, is discussed in detail in Section 5. In particular, considerations
regarding the integration scheme and required step-size(s) for integration
(since the frequency content in projectile motion is generally orders of
magnitude greater than the frequency content in basic gun tube motion) are
given special emphasis.

Finally, conclusions based on our findings and recommendations for further
study are presented in Section 6.
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% SECTION 2

% FORMULATION OF PROJECTILE EQUATIONS OF MOTION

o In the interest of accommodating both rifled and smoothbore firings, the

formulation herein presented is developed for a rifled bore gun tube, with

relaxation _" the rifling constraint introduced where necessary to accommodate
a smothbore gun tube. In addition, it is understood that the projectile

. rotating-band is to be interpreted as a bore-riding surface in the smoothbore
application.

The system of simultaneous differential equations which describes the
general, six degree-of-freedom motion of a projectile traveling in a flexible
gun tute is formulated first in terms of the applied loads and moments acting
nn the projectile (Section 2.1). Based on practical limitations of projectile
‘otirvm relative to the gun tube, consideration is given next to simplifying
thr: ~<-eral ex,ressions obtained for the projectile angular velocity and accel-
eryuion (Section 2.2). Finally, the applied loads and moments acting on the
projectile are defined via modeling of the projectile/gun~tube interaction
and interior ballistics processes (Section 2.3), thereby completing the desired
formulation. -

It is noted that the formulation herein developed is, within the framework
of the assumptions introduced, complete to within the prescription of gun tube
motion. It is further noted that to fully account for the mutual effects of
projectile/gun-tube interaction, such prescription may not be made independently

but rather requires the simultaneous solution of this formulation with a ]

compatible gun dynamics simulation, such as DYNACODE-G.

2.1 Projectile Equations of Motion in Terms of Applied Loads and Moments

The projectile is characterized as follows:

(i) the projectile consists of a main body, rotating band and
bourrelet;

(ii) the projectile main-body behaves as a rigid body of finite
geometry and inertia;

(iii) the rotating band behaves elastically, with allowance for
deformation in the plastic regime;

{iv) the bourrelet behaves elastically, with allowance for impact

and rebound with the bore;

.
ACCRELE
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{v) eccentricity is permitted between the projectile c.g. and

geometric center;

(vi) the projectile is permitted six degrees-of-freedom relative
to the gun tube (whose motion is unrestricted), namely, three
independent rotations of its main-body about its c.g. (corre-

sponding to projectile pitch, yaw and roll relative to the gun

tube) and three independent translations of its c.g.

The following reference frames are introduced to facilitate tracking projec-

tile motion:

(i) So' with coordinates (xo,yo,zo) and unit triad (fo,fo,ﬁo), is T
defined as an intermediate reference frame, fixed neither in
the projectile nor in the gun tube, whose origin translates
with the projectile along the gun tube axis and rotates with
the projectile about the instantaneous tangent to the gun

tube axis; f; is directed toward the gun tube muzzle, along

the instantaneous gun tube axis; at the initial projectile
position, 30 is directed along the radius from the gqun tube
centerline to the projectile c.g.; ko completes the triad;

(ii) S, with coordinates (x,y,z) and unit triad (2,3,2), is

defined as a body-fixed reference frame whose origin is fixed
at the projectile c.qg.; 3 is directed toward the projectile
nose, parallel to its geometric axis; at the initial projec-
tile position, ] is parallel to ] ; k completes the triad;

(iii) ', with coordinates (x',y',z') and unit triad (1',] k! J.

is defined as an inertial reference frame whose origin is
fixed in space at the initial position of the origin of So
and oriented (for convenience in subsequent applications of
interest) parallel to the inertial reference frame defined
in the gun dynamics simulation code, DYNACODE-G.

The instantaneous orientations of S relative to So and S0 relative to S' are -
as depicted in Figures 1 and 2, respectively. Referring to these figures and the
above definitions, it is noted that the kinematic relations between So and S'
incorporate gun tube motions, as well as two of the six degrees-of-freedom of the
projectile relative to the gun tube, namely, translational motion along the gun
tube axis and spin (both of which may either be prescribed by interior ballistics

10
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data or compatibly determined within the context of this formulation). Referring
to Figure 1, the remaining four degrees-of-freedom of the projectile relative to
the gun tube, namely, the two translational displacements ycg and zCg of the pro-
jectile c.g. in the j -k plane and the two Euler angles { and $, corresponding
respectively to projectile pitch and yaw, are formulated in S relative to So
Referring to Figure 2, the instantaneous position vector of the origin of So
relative to S', namely ;o’ has components which are functions of time, t, as well

as distance along the gun tube axis, s; that is
. Fn(s,t) = x'(s,t) i . y'(s,t) 3' + z'(s,t) k' . (1)

Hence, noting that S' is fixed in space, and that

(2)

where vp (= ds/dt) denotes the instantaneous velocity of So along the gun tube

axis (i.e., the projectile velocity as prescribed by interior ballistics data),
the instantaneous velocity of S_ relative to S', namely 50 (= dFo/dt), is given
by

- ax' | N 3z! 92!
Tret) = [ ey By, L, Wy, 2, B0 )

as at p 9s

Similarly, the instantaneous acceleration of So relative to S', namely
50 (= dGo/dt), is given by

3

3x? 2xt 5 atx'
a (s,t) = [ + 2 v, 353t * Vp 5T * 3, 35 as ] i
2
9y ay' 2 __1
at= +2 vp asat + vp 3sz ap as J J'
azz' azzl azz'
I v S S e R R (4)

where ap denotes dv_/dt.
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Referring to the Appendix, the instantaneous orientation of S° relative to
S' is defined in terms of the Euler angles (wo,so,mo) via the transformation

{' = 2?1 io + 2?2 30 + ?3 ﬁo ’

Jreed 1400, 3«85,k (5)

e e B -
where, )

2?1 = cos y cos §, ]

o _ . :
L), = cos ¥, sin §  sin ¢ - sin ¢ cos ¢,

o) . . .
= Co in s + sin sin
L S wo sin & co % s wo R

13 o
2° = sin Y. cos §

21 o o

o _ s
%,, = sin § sin §, sin g + cos Y cos ¢ > (6)

o _ _.
£ = sin ¢ sin § cos 9, - cos db sin ?

') = - 8in sb

o X
., = cos § sin @

o
= cos o
) Sb cos ¢,

Noting that Eo lies along the instantaneous tangent to the gun tube axis, '%
it follows that

&' _ o 3y _,0 , 3z'_,O {(7)
9s zxx ' 3s T 121 ' 3s 231 .
14

AT AR AR AP s SAd A A0 ¥ S T CR ¢ SN SR 1 (G0 6l (A J



IERIET S WLOSE LT AT LR AT WD WR TR R RN Y ap WA Y W S G e T e w

Hence, substituting equations (5) and (7) into equations (3) and (4) there
results the expressions for the instantaneous translational velocity and accel-

eration of So relative to S' in the form

Vosv. 1 +v 3 + V. K (8)
0 x, o ¥, "o z, ©
. where,
) ax! o', 0 3z )
on - Vp + 4 at 2% at Jz'31 ot
i
o ax' o ay' o 9z'
vyO jz'12 at 292 ot + jz‘32 9 } (9)
_ 0 25' o AX.' o E'
vz0 2y, at * 2,3 at * s ot
and
a=a i +a j +a k (10)
o) x, o ¥, "0 z, ©
where,
_ o 3¥°x' .0 3%y' .o 3z’ ]
axo - ap 211 at: T 221 oté 231 at?
o 3%x' o 3%y o 3%z’ -awo
ayo = 2’12 at: 9’22 at 32 atz ¥ 2 Vp I-it_ cos so cos 95
88 awo 33
- at sin @ ] + v 35 COS §, €05 @ - == Q sin P ] > (11)
a_ =80 X' g0 3y' go dz' _, [%cosa sin
z, T 713 ot? 23 9t? 33 ot? vp ot o %
83 .2 8¢ 886
at cos ¢ ] - ve [as cos § sin @ + === cos ¢ ]
- J *®
Since SO is constrained to move with the gun tube in the ﬁo-ﬁo plane, it

has angular velocity, 60, relative to S'.

relative to So), is given as

15
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b o o] o
v

’; where (referring to the Appendix),
i w, =@ -¢ sin$ 1
§1 X 0o o o

) °

.% .

& = r 1 -
) wyo So cos ¢ + wo cos So sin @ (13) '
a:‘ - [ ] ® .
42 wzo 80 sin ¢_ + wo cos 30 cos @ ‘

K

and wo, &o and ¢, are obtained applying equation (2).

;1 Noting that for a rifled bore gun tube ¢o is a function of s only, and apply-

;? ing equation (2), there results the rifling constraint

Iy

> % =t Y (14)

2,
< where t, (= dqg/ds) denotes the rifling twist; which is a known function pre-

LA .

P scribed by the design characteristics of the gun tube rifling. Hence, ? is a

1 known function of vp for a rifled bore gun tube.

ALY

;2 Considering a smoothbore gun tute, it is noted that investigators generally

5} assume that éo is identically zero throughout the in-bore motion. However, as

;: will be seen, projectile mass eccentricity, initial projectile/bore angular

ol misalignment, as well as bourrelet/bore impact each give rise to non-zero values

Y of éo. Hence, éo is herein retained as an unknown (independent of vp) for

W smcothbore applications.

§é Noting that

‘ .

" -_— L)

- at ) _ — - =

- ot ° () +wx() (15) .
: and applying equation (15) to equation (12), there results the angular accelera-

;1 tion of S relative to §', in the form

bozd, i +d, Jo+d, K (16)

3 (¢} X, © Yo 0 z, ©

S

P

N 16
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where (from equation (13)),

wxo = wo - wo sin So - wo So cos So
wyo = § cos ¢y + ¥, cos &o sin @, - ¥, 3, sin § sin ¢, + wzo % (17)
wzo = - 30 sin @, + wo cos Sb cos @ - wo 80 sin So cos @, - wyo % ].

Equations (8), (10), (127 and (16) prescribe the translational and angular
velocities and accelerations of So relative to S'; with the rifling constraint,
equation (14), introduced for a rifled bore gun tube. It remains to prescribe
the motion of the prcjectile c.g. relative to SU and, finally, its motion
relative to S',

Letting ;cg and écg respectively denote the translational velocity and
acceleration of S relative to So’ it follows from Figure 1 that

n
<3

(18)

"
)

a k
cg cg Yo cg o .

Letting acg denote the angular velocicy of S relative to So’ and further ‘
specifying that

w.. =W i+ J+w k (19)

the components of 6cg are prescribed {analogous to equation (13)) as functions
of the Euler angles (V,9,0) of S relative to So in the form

w o= ¢ - ¥ sin § ]
cg
w = § cos 0+ @ cos ¥ sin ¢ > (20)
Yeg
w, = - $sing+pcosScosg . |
cg !

17 !

|

I TN T ~ LNV AN Hoeter ;1.*.\\,'-:-‘\'-‘\ RN d
LY 7:‘ \ SO 3-2‘- ST ’\}‘8 ".;: \::.&%-&\\C‘l‘ -i\‘:\‘: f\‘ LA NSRS {"\.‘-k-k"{'b.r




WV RAETTTC R (4. & IFE N MaTHE-TEWMRUE TR IAIN A TTHL L TEH L M AT AV L PR W N WA LA FaA Tl LA MR W™ NS a1 VL

Noting that So is prescribed to rotate with S, equation (19) must be sub-
jected to the constraint

wcs * i = o . (21)

Introducing the transformation from S to So’ namely

iozfl,“i-o-ﬂ,lzji-ﬂ.lak 1
jo=fl,21 i+222j+223k > (22) ‘
k0:2311+232j+9,33k )

and noting that the direction cosines, zij’ are defined in terms of the Euler
angles (¢,%,9) analogous to the definition presented in equation (6), there
results from equations (19) thru (22)

¢ = [%%] 8 (23)
which prescribes the dependence between the Euler angles of S required to satisfy
the constraint presented in equation (21).

Equations (18) and (19) (subject to equation (23)) respectively prescribe
the translational and angular motions of the projectile c.g. relative to So' It
remains to prescribe this motion relative to S°'.

Referring again to Figure 2, the instantaneous position vector of S relative
to S', namely r, is given by

r=r_+r__ . (24)
Hence, noting equation (15), the (absolute) translational velocity and

acceleration of the projectile c.g. (relative to S'), namely v and a, rispec-
tively, are given by

<
"
<t
+
<!
+
x
3

(25)
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Substituting equations (10), (12), (16), and (18) into equation (25) and,
in particular, into the expression for a (which is required for application to
the equations of motion of the projectile), there results

as= [axo +2 wyo icg -2 wzo §cg + zcg (&yo + wxo mzo) - (ycg +¢g)
. x (ézo - wxo myo)] i+ [ayo +<vcg -2 wxo .cg - Zeg (wxo = wyo)
- (yCg +¢) (w;o + wéo)] 30 + [azo +.Ecg + 2 wxo &cg + (ycg +¢g)
x (ano uy uy )=z (s w§o)] R, . (26)

The (total) angular velocity of the projectile (relative to S') is given by

w=w°+wCs . (27)

Applying equation (15) to each vector on the right-hand side of equation
(27) there results the (total) angular acceleration of the projectile (relative
to St')

(28)

Ete
"
Ele
Ele
+
£
X
€1

+
o cg ) cg

Transforming equation (12) from So to S via equation (22) and substituting

the result, along with equation (19), into equation (27), there results
W =W 1+o.)j+u)’l\( (29)

where,

‘ wx=wxcg+2,“wxo+2.21wyo+1“wzo )
w, = wycg + 212 mxo + 222 wyo + 232 wzo | (30)
w, = wzcg + 213 mxo + 223 wyo + 233 wzo |
19

] - LT P
LRl

"t LSty T Y e e L A AT AT
{‘L’fﬁﬂi’: \.":I‘ﬁ'.'&("':)x}x'\‘ - \."..ﬂ.'q\‘ PRI N

L Ly

.
AT
e dTa

i

RO LI RN N ?:'_



ST T e e A EE A T A A AR e R At et e AEER TR B A AT AT 1T LR AT T e 4 R T e e T b e LT AT Wl BT e BT e T e A e el e e L
§,——__ T T e T A T T

Transforming equation (16) from So to S via equation (22), differentiating
the components of equation {19) with respect to time, and substituting these
results, along with equation (19), into equation (28), chere results

w=w i+ wy j+ w, k (31)
where,
O =6 +8 0O +20 B +2. 6 +w (B.w +%. w ]
X ce 1 X 21y 31 "z yc8 137X 23 7y
+2,, w, ) - w, (£, W, o+ L,, wy + 2., w, )
o cg o o
O =h R, 0+ 0 4.0 +0 (2.w +8 w
1 2
y ycg 2 xo 2 yo 32 ZO xcg 13 xo 23 yo
> (32)
+ 2, w, ) - w, (2, W, o+, my L w, )
) cg o) o o
O =0 +R L0+ 0 + 8.0 -—w. (B @ &
2 - 13 X, 23 Ty 33 Z, xég 12 X 22 7y,
+ 2w )+ uw (L w, +28 . +2 w )
32 Zo yég 11 xo 21 'o 31 Zo J
and (from equation (20)),
‘:’x =‘q;-.q;sins-ﬁ;écoss )
cg
Wy =3%cosg+Pcosdsing-P$singsing+ w, @ 4 (33)
cg cg
‘:’z =-:.‘:sincp-r'q;cosscoscp-ﬁ;ésinSCOSq;-w c;) )
cg cg
where (from equation (23)),
oo tanl’) ! .
= [55) g+ 53 [cos2 i $ tan ¢ tan 8] . (34)
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We are now in a position to formulate the equations of motion of the pro-
jectile in terms of the applied loads and moments.

Letting F (which remains to be prescribed) denote the resultant applied
force acting at the projectile c.g., and applying Newton's law of motion with a
as prescribed in equation (26), there results the three scalar equations of
translational motion of the projectile c.g. (written relative to So) in the form

F, =m [a, -2w ¥y _+2w 2 _-I(y__+ ¢ (W -w w ) ]
X P Txg 2, "cg Y, c& cg z, X, Y,
+z2__ (0 +0 )]
& Yo %o %o
F. =m_ la +.y. -2 w z -y _+¢6) (w2 +w)
yo p Yo cg xo cg cg xo zo
r (35)
- (0, - )]
cg X Vo Zo
Fo=m [a, +2 _+2w y._+(y_+¢ (0 +u o)
Z, Pz, cg X, “cg cg X Vo 2,
2 2
- Zeg (wZ + wy )] J

where mp denotes the mass of the projectile, and Fx s F

and Fz denote the
o)

yO (o]

components of F along the respective axes of S o
Letting M (which also remains to be prescribed) denote the resultant

applied moment acting about the projectile c.g., and applying the principle of
angular momentum with ® and é prescribed respectively in equations (29) and (31),
there results the three scalar equations of angular motion of the projectile
about its c.g. {(written relative to S in order to preclude introducing time
derivatives of the projectile inertia tensor) in the form

Mx = Ixx W, + (Izz - Iyy) wy w, + Ixy (wx w, - wy) - Ixz (mZ

2 2
+ W wy) - Iyz (wy - wz)

R

N TN LN
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My:Iyywy+(I -Iz)wxmz+Iz(wxw -mz)-Iyx (mx
» (36)
2 2
+wy wz) + sz (wx-wz)

Mz = IZz wz - (Ixx - Iyy) wx wy + sz (wy wz - wx) - Izy (wy

2 2
+ wx wz) - Ixy (wx - wy) J

where Mx’ My and Mz denote the components of M about the respective axes of S,
%’ Iyy’ veey Izy denote the elements of the projectile inertia tensor
written relative to S.

and I
X

2.2 Simplification of Angular Velocity and Acceleration Expressions

The expressions for the terms representing the angular velocity and accel-
eration components entering equation (36) may be greatly simplified by noting
that fcr most practical applications Y and § are sufficiently small such that

sinYy=y ;3 cos V¥ =1
(37)
sin $9% ;3 cos & =1 .
Under this condition it follows from equation (23) that
o~p§ (38)

Applying the mean value theorem, it follows that the integral of 6 will at
most be of order ¥ $. Hence, to first order

¢ =0-. (39)

Imposing the above conditions and retaining only linear (first order)
terms in { and ¥, the direction cosines for the transformation from S to So’
as given in equation (22), simplify to

22
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Lyy 2 8y, =8y, =1
212 =< 221 =-¥
r (40)
Rig==-2,, =9
i
2,3 585, =0 ), ?
Noting the above, equations (20) and (33) simplify respectively to
w, V9 -9y
cg
W zé 4 (‘01)
ycg
w = Y )
cg
and
w, = Ve -3%y 1 z
Ccg
w, =3+9yP3 { (42) 1
cg i
W, ~P-98P -y s
cg ;¢

Substituting equations (40) thru (42) into equations (30) and (32), there
results the greatly simplified expressions for the angular velocity and accel-

eration components entering equation (36) in the form

W, sw,o + Y (wy +3) -9 (mz + )
o o o
o oo, +8%-Pa { (43)
Yy Y %o
w, =W +t3)+8wx )
) o
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and

W, =W +W(8+wy)-3(¢+wz)+9(3wx +u)z)
[o] 0 [o] [o) (o]

b (44)

(:J =0.0 +.\l:—l|1\‘.}2-~3(\:}\L-l:) )+~:)(w -%w )
z Z, X, X, z,

-lewwx -0 )

o Yo )

2.3 Applied Loads and Moments

The equations of projectile motion developed in the preceding section
require specification of the applied loads, F (written relative to SO), and
the applied moments, M (written relative to S), for completion of the formula-
tion. These loads and moments arise as a consequence of the projectile weight,
interfacial contact of the rotating band and bourrelet with the bore, propel-
lant gas pressure acting at the base of the projectile, and compressed air
ahead of the projectile.

2.3.1 Projectile Weight Loading

The load applied to the projectile c.g. due to its own weight is
given by

Ayt gt
e
§
>

F =-m_g3J' (45)

i
L
o
[

where mp and g denote respectively the projectile mass and gravitational
acceleration.

I't.l

'»'

CR A o

f

Applying the transformation given in equation (5), equation (45) is
written relative to So for application to equation (35) in the form

< G e
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3:} F - F:O i F;’o 5y + F‘;’o k, (46)
3
v where,
s
.\é F:: =-m g sin ¥ cos 3 \
i o
s .
| ; Fyo =-m g (sin \bo sin So sin @_ + cos \Po cos <P°) } (47)
\
3:: ) F:o =-mg (sin ‘bo sin 80 cos ¢ ~ cos 1!10 sin @) ).
)5
r
S 2.3.2 Rotating-Band/Bore Interfacial Contact Loading
?.:- The loads and moments applied at the projectile c.g. due to interfacial
_' contact of the rotating band with the bore are derived subject to the following
: assumptions:
o (i) since modeling the engraving process in a rifled bore gun tube
g; is beyond the scope of this effort, the initial state of the
k; projectile and, in particular, the rotating band is defined
L here as its fully engraved state; hence, for this purpose,
g, the initial state of the rotating band is characterized as
%E a radially compressed elastic band with elastic/plastic
. boundary at the bore surface;
Pii (ii) projectile motion subsequent to engraving induces additional
b elastic, as well as plastic radial deformations of the
vgi rotating band; |
4 (iii) elastic radial deformation of the rotating band is
56 characterized by a Winkler foundation model; rendering
) a radially directed rotating-band/bore interfacial load
;3 distribution (with local magnitude determined by resultant
{g local radial displacement) which varies circumferentially

around the bore, as well as longitudinally along the
length of the interface; the latter variation gives rise
to the so called "foundation" moment;

(iv) each cross-section of the rotating band maintains full

contact with the bore;

25
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(v) Coulomb friction acts at the rotating-band/bore
interface; rendering a load distribution with magnitude
proportional to the radially directed distribution
and directed opposite to the resultant motion at
the interface;

(vi) rifling torque is transmitted without slippage via a
uniformly distributed circumferential load acting along
the length of the rotating band at the rotating-band/
bore interface;

(vii) the projectile main-body is rigid compared to the -
rotating band;

(viii) the Euler angles Y and & satisfy equation (37).

In view of Assumptions (vii) and (viii), the displacement relative to

So’ namely 3, of any point of the projectile in a plane perpendicular to its
geometric axis is, at any instant during the motion, given by

8= (g-EW 3o+ (2, + £ 9) fco (48)

where £ denotes the perpendicular distance from the projectile c.g. to the
plane of interest. It is noted that £ > 0 implies that the plane of interest
is aft of the projectile c.g.; § = 0 implies that the plane of interest con-
tains the projectile c.g.; while £ < 0 implies that the plane of interest

is forward of the projectile c.g.

The radial component of this displacement, namely GP, is given as
§ =6 i = (yCg -EY) cos @ + (zcg + &£ 9) sing (49)

where ¢ denotes the angle between the projection of the yooaxis onto the plane
of interest and the line from the gun tube centerline to the point under
consideration.

The maximum radial displacement, 6max’ in the plane of interest is
determined by setting

. (50)

26
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Letting ¢max denote the orientation of maximum radial displacement, there
results from equations (49) and (50)

0!
Pmax * [ -t ¢] (51)
and hence,
* - 2 2
Spax = Weg = E W+ (2, + E 82 (52)

In view of equations (51) and (52), there results from equation (49)

6,28, cos (¢ - Pnax’ (53)
which prescribes the circumferential distribution of radial displacement in
the plane of interest. It is noted that this distribution is symmetric with
respect to the angle Prmax It is further noted that both Gmax and Ppax Vary
from one plane to the next in accordance with the variation of §. Hence,
applying equations (51) thru (53) to planes containing the rotating band, it
is seen that the radial deformation within a band cross-section is non-uni-
formly distributed around its circumference, and that both the magnitude and
orientation of this distribution vary from one cross-section to the next along
the length of the band.

Superposing the initial radial compression, 60, in accordance with
Assumption (i), and multiplying by the elastic "spring" stiffness per unit
surface area of the rotating band, k, there results in accordance with
Assumption (iii), the radial load per unit surface area, R(9,E), acting on
the rotating band at the rotating-band/bore interface at each instant during
the motion, in the form

. R(9,€) =~k (6 + 8 )i - (54)
In view of Assumption (iv), the radial load distribution at a typical

cross-section of the rotating band, as specified by equation (54) for a
constant value of £, is as depicted in Figure 3.
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Figure 3 - Radial Load Distribution at Typical
Cross-Section of Rotating Band
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In view of Assumptions (iv) thru (vi), the instantaneous interfacial
contact loads acting on a differential element of the rotating band are as
depicted in Figure 4.

Under Assumption (v), the friction force,;;ﬁ, acts tangential to the
bore surface in the direction opposing projectile motion at the surface. The
angle o depicted in Figure 4 is determined from the expression

* r. t ; rifled bore

tan o = (55)

3 smoothbore .

In addition, in accordance with Assumption (vi), the rifling-torque load

per unit surface area of the rotating band, f, is constant over the entire
rotating-band/bore interface in a rifled bore gun tube; whereas, T=0 for a
smoothbore gun tube.

Letting d?c denote the resultant incremental contact load acting on a
differential element of the rotating band, it may be written in component form
(relative to So) as

= c % c

. . “ c 2
oOF = dF i +dF . j,+ dF, ki (56)

o] o] 0
where referring to Figure 4

C

dF, = -1 U R(9,£) cos o d§ dg }

X o
k{ .
EL dF¢ = r, {R(9,E) [- cos ¢ + u sin a sin ¢] - T sin ¢} df do L (57) |
q y b £ s
— ° j
i% :
,g y dF; = ry {R(,8) [- sin ¢ - u sin a cos @] + T cos ¢} dE do J.

: o

r
RS

Integrating over the rotating-band/bore interfacial surface area, there
results, for application to equation (35), the contribution to the force

e P g

components acting at the projectile c.g. (relative to So) due to rotating
band contact with the bore, as follows

DR Y Y
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Figure 4 - Loading on Typical Differential Element of Rotating Band
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=3
[

= =27Tr Mk 60 cos Q

X, b

FS =mr k' {0 -D oy +usinalz_+ (& -3 81} b (58)
Yo b b 2 cg cg b 2
FC =-mr k' {z__+ (8 B, usinaly - (2 -5 v}

z, b cg b 2 cg b 2

where Qb denotes the distance from the projectile c.g. to the rear face of the
rotating band (which is assumed to be located aft of the c.g.), h denotes the
width of the rotating band, and k' (= k h) denotes the "spring" stiffness of
the rotating band per unit circumferential length.

Referring again to Figure 4, the moment arm, EM’ from the projectile c.g.
to the load acting on the differential element is given by

By ==& i+ [rb cos @ - (yCg + )] 3y + [rb sin ¢ - zcg] Ky . (59)

Hence, the resultant moment applied to the projectile c.g. is given by

N Y—

(60)
Fe
b

where Sb denotes the instantaneous rotating-band/bore interfacial surface area.
Substituting equations (56), (57) and (59) into equation (60), and perform-
ing the indicated integration, there results the contribution to the moment

components acting at the projectile c.g. (relative to So) due to rotating band
contact with the bore, as follows

c c c c
M ry [27r. hT-tanaF. ] +2_ F° - (ycg + €) F_

o} b xO ce yO (o)

- hy ¢ _ 2
My = - zCg Fx + (2b - 2) Fz LS ry k' ucos a [zcg
o o (o)
é b T h? k'
) + (8 -3) 8] + ——[(usina) ¥ - 8] » (61)

3

}. ;

: c ¢ h, ¢ 2 14

: Mz = (yCg + €) Fx - (lb - 2) Fy + Ty k' u cos a [ycg

h (o] o] 0

b 2

] h m rb h® k!

-(lb-E)W]--———ﬁ——[w+(usina)9] |

s
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where F; ’ FC and F; are as defined in equation (58), and T = 0 for a

o Yo o]
smoothbore application.
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Referring to equation (61), it is of interest to note that characterization
of the elastic response of the rotating band by a Winkler foundation model gives
rise to the so called "foundation" moment, which manifests itself via the last

term on the right-hand sides of the expressions for M; and M; .
o o
The desired contribution to the moment components Mx’ My and Mz written
relative to S for application to equation (36), is obtained applying the inverse

S Mo

of the transformation given in equation (22), from which there results (noting f
Assumption (viii))

c c c c
M =M +yM -9 M ] %
X Xo yo Zo
MC = MC “"M; ¢ (62)
y Yo o]
MC = M + g M '
z z X ) -

[o] (o]

2.3.3 Bourrelet/Bore Interfacial Contact Loading

To accommodate a variety of bourrelet designs, we distinguish between
bourrelets which are initially either bore diameter or greater, or sub-caliber.
In either case, to facilitate computations allowing for bourrelet/bore contact,
the instantaneous curvature of the gun tube axis between the planes containing
the rear face of the rotating band and the forward face of the bourrelet is
neglected.

Considering the case wherein the bourrelet is either bore diameter or
greater, it is treated as was the rotating band in the preceding section.
Hence, the equations developed in the preceding section and, in particular,
equations (58}, (61) and (62), with lb replaced by the negative of the distance

I
£ v
a

r
WAFLEN

ﬁ, from the projectile c.g. to the forward face of the bourrelet (assuming the

ﬁ%- bourrelet is forward of the projectile c.g.), h replaced by the width of the .
EE bourrelet, and u and k' replaced by appropriate values for the bourrelet remain

;? valid for this case.

Considering the case wherein the bourrelet is sub-caliber, we accommodate

bourrelet impact with the bore by applying the principles of linear and angular

) @
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momentum (in integrated form) to determine the impulsive motions imparted to
the projectile during impact. It is noted that at the instant of impact an
impulsive load, ﬁ, is generated at the bourrelet/bore interface and, in addi-
tion, since projectile spin is constrained by the ri~ling twist in the rifled
bore application, an impulsive torque, %, is simultaneously generated at the
rotating-band/bore interface.

Letting A( ) denote the "jump" (sudden increment) in the parameter ( )
due to impact, the principle of linear momentum (integrated with respect to
time) may be written in the form

m_ AV = F (63)
p cg
where Gég denotes the velocity of the projectile c.g. relative to the gun tube.
Similarly, the principle of angular momentum (integrated with respect to
time) may be written in the form

+ T (64)

e
==}
"

-
X
Lo [h

where H denotes the angular momentum of the projectile about its c.g. and a
denotes the position vector from the projectile c.g. to the point of applica-
tion of the impulsive load.

Referring to Figure 5 and the notation introduced in Section 2.1

F=- [u, cos al R i - [cos ¢, - u, sin a sin o] R 3q ]
- [sin P, o+ sin a cos ?, IR R
-7 Eo ; rifled bore L (65)
T =
. 0 $ smoothbore
. r = 21 io + [rb cos @ - (ycg + €)] jo + [rb sin 9, - zcg] ko )

where R denotes the radially directed impulsive load acting at the bourrelet/
bore interface, T denotes the circumferentially directed impulsive torque acting
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at the rotating-band/bore interface, M denotes the friction coefficient at the

bourrelet/bore interface, o is as defined in equation (55), and 21 and 9, are
as depicted.

Referring again to the notation of Section 2.1 and, in addition, assuming
the validity of equation (37), it may be shown that

_' - l.\ » _ ' A Py Y ~
vcg z vp i+ [ycg zcg wo] jo + [zcg + (ycg + €) ¢o] ko
. (66)

H = Ixx (¢o + P9 ~-%Y) i+ Iyy CR] ¢O) J+ Izz (v + 8 ¢°) k

Substituting equations (65) and (66) into equations (63) and (64), per-
forming the indicated vector operation on the right-hand side of equation (64)
and, furthermore, transforming the resulting expressions from So to S (noting
equation (37)), there results the six scalar equations

mp Avp = - (4, cosa) R

m, (AyCg - Zeg Awo) = (- cos ¢, + ¥, sina sin ¢1) R

m [Azcg + (yCg + €) A¢o] = - (sin ¢ + u, sin a cos ¢l) R

I, (89, + ¥ A8 -84)) = R {e sin o, +u sina lly +e
- %, V) cos 9, + (zCg -2, $) sing - rb] - cosa
x [r, (Ysing +9cosg)-edl}-7 b (67)
Iy (8% - ¢ 8g_) = R {(9,1 -e¥) sing +u sinal(t - ey
X COS @ + T y) - u cos o (rb sin 9, - ch)} + P T

I, (A@ + 9 Aéo) =R {- 2, cos ¢, +€ $ sin g, + u, sina

x (2, sin @, + € & cos ¢, - ry $) + y, cos a [rb cos ¢,

-y _+¢)]} -8 T

cg
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with @ Z 0 in the smoothbore application.

In addition, the constraint imposed by the rifling, namely equation (14),
requires that

Aéo =t bV (68)
Hence, considering the rifled bore application, equations (67) and (68)
represent seven algebraic equations in the eight unknowns, Avp Ay g’ AzCg V
Aw ’ A& Aw, R and T whereas, considering the smoothbore appllcatlon, equa-
tion (67) contains seven unknowns. The remaining equation required to complete -
the set for either application is obtained by characterizing the impact process
at the bourrelet/bore interface via introduction of the coefficient of restitu-
tion, e.
In accordance with the above notation and assumptions, the velocity rela-
tive to the bore of the point on the bourrelet which impacts the bore is given
by

vesdvy+ (rysing -z,) 8 -[r cosg - (y,+ el N

L

+{cg+ﬂ, \p

¢, Sin ¢l} Jg * {zCg -% 8

+ 1, @, cos ¢1} k, . (69)

Since compression and restitution during impact occur in a direction normal

V) to the bore surface (along the line of action of ﬁ), the component of Gé normal

3? to the bore surface immediately following restitution, namely (Gé- 3p)+, is

N o AR Y

E% related to its value just prior to impact, namely (vé . ip) , via the coeffi-

o cient of restitution, that is

52

o (veei)t=-e (v 1) | (70)

Lz r c r -
N

P Hence, there r:sults from equations (69) and (70)

N

.:;*: . . . . .

X (AyCg + 2 Ay) cos 9, + (AzCg -2 43) sin ¢ = (1 + e)

E:_‘:: L Y. . ._ . .

:g x [(yCg +2 00 ) cos ¢, + (zcg -2 $ ) sin ¢l] . (71)
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Equations (67), (68) and (71) in the rifled bore application, and equations
(67) and (71) in the smoothbore application, completely prescribe the " jump"
conditions at impact in terms of projectile orientation and motion just prior
to impact and the relative material properties of the bourrelet (via the
coefficient of restitution). It is noted once again that, in general, bourrelet

impact with the bore gives rise to non-zero increments in the parameter éo for
both rifled and smoothbore applications.

2.3.4 Propellant Gas Pressure and Compressed Air Loadings

The loads and moments applied to the projectile c.g. due to propellant gas
pressure acting at the base of the projectile and "ram" (compressed) air ahead
of the projectile are derived subject to the following assumptions:

(i) both the projectile base and "ram" air pressures are assumed to
be known functions of time only, and at any instant are uniformly
distributed over the respective projectile surfaces over which
they act;

(ii}  for cases wherein the bourrelet is either bore diameter or
greater, both the rotating band and bourrelet are assumed to
act as ideal gas seals; for cases wherein the bourrelet is
sub-caliber, the rotating band alone is assumed to act as an
ideal gas seal;

(iii) the Euler angles { and 9 satisfy equation (37).

R A e i i) Sl S B L b G i S St

It follows from Assumption (i) that the base and "ram" air pressures act g
as effective hydrostatic pressures; generating a force equal to - (p dA) in
acting on a differential surface area element, dA, with unit outward normal
En' Further, from general principles of hydrostatics and Assumption (ii),
these pressure loadings may be replaced by resultant forces acting at the
geometric center of, and directed perpendicular to, the sealing planes.

Considering first cases wherein the bourrelet is either bore diameter or
greater, the sealing planes contain the forward face of the bourrelet and the
rear face of the rotating band. Hence, the points of application of the
resultant pressure loads are defined by the respective intersection of each
of these planes with the gun tube centerline, as depicted in Figure 6.

Referring to Figure 6, and noting that since 3 is parallel to the geometric
axis of the projectile, it follows that

37

¥ P e R - - 2 T4 - .“.rv' RO RN "."s'-.‘ SNt AL e e
}{:{}\L&:‘;\il::" 'j‘ ‘S:\ "J‘..: '}&\‘ ’-'.}“‘&)25' \ '.g.V; ""}" "-‘ x\ " -'A‘- 'L*.r‘} & RE AR ; ~ S



-

~
i
i
i
i
[

-

SPEO oansSadg 41V wWedy pue osed a1r3oafodd - 9 dJn3td

19Taadanog Jo pueg Jutieloy
9oBJ pJdemsogd Jo aorg Jeay

SUTTJI23U3)
aqnjy uny

- P 1 TR A LA S b Bt A i A LA A/LAA SSTLAS AT SRR T AT RS e NN TR

38

-

\
AT Y
e e L 35 \
Iy .“‘.xn B

'« =

P el RITEIBLRRBARl El TRl el R e WA
- -
- ~
IR
- »

-

we

«
-

Y
o

e

RN Iy S, K
Y *:’.'-"b'

AT A

o
o

5

Ry

o

Ev WL NS VAR ALERE R WL L

T e r v 7 v ¥ T
APE TR




rm L - = D I o R R TR B E SYULE S i B SE S s EN TN AN I EY TN X I WOW o]

(72)

)
"

U.'U
]
[y

where P, and Py, denote respectively the instantaneous "ram" air and projectile
base pressures, and A denotes the projected area of the bourrelet and rotating
band planes perpendicular to 2.

Under Assumption (iii), it follows that

- ~ 2
A..nr‘b . (73)
Hence, the resultant pressure load, Fp, is given by
- - 2 _ A
Fp =T ry (pb pa) i (74)
which is written relative to So for application to equation (35) in the form

= F

o]
" o
[ atd
+
T3
< T
>
+
T}
o
tatd

Io z Ko (75)

where (noting Assumption (iii)),

P _ 2 - )
Fx =T ry (pb pa)

o

P _ 2 -
x Fy =mrp (P, = P,) ¥ b (76)
X °
-
N p _ -
» F, =nr, (p pa) 8 ).
-~ o]
é Once again in view of Assumption (iii), the moment arm, E’a’ from the
43 projectile c.g. to the "ram" air load, Ea’ is given by
)
sl = o 2 ~
p! Qa =4 1- (yCg + € + lllb) j - (zcg - 21‘3) Kk (77)
I
E: where 21 denotes the distance from the projectile c¢.g. to the forward face of
< the bourrelet.
C
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The corresponding moment arm, ib’ to the load F, is given by

b

Ly = - lb i- (ycg + € - zb V) 3 - (zcg + Zb $) k (78)

where zb, as previously defined, denotes the distance from the projectile c.g.
to the rear face of the rotating band.
Hence, the resultant moment applied to the projectile c.g. is given by

x Fb . (79)

Substituting equations (72), (77} and (78) into equation (79), and per-
forming the indicated vector operations, there results the desired contribu-
tion to the moment components acting at the projectile c.g. (relative to S)
due to propellant gas and "ram" air pressures, in the form

M =0 ]
X
P _ 2 _

My = -7 [(pb pa) zcg + 3 (pb Qb + P, 21)] b (80)
P _ 2

M, =7 r, [p, - p,) (yCg +e) -Vvp R +p, 2)IT .

Considering the case wherein the bourrelet is sub-caliber, equation (76)
remains unchanged, while equation (80) is modified by replacing 21 by
- (Qb - h); where h, as previously defined, denotes the width of the
rotating band.

2.4 Solution Technique

Summing corresponding force components from equations (47), (58) and (76),

there results for application to equation (35)

F, =F' +FC «+F0 )
X X X
(¢] (o] [o] (o} .
W c p
F =F +F +F t (81)
yO yO yO y0
. c P
F, =F, +F, +F .
[o] (o} o] o]
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Similarly, summing corresponding moment components from equations (62) and
(80), there results for application to equation (36)

C A
M= M
M =M+ M > (82)
y vy Yy
M = MC + Mp J .
A Z VA

Within the framework of the assumptions introduced, equations (14), (35)
and (36), with the applied loads and moments as defined in equations (81) and
(82), and the projectile "jump" conditions due to bourrelet/bore impact as
defined in equations (67), (68) and (71), constitute the desired formulation
for a rifled bore gun tube; whereas, deleting equations (14) and (68), there
results the desired formulation for a smoothbore gun tube.

Considering either formulation, it is seen that projectile in-bore motion
is prescribed in terms of projectile design data, interior ballistics data, and
gun tube design and motion data. Of these data, gun tube motion is generally
not known a priori. In fact, an objective of this formulation is to define the
mutual effects of projectile/gun-tube interaction. Hence, to satisfy this
objective, the formulation herein developed (for both rifled and smoothbore
firings) is to be solved simultaneously with a compatible gun dynamics simula-
tion, such as DYNACODE-G. In addition, since the onset of bourrelet/bore impact
is also generally not known a priori, the solution technique requires monitoring
proje le in-bore motion at each instant to determine such onset and, accord-
ingly  ntroduction of the projectile "jump" conditions.
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SECTION 3
COMPARISON WITH OTHER PRCJECTILE MOTION FORMULATIONS

The formulation developed in Section 2 is general in that it prescribes

the full six degree-of-freedom motion of a projectile of finite geometry and
inertia traveling in a flexible (rifled or smoothbore) gun tube. The degrees-
of-freedom selected correspond to three independent translational motions of
the projectile c.g. relative to the gun tube axis and three independent rota-~
tions of the projectile about its c¢.g. (corresponding to pitch, yaw and roll
motions). In addition, the formulation accommodates bourrelet impact and
rebound with the bore (via impulsive loadings which give rise to "jump"
conditions in projectile motion parameters during impact). Finally, since
gun tube motion (which is unrestricted in this formulation) is generally not
known a priori, the projectile equations of motion have been formulated with
the intent of being solved simultaneously with the equations of a compatiblic
gun dynamics simulation, such as DYNACODE-G.

A similar, but far more restrictive formulation has recently been pre-
sented by S.H. Chu (Ref. 3). Chu permits the projectile three degrees-of-
freedom; two orthogonal translational motions of the projectile c.g. relative
to the gun tube and one rotational (pitching) motion. As a consequence of
neglecting the remaining degrees-of-freedom, the gun tube centerline, the
projectile c.g., and the resultants of the rotating band and bourrelet contact
load distributions with the bore all lie in the same plane. Hence, Chu's

formulation is essentially planar; whereas, the formulation herein presented
is of general three-dimensional character.

Another recent, but also restrictive projectile motion formulation has
been presented by H.L. Langhaar and A.P. Boresi (Ref. 4). Langhaar and Boresi
present a rigorous kinematical description of a point moving along a time-depend-
ent space curve. The point is identified with the geometric center of a rigid
projectile; the time-dependent space curve is identified with the centerline of
a flexible gun tube. The rigid projectile is further characterized such that -
its geometric center and c.g. coincide (which precludes the ability to investi-
gate the effects of mass eccentricity), and such that its geometric axis is -
directed along the instantaneous tangent to the gun tube centerline (which
precludes the ability to investigate the effects of projectile pitch and yaw

motions relative to the gun tube). The projectile is permitted two degrees-

.
......



R TEE M EA BT AT RIS T S TN WLHU N R R L AN BN ET AN - MUY R ARG R TR U TNTTETY U O WETHUE R YL E D RS ER IEOE M TN,

of-freedom relative to the gun tube; translational motion of its c.g. along the
gun tube centerline and rotational motion about the centerline (correspondine
to projectile spin). Accounting for rotary inertia of the projectile about its
spin axis, there results a traveling point-mass projectile load with superposed
gyroscopic couple.

J.J. Wu (Ref. 5) also adopts a traveling point-mass projectile description,
but with superposed traveling pitching moment due to mass eccentricity (while
neglecting rotary inertia about the pitch axis). Several other investigators
(Refs. 6 thru 8) have adopted the simpler traveling point-mass description,
with and without mass eccentricity and projectile spin (while neglecting
rotary inertia about the spin axis).
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SECTION 4
CORRELATION WITH EXPERIMENTAL DATA

Before incorporating the formulation herein developed within DYNACODE-G,
it was deemed prudent to verify its validity on its own merits. However, to
achieve such verification required establishing an experimental data base, as
well as programming the model equations.

To establish the experimental data base, Mr, James O. Pilcher II and
Dr. James N. Walbert of the Mechanics and Structures Branch, Interior Ballis-
tics Laboratory, U.S. Army Ballistic Research Laboratory, provided in-bore
radar doppler data for firings of two distinct projectile designs from a
specially configured 37mm weapon. Miss Susan A. Coates of the Mechanics and
Structures Branch accomplished digital conversion of the analog data at the
Laboratory Experimental Research Facility of the Interior Ballistics Division
of BRL. Descriptions of the projectile designs, test weapon and data base
generated are presented in Section 4.1.

A computer program was developed for the specific purpose of model corre-
lation. A description of the program and its required inputs is presented in
Section 4.2. Results of the correlation effort are presented in Section 4.3;

while several general observations are presented in Section 4.4.

4.1 Description of Test Weapon, Ammunition and Data Base

The experimental test weapon consisted of a fully instrumented 37Tmm rifled
gun tube, with a constant twist of 25 calibers per turn and zn in-bore projec-
tile travel of 72.5 inches. In order to minimize gun tube motion, the system
design incorporated a heavy, fixed collar supported near the muzzle. The test
weapon is shown in Figure 7. The two 37Tmm projectile designs consisted of
solid, steel cores with copper rotating bands and sub-caliber, steel bourrelets
as ~wn, along with pertinent data, in Figure 8.

Analog chamber pressure and in-bore radar doppler data were recorded on

magnetic tape for all firings conducted. Digital conversion and reduction were

accomplished as noted above. Representative rounds for which all required data

were available were selected for the purposes of model correlation. Tabular -
data for the rounds selected, consisting of pressure, displacement and veloc-

ity-time histories, were transmitted to S&D Dynamics, Inc.

The selected data consisted of one record for each projectile design whose
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Figure 7 - 37mm Test Weapon (Courtesy BRL)
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frequency-time ("waterfall") plot indicated little or no evidence of balloting,
as well as one record for a short round whose "waterfall" plot indicated bal-
loting. As shown in Figure 9, which represents a portion of the latter "water-
fall® plot, balloting is indicated by the presence of secondary peaks just
behind the main frequency-ridge (which is directly proportional to the instan-
taneous projectile velocity along the gun tube axis). It is noted that al-
though the secondary peaks have not as yet been quantified in terms of projec-
tile pitch and yaw motions, it is reasonable to use the time periods between
peaks as indications of the frequency of balloting. (Refs. 9, 10)

4,2 Computer Program

For the specific purpose of this correlation, the formulation presented in
Section 2 was programmed under the assumption of a rigid, straight gun tube;
isolating projectile motion from gun tube motion, in accordance with &tha ohjac-
tive of the experimental arrangement. The computer program, written in MBASIC,
was debugged and executed on an Apple II+™ computer, with CP/M™ operating sys-
tem. With reference to Section 2, the general equations of motion, namely
equations (35) and (36), were restructured into a set of simultaneous, non-
linear, first order, ordinary differential equations in the projectile motion
p’ ycg’ §cg’ zcg’ écg’ Y, @, 9, 5, and P This set, with the
applied loads and moments defined in Section 2.3, and subject to the above

parameters, xp, v

assumption, was integrated via a fourth-order, fixed time-step, Runge-Kutta
integration scheme. Additional programming was introduced to detect the onset of
bourrelet/bore impact, to apply the "jump" conditions resulting from impact,
and to restart the integration scheme following each impact.

Required inputs to the program included geometric and inertia characteris-
tics of the projectile design considered, as indicated in Figure 8, as well as
corresponding tabular chamber pressure-time data. Elements of the inertia
matrix for each design were hand-calculated based on data supplied. In addi-
tion, it was necessary to prescribe the rotating-band "spring" stiffness per
unit surface area, k; the coefficients of Coulomb friction at the rotating-
band/bore and bourrelet/bore interfaces, namely u and M, respectively; the
instantaneous projectile base pressure, Py3 and, finally, the "ram" air pres-
sure, p,. In the absence of supplied data for these parameters, additional

modeling was undertaken to quantify k, Py and Pys whereas, U and B, were deter-
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mined by parametric matching studies.

In accordance with the assumptions introduced in Section 2.3.2, an elas-
tic/plastic analysis of the rotating band, treating the band as a thick-walled
tube with plastic boundary initially at the bore interface (Ref. 11}, yielded the
expression

[(1 +v) r‘;+ (1 - v) ri]

k = E (83)
. (1-v) r_ (r%-r?
o o i

where E denotes Young's modulus for the rotating-band material, v denotes
Poisson's ratio, and rs and r, denote respectively the inner and outer band
radii. Furthermore, it should be noted that the analysis indicated only a
negligible increase in stiffness due to radially inward propagation of the
plastic zone for the range of radial displacements anticipated. Hence. the
expression for k as given in equation (83) was taken as a constant throughout
the in-bore travel.

The instantaneous base pressure, Py was prescribed in conventional inte-
rior ballistics terms (Ref. 12, for example) as a function of the known chamber
pressure, p_, in the form

=——1—C——pc (84)
(1 +2—r-n-)
p

where c denotes the propellant charge.

Py

The "ram" air pressure, | was related to the instantaneous projectile
velocity, vp, via quasi-steady application of the steady state, one-dimensional
shock tube relations (Ref. 13}, from which there results

Y M

- Y \ Z M2
- — 1;
A [(Y + M + VQY + 1) Mp + 16 ] P (85)

Pa

where po denotes ambient air pressure, Y denotes the specific heat ratio of air

and Mp denotes the ratio of projectile speed to ambient air sound speed.

Additional calculated inputs and functional relations required by the

.,
@t
ae HEC L

program are given in Figure 10. Input to the program is completed by specifi-

L
)

o)

cation of the friction coefficients, u and u , as defined above, and the orien-

'
.

I

tation of the projectile immediately subsequent to full engraving (defining its

e

.
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Long Short
I, (in-1b-sec?) .020429 .010852
Iy {in-1b-sec?) .017378 006469
I, (in-1b-sec?) .017378 .006469
I (in-1lb-sec?) 0 0
Xy j
N 2 !
Ixz (in-1b-sec?) 0 0
s 2
Iyz (in-1b-sec®) 0 0
k (1b/in?) 1.65064 x 10° 1.65064 x 10° 1
|
§, (in) 1.10 x 107 1.10 x 107 |
Py (psi) .940 P. .893 Pe 1
p, (psi) 6.8727 x 107° v; [1 + /1 + 4.9908 x 100/ ]
Figure 10 - Additional Required Input
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initial state). It is noted that non-zero values of projectile linear and/or
angular displacements in its initial state express the amount of misalignment
generated during the engraving process. Furthermore, since this "malengraving"
entails irreversible plastic flow, elastic restoring forces proportional to
these initial displacements do not exist. Consequently, the expressions for
the rotating-band/bore interfacial loads and moments are modified within the
program by subtracting that portion attributable to the initial state of the
projectile,
Program output included instantaneous maximum radial displacements and
‘ angular orientations at the rotating band and bourrelet, as well as linear and
angular displacements and velocities for all six degrees-of-freedom of the pro-
jectile. In addition, bourrelet motion relative to the bore was monitored,

with the time of each impact and the magnitude of each impulse output.

4.3 Results of Correlation

For the purpose of quantifying the value of the rotating-band/bore inter-
facial friction coefficient, U, a series of program runs were performed for the
short round whose experimental record indicated little or no evidence of ballot-
ing. Only the value of u was varied within these runs, all other projectile
parameters and initial conditions were held fixed. In addition, since the
experimental record did not indicate balloting, the projectile was assumed to
have negligible mass eccentricity and misalignment following engraving (i.e.,
initial linear and angular projectile displacements relative to the bore were
assumed to be zero). Output from these runs which prescribe model predictions

of projectile displacement and velocity-time histories are presented, along

with corresponding experimental data, in Figures 11 and 12, respectively. As
may readily be seen from these figures, excellent correlation was achieved for |
a friction level of pu = .05. Hence, this value was used for all subsequent
correlations.
Referring to Figures 11 and 12, it is noted that model output begins
immediately subsequent to full engraving. For each round considered, required
initial values of projectile displacement and velocity were determined via
comparison of experimental data with the known projectile geometry and free-
run. Alignment of the chamber pressure-time history and determination of its

initial value for each firing were accomplished by graphically matching the
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Figure 12 - Velocity-Time Correlation (Short Round w/o Balloting)
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pressure-time curve to the projectile acceleration-time curve derived from the |
experimental velocity record. This procedure was repeated for each round con-
sidered.

The program was exercised next for comparison with the experimental record
corresponding to the long projectile which also evidenced little or no ballot- |
ing. Model correlations with experimental data for projectile displacement and

velocity-time histories are presented in Figures 13 and 14, respectively. As

is seen, excellent theoretical/experimental agreement is obtained for this
round using the friction level previously determined.

Considering transverse and/or balloting motion in both of the above cases,
model output indicated that (with negligible mass eccentricity and malengrav-
ing) the maximum radial displacement of the projectile is of the order of 107° |
inches and the maximum yaw and pitch are of the order of 10 ° milliradians. }
Since these values are small compared to the maximum allowable values deter-
mined by bourrelet/bore clearance and rotating band thickness, namely, of the j
order of 10~° inches and 1 milliradian respectively, it is reasonable to con-
clude that the model correlates well with experimental data regarding balloting |
motions for both cases considered.

Finally, the model was exercised for the purpose of correlation with the
experimental record corresponding to the short round with appreciable evidence
of balloting. The model configuration for this correlation included a mass
eccentricity of .02 inches and an initial malengraved state characterized by
an initial pitch of 3 milliradians. However, it is noted that (to within

l oractical limitations) there exist numerous combinations of eccentricity and/or

malengraviag which give rise to balloting. The configuration selectea resulted
in appreciable balloting with multiple bourrelet/bore impacts throughout the
in-bore travel, and thereby illustrated the full capabilities of the model.

k::~ For this case, the coefficient of friction at the bourrelet/bore interface, Uy
YL was taken equal to .3 and the coefficient of restitutionfor impact, e, was
Q%i taken equal to 1 (rendering perfectly elastic impacts).

Z{;: As for the two previous rounds considered, theoretical correlation with
%EQ experimental projectile displacement and velocity-time histories are shown for
:{: this balloting round in Figures 15 and 16, respectively. Once again it is seen
E%g that excellent theoretical/experimental agreemeni is achieved in terms of lon-
t}ﬁ gitudinal projectile motion.
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Balloting motion as predicted by the model for this projectile is illus-
trated in Figure 17; which shows the time-dependent variation of the maximum
radial displacement at the bourrelet. In addition, the positions of secondary
peaks obtained from the experimental radar doppler "waterfall" plot for this
round are also indicated in this figure. Equating these peaks with maximum
balloting (as indicated by bourrelet/bore impacts) yields good agreement with
the dominant response frequency predicted by the model, especially in the mid-
section of the in-bore motion. Variation of the exper.mentally derived fre-
quency in the neighborhood of shot-exit, and the poorer correlation in this
- region, may reflect the effects of bore wear near the muzzle, as well as dynam-

ic erosion of the rotating band (neither of which are accounted for within the
model). Model output further indicated that the magnitude and frequency of
balloting is cominated by projectile yaw and pitch. This is illustrated in
Figure 18, wherein yaw versus pitch is presented relative to the inertial

reference frame, S'.

4.4 General Observations

In view of the excellent overall correlation with the experimental data,
several general observations regarding model predictions for balloting rounds
are not only pertinent, but have important ramifications regarding gun tube
motion and shot accuracy. In particular, model output for balloting rounds

reaveals high frequency content and large magnitudes in projectile/bore inter-

facial loading, as well as transverse linear and angular velocities.

Referring to Figure 17, three distinct frequencies are discernible in the
valloting motion of t!e projectile as predicted hy the model. The dominant
frequen~y of approximately 5,000 Hz is attributable to pitch and yaw motion.
Superimposed on this dominant motion is a higher frequency of approximately
€0,000 Hz, discernible primarily at the extremes of pitching motion and
attributable to radial displacem2nt of the projectile c.g. Finally, a much
lower frequency of approximately 70C Hz is discernible as amplicude modulation

of the dominant mode and is attributablie to interior bellistics pressure and

projectile/vore interfacinl friction loads.

Further insight into the origin of the higher frequencies of balloting

‘A“’
s

motion may be gained by examination of the expressions for the transverse

loads and mcments generated at the rotating band/bore interface as given
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respectively by equations (58) and (61). Referring to equation (58), an effec-
tive radial-load stiffness, kr’ may be defined as

kr =T r’b k' . (86)

Similarily, referring to equation (61), an effective "foundation" moment stiff-

ness, CM’ may be defined as

mry h? k!
CM z — (87)
12
Based on these stiffnesses, theoretical natural frequencies for radial
(linear) motion, defined as kp/mp, and pitch and/or yaw (angular) motion
defined as CM/IZZ and/or CM/Iyy’ were calculated for the short round. These
theoretical frequencies, namely 45,000 Hz (linear) and 4,500 Hz (angular),

correlate well with the frequencies observed in Figure 17. (Actual model out-

put frequencies are expected to be somewhat higher since the projectile is not
in a free-vibration mode, its response being modified by bore impacts.)

It should be noted that model output for the balloting projectile indicat-
ed that the rotating-band/bore interfacial loads and moments (associated with

the stiffnesses given in equations (86) and (87)) have maximum values of the

o

order of 10,000 1b and 1,000 in-1lb, respectively. In contrast, output for non-

+

balloting projectiles indicated interfacial loads three orders of magnitude

lower. 3imilarily, balloting projectiles evidence much higher transverse lin-

.
.
earand angular velocities; approaching orders of 10 in/sec and 10 rad/sec, re-
E spectively. Such relatively high transverse velocities would be expected to
E adversely affect projectile "jump" at shot-exit, and hence, overall shot
. accuracy.
E In summary, model output indicates that balloting projectiles experience
E high frequency, large magnitude interfacial loads determined primarily by the
t physical characteristics of the rotating band. These loads, which cannot be .
: accounted for in point-mass projectile approximations, have the potential to
! affect gun tube motion via "feedback."
3 Since the formulation presented in Section 2 also addressed application to )
: smoothbore gun tubes, two additional program runs were performed beyond the
E correlation study in an attempt to contrast rifled and smoothbore firings. One
.

> s els 0 ¢}
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run was performed for a rifled gun tube without twist; a second run was per-
formed for a smoothbore gun tube by modifying the computer program to reflect
the additional degree of freedom, ¢o, in the equations of motion, as well as
the required changes in the impact equations (as noted in Section 2). For the
purpose of comparison, both runs utilized the same inputs and initial condi-
tions as were used for the short balloting round.

With the exception of projectile spin, comparison of the output from these
two runs showed identical results for the motion of the projectile. The smooth-
bore case exhibited a monotonically increasing function for éo’ with a maximum

- value of 5 mrad/sec at shot-exit; whereas, the straight rifling, of course,
constrained the projectile to zero spin. Comparison of either of these runs
with the run with rifling twist showed that balloting induced by the same ini-
tial state of malengraving is markedly attenuated by gyroscopic stabilization.
This is seen in Figure 19, which presents a comparison of the instantaneous
pitch angle for spinning and non-spinning (or smoothbore) projectiles. As is
seen in Figure 19, there is a marked increase in pitch magnitude and velocity,
as well as in the number of bourrelet/bore impacts, for the non-spinning projec-
tile. Output further indicated that the magnitude of the impulse transmitted
at bourrelet/bore impact was also significantly greater for the non-spinning
projectile.

Finally, a comparison of the affect of balloting on the longitudinal
motion of a projectile is illustrated in Figure 20, wherein model output are
presented for a perfectly aligned, spinning projectile {without bore impacts
or balloting motion), as well as spinning and non-spinning, balloting projec-
tiles. As is seen from this figure, balloting adversely affects muzzle veloc-
ity; propellant energy which would otherwise contribute to projectile muzzle
velocity in a non-balloting situation is expended in sustaining balloting

motion.
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SECTION 5
INCORPORATION OF MODEL WITHIN DYNACODE-G

Incorporation of the model herein developed within DYNACODE-G requires
consideration of the nature of the equations of motion and interfacial loads
and moments presented in Section 2, as well as the general observations noted
in Section 4.

With respect to the formulation presented in Section 2, it is noted that
projectile/gun-tube motions are fundamentally coupled through kinematic, as
well as loading constraints. Kinematic coupling is manifested by terms enter-
ing the projectile equations of motion which relate the instantaneous orienta-
tion and motion of the reference frame S0 to the reference frame S'. Specifi-
cally, the Euler angles (wo,eo,wo) and the coordinates {(x',y',z') are identi-
fied with local gun-tube slopes, torque and displacements defined in DYNACODE-G.
Referring to the projectile, these quantities (and their time derivatives) may
be viewed as "driving" forces entering the projectile equations of motion.
Physically, these "driving" forces are transmitted to the projectile via load-
ings acting at the rotating-band/bore and bourrelet/bore interfaces. Alter-
nately, referring to the gun tube, projectile "feedback" to gun tube motion is
manifested through equal and opposite reaction loads and moments which must be
applied to the gun tube within DYNACODE-G; thereby "driving" the gun tube.
Hence, introduction of the model within DYNACODE-G offers the ability to assess
the mutual effects of projectile/gun-tube interaction previously unattainable
via a point-mass projectile description.

Two additional points are noteworthy. As was seen in Section 4, a ballot-

ing projectile in an otherwise perfectly symmetric and "ideal" gun system has

the potential to induce gun tube motion. Conversely, gun tube motion has the
potential to induce balloting in an otherwise perfectly aligned and symmetric
projectile.

To fully account for the above noted coupling, incorporation of the model
within DYNACODE-G requires simultaneous integration of the differential equa- Q
tions presented in Section 2 with the equation set characterizing the general-
ized, time-dependent amplitudes of the gun system normal modes defined in
DYNACODE-G. In addition, the present sub-routine which computes the instanta-
neous loading on the gun tube due to motion of a point-mass projectile is to
be replaced by a routine incorporating the loads and moments developed in
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Section 2.3.

As was discussed in Section 4, projectile balloting is dominated by fre-
quencies approaching the natural frequencies of the rotating band in angular
and radial modes respectively. Because of the relatively high values of these
frequencies, integration of the projectile equations of motion for the parame-
ters ¥, $, ycg’ and zCg required an integration step-size of 2.5 usec to
achieve a stable, convergent solution. In contrast, previous applications of
DYNACODE-G have demonstrated stable, convergent solutions with an integration
step-size of 25 usec (accommodating gun system natural frequencies to 1,000 Hz).
In the interest of computational economy, it is conceivable to integrate pro-
Jectile parameters at the smaller step-size, while utilizing interpolation for
gun system parameters integrated at the coarser step. However, it is highly
likely that the presence of projectile balloting will induce excitation of
higher order gun system modes in greater proportion than have appeired in pre-
vious applications. Should this be the case, convergence and stability of the
solution for gun system parameters would require a smaller integration step-
size. In light of these comments, it is recommended that initial runs of the
combined code be performed with the smallest, constant time-step leading to
stable, convergent solutions for both projectile and gun system parameters.

Exercising appropriate caution in integrating the combined code will
greatly enhance our understanding of the mutual interaction between projectile
and gun system. For example, program output will be valuable in quantifying
projectile "jump" conditions at shot-exit (relative to either the gun tube or
en inertial reference). In addition, the combined code could be used on a
deterministic basis to quantify shot-to-shot variations resulting, for example,
from variations in interior ballistics pressure, projectile asymmetries or the

degree of projectile malengraving.
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: SECTION 6
CONCLUSIONS AND RECOMMENDATIONS

A rigorous formulation of the general, six degree-of-freedom motion of a
projectile of finite geometry and inertia traveling in a flexible (rifled or
smobthbore) gun tube has been developed. The formulation accommodates projec-
tile spin, mass eccentricity, projectile/bore interfacial friction, elastic/
plastic deformation of the projectile rotating band, and balloting~-including
bourrelet impact and rebound with the bore. The formulation has been developed
in a form compatible with DYNACODE~G, such that incorporation within the lzcter
provides the ability to assess the mutual effects of projectile/gun-tube inter-
action during in-bore motion. The formulation has been compared with oiher
projectile in-bore motion formulations and descriptions appear.ng in recent
literature, and has been found to be the most general developed to date. In
addition, the formulation has been correlated with experimental in-bore radar
doppler data provided by the U.S. Army Ballistic Research Laboratory for firings
of a specially designed 37mm weapon, and has been found to provide e,cellent
agreenent for rounds which exhibit balloting, as well as rounds which exhibit
little or no evidence of balloting.

Referring to the model output presented in Section 4 for the particular
projectile designs therein considered, several observations regarding balloting
are in order. First, the onset of balloting is dictated by the state of the
projectile when fully engraved (i.e., the total amount of malengraving) and/or
the presence of mass eccentricity. Second, balloting motion subsequent to

engraving, and in the absence of gun tube motion feedback, is dictated primarily

by the design of the rotating band and, in particular, the relative magnitude
of the "foundation" moment stiffness. Third, several distinct frequencies are

discernible in the balloting motion of the projectiles considered: a dominant

frequency of approximately 5,000 Hz, dictated primarily by the response fre-

quency of the rotating band in the "foundation" moment mode; a higher, super-

imposed frequency of approximately 50,000 Hz, discernible at the extrema of «
displacement in the bourrelet-plane and dictated primarily by the radial re-

sponse frequency of the rotating band; finally, a much lower frequency of

approximately 700 Hz, discernible as amplitude modulation of the dcminant

frequency and primarily attributable to the interior ballistics pressure and
projectile/bore interfacial friction loads. Fourth, gyroscopic stabilization
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(due to spin) has a marked affect on the attenuation of balloting, affecting ‘
the loads transmitted through the rotating band and bourrelet, as well as the
linear and angular velocities of the projectile throughout its in-bore travel

and, in particular, at shot exit. Fifth, overall balloting motion as predicted

<y

by the model is of more consistent nature in terms of frequency content than is

>

indicated in the experimental data provided, especially as the projectile ap- i

”

-

proaches the neighborhood of the muzzle. §

A final observation, although speculative at this point, is nevertheless |
noteworthy. Gun tube motion predictions based on theoretical simulations
generally contain considerably lower frequency content than do corresponding
experimental data (e.g., accelerometer data). Perhaps this disparity, which |
to date has been viewed by many investigators as an experimental anomaly, :
arises as a consequence of mutual projectile/gun-tube interaction. The finding
noted in Section 4, namely, that relatively high projectile/bore interfacial
loads are found to exist in a balloting situation, lends credence to this
speculation.

In view of the demonstrated merits of the model herein developed and its
potentially broad range of applicability, as well as its potential for resolving
the theoretical/experimental disparity noted above, it is strongly recommended
that this study be extended for the purpose of incorporating the model within
DYNACODE-G, as discussed in Section 5. In addition, in view of the importance

of accurately defining the state of the projectile immediately following engrav- !
ing, as well as defining variations in projectile/bore clearances due to wear
and erosion of both the bore and rotating band (particularly in the latter
stages of in-bore travel), it is recommended that additional effort be expended

in modeling these processes (via introduction of stochastic techniques, where

2‘ applicable).
9
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INSTANTANEOUS ANGULAR ORIENTATION
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APPENDIX A

The instantaneous angular orientation and velocity of the intermediate
reference frame, So, with coordinates (xo,yo,zo) and unit triad (30,30,20),
are obtained relative to the inertial reference frame, S', with coordinates
(x',y',2z') and unit triad (2',3',2'}, in terms of the Euler angles (wo’so’wo)
defined in Figure A-l.

Beginning with S0 initially coincident with S', the instantaneous angular
orientation of So relative to S' at any later time is (referring to Figure A-1)
obtained by subjecting SO to the following consecutive rotations:

* {i) wo about z', bringing x' to its final elevation, §, and
y' to its intermediate orientation, n;
(ii) So aboutr N, bringing £ to its final azimuth, X and
z' to its final azimuth, C;

(iii) @o about xo, bringing N to its final orientation, yo,

and § to its final elevation, zo.

The direction cosines, Qij, defining the transformation between So and
S' at any instant are obtained by noting the relation between the unit triads

depicted in Figure A~l subsequent to each consecutive rotation, as follows:

(i) following the rotation wo' there results
i = i - si i (A-1)
i cos wo J.g sin wo 1n
2 oein a3 2 (a-2)
j sin &o 1€ + Cos wo i
(ii) following the rotation So, there results
i,=cos$ i +sin$ 1 (a-3)
£ oo oL
-0 k' =-sin$ i +cos$ 1 (a-4)
e o o o g
(-
AN
AN (iii) following the rotation Po there results
ps *
@
o ; 2 . ” (A-5)
RZ 1n = cos wo J, = sin ¢o ko
%
F{ ”~ ~ A
& > > (2-6)
-iﬁ lC sin wo j, * cos ¢o ko .
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Figure a-1. Definition of Euler Angles
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i,i
n'-g
coordinates (§,n,[) there results the transformation as given in equation (5),

Eliminating the unit triad (ig, ) associated with the intermediate

with the direction cosines as defined in equation (6).
Referring again to Figure A-1l, it is seen that the angular velocity of So

relative to S', namely 60, is given as
@ =V k' +8 i +¢ 1 (A-7)
Once again using the above transformations between unit triads, there

- results 50 in the form as given In equation (12); with components as defined

in equation (13).
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NOMENCLATURE
English Symbols
A - projected areas of rotating band and bourrelet

-

a - total translational acceleration of projectile c.g.

relative to S!

acg - acceleration of projectile c.g. relative to So
50 - acceleration of origin of S  relative to St
ap - projectile acceleration along gun tube axis
- a i £

N ay ’ az components of ao relative to So

o] o o
CM - effective "foundation" moment stiffness
c - propellant charge
dﬁc - resultant incremental contact load acting on a differential

element of the rotating band

dF® , dF¢ , dF° - components of dF_relative to S

X y z c o]

o] o] o

E - Young's modulus for rotating band material
e - coefficient of restitution
F - resultant applied load acting on projectile
F - impulsive load at bourrelet/bore interface
ﬁa - "pam" air pressure load
Fb - projectile base pressure load
Fp - resultant pressure load
ﬁw - projectile weight load
Fx s Fy ’ Fz - components of F relative to So

o] o] o]
F; ’ FC ’ Fg - components of rotating-band/bore interfacial loads

o Yo o] :

relative to So

Fp ’ Fp , Fp - components of F_ relative to S

X y VA p o

o] o] o]

W W W = .
F. ,F , F - components of F_ relative to S

X y A W o]

o] 0 o}
g - gravitational acceleration

PREVIOUS PAGE
IS BLANK
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3
h
T Tyyr oo
(1,3,k)
(f+,30,k"
(10,30,k )
i
r
k
k!
K
r
2
a
%
L
2y
o
2is (1,351,2,3)
(o] . .
giJ (i,j=1,2,3)
M
M
p
M
p
M Mo, M)
ME, M, M©
x' y’ Tz
wP, P, P
x’ 'y 2
M§ , MC M;
[o] y0 (o]

total angular momentum of projectile
rotating band width
elements of projectile inertia tensor relative to S

unit triad associated with S
unit triad associated with 3!

unit triad associated with S0
radial unit-vector at bore surface

elastic "spring" stiffness per unit surface area of
rotating band

"spring" stiffness per unit circumferential length of
rotating band

effective radial-load stiffness of rotating band

moment arm from projectile c.g. to "ram" air load

perpendicular distance from projectile c.g. to rear face
of rotating band
moment arm from projectile c.g. to base pressure load

moment arm of incremental contact load at rotating-band/
bore interface

perpendicular distance from projectile c.g. to forward
face of bourrelet

direction cosines between S and So
direction cosines between So and S!

resultant applied moment acting about projectile c.g.

ratio of projectile speed to ambient air sound speed
moment due to pressure loads
components of M relative to S

components relative to S of moment due to rotating-band/
bore interfacial contact

components of M relative to S

p
components relative to S of moment due to rotating-band/
bore interfacial contact
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m - projectile mass

p
pa - "pam" air pressure
Py, - projectile base pressure
pc - chamber pressure
pO - ambient air pressure
R - radial load per unit surface area of rotating band
R - radially directed impulsive load acting at bourrelet/bore
interface
r - position vector of projectile c.g. relative to origin of S'
rb - bore radius
ch - position vector of projectile c.g. relative to origin of S
r - inner radius of rotating band
r, - outer radius of rotating band
Fo - position vector of origin of S  relative to origin of S'
Pl - position vector from projectile c.g. to point of bourrelet/
bore impact
S - projectile body-fixed reference frame
S - inertial reference frame
So - intermediate (gun tube) reference frame
s - distance along gun tube axis
T - rifling torque-load per unit surface area of rotating band
t - time
tw - rifling twist
v - total translaticnal velocity of projectile c.g. relative
to S'
Gé - velocity of bourrelet impact-point relative to the bore
ch - velocity of projectile c.g. relative to S_
Vég - velocity of projectile c.g. relative to the gun tube
30 - velocity of origin of S relative to S'
&)
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vp - projectile velocity along gun tube axis
Vg vy » v, - components of o relative to So
o] o] o]
(x,¥,2) - orthogonal coordinates of S
(xt,y*,z") - orthogonal coordinates of S!
(xo,yo,zo) - orthogonal coordinates of So
ycg, zcg - projectile c.g. displacements in Jo—ko plane R
Greek Symbols R
o - angular orientation of friction load at rotating-band/

bore interface

Y - specific heat ratio of air
8 ~ transverse displacement of any point in a plane f
perpendicular to projectile geometric axis i

6 - . . s i
max maximum radial displacement

60 - initial radial compression of rotating band

Gr - radial component of &

€ - projectile c.g. offset from geometric axis

9! - projectile yaw relative to S*

- friction coefficient at rotating-band/bore interface

- friction coefficient at bourrelet/bore interface

- Poisson's ratio
- distance from projectile c.g. to any plane perpendicular
to geometric axis of projectile

% - impulsive torque generated at rotating-band/bore interface
due to bourrelet/bore impact
(Y - Euler angle of S relative to So; also, angle between
projection of yo-axis and line from gun tube centerline . -
to point in plane of interest
wmax - angular orientation of maximum radial displacement .
¢o - Euler angle of So relative to S'; also, projectile

spin angle
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Additional Notation

¥ q . -
AR AR
.l'.l- '(lll'l ..

(") -
() -

5( ) -
dal ) -
() -
AC ) -

()* -

() -

angular orientation of bourrelet/bore impact-point
Euler angles of S relative to So

projectile pitch relative to S!'

Euler angles of So relative to S!'

total angular velocity of projectile relative to S' -
total angular acceleration of projectile relative to S'
angular velocity of projectile relative to S0

angular acceleration of projectile relative to So

angular velocity of So relative to S!'

angular acceleration of S0 relative to S!'

components of W relative to S

components of W relative to S

components of acg relative to S

components of mcg relative to S

components of 60 relative to So

components of 60 relative to S

unit vector; also, impulsive load
vector quantity
partial derivative

total (convective) derivative

derivative with respect to time

"jump" (sudden increment) in parameter due to
bourrelet/bore impact

value of parameter immediately subsequent to impact
value of parameter just prior to impact
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