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PREFACE

This report describes 3 research program to analyze N
the dynamic stresses and deformations in plastic rotating
bands (such as used on projectiles) as they are forced into .
a converging forcing cone at high speed. A two-dimensional
finite-difference computer code was used fer the analyses.
The program was conducted during the period April through
September 1975, at California Research § Technology, Inc.
6269 Variel Ave., Woodland Hills, CA 91364, under Contract
F33615-75-C-5206, initiated under Task No. ILIRJ073. The
research was performed by M, H. Wagner and K. N. Kreye: hagen.
W. S. Goerke, C. K. Wilson, and C.C. Fulton provided assis-
tance in cods development and programming. The Project En-
gineer for the Air Force Materials Laboratory was S. W. Tsai,
Chief, Mechanics § Suiface Interactions Rranch, Nenmetallic
Materials Division (AFML/MBM). The authors submitted this

report in October 1375.
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SECTTON I
INTRCDUCTION, SUMMARY, AND RECOMMENDATIONS

A. BACKGROUND

Rotating banus are used on projectiles to impart spin
(by transmitting torque from rifling to the projectile}, to
improve the propellant gas seal, and to reduce wear of the
barrel (by minimizing direct contact between the hard pro-
jectile and the walls). Rotating bands must generally be
of pliabie and/or ductile material, since they must with-
stand substantial plastic flow in accommodating to the bar-
rel and to the rifling. The material must also have suffi-
cient strength to resist the propellant gas pressure, to
transmit torque to the projectile, and to remain attached
to the rotating projectile as it leaves the muzzle.

\ZForc‘.ng Cone Rifling
N e
Projectile )
]

Rotati _

pord n8 Side View £nd View

This sketch (not to scale) shows a typical rotating
band. The projectile is somcwhat smaller than the minor
diameter of the tore, but the OD of the rotating band is
larger, so that there is dimensional interference. W¥hea
the projectile is fired, it "tunuels" into a forcing cone
wherein the rotating band is squeezed down until it fits
into the barrel. To accomplish this squeezing, the rotat-
ing band material:
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(1) rloss circumfcventially into the rifling grooves

(2) 1v eompressed radially under the high confining

e
pressure of the barrel

(3} Flowe axrially to relieve the volumetric compres-
siton (1.e., the rotating band beccmes longer).

Within the barrel, the rifling can have either a fixed
or a variable twist (pitchk) along the barrel length. This
twist, acting through the rotating band, imparts angular
acceleration as the projectile itself andergoes linear ac-
celeration down the barrel. As the projectile leaves the
muzzle, the radial compression of the band is relaxed. The
band remains attached to the projectile until it rezches
the target.

Some nylon-type vlastics arc desirable materials for
rotating bands, and they are successfully used in this ap-
plication. However, failures of nylon rotating bands have
been experienced, especially in projectiles which are de-
signed to rcach higher muzzle velocities. Information
about the timing of such tailures (i.e., the location with-
in the barrel at which failure occurs) ard the cause there-
of is not available, ner is it veadily attainable through
ex eriments. Such information is needed in order to desiga
better rotating band-rifling systems, and in order to sel~
ect cr develop better waterials for rotating bands,

Numerical hydro-clastic-plastic code analyses of th#
dynsmics of rotating band distortion as the projectile gun-
neis into the forcing ccne provide an z2pproach for obtgﬁn-
ing information about the dynamic stresses and deformafions
in rotating bands. This report presents the results ok

threc such analyses.
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R, OBJECTIVES
The objectives of this preliminary preogram were:

(1) To adapt a two-dimensicpal numecrical code for
analysis of the axisvmmetric stresses and dis- “
tortions of rotating bands entering the forcing
cone,

(2) Through analyses of a representative, or “base-
line" rotating band design, to show the utility
of numerical dynamic stress and deformaticn ana-
lyses as a tool for designing, evaluating, and
improving rotating bands, and

(3) To identify the stress and deformation histories
experienced in critical regions in the represen-
tative rotating band design.

C. NUMERICAL APPROACH rOR DYNAMIC STRESS ANALYSIS

When the projectile enters the barvei, the significant
interference fit requires that the rotacing band be severe-
ly compressed and that it be deformed in a very short in-
terval of tame. To accommodate the nonlinear, dynamic
processes involved, a finite-difference code was used,
specifically, the CRT WAVZ-L code. This is a Lagrangian
code based on Wilkins' HEMP method.! The WAVE-L code has
been applied to a wide range of impulsive loading problems,
including hypersonic impact,?’® projectile penetration,*’?
and dynamic stress analysis.®

WAVE-L is a "first principle" code which obtains "time-
marching® solutions of the conservation equations and the




counstitutive cquations describing the properties (clastic,

pilastic, and i{ractuve) of the materials involved. The code

1+ tso-dimensional, i.:.., probleas nmust be described in two

~,2 ¢ dimenssons. Thes inciudes 2-D plane strain problems,
/ 4> well as 3-D probl:ms which are axisymmetric.

' The geometry of the projectile/rotating band tunneiing
1nto a smooth-walled forcing cone and traveling through a
smooth bore 1s axisymmetric, aud can thus be described us-
Lo ing two space dimensions. Wben ri{ling grooves in tre bar-
f rel are encountered, however, (e problem is ro longer

' strictly axisymmetric, in tha?! 2-D non-symmetrical effects
occur {(i.e., circumferentiil flow). In the present study,
we have decoupled the pronlew, zresting only the axisymme-
tric aspects of the initizl tuaneling processes.

{A separave but coupled plane strain Qnalysis can be
made of the non-symmetyic in‘eractions hetween the rotating
ban.. and the rifling in the bac¢rel. Recommendations for
this cype analysis, together mith 2 suggested approach, ase
giver in Section I El o€ this report.)

Fignre 1 is a schongtic defining the computational

field for analysis of a projectile/rctating band tunneling
into o forcing cone. It is assumed that ncither the projec-

) tile nor the tarrel deform significantly, sc ihey arve treat-
3 ed as rigid roundaires which confinc and deform the nylon

g rotating band. (This is a reasonable assumption; the dis-
tortions in the barrel and projectile due to stress levels
imposed as thz nyloa compresses are very small compared to
the ro*at.ng baad Jic<tortions.) The a-tual field of analy-
s1s can thus be confined to the rotating band itseif.

/; For the code analysis, the geometry of the rotating
band 310t (i.e., the slot in the projectile containing the
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rotating band) and the geometry of the forcing cone are
specified, as well as the velocity at which the projectile
is moving. For the present analysis, thil was specified to
be 500 fps. (For convenience in possible future compari-
sons with experiments, the projectile was assumed to be
stationary, with the barrel meving over it at 500 fps.
This transformation has no e{fect on the stresses in the
rotating band.)

The rotating band itself is described by a Lagrangian
network of computational cells, and by a set of equations
{based on measured properties) which characterize the
elastic and plastic stress-strain behavior of the rotating

-~ band material (in the cases treated here, Bylon 6/12.37 o
failure criteria were used in these analyses, z1though the
capability to treat certain types of failure cxists in the
WAVE-L code.

D. SUMMARY GF RESULTS N

: Numurical solutions were performed for three rotnating

band probiems as dzofined in Figure 2. The baseline design

(Casec 1 and 2) approximately corresponds with the votating

band for & 20ms M-55 projectile. Representative najor and
. rinor diameters for a 20mm bsrrel are .817 in. and .786 in.,
respectively. The nominal barvel diameter (D = .869 in.)
chosen for these axisymmetric analyses gives the same over-
all volumetric compression of the rctating banu entering
the forcing coae as occurs in a rifled barrel.

. aa

ki The presence of friction fcoefficient i = 0.31) in Case
1 produced a2lmost immediate locking hetween the nylon and

* the forcing cone. This was becausc the normal stresses,
g, 3CTOSS the converging iaterfszcc build up very quickly
to the level where uo,_ exceeds the shear strength of the

N n
nylon. Nylon near the interface thereafter distorts at
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es<entially the full wrojectile-barrel relstive velocity.
P This clearly show¥s that friction can be very important in
{‘ rotating band design. However, we consider the results of
Case 1 to be an exaggerated indication of the effects of
friction, at least in a plastic material like nylon. Ini-
tial friction and plastic distortion will produce signifi-
cant heating of the surface, thereby sofrening or melting
the material such that the surlace cannot thereafter sup-
A port large {rictional stresses.

¥We did not ha.e properties to quantitatively define
] this softening und weakrening of the surface; it appeared
. reasonable for the purposes of these analyses to assume
that the friction tecomes so small as to be negligible.
In Case 2, we therefore repeated the analysis of the base-
line rotating band design, with no friction. Figure 3 in-
dicates the way in which the frictionless basic band dis-
torts as it tunnels into the forcing cone. The nvlon is
initizlly squeezed inward. The stress on the surface of
the nyics builds up to about 40,000 psi. This compression
causes the ny:on %o bhegin to flow rearward, producing gross
distortion of the sharply-beveled trailing surface, as secen
- in Figyre 3. As a result, nylon extrudes out of the rotat-
ing band slot and into the converging region between the
projectile and forcing cone walls, Eventually, this will
lead to a very thin, probably irregular annulus of nylon
between the art end of the projectile and the barrel (i.e., >
feathering). Portions of this badly extruded annulus may
break off, cither in the barrgl or after the projectile
leaves the wuzzle. Presumably shig irregular extrusien
N will have undesirable effects on vhe in-flight aercdynamics
of the prcjeciile.
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To avoid, or at lecast lessen, the rearward extrusion
of nylon out of the rotating band siot, a modified design
was considered (Case 3) As seen in Figure 2, this decsign
substituted a more gradual slope for the trailing surface.
Figures 4 and 5 show the pattern of distortion whicn deve-
lops in the modified design. The gradually-sloping trail-
ing surface bulges out towards the forcing cone. Some
rearward extrusion c¢f nylon cut of the rotating band slot
evenzually occurs, bhut it is greatly reduced, as compared

to the basic design.

Figure 6 compares the axial force history applied to
the projectile by the basic and the modifed rotating band
des:gns. The force is higher in the modified casc Lkecause
the more gradual trailing surface closes against the fcrc-
ing cone, thereby increasing the surface area of the rotat-
ing band which acts oa the forcing cone. The increased
force does not appreciably affect the projectile dynamics,
howuver; the impulse transmitted to the projectile with
the modified rotating band as it tunnels inte the forcing
cone will affect its velocity by only about 1 fps.

Detailed information about the stresses and distor-
tions in the basic design {Case 2) a2nd the modified design
(Case 33 is given in the text and 1in the appendices. This
includes time histories of the stresses at several peints
within the rotating bands.

E. CORCLUSIONS AND RECOMMENDATIONS

1. Utility of Numerical Analysis of Dynamic Stresses
2nd Distorrions in Rotating Bands

The three analyses which werc performed show that
finite-2ifference solvtions of rotating bands tunneling

3
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i into forcing cones arc practical, and are specifically use-
ful for these purpeses:

o To ideatify material properties which have major
: cffects on design and performance

o To adentify stress-strain conditions which are
exper,;enced by rotating band materials

Py

o 7o identify design weaknesses
0 To suggest methods for correctiang such weaknesses
= o To evaluate design modificatioons.

Exampies of these uses are seen in the three cases
which were analyzed:

In Case 1, a code solution was used to identify a
critical material property (friction), showing that it can
have a major effect on rotating band design and performance.
(The lack of data on frictional properties for candidate
materials under pertinent conditions of stress, temperature,
and sliding velocity is a deficiency whkich needs to be rem-
edied. The pertinent conditions for these and other pro-
nerty measurements can be determined froa numerical solu-
tions.)

In Case 2, a code soluticn was used to identify a de-
sigm weaknesc in the baseline rotating band geometry, and
to suggeet a meang for correcting the problem. (The
sharply-beveled trailing surface of the baseline geometry -
leads to gross distcrtion and eventually to extrusion of
raterial out of the rotating band slot and into the narrow-
ing region between the prejectile and the barrel. A more
gradual slope for the trailing surface may alleviate this
problem.)

G W
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In Case 3, a code solution was used to evaluate a
possible design improv.ment 1n the baseline geometry.
{This improvement involved the gradually sloping traiziing

surface. It greatly reduced, but did not wholly ciiminate,

the extrusion problen.)
In all the cases, strese and strain levels, and strain

ratee vere determined at geveral statione. (Maximum com-

pressive stresses were of the order of 2.5 kb, or about
38,000 psi. Maximum strain rates inr these 500-fps cases
were of the order of 104 - 10°/sec.)

Z. Recommendations
. . -K
Applications. The above uses of the code can be of
substantial value in design and evaluation, and
in material selection or development. These ap-
plications should be pursued.

Candidate new designs, as well as existing
designs which are not performing well,

should be analyzed to identify critical
Possible

0

regions where failures may occur.
design modifications should thea be numer-

ically cvaluated.

A systematic study should be made to deter-
mine the desirable mechanical property at-

tributes of rotating band matcrials.

Codec Validation. Although the basic WAVL-L nu-

merical method has been validated in a number of
prior experimental comparisons for other applicsa-
tions, it would be desirable to verify the abil-
ity of the code (and material models) to predict




rotating band processes. A possible experiment

would 1nvolve reverse ballistic firing of a
“barrel™ over a fixed "projectile® which 1s sup-

ported on a rod.* Force-time measurements could

be made in the support rod as the barrel pushes
over the projectiic

Interactions with Rifling. 1In addition to the
axisymmetric processes occurring

as the rotating
band is squeezed into the barrel {which are an-
alyzed in the three cases treated so far), non-
symmctric processes are involved as the rifling
lands force deep grecoves 1nto the rotating band,
and as the projectile travels down the barrel.
These processes involve circumferential flow of
material as the rifling lands impinge into the
band, und the application of tangertial forces

to the rotating band by the twist of the rifling.

Analyses of the stresses and deformations in ro-

tating bands duc to these asymmetric processes

should be made. A possible approach would be to

treat the probiom in plane strain, as 1ndicated
in Figure 7. In this appioach, tie projectite
would be represented by the rigid-body central
core, and the barrel would alsc be represonted
as a rigid body (concentric to the core}. The
rotating band (betwsen the rigid projectile and
barrel} would be described with the elastic-

P P VR A TR Y L T

plastic rotating band materizl properties,

* ) :
This experinent has been suggestad by H. Swift of UDRI
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There would be a shiding interface betwszen the
band and the barrel. Friction could ke speci-
fied in the z-direction {(perpendicular to the
plane of solution}, thereby 2ilowing the effects
of sliding friction in the third dimension (z-
direction} to be incerperated in the piane
strain solution. The band would be locked to
the piojectile bedy.

fnitially, the rafling lands, as represented by
the periodic protrusions around the rigid
barrel, would be nonexistent (i.e., the barrel
surface would be smooth). The flat surfaces
would thercafter be gradually forced into the
rgtating band by prescribing their displacement,
r{t} a function of time. The angular accelera-
tion produced bty the rifling weuld be vepresented
by prescribing retzting of the barrel by w(t),
as determined by the projectile veliocity and by
the pitch of the rifling.

The same types of information could be obtained
from the plane strain solutions »s from the -xi-
symmetric solutiuns which are described in the
repert; i.c., field plots of distortions, parti-
cle velecities, and principal stresses, and para-
meter vs time plots at selected stations.

i1
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SECTION 11
NUMERICAL SOLUTIONS

A.  PROBLEM DEFINITION

A representative "bascline" rotating band of interest
was chosen as an initial vehicle to test and demonstrate
the finite-difference code technigue of analysis. This
is illustrated in Figure 1 {page 2i). The specific base-
Yine dimensions, and the computational grid used tc repre-
<ent the band, are shown in Figure 8. The band design
shown is one which has been considered for a 20mm M-56 pro-
jectile.

The analyses which were perfoimed were confined to
the axisymmetric convergence of the band as it engaged with
the forcing cone, and therefore did not explicitly treat
the rifling. Instead, a uniform barrel diameter (.809 in.),
between .he major and minor diameters of the barrel (.817
in. and .786 in., respectively), was chosen which provides
the same overall volumetric compression of the rotating
band 2s occurs in the rifled barrel. The initial .829-in.
Oh of the rotating band 1s thus subjected to a maximun
radiai convergence of .010 1n. in the forcing cone.

A nominal constant 50¢ frs was chosen for the vele-
city at which the projectile enters the forcing cone. !n the
actual gun tiilng, lie projectiic 1s accelerated from an in-
itial rest position during the tunneling process. This mode
of cngagerent can be handled by the code, but we did not have
information defining a typical acceleration-time history in the
forcing cone. This problem is not felt to be particularly
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sensitive to velecity, so leng as the velocity 1s anywhere
1n the low subsonic range (which covers the range of velo-
cities of intecrest here), and so long as the material pro-
pertics are not rate sensitive (as was the case witn the
material model used in these analyses).

In the coede sclution, the forcing cone and barrel
were set up to move at the prescribed velocity, and the
projectile was fixed. This was done for convenience and
efficiency, since it immediately gives the flow in the band
due to the interaction, rather than centering the flow
about the projectiie velocity. This arrangement also cor-
responds to a reverse ballistic laboratory test (in which
the band is mounted on rigid rod, and a heavy ring simula-
ting the barrel is projected against the band), which
could be used to confirm the validity of the code sclut:ons.

B. MATERIAL PROPERTIES

A material of curreat interest, Nylon 6/12, was
chosen for the piastic hand. The following initial value
properties were cmployed in the code solution for this

material:’
Density, p, = 1.08 gm/cms
Young's modulus, E = 300 ksi = 20.7 kb
Poisson's ratio, v = .4

These values imply the following other properties:
Bulk modulus, K = 500 ksi = 34.5 kb
Shear modulus, G = 107 ks1 = 7.4 kb

Bilstational wave speed, ¢, = 06406 ft/sec
= 2026 m/sec. )
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ihe equation of state was assumed to be lincar clas-
tic. An clastic-plastic constitutive model was 1sed, enm-
ploying the vor Mises yield criterion and a non-as<cciated
flow rule. The value of yield streagth used was 16.4 ks)
(1.13 kb). Tensile stress was limited by imposing a mini-
min - -2.93 kst
(-.202 kb). Under umiax:ial stress, this gives a maximum
permissible tensile stress of 8.8 ksi (.61 kb), correspond-
ing to the tensile strength of the material.

mum value for hydrostatic tension, P

The stcel projectile and barrel were treated as rvigid
bodies. The plastic band was assumed to he ilocked to the
projectile all along the mating interface.

In the Casc ! analysis, shearing forces due to fric-
tion were generated at the band/barrel interface, in addi-
tion to the normal forces developed as the band is deformed.
A nominal constant vaiue for the coefficient of friction
of 0.1 was used. Cases 2 and 3 were run with no fraction,
both for comparison and to provide a lower bound on the
shear deformation of the band surface. (The solution re-
sults from Case 1 indicated that the frictional effects re-
sulting from a friction coefficient of 0.1 were excessive.)

C. NUMERICAL METHOD

The WAVE-L code was employed for these calculations.
WAVE-L is a two-dimensional code which solves the equations
of motion for elastic-plastic bodies by means of a finite-
difference Lagrangian-cell technique. The mathematical
formulation is basically the same as that described by
wiikins.! An important feature of the code is its provi-
sion for sliding interfaces. (In a normal Lagrangian grid,
the cells are¢ locked together, and no sliding can occur.)

14
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A ~iiding interface was used for the band/barrel anterface.

Another 1mpartant capability of WAVE-L 1s 1t abihity to

treat moving rigid bodies {1n this case, the barrel).

code computes the loading forces on the rigid body and

hus the deceleration can be i1ncluded 1n the calculatiens,
given the mass of the rigid body. This rigid-body formula-
tion was previously developed to treat the penetration
dynamics of projectiles.*.® Some additional development of
the code was required to handle the plastic band interac-
tion geometry.

- . NUMERICAL SOLUTION OF CASE 1 -~ FLASTIC BAND INTERAC-
s TION WITH FRICTION
The initial Lagrangian grid configuration szt up for
‘ the problem described above is shown ip Figure 8. The
; plastic band was resolved with 8 cells across its width
3 and 53 cells along its lemgth. One hundred six lattice
v points were used along the barrel to ccmpute the dissribu-
tion of stresses and force components acting on the harrel.

The code results of this tirst case, which included
frictinrnal effacts, are Jdepicted in Figures 9 to 12,
which are plots of the grid configuratios and velocity
field 1n the band for times of 1.5 and 3.6 usecc.

) Tihe plots of the grid also show which material is ~ur- ) T
' rently undergoing plastic deformation; i.e., is on the
yield surface. This is denoted by cells containing an  x b

or + , w»ith x ndicating a compressive pressare, P > 3,
and + indicating hydrestatic teasion, P < 0 .

The velocity vector field plots show the direction and
magnitude of the particle velocaty at each lattice point in -
the computing grid.
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The.e results snow that a strong upward axial flow
»» anduced n the band next to the contact surface. Note
that the band surfac: appears to be dragged along vy the
barrel, causing severe distortion of the material next to
the band. The fricticnal forces buirit up across the in-
terface weic sufficient to lock a portion of the nvlon
surface onte the bavrel, se that the svrface was actually
moving upward at the full! bariel velecity. This clearly
shows that {riction is important, and incicates that fric-
4 tional properties under high stress, high velocity cond:-
t.ons nced 1o be defiped. iHowever, we consider the results
;T e obtained in Case 1 to b an exaggeration of the actual
frictional cffects. Since there is a significant heating
of the surface due to fricrziva and plastic deformation, it
»s likely that the surface material softens sach that it
. could not support frictional stresses as large as that
- computed with a coefficient of fr:ction of 0.1. it wzs
t*ug decided to discontinue tlie running of Case I and to
instead run o second case, with no friction.

Additional resultn of Case 1 are given in the next

E sectica 1n comparative plots.
2 L. NIMERICAL SOLUTION OF CASE 2 - PLASTIC EaND INTERAC-

TION ¥ITHOUT FRICTION

& The problem conditions for Case 2 were Leopt cxactly =y
the same as for Case 1, excert thar the band/barrel inter-
. face was assumed to be frictionless. Thus rno shearing

forces are generated at the interface.




~
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The results of the code sclution for th:s cise are de-
prcted 1n Frgures 13 to 16, which show plots of the gria
configuration and/or velocity field for times of 1.5, 3.i,
7.9, and 11.4 usec. Note that the carly time fiow 1+ niow
radially inward, as opposed to the strong axial flow scen
1in the case with friction. At later times, however, a -
strong axial flow occurs, 2s the upper ead of the band 1»
extruded tnto the open cone.

By 7.9 usec, the extrusion action at the rear of the .
band had prodirced such severe grid distortion that the so-
lution cculd nct be continued. To allow continuced 1ate-
gration, a rezone of the grid was performed. Rezones are
used to reposition the computational grid in a distorted
region so &> to give more regular cell shapes; a compre-
hensive rezone processor correctly redistributes the cell
variables among the new cells. Cecde modifications re-
quired to treat rezones of the plastic band problem were
developed and checked out for this first rezone and w11l

be available 1n the future as nzeded,

Following the recone, the solutien was cont.nued out
to a time of 11.4 psec. The extrusion action noted earlr-
er in the solution continued in this later phasec of the
solution, causing formation of a pronounced annuiar lip
protruding out from the rear of the band. The presence
of such a lip would presumably degrade the acrodynamic sta-
bility of the bullet. The soiution was terminated at this

peint, since the hehavioral pattern of this band desaign t
was clear (for this material) and because the axial forces
were significantly diminished. An enlarged view of the
extruded rear section of the band at che end of the solu-
tion 1s shown in Figure 20. As the projectile moves
17 ‘
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. furtner i1nto the converging forcing <one, this extruded

annulus would become thinmer and longer.

Comparative time hastories of the axial and radial

" forces acting at the tand/barrel interface for Cases 1 and
2 (with and without friction), are shown in Figures 21 and
22. ‘tigure 2] shows the increase in axial force at carly

tires cansed by friction. lowever, hy 3.5 usec, the axial
Py s P

{i‘ force 1n the case without friction surpasses that with

- friction. Significantly higher normal stresses build up 1a
Y; the casc without friction, siace the oaud zaterial rext to
N the barrel does not flow up {u«12ally) as much, and is thus
o subjected to greater radial compression by the forcing cone.

0¥ Cemplete time bistories of the axral nd radza. forces for

Case 2 are shown in Figuies 23 and 24. The peak axial
force was 840 1b, occurring at 5.6 pysec. and the peak ra-
b dial force was 1670 1b/rad, occurring at 6.7 usec. At

R 11.4 usec, at the end of the solution, the axial force had
= dropped off to 15% of its poak value.

tress distributions on *ne forcing cone are shown in

Figures 25 and 26 for the two cases.

. F.  NUMERICAL SOLUTIOK OF CASE 3 - MODIFIED PLASTI BAND
5. BESIGH

Tos The solution results of Case 2 indicated that the band
». distortion was concentrated at the junction of the 45°

Seveled rear section and the projectile. For the purpose of
. alleviating the scvers distortion occurring at the rear of
',:n the band, it was decided to cvaluate the behavior of s

i modi1fied design, having 3 longer, more gradual sloping
) rear section, The modi“icd Jasign is shown in Figure 27.
it has a long, 10° sloping rear secticn replacing the 45°
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beveled section of the original design. The {lat section
and the 6° sloping forward section making initial contact
with the furcing cone were kept the same as in the baseline
design so as to isolate the effect of the roditied rear
section. The front of the band akead of the start of the
forcing cene was shoertened, since it has little effect

on the problem dynamics. The overall iength of the wod:-
fi1ed band was .32 in., comparcd with .28 in. for the base-
line design,

The 1nitial Lagrangian gri¢ for the code solution of
Casce 3 1s alszo indicated in [igure 27. The zoning uas
Lept the same as in ‘he previous problem; i.e., 8 cells
across the width of tne band. TFifty-nine cells were used
along its leagth.

The results of the Case 3 solution were very iatersst-
ing: with the long, shallow-sloping rear section, the re-
spase of the dand was much more regular, smoothly bowing
out as it was forced back. The solutien was carried out
to 27 6 usec, by which time the axial relative displace-
went of the band/barrel was 166 in. As an indication of
the uniform deformation behavior, no rezones eof the grid
<cre rvequired during thic peried. (In the previous problem,
severe distortion necessitated 3 rezone at 7.9 usec.) A
scquence of the hand/barrel configurations and/or velocity
ficlds for times of 7.7, 15.5, 20.7, and 27.6 usec are .
shown in Figures 28 to 33. By 27.5 psec, scme distortion M
has buiit up, 2t the rear of the band, but it is less than
seen with the previous design,

Time histories of the axial and vadial forces at the
band/barrel inturface in the meodified desipgn (Case 3) are

19 -
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<owa o oagures & oand 34, plus those for the baseline
ter v dse 2Y for comparison. At esrly times, the re-
; mae i~ seen to be the same, confirming that the geometry
’ (11 v4e gnitial contact surface was the same between the
~ preblows, ihe modified design produces a significantly
'é‘ tor et torce pulse, corresponcing to the iacreased length
t hand Yehind the forcing tip (.27 in. compared with .17
tn.d. Al-o, the band bows out until i1t ceaches the forc-
. smg cone.  the resulting high pressure between the band and
. the coene produces a large axial fcrce. Assuming a projec-
tiie weight of ~.4 1b, the peak deceleration imparted to
tae projectile due to convergence in the wodified design
o~ 1- “2u6e g's. This deceleration for 20 psec would reducc

fre prorectile velocity by 1.3 fps.

Mi-tributicns of the narmal stress along the band/
virre? interface for several times are shown in Figure 35.

ihe peal stress ievels experienced within the banrd
_sripe the interaction are indicated in Figure 36. The
s 1k compressive <iresses aleng the inner and outer edge
Voraat midaay acvoss the band vs axial distance are
,1- 2ed. Aiso shown for comparison are the corresponding .
o~ for tho bascline band design.

\Jditsonal results from the numericzl solutions are

.1 ockoan the Appendices.




Projectile and barrel are
considered to be rigid materials
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Rotation by rifling reprasented
by retating ocuter riztd
body (barrel) accordipa

Inner surfacc is smooth att = Q

Projectile is
rigid body

Barrel is rigid body described by

Lagrangian grigd
and by elastic~
plastic properties
of material

Suggested Method for Plane Strain Analysis of
Rotating Band-R{fling Interaction
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APPENDIX A

s

PRINCIPAL STRESS FIFL3 PLOTS

In addition to the plots of the grid configuration
and the velocity field presented in Section II of the re-
port, plots of tne principal stress field cccurring at
several times during each of the sciutions were obtained.
A representative selection of these for Cazes 1, 2, and 3
are contained in this Appendix.

In the stress field plots, the principal componcnts
of the stress tensor for each cell zre shown as follows:
The magnitude of the two principal stresses in the r-:z
plane are plotted in their corresponding principal direc-
tions. The third principal stress {in tue azimuthal di-
rection) is plotted along the line bisecting the other twe
principal directions. Vectors pointed to the right are
compressive, to the left, tensile. An example of hew a
stress tensor is plotted is sketched below:

Tensile 4———]—-—500091‘28:1\& :
+
Principal Stresses
z in r-z Planc
//f/’ Principal Stress :
Cell Centar in 6 Direction
F e

The scale of zhe stress veators is given at the top of each
plot. The plots listed below are given in the following
set of figures:

el w!

Case 1 1.5, 3.5 usec.
Csse 2: 2.1, 7,9, 11.4 psec
Case 3: 7.7, 15.5, 27.6 usec
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APPENDIX B
TIME HISTORIES OFf STRESS AND VELOCITY

Paramecter-time histories were recorded at several lo-
cations in the plastic band. The locations of the stations
are shown in Figure B-1 for Cases 1 and 2 and in Figure B-2
for Case 3. The stations for Case 3 were placed at analo-
gous positions to those used in the first design so that
the response of the two bands could be compared. The fol-
lowing parameters are plotted:

a. Radial stress o,
Axi stress a,
Hoop stress 9
Shear stress S,
b. Radial particle velocity T
Axial particle velocity z

Pisitive stresses are compressive. Positive r is
radial'y outward. Positive 2z is axially upward (in the
direct:on of the barrel velocity}.

Tie first set of figures (B-3 to B-9) are comparative
plots of the response for Cases 1 and 2 {the basic plastic
band geometry with and without friction) at selected sta-
tions. The previously noted "locking-on" of the surface
of the band to the barrel due to friction during the Case
1 <olution is clearly shown in Figure B-8, the velocity
plot at Station 8. The second set of figures (8-10 to B-19)
are comparative plots from Cases 2 and 3 (the basic and
modified plastic band geometry). Note that the extrusion
action that occurred at Station 2 in the originsl desiga
4id not occur with th: revised design (Figure B-19).
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