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SUMMAKY 

Tlu' ob ji'd Ivi' i>l tin' pioj-.i am was to »Usi^n impi ovi-il Uhimi (JAl'-S rilling ami 
to labricati' tost bartols Incorporating tin- now rilling iloslgn tur ilollvory 
to the Air Force. 

A dotalloil analysis- ol rilling twisl was juit ormod, aiul a gain twist iloslgn 
was selcctod over tlu- prosont ly usoil constant twist lo mlniml/.o st ii'srtos on 
tbo projectllo rotating band. 

Iwo basic typos ol rilling groove conl igmal inns woro also analv.'od, I.e., 
modi Mod convont ional and sawtooth,  Thormal analyses, band engraving analvsiv 
and FINK code analyses were employed to optimize tbe number ol lands and 
grooves as well as groove shape.  Both cont1guratIons were llnally selected 
to Include 24 lands and grooves.  The designs selected are shown in l'lgure i 
ol this report, 

lour t'.Al'-H barrels were labrlcatod utill/.ing production harnl blanks and 
processing tecbnlqnes except lor the speclllod rilling.  Gain twist rilling 
was utilized and two barrels were labrlcatod with modi lied conventional and 
two with sawtooth eonliguratIons.  No dill lenity was experienced in utilizing 
the rilling tooling developed for the two con 1igurations.  The barrels were 
linish machined, prool tired, and delivered to the Ali Force. 
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PREFACE 

This   report   was  pn-parod   by Aoro'uit roaic   Potd  Corpurat Ion,  AaroatltfOMic 
Division,  Nowport   Boacli,  Calllornla,  vmdor Contract   No,   FOHo r>-76-C-0284 with 
the Air  Force Armament   Laboratory,  Eglln Air Force   Base,   Florida.     The  report 
covers work  performed  Irom June   ll>7b  to March   I1»//.     Mr.   David  C,   Uhrlg 
(DLOt!)   was   the  program manager   for   the  Armament   Laboratory. 

Tills  technical  report  has  been  reviewed  and  Is  approved   tor  publication. 

FOR THE COMMANDER 

CFRAi.n r. n'AKiT. OOIOMI, USAF 
Chlet,   Cuns,   Rockets  and   F.xplosives M)iv islon 
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tNnOOUCTXON 

Tho  us««  ot   plastic  rotatinv, bands  on mfiHiini calibfi   piii jfi-1 i K-s  slu'ws  a  si^ni- 
ticant  potontial   tor  rediicitix barrel  erosion and   improving  ballistic  pertor- 
roance.     Although  considerahle  eltort   has  been extended  on  plastic  hand  devel- 
opment,   pertoruumce dit t icnlt ies .   priuvirllv   involving hand   Integrity   still 
f\i st . 

As  demonstrated   in  the Optinumi  Kit ling Configuration  tor   Tlastic  Rotating 
Hands  rrogtams.  Contracts  F086 JS-7S-C-0041   and  FV861S-76-C-0204,   ruling   twist 
contiguration and  rilling   land  profiles  can he modified  to  reduce  peak  torque 
levels  and   inprove distribution  of   torque   induced  stresses within  the hand 
material   and  at   the driving   interlace with   the  projectile.     Cain  twist   type 
rifling can reduce  peak  torques  by approximately  so  percent  and can be  pro- 
tiled  to minimise  torque at   the  entrance  cone,   thus  improving  hand  surviva- 
hilitv  during  the  engraving  process,   particularly with worn  or  hot  barrels. 

Additional   improvements have  been demonstrated with sawtooth  and modified 
conventional   lit ling profiles   in  JOram barrels.     These  improvements   include 
generally   lnwer   tailure  rates  of   highly  stressed driving  bands  under  constant 
test   conditions.     In addition,   sawtooth  rifling offers  the  capability  of   fir- 
ing hands  of  significantly greater diameter   than could be   tired   in a  conven- 
tionally  rifled  barrel which  provides  better  obturation and more  uniform 
ballistic  performance under worn and  hot  barrel  conditions.     The combination 
of  gain  twist  and  sawtooth  or modilied  conventional  rifling  profiles  for  the 
CAl'-S weapon will  potentially  eliminate  or   signit leant Iv   reduce  rotating hand 
tallures. 

In  June   1^76   the  Air Force awarded  Contract   FV863S-76-C-0284 with  the  objective 
of developing  improved rifling  for  .Khum CAU-8  gun barrels.     IW  CAU-8  gun 
system currently  uses gun harrels which have  constant  twist   rltling,  and   fires 
projectiles with plastic  rotating hands.     Some  prohlems  have   been encountered 
with  projectile   instabilities,   possibly  attributable  to  the  rifling design. 
Tills  program  Involved designing  improved  rltling and  fabricating  test  barrels 
Incorporating  two new rifling designs   for  delivery  to  the  Air  Force. 

Ibis   final  report documents  the work  performed on  this contract.     Sections   II 
and  III   present  details of  the design and  analysis work and  discuss  harrel 
fabrication.     Conclusions and  recommendations are presented   in  Section  IV. 



SECTION  11 

PKSII;N ANP ANALYSIS 

J.I     BACKCROUNP   1\AIA 

Input  design and   Interior  brtlll»tK-s  d.it.«   supplied   bv   the  Ait   Kori-e   to le  used 
in  this  unalvsis   included: 

•    Cbi.   Ihawmns:     201F1S8 
and 
201F*00 

H.n rel ,    U'linn 

Cartridge   -  Gun   Intertaie.    U^nnii 

• A  representative  internal   halllatlca  computer  run 
(Appendix  T) 

• Limited descriptive   intormution  concerning  the  overall   contigu- 
ration ot   the   two candidate  plastic  bauds   ^Kic.uri's   1  and   T^ 

A review  ot   existing;  chamber dimensions  and  platiuc.  SJH-C i t icati inis  was  nvidc 
to evaluate  the  design   freedom available   tor  modi t icat ion ot   the   rltlinj-..     It 
was concluded  that   the  maximum groove  diameter  that   could be  obtained without 
grooving   the  chamber   in   the  viclnltv   ot   the  band   teilet   w.is   1..MS   inches   it 
the current   plating  specltications   tor   chamber and  bore ueio   to bo   retained. 
Si'nnewhat   larger   groove  diameters were   Included   lu   the   parametric   studies, 
however,   to determine   it"  a  stgnl t leant   influence  of   bore  diameter   on  band   per- 
formance might   warrent   revision ot   the  chamber  design  01   pi.»ting   speciticatIons 

The   statement   ot   work  required  the  development   ot    two  rilling designs,   on»' 
based  upon   the  sawtooth  rifling  protlle,   and  the  second  configuration based 
upon  the  modi tied  conventional  protlle,   which were  developed  and   tested   in 
JOmm caliber  under  Contracts  P0863W5-C-0041   and  F086JS-76-C-02O4.      Hie modi- 
fied  conventional  profile differs  from conventional   rifling primärilv  bv 
larger  root   fillets,   more   lands  .nul  narrower   laud  width.     Both rifling designs 
were   to   Incorporate  a   gain  twist, 

:.:   UffLXM rwiST ANAIYSIS 

A program was  written   to evaluate   torque  distance   protiles   lor  constant   twist, 
gain   twist,   and   increasing  gain  twist   rifling.     llu«  computations  w«    e  made   for 
gain   twist   profiles   tollowtng  short   /ero   twist   entrance   sections   ot   0   to 
4.S   inches.     This   zero  twist   section   is   included   to  reduce  the   initial   torque 
impact   in  event   of  entrance cone  erosion,     based  upon  comments   ttorn   Kglin   AKB, 
the  erosion  obtained   using plastic   driving  bands   is  verv  small   so   inclusion 
ot   the   .-.cro  twist   section mav be  quite   conservative,     A   <-inch  .eio   twist 
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section was included at small penalty to peak torque required (approximately 
3 percent).  Also, u constant twist exit section at the muzzle was included 
to minimize projectile tip-off in event of muzzle end riflitiK damage or 
partial driving band failure. Muzzle exit torque is reduced by a factor of 
A from that obtained with retaining gain, twist to the exit. 

Prior analyses have been concerned with the wiping action of gain twist rifling 
configurations on the engraved band.  A 9,9-degree gain twist has the effect 
of wiping 0.120 Inch in a band length of 0.7 inch.  This is equivalent to a 
12.5-degree shear of one end of the driving band.  The interior ballistics 
data used for the final rifling study are contained in Table 1.  Projectile 
dimensional and mass properties data were supplied by Eglln AFB and are sum- 
marized in Table 2. 

The torque histories are computed using: 

tan 8 p TT r 
T - - k^ / u^ d —r-Ä + tan SL -% 
x r    I x    dx x  M 

where 

M is projectile mass 

k is the radius of gyration 

r is projectile radius 

Uy is instantaneous velocity of projectile 

9 is twist angle at station x 

x is distance from projectile rest position 

Px is barrel pressure at projectile 

Ulis assumes a rigid driving band.  For the case of exponential gain twist 
rifling following a straight entrance section this equation predicts Infinite 
torque at the transition to gain twist for exponents less than 2.0.  This is 
primarily a mathematical problem in that the actual displacements (y) are 
infinitesimal and with a compliant driving band these torques cannot be devel- 
oped in real life.  Referring to Figure 3, the minimum in the predicted torque 
curve for the gain twist profile occurs at x ■ 3.6 inches. The y displacement 
at this station is only 0.003 inch. At x stations between 3.0 and 3.2 inches 
where the computed torque exceeds 1200 in-lb, the displacements are less 
than 0.0005 inch. Alternate transition sections that would theoretically 
limit the entrance torque have also been explored.  The approach was to select 
a twist curvature based upon a constant d'-y/dx^ and blend into the exponential 
gain twist profile. Figure 3 indicates the torque profile that can be devel- 
oped using this technique.  The transition section would extend over 1.6 inches 



TABLE  1.      JOMM   INTERIOR BALLISTICS   DATA 

Projectile  Base Projectile 
Time Pressure Velocity Trave1 
(Sec) (Psl) (Fps) (In.) 

0.OO120 529 78.7 766.13 2.235 

0.00125 53940.8 866.93 2.724 

0.00130 54076.9 968.37 3.275 

0.00135 53498.9 1069.03 3.886 

0.00140 52348.0 1167.77 4.557 

0.00150 48909.5 1356.31 6.073 

0.00160 44767.2 1530.01 7.806 

0.00170 40578.8 1687.88 9.739 

0.00180 36682.2 1830.62 11.851 

0.00190 33181.5 1959.61 14.126 

0.00200 30090.7 2076.40 16.549 

0.00210 27396.0 2182.48 19.105 

0.00230 22984.4 2376.87 24.-.72 

0.00250 19571.7 2524.40 30.448 

0.00270 16912.2 2658.52 36.671 

0.00290 13857.7 2771.71 43.192 

0.00310 11374.0 2863.44 49.958 

0.00330 9536.6 29J9.32 56.924 

0.00370 7048.3 3058.08 71.333 

0.00405 5640.9 3137.40 84.350 

TABLE 2.  PROJECTILE CRAKACTERISTICS 

Weight 

Axial   Inertia 

Base  Diameter 

5600 Grains 

0.1542  lb/In* 

1.184  in. 
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of   ttavel  and Mi mis  into the   v..ii n   twist   profih* at a y  displai-cim-nt   ot 
0.00S   Inch.     Tliis  ti ansi t Ion   Is nut   imp lernen tod   in   the   selecteil   proiilc, 
however. 

Figure 4 definea  llie   torque/travel   chaiHc ter i at Ics   ior  ».   >natant   twist   .nul 
exponential  gain  twlat  prof I lea varying   tlie  exponent   from   l.'iS   to  1.62').     In 
all   caaea   the exit   twist  angle  In  l).1) degrees   (e(|ulvulent   tu the  current 
C.AU-8 dealgn).     Tlie ettect   ot   varying  the gain  twist   exponent   Is  seen  to be 
the  shift  of  tonpie   impvilae   from  the   first   third  ol   project lie   travel   into 
the   renulning  two-thirds.      An  exponent   ot    1.61.")   is   typically  used   in  gain 
twist  rifling as a reasonahle compromise of  initial   torque   level   In   t lie breech 
region where thermal  growth  and wear are  greatest  and   final   torque where band 
wear and deformation due   to  rltllng  angle  change  are  greatest.     Kased upon 
the  results of  Figure 4  there   is no substantial  reason  to change   from a 
1 .62*> exponent. 

The  effect  of  increasing  the   length of   zero twist   section at harrel   entrance 
was also explored briefly.     For a  4.rt-inch zero twist   length versus   3  Inches 
the  increase In torque  in  the   first   several   Inches ot   gain  twist  section was 
about 6  percent  reducing to a  2 percent penalty at  the muzzle.     Typical   prac- 
tice  is  to use 0 to   3 calibers of  zero twist  prior  to  the gain  twist   section. 
The  selected   1-Inch  section   Is  approximate! v   2.S calibers.     The  selocteil 
twist   configuration   is   summarized   in  Kignies   S and   b. 

2.3     RIFLING  rKOFll.K  ANALYSIS 

2.3.1     THERMAL ANALYSIS 

Hie   limited thermal   analysis was directed at   establishing  that   the  modi tied 
rifling configurations would not  result   in more  severe   land surface   tempera- 
tures under rapid  fire conditions   than  the existing (.".AU-M rifling conllgur- 
atlon.     Also,   an evaluation ot  barrel   surface and bulk   temperature  at 
three  barrel   stations was   made  to   evaluate   it   there was   a   substantial   barrel 
thermal   growth gradient   towards  the muzzle end which could affect  obturation 
of plastic  bands under  hot  harrel   conditions. 

Ute   land  surtace  temperature comparison was performed  using a   two dimensional 
model  of  radial  segments  of   the harrel   evaluated at   a  station   I.')   Inches 
beyond  the start  ol   rifling.     "Hiree section protiles were modeled,   t lie 
current  20  land t'.AU-H  configuration excluding root   til lets and  two  sawtooth 
configurations with   land widths ol   0.041' and 0.040   inch  and  an 0.020 root 
fillet  radius.     It was concluded  that   the modified cout i^urat ions  also pro- 
vided adequate  modeling  of   the moditied  conventional   rifling   for   thermal 
evaluation and  conclusions   are,   therelore,   also drawn   concerning   the   selected 
moditied  conventional   comiguration. 

The   lumped parameter  nodal   matrices  used   in  the  a.ialvals  ot   two ot   the cases 
are  shown  In   Figures   1  and   rt.      These cases are   the   .'0   land  and  groove con • 
ventional  and  sawtooth rifling shapes and are modeled  as  radial   segments  of 
barrel.     tXre-hall   ot   the  conventional   land/groove  cont Igurat i on is  modeled 
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because   of   the  symmetry  ol   this  configuration.     It   was  also  docldt>J   to model 
only  the  critical  driving  lace  side  o\   the  niodillvd  rilling  conf iguratltm 
knowing   that   the driving  side   land  edge would be  the  critical   thtirmal   point 
and  that  clrcnmlcrcntial   heat   transfer  along  the   land   surface would   not   have 
a   large   effect.     This  decision was  made  to   reduce   th'>  conn'iital I ona I    time  ami 
expense   required   to  evaluate   the   thermal   response  under  Imrst    i i i i nv   v>'t 
retaining a  suftlcient   number  ol   nodes. 

Surface   temperature  lilstorles were  computed  using  Internal  couvective lieatin>'. 
parameters derived   fvom prior  Aerom.tronlc  work wltb   the GAU-8A weapon system. 
Convective heating   inputs were  based   on  Aeronutronlc' s   30niii lIAU-8   A  incineer- 
Ing model   propellant.     i'b.e  grain  design was  a  variabli'  web  thickness,   .'-layer 
deterred  configuration.    Cas  temjH'ratures  and convective heat   transler coaffl* 
dents   for  this ammunltfon were  computed with  the  Aeronutronlc   Interior 
ballistics  Code,   ATO-..     Tlie  predicted chamber   pressure  history   from   thi.-; 
code   Indicated  a close  agreement  with   test   measurements   i rom   the I'.AU-S  A 
development   program. 

Figure   ^  shows   the   peak  suit.ice   temperatures  on   the   land and   groove   surfaces 
as  computed   tor   the   Mist   round   In  a   burst.      The  critical   location   is,   ot 
course,   the  edge ot   the   land.     The   peak   temperature during  the   round   and 
residual   temperature  at   the   time   the   next   round   is   ignited  are   plotted  as   a 
function  ol   rouiul   number   in  Figure   'i.     Comparison ot   these   temperature 
histories   Indicated   that   the  narrower   land  cont Igurat ions nsoii   tor   both  the 
sawtooth and  moJllfed   conventional   i it ling  will   experience  no  worse   peak  or 
residual   surtace   temperatures   than  conventional   land  i-ont igurat ions   because 
ol   the   generous   root   lillet   used  which   improves   the  heat   sinking  path  toi    the 
steep  driving  sKle   ot   the   land.      It   was  also  concluded,   based   upon   the  decided 
leveling   trend  ot   peak  surface  temperature  beyond   the  fourth   round,   that   no 
turther   significant   hit ormat Ion would  be gained  bv  extendlni   the detailed   two 
dimensional  analysis  further   Into  the burst.     The slmpllffod  modeling ot   one- 
half   ot    the  sawtooth   land   Is  conservative   101   that   land  configuration  because 
the   trailing  side  ot   the   land  has  a   signifleantIv   reduced   exposed   surtace   to 
mass   ratio.     The model   provides  nearly  an  exact   »valuation ot    the modified 
conventional   rilling contiguration,   however,   differing  only   In   the   shape  ot 
the groove beyond   the   large   til let   radius.     Therefore,   It   is   a   just it ted  con- 
clusion  that   the  narrower modified  conventional   land will  also maintain peak 
and residual   land  edge  temperatures   that  are comparable  to   the  conventional 
0.080   inch  land width as   long as   the  generous O.OJ0   inch  root   fillet   is  used. 

It should be  noted   that  a   land edge   radius  or  chamfer was not   used   In  this 
comparative  analysis.     At   the   time   this work was  pertormed,   there was  uncer- 
tainty  concerning  the   feasibility  of  achieving a controlled  radius  or  chamter 
on  the   land  and  It was concluded   that  a valid comparative analysis  could  be 
obtained  by uniformly  Ignoring  this   feature.     It  Is  instructive   to  consider 
the very high   thermal  gradients   that   exist  at  the   land edge,   however.     It  Is 
clear   that  introducing a 0.00S   to 0.010  inch  chamter  or  radius  on   the edge 
will  be very effective  In reducing  the  local  surface   to mass   ratio and  the 
attending peak   land  edge   temperature. 
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A om' ilinH'usional barrel heating au.ilysis was used to extern! our estimate of 
residual bore and barrel bulk temperature for the worst case firing schedule 
provided by the Air Force.  "Oiis firing schedule is 10 2-second bursts (about 
125 rounds or 18 rounds per barrel per burst) with a one-minute cool-down 
between bursts. 

Tbe analysis was performed for three barrel stations to evaluate potential 
differences in thermal growth due to variations in banel bulk temperature 
along the length.  Figure 11 shows the computed trends. Indicating that peak 
residual bore temperatures are located toward the breech but that the muzzle 
experiences slightly higher bulk temperatures and, therefore, thermal growth. 
Comparison of the magnitude of the temperature difference indicates that the 
differential thermal growth of the bore diameter is only of the order of 
0.002 to 0.003 inch breech to muzzle.  Elastic spring-back of the very highly 
compressed driving band should readily accomnodate this small change In 
effective bore diameter. 

2.3.2  BAND ENGRAVING CONSIDERATIONS 

Review ol the conventional GAU-8A rifling and candidate driving band contigu- 
rations has indicated that the interference ratios, defined as: 

band diameter - average bore diameter 
average bore diameter 

were significantly larger than used in the 20mm plastic band optimization 
program or In Aeronutronlc's experience In prior programs with the GAU-7 and 
C.AU-8.  It was assumed that these high interference designs were used because 
of some helpful interaction with the mechanical retention and torque trans- 
mission interface between the band and projectile.  An attempt was made, 
however, to evaluate the relative engraving pressure levels and to evaluate 
the tendency of the band to extrude longitudinally during the engraving 
process. 

The initial effort was analytical using the theoretical equations to evaluate 
the pressures exerted on the band.  These engraving pressure equations are 
recognized to be unverified for use with plastic band materials but were used 
to get a feel for the relative engraving loads for the two candidate band 
configurations and how these loads might vary with rifling configuration. 
The engraving pressure P Is normalized by the yield stress of the band material 
and related to key rifling and band physical dimensions using the equation: 

F      2 WL 
y    73  WL + Wc 
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where] 

W is   the  rill i u^.   Kmd  width 

W Is   the  groove width 
li 

L is  the   final   extruded band   iMgth 

i is   the  average  hand  thickness 

In  this  iMse   It   is difiicult   to dot ine wh.it   hand   thUluu-ss   to nso  because 
the  extrudod  material   extends  beyond   tiie   band   seat.      For   this comparative 
analysis  the   thickness was assumed  to be   the difference between  the mean 
bore  radius  and   the  projectile  radius over which  the material was  extruded. 

Figures  1? and  13  Indicate  the variation  of  the mean bore diameter  for  a 
range   «f  sawtooth and  modified conventional  rifling  parameters.     For refer- 
ence  the mean bore diameter  of  the current GAU-8  rifling design with 20   lands 
and grooves   is  1.208   Inches.    These data  relate  directly  to the  subsequent 
computation  of  relative  engraving pressure  primarily  through  the  Influence  on 
the  final  extruded  length and  thickness  ot   the  driving band;   that  Is,   small 
mean bore diameters yi6ld high relative engraving pressures.    These pressure 
trends are  shown  for  both  rifling types and band candidates  in Figures  lU ,   19 
and 16.    Comparing  the  data  from these  figures and  relating  to P/y studies 
from the  20rani rifling  optimization study   leads  to the  following observations: 

• Hie  I'/y  levels  are much higher  than those  experienced with  the 
2Ümm configuration  (two  to  10  times  greater). 

• The   long driving band experiences  signficantly higher extrusion 
stresses  even   though the band diameter  is 0.010 inch  less  than 
the diameter  of the narrow bands of the other candidate.    This 
could be a particular problem for cold  soak  temperatures. 

• Increasing the number of lands and grooves  should be accompanied 
by  increases  in groove depth or  reductions  in land width to 
preclude excessive band extrusion. 

Referring  to Figure«  12 and 13 mean bore  diameters   in  the region of  1.21  to 
1.212 were  considered  desirable. 

2.J.3    FINE CODE ANALYSES 

Finite element  stiuctural  analysis has proven  to be  an effective  tool   for 
evaluation  of  alternate  rifling configurations.     Analysis of  the  plastic 
rotating band  Indicates   tiie magnitude of   Induced  stress  in critical  areas 
which  typically are  located at  the driving  Interlace with  the   land and  the 
torque   transmitting   interface with   the   projectile.     Barrel   stress analysis 
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Figure 12.  Variation of Mean Bore Diameter with 
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is directed ut  evutu.itin^  stress cotu-c nfrat Ion ftfects ^.«'lU'iJt ed by  the  land 
and  groove  profile when  the  barrel   Is  siil>|ect   to  the  i-diiltined  elleits ot 
pressurlnation and  torque  loading. 

'Hie  prior application  ol   tin-  Aeronut ronii-  FlwK computer code   lor  ritling 
stress  analysis considered  arbitrary unilorm and   triangular   torque  pressure 
distributions on  the driving  surtace  ot   tlu-   land  and band.     A plane  strain 
analysis,   which models   the   band  as   an   intinite   cylindrical   segment   was   selec- 
ted  as   providing tneaningiul   comparative  results yet  avoiding   the  gross ciiii- 
plexitv   ot   tnll   three   dimensional   simulation. 

The   tirst   task undertaken   in   this   program was  to establish a   realistic   torque 
loading  profile   for   the   lands.     Tills was accomplished   through   use   ot   an  alter- 
nate  modeling  technique   illustrated   In   Figure   W.     I'rior   analyses  considered 
the  band  to he constrained at   the  projectile  Interface and   loaded at   the   land 
driving   surface  by   the  arbitrary   pressure distribution.     The   alternate   loading 
assumes  a  radial   constraint   only  at   the band  Interlace with   the  projectile 
and   .ulds   a  distributed   unilorm  torque   load  at   the   Interface   equal   to the 
required  peak  spin-up   torque.     Hie  driving  tace  of   the  engraved  band  surface 
was   then assumed  to be  bounded by   radial  constraints and   the   resultant  stresses 
in  the   tooth surtace  region  analysed   to evaluate   the   induced   surtace pressure 
profile. 

Figure   18 depicts   tooth  surtace  pressure profiles derived   from extrapolation 
ol   elementil   stress   proliles  out   to   the   tooth   surtace.     One   curve   is  based 
upon extrapolation ot   the  RSS of  hoop and  radial   stress components and  the 
other   based  upon   the minimum  stress component which   Is  basically   the magnitude 
of   the  compresslve  stress.     The  extrapolation was based upon  cross plots of 
these   stress components  versus distance   inmi  the  surtace   for  constant   "J" In 
the  mesh matrix  as   Illustrated   in   Figure   17.     Rased   upon   the   results  ot   Fig- 
ure   18   il   was concluded   that   a   truncated  triangular   torque  pressure distribu- 
tion as  a   function ol   percent  of   groove depth would  provide  an adequate 
representation  for  subsequent   analysis of bands and  barrel. 

A typical   analysis configuration  and  results   tor a  sawtooth  rifling contlgu- 
ralion   is   Illustrated   In  Figures   I1'  through  .,.,.     The  specific   protlle  illus- 
trated   is   the  baseline  sawtooth configuration  Impressed  upon  the Candidate  II 
band.     The   Judgments concerning preferred rifling profile  coal Iguratlon were 
based   primarily upon evaluation ol   the Von Mlses equivalent   stress ■V.q and  the 
shear   Stress   ('>   levels   in   the   stress   fields  of   the  middle   torque  driving   face 
of   the   three-land   segment.     This   region  is   selected   to  avoid   the  effects  ot 
imperfect  modeling of   the  ends of   the band  segments.     Maximum stress  levels 
typically  occurred   in   the  band region adjacent   to  the  pressure-side   land edge. 
In addition,   the maximum seq  a"d   shear «tress   Induced at   the  band  Interface 
were  evaluated and  compared   for varying tooth  shape   parameters.     Figure  JJ 
slutws a  tvplcal  stress  plot at  the  projectile   Interface.     A similar  set of 
FINK  code  plots  are  provided   for   the  bsseline  modified  conventional   rifling 
configuration and Candidate  11  band  In Figures   .M  through   Jo. 
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The  titling  shapo  parameters *nd  the  rang«? over which  these  paramot or.«;  uvrc 
vailed  In this  study   are as followa; 

FaromeU'i rarameter  Ran^e Cur vent  ciAl'-8 

Number  of  Lands   and  Grooves 18 to 26 20 

Groove Diameter 1.226  to   1.240 1,226 

Land  Width 0.32   to  0.070 0.080 

Root   Fillet   Radius 0.020 0.007 

Sawtooth Groove  Radius 0.14   to  0.20 

Figure  2/   summarizes   the  results of  the  band  stress  studies  for  the  sawtooth 
profiles  using the  FINE code,     in general  It  can  he  slated  that   Increasing 
the  number  of   lands  and  grooves   improves   the  circumferential  totqiM   loading 
distribution In  the  bands with an attending  reduction  In stress  both  at   the 
barrel   Interface  and  at   the  projectile   (band   seat)   interface.     Also,   an 
Increase In groove depth  reduces  the per  unit  area   loading on the  driving 
face  and  tends   to   reduce  the  local   peak  equivalent   and   shear  stress   levels 
In the band.     Reasonable variations of  groove  radius  parameters and  land 
width  parameters were   found  to have  very  minor  effects  on  band   stress   due 
to  torque   loads. 

Similar  but   less  extensive analyses were  done   for  the modified  conventional 
rifling which were then compared with  the  sawtooth  results  in  Klpure   2S.     It 
can be  seen   that   a  comparable  mimber  of   lands  and   groove depth   results   in  I 
small   increase   in  the   computed   stress   levels   in  the  vicinitv  ol   the  engraved 
tooth but   that   the  stress   levels  at   the  band  seat   are  essentially  unaftected. 
The  design  point   for   both  the   sawtooth  and  mnlitied  conventional   rifling 
configurations   are  spotted  on  these   curves. 

Most   of   the   rilling  shape  parameters  were  explored  witli  respect   to  their 
impact   on band  stress.     Based upon prior  20mm barrel   analysis  a conclusion 
was  reached   that   barrel   stress would  be minimi  ed   lor  configurations  which 
tend  toward  rectangular  grooves  and  have minimum  land width.     Limitations 
of  land width are  dictated by  thermal   considerations  discussed  above.     The 
reason  for  the   reduced   stress   for  the   rectangular  groove configuration apppears 
to be  that   the  narrower   land root   of  the  modified  conventional   land  versus   the 
sawtooth  land  causes   less displacement  of   the hoop  stress  contours  into  the 
land region  and,   therefore,  yields   loss  stress  concentration  In the  groove 
region.     This  can be   readily  seen  in  comparing the hoop stress  contours   tor 
typical   sawtooth  and  modified conventional   profiles   in Figure   29. 
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Stiuiles  nl   harii'l   HlresM  encompaHSi'd  tlu- IHHOS  HUIIUU.M I/»-il   In   r.iMi    l.      rtu- 
i .i.-.cs wiTi'   soU'clfil   11>  explore  tin*  iiltUallty  ol   »I I l UM cut   tMiifl   .st it i .11 . . 
tho  ottoctH i't   vaivln^  I ho uumbor  i>l    laiuls  HIUI  tlu1  dopth ol   groov»-.   ■ml   1 >> 
compare  tin*  stri'Ns mtignltinlos   liT  sawtt<>>tl)  aiul nuuiltltnl  ciinviMit liMial   1 tiling 
piotlli'M.     Tho   haiii'l   IntiTiial   pn'ssuii1   li-vols  usotl won*  as  doiivoil   I toin  I li»1 

rt'proHort at Ivi-   luti'iiiM   balllstlis   data  ot   A|>|>iiul i y   A.      A  in-.ik   t .M ijuc   ln.iilii»^ 
distribution on  thi«   l.utils was  assumod  eipial   11>  tlial   shown   In  Klgura   18   foi 
one  comparat Ivt-  case   11>   asiiTtatn   t hi"  ma^nltndo  ot   tin-   ti*ripio pifHsurr   iMU'it. 
Comparlaona woro mado  ot  maximum 01(111valent   Htioss  at   t lie  point   ol   maxlmiii\i 
concentration o\\  the  bi're  HurtHcc  and  at   a   radial   dlstuiue  o\  0,742   In» h 
from the  bore  centeillne  01   about   mid-wall   thickness    it   hart«-!   station  .'1.0 
These  compatlsons  weie  made   l>v   ext 1 apolat ion/lut ei po lat Ion  i>t   radial   stress 
plots   tor  each coni l^urat Ion.     The  trend  d.tt a  .ue  sunmai l.'ed   In   Klj'.ur«' 
The  equivalent   stress  dllteiences   induced  bv   the  shape   change variation     in 
the   sawtio'th  prut ties   are   seen   to   (>«•   ol   t hr   ordei   ot    t-J   peiicui   hoili    it 
the   bore  surlaii-  and   at    the  0. 7A.'   Imti  radial   K>i at ton  at    it.ittou   .'1.0. 

Th«' ilifleii'iue   lu  stress   level«   l IM    the modltled  ctmvent UMUI 1   .out u'.m ,11 lou 
versus   the   Stiwtooth   is   seen   to  be  approximately   I.'   pei cenl   and   i I101 e   1 .   ^ii\ 
little  ditterence   In  bi<te   stress   levels   lor   the   small   variations   in  groove 
diameter  and   land width explored with  the modified  conventional   contiguratlon 

The  very  conservative model   ot   super Impost ne,  a  t ori|iie   pressure  I'qul va I out 
to  that   induced  on   the   band   Is   shown  to   Increase  the   peak   ei|uivalenl   st 1 iv;s 
in the bore  by  about    <   percent.     This model   Is  extremely  conservative  because 
the   torque   loading   is   very   local   (I.e.,   over   the   length  ot   the  band)  wheteas 
the  plane   strain  bairel   analysis  assumes   the   torque   load   Is   continuous   ovei 
the   length  ol   the  barrel.     End   etfeefs will   sIgmI 1. ant lv   reduce   the   si 1. • 
increment    trom  that   computed, 

The   barrel   analysis   lead   to   the   lollowlnc,  observation.':: 

• Keasonable  variations  ot   contiguratIons    >l   a  given   ill ling 
design  have  negligible   Impact   on computed   stress   levels   (exclndln« 
sharp  root   tlllcta).      The  trend   Is  that   reducing  the  groove 
diameter  decreases  stress   slightIv   ami   reducing  the width  ol 
the   land  at   constant   gioove  diametei   also  \ 11-Kls  a  minoi    leduc- 
t ion K't   peak   st 1 ess. 

• The mod  conventional   cent Igurat ion  exhibits   somewh it    lowei   bor«' 
stress   li'vels   because  ol   the   reduced   stress   concentration  at   the 
HIoove   ci esi 

2.J.''i     RECOMMENDEO  KIKI INii   fKOfll.KS 

This study lesulted I n deiiuiluin ol rtfllng and ritltng twist Citul 1 y.ui at 1 ons 
tor tli«1 test barrels shown 111 Table ■». The specilic laiul and ^roi've i-outimrs 
are   illustrated   in Klgvire  t>. 
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PF.AK  l'Oim'Al.KNT  STRESS 
AT BOM  SOXPACB 

I         I i ...I...i..! I.. .i...,l. ,i..,.i.—i; ,l,,,,i , I—L-J L 

20 1,231 
24 L.238 
20 1,22« 

I        I 
20 1,238 

1,2 12 
24 1. ' IS 

20 1.238 

■• 

K) 40 ^ 
SARREL STATION   UN. > 

. 

m 
:;: 

BARREI    I >M IVALKNT 
STRJ SS  Al   rHICKNI SS 

: ji HID  l,i>INI       STA  .' I 

I    ' ' > I .2 10 1.240 

I'i^.iii.'   10.      H.uii'l   Stress   I ifii.I-. 

 1—i—l..i.i....hi.. 

N WI 
20 0.040 

■•, 0.0 I • 
20 0.050 
.'.. 0.042 
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TABLE  4.     RIFLING   PROFILES 

Mtul- Exist ii\j-, 
Sawtooth Conventtonal CAll-S 

Numhcr ot  llroovos M .v. 20 

Groove Dlamoter 1.234 1.232 1.226 

Moan Boro Dlarat'tor 1.210 1.212 1.208 

Land Width 0.0^» J 0.053 0.080 
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SK.mON   1 I 1 

HARKK1,   KAHKUATION 

\. \      IURRKI, MATF.K1AI. 

Standard CAl'-S  proiivul Ion barrol   blanks   (lorm'd,   IUMI   itiMtod,   ^un di illi.l, 
and  rough nuulilnod)  W«M f  pvirotjasid   from Maremont   lorp.     The   intent   was  t.' 
produce  four delfverable  barrels  such  that   onlv  the  rifling wovild diffei 
from  stand.Mil   pi oiluct Ion,   thereby   providing  the  Air   Fore«- wltl\  an oppot- 
tnnitv   to  Mubsequentlv   obtain unbiased   test   data  on  rilling  effects. 

The  barrel   blanks and  subsequent   processing were   In accordance  with 
DWc:  2Ü1F1S8,   "Rand.  Uin,    lOium."  General   Electric,  d.ited   10/U/7J  and 
revised  h/,N/7o. 

i.2    RIFLINC 

The  barrel   blanks wert-  rilUti at   Aeronutronic utilizing a  technique  »»t 
broaching  two gri>oves  ttimultaneouslv.     A sine bar  and  i 11 ling cutters were 
fabricated  to  produce  the   twist   and  groove  shapes  specll led   in   I igurcs  S 
and  (>.     IVi» barrels ol   each configuration were rifled.     Nu difficult v was 
encountered   In  tilling  either  groove  shape. 

». \     MAClllNlNi:   ANP  I'INlSlllNi: 

The   rilled  barrel   blanks  were   shipped   to Maremont   lot   chambering,   chrome 
plating  and   llnlsh machining.      The barrels were  phosphate  cateil   and  prool 
test   llreil   in accordance with  the  aforementioned OAl'-rt  drawing.      Hie  appn» i ' 
was   to  dovetail   these  barrels   into a UAl'-S  barrel   production   run  to  assure 
that   no process  variations  occurred.     Finally   t lie  harrols were  pi.vt   ii-^t 
tired  and   shipped  to Aeronutronic where  a spot   check  oi   critical   dimensions 
was   performed.     in addition,   lull-length RTV  si I none   ruhbet    leplicas wei e 
made  to  provide  a  permanent    record ol   bore  dimensions.     The   lour  barrels 
(Figure   U>  were  shipped   to  Fglln AFB   In Rirch.   lv>'t'. 
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SECTION IV 

CONCLUSIONS AND RECOMMENDATIONS 

Based on the design, analysis, and fabrication efforts described above, the 
following conclusions and recommendations were drawn: 

(1) Rotating band stress can be significantly reduced by gain twist 
rifling as compared to constant twist. 

(2) Increasing the number of lands and grooves reduces the rotating 
band stress.  Minor variations in configuration of a given design 
(with the exception of sharp root fillets) have negligible impact 
on computed stress levels. 

(3) Sawtooth and modified conventional rifling conttguvat ions can 
be successfully broached with no apparent dltterences in cost 
or resulting quality. 

(4) The validity of the design and analysis efforts expanded on  this 
contract can best be proven by identically test tiring tlM dolivera- 
ble barrels and production GAII-8 barrels in a multishot mode. 
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APPENDIX A 

GAU-8 BALLISTIC DATA 
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Hq USAF/RDQRM 
Hq USAF/SAMI 
Hq USAF/XOXFCM 
AFSC/IGFG 
AFSC/SDZA 
Hq AFSC/DLCAW 
AFML/DO/AMIC 
AFIT/LD 
ASD/ENFF.A 
ASD/ENAZ 
AFFPL/FES 
TAC/DRA 
AFWL/LR 
AUL/LSE 71-249 
USA Wpns Comd/SAPTR LW-A 
US Army Ballistic Rsch Lab 

DRXBR-TE 
Picatinny Ars/SARPA-TS 
USN Wpns Lab 
USN Wpn Ctr/Code 233 
Tech Lib/AF Wpns Lab 
Sattelle Memorial Inst/Rpts Lib 
DDC/TC 
USAFTFWC/TA 
Naval Wpns Lab 
Watervliet Ars/SARWV-RDT-L 
Picatinny Ars/PLASTEC 
Naval Wpns Ctr/Code 3123 
Honeywell, Ine 
OO-ALC/MWMP 
Picatinny Ars/SARPA-FR-S-A 
AFATL/DL 
Hq USAFE/DOQ 
Hq PACAF/DOOFQ 
COMIPAC/1-232 
ASD/XRP 
US Army TRADOC Sys Analysis Act 
ATAA-SL 

TAC/INA 
AFATL/DLODL 
AFATL/DLDA 
AFATL/DLDG 
AFIS/INTA 
Ford Aerospace & Comm Corp 
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