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Abs t r ac t  {Q) = s o u r c e - i n t e n s i t i e s  v e c t o r  

A p o s s i b l e  r ea son  is  sugges ted  f o r  t h e  induced 
r o l l i n g  moments occu r r ing  on wraparound-fin config- 
u r a t i o n s  i n  subsonic  f l i g h t  a t  zero  ang le  o f  a t t a c k .  
The subsonic  p o t e n t i a l  f low over  t h e  con f igu ra t ion  
a t  ze ro  inc idence  i s  solved numerica l ly .  The body 
i s  s imula ted  by a d i s t r i b u t i o n  of sou rces  a long i t s  
a x i s ,  and t h e  f i n s  a r e  descr ibed by a uor tex-  
l a t t i c e  method. It i s  shown t h a t  ,-a . A $ ,  g moments 
can b e  induced on t h e  antisymmetric I t , .  by t h e  
r a d i a l  f low genera ted  a t  t h e  base  of t h e  conf igura-  
t i o n ,  e i t h e r  over  t h e  converging sepa ra t ed  wake, o r  
over t h e  d ive rg ing  plume of a rocke t  motor. 

= r a d i u s  v e c t o r ,  Eq. (8) 

= local .  body r a d i u s  

= v e l o c i t i e s  i n  system (x,r,O) 

= vec to r  of normal v e l o c i t i e s  due t o  t h e  
uniform f i e l d  U, and body-induced f low 
f i e l d  

= undis turbed uniform f i e l d  v e l o c i t y  

= v e c t o r  of normal v e l o c i t i e s  due t o  t h e  
v o r t i c e s  system 

Nomenclature 
= sources  p o s i t i o n  v e c t o r  

= c o l l o c a t i o n  p o i n t s  p o s i t i o n  v e c t o r  
C$ = rolling-moment c o e f f i c i e n t ,  normalized by 

body diameter  and body c ros s - sec t ion  a r e a  

C ~ P  
= roll-damping-moment c o e f f i c i e n t ,  s e c l r a d  (x,r ,O) = c y l i n d r i c a l  coo rd ina t e  system 

C 
=. rolling-moment c o e f f i c i e n t  s l o p e  due t o  X s ~  = wake l eng th  up t o  t h e  r e a r  s t a g n a t i o n  

Tin d e f l e c t i o n ,  l l d e g  p o i n t  

C~ 
= pres su re  coc fE ic i en t  (x ,y ,z)  = Car t e s i an  coo rd ina t e  system 

dd = l i ne -vo r t ex  segment vec to r  8 = compres s ib i l i t y  f a c t o r  a2 = 1 - 11; 

d$ = v e l o c i t y  induced by l i n e  vo r t ex  segment, y = v e c t o r  of vo r t ex  s t r e n g t h s .  per  u n i t  
Eq. (8) l eng th  

+ 
1) = body diameter  r = v o r t e x  s t r e n g t h  vec to r  

= i n f l u e n c e  c o e f f i c i e n t  ma t r ix ,  Eq. (9) 6 = f i n  d e f l e c t i o n  ang le ,  deg 

OD = f i n  opening angle ,  deg 

ALE = f i n  leading-edge sweep ang le ,  deg 

ATE f i n  t r a i l i ng -edge  sweep ang le ,  deg 

= number of source  o r  vo r t ex  and column 
number i n  t he  ma t r ix  of Eqs. (7 )  and (9) 

= number of c o l l o c a t i o n  po in t  and l i n e  
number i n  Eqs. (7) and (9) 

= t o t a l  number of sou rces  used t o  desc r ibe  
t h e  body 

Ib = p o t e n t i a l  funct ion  

$R = r o l l  ang le  p o s i t i o n  of sting-mounted 
model, deg = Eree-stream Mach number 

= u n i t  v e c t o r  normal t o  aerodynamic s u r f a c e s  '!J = f i n  span angle ,  deg 

= t o t a l  number of f i n  pane l s  
I n t r o d u c t i o n  

The l a s t  decade has  seen t h e  develooment of 
= rocke t  motor p r e s s u r e  r a t i o  

many tube-launched m i s s i l e s ,  from ground-launched, 

*National Research Counc i l -  Research Associ- s a t u r a t i o n  f i e l d - a r t i l l e r y  r o c k e t s  t o  a i r - ,  
launched weapons, and from simple unguided r o c k e t s  a t e ,  Aerodynamics Research Branch; Assoc ia t e  Pro- t o  s o p h i s t i c a t e d  c r u i s e  m i s s i l e s .  Tube launching 

f e s s o r ,  Technion-IIT. Member AIM.  was chosen f o r  i t s  packaging convenience and t o  T ~ r a d u a t e  Student ,  Department of Aeronaut ica l  i n c r e a s e  t h e  r e l i a b i l i t y  of t h e  rocke t  motor. 
Engineering.  

However, such a launching procedure r e q u i r e s  fo ld-  
i n g  .aerodynamic s t a b i l i z e r s  because of - i t s  packag- 
i n g  c o n s t r a i n t s .  The s t a b i l i z e r s  would be  fo lded 
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i n  t h e  stowed p o s i t i o n  t o  f i t  w i t h i n  a  c i r c u l a r  ant i symmetr ic  wings wi th  spanwise cu rva tu re  i n  
c y l i n d e r  and would deploy i n s t a n t l y  a f t e r  launch. uniform f low wps developed, wi th  t h e  i n t e n t  t h a t  
Wraparound-fin (WAF) conf igu ra t ions  ( s ee  Fig .  1)  t h e  asymmetric t i p  v o r t i c e s  genera ted  a t  any f i n i t e  
meet t h i s  requirement and a t  t h e  same time maximize a n g l e  of a t t a c k  would r e t a i n  some v o r t i c i t y  when 
t h e  volume a v a i l a b l e  f o r  t h e  missiles subsystems, t h e  ang le  was g radua l ly  decreased t o  zero .  How- 
e s p e c i a l l y  f o r  t h e  nozzle  e x i t .  eve r ,  nothing bu t  t h e  t r i v i a l  s o l u t i o n  could b e  

found a t  ze ro  inc idence .  Next, t h e  a u t h n r s  modi- 
It has  been r epea t ed ly  observed t h a t  WAF con- f i e d  t h e  v o r t e x - l a t t i c e  code f o r  wings alone1' t o  

f i g u r a t i o n s  have convent ional  l o n g i t u d i n a l  aerody- handle  ant isymmetr ic ,  spanwise-curved wings. 
namic cha rac t e r i s t i c s1 -4  equa l  t o  t hose  of config- Again, wraparound f i c s  a t  ze ro  inc idence  i n  uniform 
u r a t i o n s  with p l ana r  f i n s  of i d e n t i c a l  planform. f low f a i l e d  t o  produce r o l l i n g  moments. With the  
However, a s  e a r l y  a s  1960, Fea the r  stone1 pointed  f a i l u r e  of bo th  t h e s e  approaches i n  uniform oncom- 
o u t  t h a t  WAF conf igu ra t ions  d i sp l ayed  a  seemingly ing  flow, and wi th  some exper imenta l  i n d i c a t i o n 6  
unpred ic t ab l e  l a t e r a l  behavior .  Of s p e c i a l  i n t e r -  t h a t  rocket-motor burnout a l s o  gave r i s e  t o  r o l l  
e s t  f o r  the  p re sen t  i n v e s t i g a t i o n  were t h e  induced r e v e r s a l ,  t h e  a u t h o r s  suspected  t h a t ,  i n  subsonic  
r o l l i n g  moments. While t hese  moments were undar- f low, t h e  r o l l i n g  moments could be  genera ted  by a  
s t a n d a b l e  ( i f  no t  p r e d i c t a b l e )  a t  t h e  h ighe r  ang le s  r a d i a l - v e l o c i t y  component induced on the  f i n s  by 
of a t t a c k  a s  a  r e s u l t  of t h e  asymmetry of t h e  t h e  wake f low f i e l d .  
curved f i n s , '  7 t h e  moments measured a t  ze ro  ang le  
of a t t a c k 5  presented  an enigma. An even g r e a t e r  The purpose of t h i s  work was t o  i n v e s t i g a t e  
enigma was the  r o l l  r e v e r s a l  t h a t  occurred  when WAF t h i s  i d e a  and t o  prove i ts f e a s i b i l i t y .  It  was 
con f igu ra t ions  a c c e l e r a t e d  o r  d e c e l e r a t e d  through no t  meant t o  be a  r i go rous  s o l u t i o n  of t h e  flow 
t h e  sonic-speed range." f i e l d  around a  WAF conf igu ra t ion  a t  any given ang le  

of a t t a c k .  Consequently, t h e  au tho r s  decided t o  
Because of t h e  s i g n i f i c a n c e  o f  WAF conf igura-  Use e x i s t i n g  approximate numerical  methods with 

t i a n s  i n  weapons technology and t h e i r  unusual  l a t -  some s imp l i fy ing  assumptions i n  o rde r  t o  ob ta in  a t  
e r a 1  c h a r a c t e r i s t i c s ,  an i n t e r n a t i o n a l  r e sea rch  l e a s t  a  q u a l i t a t i v e  answer a t  a  minimum e f f o r t  and 
program [ t h e  Technica l  Cooperation Program (TTCP) 7 ]  Cost. 
was s e t  up i n  1969 a t  a  meeting a t  Egl in  AFB. I n  
the  ensuing research  e f f o r t  (encompassing t h e  
U.S. Armed Forces,  t h e  United Kingdom, Canada, and The blothema t i c a l  Plodel 
A u s t r a l i a )  an i n t e n s i v e  exper imenta l  i n v e s t i g a t i o n  
program was launched t o  s tudy t h e  aerodynamic char- The mathematical  model, a s  we l l  a s  t he  numeri- 
a c t e r i s t i c s  of a  s t anda rd  con f igu ra t ion  (Fig .  1 )  c a l  methods used he re ,  i s  w e l l  lcnown and is  
wi th  20 d i I f e r e n t  f i n s  and two d i f f e r e n t  bod ie s ,  descr ibed only b r i e f l y .  The i n t e r e s t e d  reader  
a t  Eiach nun~bers from 0.3  t o  3 .0  (Refs. 8-10). may consu l t  t h e  r e l evan t  r e f e rences  f o r  more 

d e t a i l s .  
The esper imenta l  r e s u l t s  of t h i s  program proved 

t h a t  t he  s t a t i c  l o n g i t u d i n a l  aerodynamic cha rac t e r -  S ince  t h e r e  i s  no reason t o  e spec t  v iscous  
i s t i c s  of WAF conf igu ra t ions  d i d  n o t  d i f f e r  from e f f e c t s  i n  t he  mechanism gene ra t ing  the  r o l l i n g  
those  of convent ional  c o n f i g u r a t i o ~ i s  wi th  i d e n t i c a l  moments, i t  i s  s u f f i c i e n t  t o  desc r ibe  the  p o t e n t i a l  
bod ic s  and f l a t  f i n s ,  i f  t he  f l a t  f i n  a r e a  was flow about t h e  WAF conf igu ra t ion .  I f  t h e  flow i s  
equa l  t o  the  p ro j ec t ed  a r e a  of t h e  curved f i n s .  i ncon~pres s ib l e  i t  can be  descr ibed by the  well- 
T h i s  conclusi.on meant t h a t  WAF conCigura t ions  could known Laplace  equatioli  f o r  t h e  v e l o c i t y  p o t e n t i  I 
be used where l l a t  f i l l s  had been used be fo re ,  with- 
ou t  any penalty i n  t h e i r  l o n g i t u d i n a l  aerodynamics v2+ = 0 (1) 
'~nd even without a  s eve re  i n c r e a s e  i n  t h e i r  t o t a l  
drag .  Ilowever, t hose  r e s u l t s  a l s o  s u b s t a n t i a t e d  where i s  t h e  p o t e n t i a l  func t ion ,  a ~ c l  by the  
Fea the r s tone ' s '  f i n d i n g s  of unusual l a t e r a l  aero- tangency boundary cond i t i on  on a l l  s o l i d  su r f aces  
dynamics. 111 s p i t e  of t he  r e l a t i v e l y  l a r g e  s c a t t e r  of t h e  con f igu ra t ion :  
i n  t h e  csperimentnl da ta  obta ined iron1 t h e  s t i n g -  
~nounted models i n  t he  va r ious  wind tunne l s  - .  & ; = o  
i i ~ v o l v e d , ' ~  t he re  was no doubt t h a t  WAF conf igura-  an (2) 

Lions developed induced r o l l i n g  nlonients, even a t  3 
zero  ang le  of a t t a c k .  Genera l ly  speaking,  t h e s e  where n  is  t h e  u n i t  vec to r  nor~nal  t o  t h e  surCace. 
111-a~ents :lcted upon t h e  f i n s  i n  t h e  d i r e c t i o n  of Fu r the r  boundary cond i t i ons  can be  imposed such a s  
t ' l e i r  c e n t e r  of cu rva tu re  a t  subsonic  speeds  and t h e  Kut ta  cond i t i on  a t  t he  f i n s '  t r a i l i n g  edge, 
changed d i r c c ~ i o n  i n  t r a n s i t i o n  t o  supe r son ic  and lo r  a  p re sc r ibed  wake geometry ( l i n e a r  wake), or 
speeds ,  o r  v i c e  v e r s a .  Th i s  behavior  could be a  force-Cree,  rolled-up wake (nonl inear  wake). 
d e t r i m e n t a l  Lo the  s t a b i l i t y  of I1AF m i s s i l c s  Such a  problem can be  solved i n  a  given uniform 
bccause r o l l  resonance,  o r  p i t c h - r o l l  lock- in  and flow by an  assumed d i s t r i b u t i o n  o l  a  d i s c r e t c  
c n t a s t r o p l ~ i c  yaw, due t o  roll-yaw coupl ing could number of p o t e n t i a l  e lementa l  func t ions  ( i . e . ,  
t l c v ~ l o p  a t  the  po in t  of r o l l  r e v e r s a l ,  i n c r e a s i n g  sou rces ,  doub le t s ,  and v o r t i c e s )  i n s i d e  the  body 
Llic s c a t t e r  of such n ~ i s s i l e s  around t h e i r  t a r g e t s . 7  o r  on i t s  s u r f a c e s .  The i n t e n s i t i e s  of t hese  
Altl~ougll the  problem can be ovcrcolne by i n t e n t i o u -  f u n c t i ~ n s  a r e  determined by s a t i s f y i n g  t h e  bouud- 
a l l y  sp inning the  n ~ i s s i l e  (by means of canted  f i n s ,  a r y  cond i t i ons .  With t h e  i n t e n s i t i e s  Icnown, t h e  
f o r  esamplc) the  TTCP p a r t i c i p a n t s  s t i l l  f e l t  t h e  induced p e r t u r b a t i o n  v e l o c i t i e s  a t  every po in t  i n  
need t o  i d e n t i f y  t h e  o r i g i n  and t o  understand the  the  flow f i e l d  and t h e  p re s su re  d i s t r i b u t i o n  over  
n a t u r c  of t h e  induced r o l l i n g  moments. However, t h e  con f igu ra t ion '  s s u r f  aces  can then be computed. 
111 s p i t e  of ycars  of i n v e s t i g a t i v e  e f f o r t ,  t h e  
answer s t i  11 eluded them. I f  t h e  s o l u t i o n  h a s  t o  be  extended i n t o  t h e  

subsonic  compressible flow regime, a s  i s  done i n  
intrigued by s h i s  problem, t he  a u t h o r s  t r i e d  t h i s  work, then t h e  l i n e a r i z e d ,  smal l -per turbat ion  

an a n a l y t i c  approach. A l i l t i n g - l i n e  theory  f o r  p o t e n t i a l  equat ion  



t lrnt  npproximotcly clcscribcs t h e  compress ib le  flow 
i s  tcansfornmd i l l t o  t l ~ c  i n c o i ~ ~ p r e s s i b l c  p o t e n t i a l  
Eq. (I.) by tho Go thc r t  t r ans fo rn~a t ion :  

wllcre t l ~ c  pr i~ncd quantities bclong t o  t h e  pllysicnl 
con~prces ib l e  Plow and tlre unpri~ncd ones t o  t h e  
t r n u s f o r ~ t ~ c d  incontprcssible Plow, and t h e  saxe  solu- 
t i o n  proccclure, described above, i s  uscd. With 
t l l i s  appronc11, wllat r en~n ins  t o  bc  decided i s  t h e  
cxnc t  model of t h e  po ten t in1  s ingu ln r - e l c~ i~enc  d is -  
t r i b u t i o n  t h a t  i s  t o  be  uscd i n  n  c e r t a i n  cnsc.  

A s  s t a t e d  bc fo rc ,  t h e  purposc of t h i s  work was 
t o  iclcntiCy (evcn i C  o111y q u n l i t n t i v e l y )  a  p o s s i b l c  
mccllrunis~n t l lnt  could induce r o l l i n g  tnomcnts on WAF 
conf igura t io t l s  a t  zero  a n g l c s  o t  n t tnck.  I t  was 
~ h c r c f o r c  dccLdccl t o  usc  tlrc s i l ~ ~ p l c s t  ctnd l c c ~ s t  
c s l ~ c n s i v c  uva i lnb le  nun~cr i cn l  opproirch. Consc- 
( I L I ~ I I L ~ ~ ,  ~ h c  subson.1c flow Fic l  d over WAF config- 
u l -n t io~rs  wcls so lved ilt zero  anplc  of attnclc only.  
'This r c s t r i c L i o n  grei1tl.p s i m p l r f i c d  the  a~odcl ing  of 
~ h c  body nlld savcd computation t imc. I t  d l d  no t  
s cvc rc ly  l i n ~ l t  t h e  a p p l i c n b i l i t y  of t h c  c c ~ l c ~ i l a t e t l  
r c s i r l t s  s i n c e  lllose IJAF ~ r r i s s i l e s  f l y  n t  r n t l ~ e r  smal l  
,rnglcs uf : i t tack und t h e  r o l l  i n g  n ~ o n ~ e ~ ~ t s  a t  ~ I I C S C  
imglcs  crrc p r a c t i c a l l y  cotrstnnt.  I L  wns assumccl, 
.111d I n t e r  ] i ~ s t  i f icc l  by the  con~putcd r c s u l t s ,  t hn t  
.IL z e ro  c ~ t ~ g i ~  of attaclc t h e  s o l u t i o n  could be 
uncoupled. S ince  the  f i n s  were not generil t iug trny 
l  i f  L (csccpL f o r  Lhc ~ n i n u t e  i t ~ n o u ~ ~ c  necessary  f o r  
t he  induced r o l l i n g  ~aomcut), t h e i r  eCfect  on thc  
flow f i e l d ,  and conscqocncly on the  sol .u t ion  t o r  
t he  body, i s  bc l i cvcd  t o  be  n c g l i g i b l c .  ' t t  was 
chcrcCorc decided t o  si tnulore chc body only  t i r s t  
by ,I d i s t r i b u t i o n  of sources  nlong i t s  n s i s ,  and 
Lhen t o  s i m u l i ~ t c  t hc  [ i n s  i n  t hc  prcscnce  of t h e  
body by ;I ~r~ocl iCicnCio~~ o f  t h e  no11l111car vo r t c s -  
1 ,lLt l r c  ~tlccllod of Ref. 11 . T h i s  u~lcouplcd s o l u t i o n  
~ ~ r i t ~ l n ~ i z c t l  tlrc computation t i r~ lc ,  bccousc the  bocly- 
Lttditccd CLow f i e l d  hud t o  be conrputcd on ly  oncc, 
,~rrtl ~ l l c n  i t  r o i ~ l t l  be LISCCI f o r  1\11 subscqueut f i n  
.rrc,~ngcmcnLs. 

A good , ~ p l > r a s h ~ t i o n  oC clle 1,ody-iuduccd flow 
I icl i i  could hLlvc beell obtuincd us i c~g  one ol: t l ~ c  
no\,,-cnlnsslc suurcc-pcuncl ~nctliods (such us  discussed 
in RcI . I ? ) .  An even b c t c c r  ctpprosimatio~l could 
11.1ve hccu a b ~ . i i ~ r e d  by Cllc si~nu l.ci\ncous s o l u t i o n  f o r  
t l ~ ~ t  t -an~(~ leco i r ~ c c r a c t i o ~ i  Clo18 f lclrl of t h e  body und 
tlru ur,rlr.lrouud surC.rres wl th  tl:c ~rlctlrod of Ref. 13. 
T h i s  nrutilatl nisi> woultl have accountccl f o r  t he  
1.1 l i.rSLs o S  t he  I'i11s m d  tlrcit- wnkes 011 L11e bocl~  11 t  
I'irr LLc  rig 1 c s  O C  i ~ t t ~ ~ c k .  Ilovcvcr, snclr ~aatllods 
.Ire L Law-consuming ,r~rcl un J u s r i r i e d  Cor ,I qun l i t n -  
l i v e  i n v e ~ t l l : ~ ~ ~ l o ~ r  such a s  t l ~ i s  and, a s  1 ; l ~ c r  
t~ltscrvecl, not  Irccessary a t  zc ro  nny:lc oC i l t tack .  

I n  ~ l r i s  work tlrc i lc tua l  d ~ s c r i p t i o ~ ~  o r  tlrc 
.~sisyminccclc bocly aL zc ro  i.trcitlencc is  by LI d i s -  
C r i b i ~ t i o n  of  :I CinLtc nu~nbcr o r  d i s c r c t e  po in t  
sou rccs  n l o i ~ g  Lcs i ~ s l s ,  Tllc i n t c ~ ~ s i t i c s  of thcsc  
srrurt-cs a r c  cic'ccr~irlnctl by s n t i s f y i r ~ l :  t l ~ e  flow- 
Lnn)$o~cy boundary r o n d i t l o n  [Eq. ( 2 ) ]  on che sanlc 
~ ~ u n ~ b c r  oC c o l l o c a t i o n  polncs  on the  bocly. Thc 
t l c l a i l s  a[ ~ l r L s  well-astitblishccl mcthod a r c  giveti 
by vdtr K ~ ~ C I I I ~ ~ I I " '  211id a r c  on ly  ~ui~~n~nr.J.zcd I I C ~ C .  

Le t  { Q ( I ) }  be t h c  v e c t o r  of t l ~ c  sou rcc  in t cn -  
s i t i e s ,  and l e t  Isc  (I) } designate t h e  l o c t ~ t i o u s  
a long t h e  body a x i s  of t h c s e  sourccs .  The v e l o c i t y  
a t  any g ivcn poirl t  ( s , r )  i n  tlrc c y l i n d r i c a l  system 
(x.r.0) , induced by the  sourcos  system, i s  g ivcn by 

wlrere El, i s  t h e  t o t a l  ~utt t~ber of sou rccs  r cqu i r cd  
t o  dcscribt? tlrc body. Tlrc flow-tnugcncy concliciou 
[Eq. ( 2 ) ]  on tlrc body s u r f o c e  i s  

Equntions (5) and ( 6 )  co~nbinc. a t  nny onc of t h e  
col loc i l t ion  p u i n t s  {sp(.l) f on tire body s u r t n c c  
l n t o  t he  to l lowing csutrix equation: 

S n t i s f n c t i o ~ r  of rhc  boundilry cond i t i on  [Eq. ( 7 )  J i l t  

one of t h e  c o n t r o l  p o i n t s  may be replnced by un 
imposed s t a g n a t i o n  c o ~ l d i t i o n  a t  tlle bocly apes  t o  
in~prove t h e  zrccurncy of t he  s o l u t i o n  111 t h i s  
region." Thc l l n c a r  spsccm Eq. ( 7 )  i s  so lved Iry 
tlre Gauss e l i ~ s i ~ l n t i o n  arcthod Tor t h e  sourcc inren-  
s i t i e s  ( ~ ( 1 )  1. IJicl~ t l ~ o  i ~ ~ r e n s i t i e s  o r  t l ~ c  sou rces  
k~rown, t h c  v c l o c i t i c s  i~ lduccd  by tlrc body can be 
cnlculntccl  n t  ally p o i n t  i n  t hc  flow E ic ld  usinl;  
Eqs. (5) .  

Obvious.ly, the c lcscr ipr ion  of t l ~ c  body by a 
source  distribution olong i t s  i~sis i s  v a l i d  f o r  ;III 

ns isy inn~etr ic  body n t  z c r o  inc idence  ollly. For irny 
otl ler  cnsc ,  a  morc s o p l ~ i s t i c n t e d  schc~nc (such n s  
t h n t  o i  Ref.  12) must be  usad; howevcr, tlris 
description sufricccl  For tllc ncctls of t h i s  iuvcs- 
t i g n t i o ~ l .  F i ~ r t l ~ c r ~ n o r c ,  Lhc sourcc  d i s t r i l ~ u ~ i o t r  
vns  co~npr~ted only oncc. i n  Lhc absence of tlrc ri l ls 

( i n  order  t o  snve c o ~ n p u t u t i o ~ l  t ime) by assua~lnp, 
t l ~ a t  t l ~ c  i t r t c rnc t ion  of Ll~c f i n s  w i t 1 1  the  body w~rs 
n c g l i g i l ~ l c .  'rltls i ~ l t c r t ~ c t i o n  was cvnlu;itccl sclr- 
i l ra to ly  Cro~n thr! r c s u l c s  of tlic c o ~ ~ ~ p l c t c  proyrirln, 
and t l ~ c  crssuml~tian was v c r i r i c d  v1rc11 i t  was found 
~ I I L ~ L  tllc velocities .Lnducecl by t l ~ c  f i n s  or1 t l ~ c  
body n t  z c r o  inc idcucc  wcrc ne&;l i g i b l c .  'l'l~ls vns 
cxpectcd bccnusc,  31: t h i s  cond i t i on ,  t l ~ c  f i n s  cla 
no t  gcncrotc  l i f t  and t h e r c f o r c  do no t  cli:;turb 
t h e  f l o v .  

As mcntionccl bc fo rc ,  whcn s imu la t ion  o t  wrap- 
around surl'nces i l l  uniforrn Elor$ f a i l e d  t o  producc 
r o l l i n g  lnomcnts, t h e  o u t l ~ o r s  dcduccd from t h e  ro l l .  
r cvc r sa l  n t  son ic  spccds and Croar tlrc a p p o s i t c  
scnsc  of t h c  r o l l i n g  molllent when t h e  WAr-s~iss i lc ' s  
rocket lllotor was F i r i n g ,  t h n t  tho wakc s t r u c t u r e  
 nus st l ~ n v c  an upstream i n f l u e n c e  ( i n  subsotlic [low) 
on thc  t i n s .  A r r ~ d i a l  v e l o c i t y  Component induccd 



on t h e  antisymmetric f i n s  could  gene ra t e  an  asym- 
m e t r i c  l oad  on them aqd, t h e r e f o r e ,  would a l s o  gen- 
e r a t e  a  r o l l i n g  moment. 

With t h i s  i n  mind, i t  became necessary  t o  simu- 
l a t e  n o t  only t h a  body, b u t  a l s o  i ts wake. Since  
t h e  p o t e n t i a l  f low model used could  n o t  account f o r  
a  wake ( n e i t h e r  t h e  v i scous  wake of t h e  body no r  t h e  
plume of a  rocke t  motor),  t h e  problem could be  
evaded by s u b s t i t u t i n g  a  s o l i d  body f o r  t h e  i n n e r  
wake enclosed by t h e  d iv id ing  s t r eaml ine .  For t h i s  
t o  be  done, t h e  shape of t h e  d iv id ing  s t r eaml ine  
had t o  be  known from e x t e r n a l  sources ,  and t h e  
r e s u l t i n g  " s o l i d  body" was inco rpo ra t ed  i n t o  t h e  
body s imu la t ion  a s  i f  i t  were i t s  i n h e r e n t  r e a r  
p a r t .  

Three types  of wake shapes  a r e  s imula ted  i n  
t h i s  work: 1 )  t h e  f ree-undis turbed wake of a  body 
i n  f r e e  f l i g h t ;  2) t h e  wake of a  sting-mounted body 
i n  a  wind tunnel ;  and 3 )  t h e  plume of an  under- 
expanded j e t  f i r i n g  from a  rocket-motor e x i t  nozzle .  
Wake shapes a r e  no t  r e a d i l y  a v a i l a b l e  i n  any s i n g l e  
r e f e rence ,  and a  comprehensive l i t e r a t u r e  review 
had t o  be  untiertaken i n  o r d e r  t o  compile t h e  neces- 
s a r y  da t a .16  I n  view of t h e  l eng th  of t h e  p re sen t  
paper ,  only t h e  r e l e v a n t  conc lus ions  o f  t h i s  review 
a r e  g iven.  

1 )  The d iv id ing  s t r e a m l i n e  of a  f r e e  wake was 
modeled by an o g i v a l  s o l i d  body. Th i s  shape was 
based on t h e  exper imenta l  obse rva t ions  i n  Refs.  1 7  
through 20. The flow v i s u a l i z a t i o n  d i scussed  i n  
Refs.  17 ,  18 ,  and 19 showed t h e  s e p a r a t i n g  stream- 
l i n e  t o  l eave  t h e  body t a n g e n t i a l l y  t o  t h e  su r f ace ,  
and t o  e n t e r  t h e  r e a r  s t a g n a t i o n  p o i n t  a t  an angle  
between 30" and 40".  The tangent  ogive  used i n  t h e  
p re sen t  model o f f e r e d  a  good s imu la t ion  of t h i s  
p a t t e r n  (Fig .  2 ) .  The most impor tant  c h a r a c t e r i s -  
t i c  of t he  wake - namely, i t s  l eng th  t o  the r e a r  
s t agna t ion  po in t  and i t s  dependence on t h e  Mach 
number (Fig.  2) - was based on Ref.  18 .  The 
Reynolds number d id  no t  a f f e c t  t h e  l e n g t h  and shape  
of t h e  wake once t h e  wake was t ~ r b u l e n t . ~ ~ ' ' ~  The 
r e s u l t s  of t he  experiments i n  Ref.  20 wi th  d i f f e r -  
e n t  base  shapes  i n d i c a t e d  t h a t  t h e  presence  of t h e  
f i n s  should have no e f f e c t  on t h e  shape and t o t a l  
l eng th  of t he  wake. When t h e  computer code was 
run, t h e  i n f luence  of v a r i a t i o n s  i n  t h e  wake shape 
were i n v e s t i g a t e d .  Various wake shapes  ( e .g . ,  
pa rabo l i c  o r  cubic  polynomial) of e q u a l  l eng th  were 
t r i e d ,  bu t  t he  e f f e c t s  of t h e s e  v a r i a t i o n s  on t h e  
r e s u l t s  were i n s i g n i f i c a n t .  l6 

2) V e r i f i c a t i o n  of t h e  proposed mathematical  
model required  a  comparison wi th  exper imenta l  da t a .  
However, such d a t a  were obta ined from s t ing -  
mounted, wind-tunnel models. The s t i n g  changed 
the  wake i n t o  t h a t  of a  backward-facing s t e p ,  vary- 
i ng  from an axisymmetric s t ep1  $ ( l a r g e  s tep-height -  
to-body-diameter r a t i o )  t o  an  almost two-dimensional 
step1'  (when t h e  s t e p  i s  sma l l ) .  The l o c a t i o n  of 
t h e  r e a r  s t agna t ion  po in t  (o r  rea t tachment  po in t )  
on t h e  s t i n g  has  no t  been p rev ious ly  r epo r t ed .  The 
au tho r s  determined i t s  approximate p o s i t i o n  from 
measured p re s su re  d i s t r i b u t i o n s z 1  and f low v i s u a l i -  
za t ions , ' $  and def ined an equ iva l en t  o g i v a l  a f t e r -  
body by an ex t r apo la t ed  r e a r  s t a g n a t i o n  po in t  on 
t h e  a x i s  (Fig.  2 ) .  The dependence of t h e  l eng th  
of t h i s  equ iva l en t  wake on t h e  flow Mach number is  
shown i n  Fig .  2  f o r  a  body-to-sting-diameter r a t i o  
of 3 : l .  Th i s  r a t i o  was chosen because i t  is  widely 
used by wind-tunnel o p e r a t o r s ,  and because  i t  was 
used i n  t h e  Arnold Engineer ing and Development 

Center  (AEDC) 4-Ft Wind Tunnel subsonic  and t r an -  
s o n i c  experiments r epo r t ed  by Dahlke. Although 
t h e  method of determining t h e  p o s i t i o n  of t h e  r e a r  
s t a g n a t i o n  p o i n t  i s  f a i r l y  crude ,  t h e  i n f l u e n c e  of 
i t s  inaccuracy i s  n o t  l a r g e .  The change i n  t h e  
induced r o l l i n g  moment caused by a  20% v a r i a t i o n  
i n  t h e  l e n g t h  of t h e  wake was i n  t h e  range of 1-2%. 

3 )  The t h i r d  wake s imula ted  was a  rocket -  
exhaust  j e t  plume. WAi? con f igu ra t ions  a r e  rocket -  
powered, and t h e  induced r o l l i n g  moments du r ing  
t h e  powered phase of t h e  f l i g h t  a r e  a l s o  of i n t e r -  
e s t .  The l i t e r a t u r e  review of Ref. 16 de f ined  a  
l a r g e  number of parameters t h a t  determine t h e  
shape of t h e  plume. Since  t h e  prime o b j e c t i v e  of 
t h i s  work was t o  o b t a i n  q u a l i t a t i v e  da t a  on the  
induced r o l l i n g  moments, and s i n c e  exper imenta l  
d a t a  on t h e s e  moments dur ing powered f l i g h t  were 
n o t  a v a i l a b l e  f o r  comparison, t h e  plume was modeled 
f o r  a  l i m i t e d  number of parameters only.  These 
parameters  were f o r  a  son ic  j e t ,  blowing from a  
c y l i n d r i c a l  nozz l e  e x i t  i n t o  a  subsonic  o u t e r  flow. 
The j e t s  were underexpanded, wi th  jet-to-free-stream 
p r e s s u r e  r a t i o s  from 1 through 6. The t y p i c a l  geo- 
m e t r i c a l  f e a t u r e s  of t he  j e t  plume ( the  l e n g t h  of 
t h e  f i r s t  j e t  "diamond," i t s  upstream v e r t e x  angle ,  
and t h e  dialreter of i t s  downstream end) under t hese  
cond i t i ons  wtlre taken from Refs.  22 and 23. With 
these  t h r e e  parameters s p e c i f i e d ,  t h e  shape of t h e  
s o l i d  body s imu la t ing  the  j e t  plume was modeled by 
a  second-order polynomial.16 

Fin  Modeling 

With the  body-induced f low f i e l d  known, t h e  
p r e s s u r e  loading on t h e  f i n s  can be c a l c u l a t e d  and 
i n t e g r a t e d  t o  produce t h e  induced r o l l i n g  moment. 
I n  t h e  p r e s e n t  work, t h i s  is  done by a  non l inea r  
v o r t e x - l a t t i c e  method (VLII) .I1 Each f i n  i s  divided 
i n t o  q u a d r i l a t e r a l  panels  (Fig .  3 ) ,  and bound 
horseshoe v o r t i c e s  of unknown s t r e n g t h  a r e  d i s -  
t r i b u t e d  a t  the  q u a r t e r  chord p o s i t i o n s  of t h e  
pane l s  ( i n s e t  A i n  Fig .  3 ) .  The t r a i l i n g  v o r t i c e s  
from t h e  system a r e  f r e e  t o  shed from the  f i n s '  
t r a i l i n g  and s i d e  edges,  and a f t e r  determining 
t h e i r  equ i l i b r ium p o s i t i o n  i n  space,  they form t h e  
v o r t e x  wake of t h e  f i n s .  The i n t e n s i t i e s  of t h e  
v o r t i c e s  a r e  again  determined by t h e  tangency- 
boundary cond i t i on  [Eq. (Z)] .  Th i s  cond i t i on  i s  
imposed a t  a  f i n i t e  number of c o n t r o l  p o i n t s  
l oca t ed  a t  t h e  midspan of each pane l ' s  314 chord 
l i n t .  Th i s  tangency cond i t i on  i s  s a t i s f i e d  by t h e  
mutual c a n c e l l a t i o n  of t he  v e l o c i t y  components due 
t o  t h e  f r e e  stream, body, and vo r t ex  flow f i e l d s  
t h a t  a r e  normal t o  t h e  f i n s '  s u r f a c e s  a t  t h e  con- 
t r o l  p o i n t s .  

The v e l o c i t y  d f ,  induced by a  segment d i  
of a  l i n e  vo r t ex  of s t r e n g t h  y a t  p o s i t i o n  r ,  
i s  g iven  by the  Biot-Savart  Law: 

When t h e  c o n t r i b u t i o n s  of a l l  t he  v o r t i c e s  a r e  
i n t e g r a t e d ,  t he  t o t a l  induced v e l o c i t y  a t  any given 
p o i n t  can  be  c a l c u l a t e d .  The component Vn of t h e  
t o t a l  induced v e l o c i t y  t h a t  i s  normal t o  t h e  f i n ' s  
s u r f a c e  a t  a  s e t  of c o n t r o l  p o i n t s  l oca t ed  a t  each 
p a n e l ' s  314 chord i s  given by 



where Nv i s  t h e  t o t a l  number of v o r t e x  pane l s  
w i th  s t r e n g t h s  y ( I ) ,  and t h e  ma t r ix  [HI is  t h e  
i n f  luence  c o e f f i c i e n t  m a t r t x  of a l l  v o r t i c e s  ( I )  
on p o i n t s  ( J ) .  An in f luence  c o e f f i c i e n t  i s  de f ined  
a s  t h e  component, normal t o  pane l  ( J )  a t  i ts con- 
t r o l  po in t ,  of t h e  v e l o c i t y  induced t h e r e  by a  
v o r t e x  of u n i t  s t r e n g t h  a t  ( I ) .  The tangency 
boundary c o n d i t i o n  a t  t h e  c o n t r o l  p o i n t s  is s a t i s -  
f i e d  when t h e  v e l o c i t y  component normal t o  t h e  
s u r f a c e  ( t h a t  i s ,  induced by t h e  v o r t i c e s )  i s  can- 
c e l l e d  by t h e  normal component of t h e  combined 
uniform and body-induced f low f i e l d s  

S a t i s f y i n g  t h i s  tangency boundary cond i t i on  
[Eq. ( l o ) ]  a t  a  given number of c o n t r o l  p o i n t s  
r e s u l t s  i n  t h e  same number of l i n e a r  a l g e b r a i c  equa- 
t i o n s  f o r  t h e  v e c t o r  of t h e  unknown i n t e n s i t i e s  of 
t h e  v o r t i c e s  {y). The s o l u t i o n  of t h i s  system of 
equa t ions  r e q u i r e s ,  however, p r i o r  knowledge of t h e  
t r a j e c t o r i e s  of t h e  f r e e  v o r t i c e s  i n  o r d e r  t o  
account f o r  t h e  v e l o c i t i e s  induced by them on t h e  
c o n t r o l  p o i n t s .  The t r a i e c t o r i e s ,  i n  themselves 

having been aware of t h e  poss ib ly  d e c i s i v e  r o l e  of 
t h e  wake f low i n  t h i s  case ,  t h e  p a r t i c i p a n t s  o f  
TTCP d i d  n o t  s p e c i f y  i n  t h e i r  r e p o r t s  (e.g., 
Refs.  8-10) t h e  model-to-sting-diameter r a t i o s .  
One cannot be  c e r t a i n  t h a t  t he  same r a t i o  was used 
throughout t h e  program. As shown i n  Fig .  2 t h i s  
r a t i o  h a s  a  f i r s t - o r d e r  i n f luence  on t h e  l e n g t h  of 
t h e  wake and consequent ly  a l s o  should  have a  non- 
n e g l i g i b l e  e f f e c t  on t h e  r a d i a l  component of t h e  
v e l o c i t y  and on t h e  r o l l i n g  moments i t  induces .  
S ince  t h e  experiments r epo r t ed  i n  Ref. 9 were done 
wi th  a  body-to-sting-diameter r a t i o  of 3 : l  (which 
is t h e  common p r a c t i c e  i n  wind-tunnel work), and 
because of l a c k  of informat ion t o  t h e  con t r a ry ,  i t  
was assumed h e r e  t h a t  a l l  t h e  d a t a  were obta ined 
us ing  t h i s  r a t i o .  Th i s  assumption may have con- 
t r i b u t e d  t o  t h e  s c a t t e r  i n  t he  d a t a ,  which a l r e a d y  
was cons ide rab le  because of t h e  d i f f i c u l t y  i n  
a c c u r a t e l y  measuring t h e  r e l a t i v e l y  smal l  r o l l i n g  
moment, e s p e c i a l l y  a t  t he  lower subsonic  Mach 
 number^.^ The low accuracy of t h e  exper imenta l  
d a t a  l i m i t e d  t h e  comparison wi th  t h e  computational 
r e s u l t s  more t o  q u a l i t a t i v e  eva lua t ion  than t o  f u l l  
v e r i f i c a t i o n  of t he  mathematical  model. 

p a r t  of t h e  s o l u t i o n ,  a r e  e i t h e r  assumed t o  be  known 
i n  the  l i n e a r  VW codes o r  com~uted  bv an  i t e r a t i v e  The Standard Model 

process  i n  t h e  non l inea r  VLM cbdes.13- I n  t h e  l a t t e r  
ca se ,  an i n i t i a l  guess f o r  t h e  t r a j e c t o r i e s  i s  The TTCP s t anda rd  WAF conf igu ra t ion  (Fig .  1 )  

needed. It  is usually assumed that the free vor- des igna ted  a s  BlFl i n  t h e  l i t e r a t u r e 3  was modeled 

t i c e s  t r a i l  o f f  t o  i n f i n i t y  a s  s t r a i g h t  l i n e s .  f o r  t h e  comparison. The con f igu ra t ion  was composed 

With the  i n t e n s i t i e s  of t h e  v o r t i c e s  known, t h e  of an  axisymmetric body (a  2-diam-long ogive nose  

f r e e  v o r t i c e s  a r e  allowed t o  fo l low l o c a l  stream- and an e i g h t - c a l i b e r  c y l i n d r i c a l  body) and a cru-  

lines. The vortex intensities are then recomputed c i form of f u l l y  deployed wraparound f i n s  of rec-  

and the process is reiterated until the vortex wake t angu la r  planform t h a t  completely e n c i r c l e  t h e  body 

r e l a x e s  t o  i t s  equ i l i b r ium rolled-up p o s i t i o n .  when fo lded (Figs .  1 and 3 ) .  

T h i s  non l inea r  procedure was a l s o  followed i n  t h e  
p re sen t  i nves t iga t ion .16  However, i t  was found 
t h a t  s ince  t h e  f i n s  were a t  ze ro  inc idence  and the  
normal f o r c e s  genera ted  by them were of second 
o rde r ,  t h e i r  i n f luence  on t h e  wake ro l l -up  was 
almost i n s i g n i f i c a n t .  Consequently, t h e  contr ibu-  
t i o n  of t h e  non l inea r  p roces s  t o  t h e  induced r o l l i n g  
moments was n e g l i g i b l e ,  and they could be  computed 
by t h e  l i n e a r  v e r s i o n  of t h e  code ( i t s  f i r s t  i t e r a -  
t i o n  only) a t  a  cons ide rab le  r educ t ion  (752) i n  
computation t ime.  

With t h e  s t r e n g t h s  of t h e  v o r t i c e s  known, t h e  
p re s su re  d i s t r i b u t i o n  a c t i n g  on the  f i n s  i s  com- 
puted by t h e  Kutta-Joukowski theorem and i s  i n t e -  
g ra t ed  r e l a t i v e  t o  t he  body a x i s  t o  g i v e  t h e  r o l l i n g  
moment . 

Computational Resu l t s  

The main purpose of t h i s  work was t o  i d e n t i f y  
a  poss ib l e  mechanism inducing r o l l i n g  moments on 
WAF conf igu ra t ions  a t  ze ro  ang le  of a t t a c k .  The 
pre l iminary  s tudy i n d i c a t e d  t h a t ,  whi le  no such 
moments could  be produced i n  a  uniform flow f i e l d ,  
t h e  r a d i a l  v e l o c i t y  component a t  t h e  base  of t h e  
con f igu ra t ion  (inward over  a  c lo sed  wake o r  outward 
over a  j e t  plume) could  induce r o l l i n g  moments by 
i n t e r a c t i n g  wi th  t he  ant isymmetr ic  f i n s .  

To v e r i f y  t h i s  hypo thes i s  (even i f  only qua l i -  
t a t i v e l y ) ,  t h e  computation r e s u l t s  had t o  be  com- 
pared with exper imenta l  da t a .  No such d a t a  were 
a v a i l a b l e  f o r  WAF conf igu ra t ions  i n  f r e e  f l i g h t  so  
wind-tunnel d a t a  genera ted  by t h e  TTCP (Ref. 7) had 
t o  be used. Th i s  was t h e  reason f o r  t h e  s imu la t ion  
of t h e  wake c f  a  sting-mounted model. There were, 
however, drawbacks t o  t h e  u se  of t hese  d a t a .  Not 

A d i s t r i b u t i o n  of a  minimum of 50 sources  was 
necessary  f o r  a  reasonably  smooth modeling of t h e  
body and i t s  wake. The accuracy of t h e  body model- 
ing  was c o n t r o l l e d  by a  comparison of t h e  r e s u l t i n g  
body r ad ius  (of t h e  ze ro  s t r eaml ine )  between con- 
t r o l  p o i n t s  with t h e  a c t u a l  r a d i u s ,  and by a  com- 
pa r i son  of t h e  l oca l  computed f low d i r e c t i o n  a t  
t he se  p o i n t s  wit11 the  body s lope .  The number of 
t h e  sources  and t h e i r  spacing along t h e  a x i s  were 
au toma t i ca l ly  ad jus t ed  u n t i l  p r e sc r ibed  accuracy 
c r i t e r i a  were s a t i s f i e d .  

The modeling of t h e  f i n s  Idas done with 
100 uniform vor t ex  pane l s  (Fig.  3 )  per  Ein. Th i s  
f i n e  d i v i s i o n  guaranteed tlie numerical  accuracy of 
t h e  r e s u l t s .  For i n s t a n c e ,  an i n c r e a s e  oT t h e  
number of pane l s  by 302 cl~anged tlie computed r o l l -  
i ng  moment by l e s s  than 0.52. Thc computed pres-  
s u r e  d i s t r i b u t i o n  over a f i n  t h a t  i s  sliomi i n  
Fig .  4 i n d i c a t e s  t h a t  t h e  number of panels  could  
be  decreased and computation time could be saved 
by a  nonuniform spacing of t h e  pane l s  with a  f a r  
lower d e n s i t y  on t h e  upstream th ree -qua r t e r s  of 
t h e  f i n  and a  denser d i v i s i o n  on i t s  a f t  q u a r t e r  
where t h e  p re s su re  g r a d i e n t s  a r e  l a r g e .  Another 
method t o  save  computation time a t  a  penal ty  of a  
2-3% e r r o r  i n  t h e  r o ~ l i n g  moment was t o  model only 
one p a i r  of f i n s  on t h e  con f igu ra t ion  and mul t ip ly  
t h e  computed moment by two. A l i n e a r  s o l u t i o n  Lor 
one p a i r  of f i n s  took about 125 s e c  on i n  
IBM 3701165 computer; a cruci form f i n  configura- 
t i o n  r equ i r ed  about 500 sec .  

The l i n e a r  s o l u t i o n  needed a  p re sc r ibed  shupc 
of t he  f i n s '  vo r t ex  wake. I n s e t  B i n  Fig .  3  
desc r ibes  t h e  o p t i o n s  f o r  t h i s  shape. The f i r s t  
assumption i s  t h a t  t h e  f r e e  v o r t i c e s  l i e  on a  
t runca t ed  c o n i c a l  s u r f a c e  t r a i l i n g  t h e  f i n .  The 
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use r  can  spec i fy  t h e  l e n g t h  and v e r t e x  ang le  of t o  t h e  body boundary l a y e r .  The r e s u l t s  a r e  i n  
t h i s  cone and even a  s p i r a l  t w i s t  o f  t h e  v o r t i c e s  f a i r  agreement w i th  t h e  AEDC d a t a  ( c i r c l e s ) .  Com- 
over  t h e  cone i;s a  s imu la t ion  of t h e  wake ro l l -up .  p a r i s o n  wi th  t h e  JPL d a t a  i s  inconc lus ive  because 
A non l inea r  computation of t h e  full-wake ro l l -up  o f  t h e  l a r g e  u n c e r t a i n t y  l e v e l s  r epo r t ed  f o r  t h e s e  
(found t o  be  unnecessary f o r  t h e  p re sen t  purpose) d a t a  ( t h e  AEDC d a t a  had no u n c e r t a i n t y  l e v e l s  
would r e q u i r e  considerably  more computer t ime. shown). 

Comparison wi th  Experimental  Data Pa rame t r i c  Study 

I n  F ig .  5 t h e  v a r i a t i o n  of t h e  rolling-moment 
c o e f f i c i e n t  f o r  t h e  s t anda rd  WAF c o n f i g u r a t i o ~ l  w i th  
t he  Mach number is  compared wi th  t h e  exper imenta l  
da t a  of Ref.  10.  These d a t a  were ob ta ined  wi th  t h e  
f i n s  i n  a  cruci form (+) p o s i t i o n  and i n  an  (x) posi -  
t i o n ,  and a l s o  wi th  s p e c i a l  min ia tu re  f i n  ba l ances  
i n  a d d i t i o n  t o  t h e  main i n t e g r a l  ba lance .  The 
agreement between t h e  computed r e s u l t s  and t h e  
exper imenta l  d a t a  i s  good a t  Mach numbers 0 . 5  
and 0.8.  The d iscrepancy a t  M = 0 .3  cannot be  
expla ined by t h e  p re sen t  model. The gene ra l  t r end  
of t h e  dec l in ing  r o l l i n g  moment wi th  i n c r e a s i n g  
Elach number is  c o r r e c t l y  obta ined.  The Goether t  
compres s ib i l i t y  c o r r e c t i o n  cannot be c a r r i e d  p a s t  
M = 0.8,  and t h e  curve  i s  e x t r a p o l a t e d  (dashed 
l i n e )  t o  t h e  van i sh ing  va lue  measured a t  PI = 1.0.  
Although n o t  computable, t h i s  vanishing of t h e  
r o l l i n g  moment a t  s o n i c  speeds can be  q u a l i t a t i v e l y  
expla ined by the  p re sen t  mathematicai  model. As 
the  f l ow over  t h e  base  of t he  body t u r n s  super- 
son ic ,  t h e  t u rn ing  of t h e  f low ( e i t h e r  inward o r  
outward i n  t h e  wake region)  i s  cen te red  on t h e  base  
co rne r ,  and cannot e x e r t  any i n f l u e n c e  upstream on 
t h e  f i n s .  Thus, t h e  f i n s  exper ience  only  p a r a l l e l  
flow and, consequent ly ,  no r o l l i n g  moment i s  
developed. Comparisons wi th  wind-tunnel r e s u l t s  
of o t h e r  WAF conf igu ra t ions  a r e  g iven i n  Ref. 16  
and show t h e  same kind of agreement a s  i s  shown i n  
Fig .  5. Also shown i n  Fig .  5 f o r  comparison pur- 
poses i s  t h e  rolling-moment c o e f f i c i e n t  f o r  t h e  
same conf igu ra t ion  i n  f r e e  f l i g h t .  The s h o r t e r  and 
more r a p i d l y  c l o s i n g  wake i n  f r e e  f l i g h t  almost 
doubles  t h e  computed r o l l i n g  moments. These 
r e s u l t s  could no t  be  v e r i f i e d  exper imenta l ly  f o r  
l a c k  of such da t a .  

Other  comparisons t h a t  were p o s s i b l e  wi th  
exper imenta l  da t a  a r e  shown i n  F i g s .  6  through 8 .  
F igure  6  compares t h e  rolling-moment cocff  i c i e n t s  
i ~ t  L.1 = 0.8  f o r  t h e  s t anda rd  con f igu ra t ion  wi th  
the  f i n s  a t  d i f f e r e n t  opening a n g l e s  (OD), where a t  
OD = 120' t he  f i n s  a r e  completely fo lded ,  and a t  " = 0° they a r e  f u l l y  deployed. Again, good 
agreement i s  observed, except  f o r  opening ang le s  
of 25" and 45". No exp lana t ion  can be o f f e r e d  f o r  
t h e  d iscrepancy a t  t h e s e  two ang le s .  The same code 
was a l s o  used t o  compute t he  r o l l i n g  moments gen- 
e r a t e d  by a  smal l  ant i symmetr ica l  d e f l e c t i o n  of t h e  
f i n s  a t  an angle  ( 6 ) .  The r e s u l t s  a r e  l i n e a r  
(Fig .  7) . The computed s l o p e  of t h e  curve ,  
(CQ)A = 0.13l /deg,  f a l l s  c l o s e  t o  t h e  experimencal 

val.ue of (CL)& = 0.138/deg. The f i n a l  cornparisoil 

was of t h e  computed roll.-damping c o e f f i c i e n t  (CQ,) 
I' 

with exper imenta l  d a t a .  To compute t h i s  parameter,  
t h e  whole f low f i e l d  was spun around t h e  coni igura-  
t i o n  wi th  a  v e l o c i t y  d i s t r i b u t i o n  adopted from 
two c o n c e n t r i c  c y l i n d e r s  w i th  t h e  o u t e r  c y l i n d e r  
a t  i n f i n i t y .  The r e s u l t s  a r e  compaled i n  Fig .  8  
wi th  d a t a  irom t h e  AEDC and J e t  Propuls ion Labora- 
t o ry  (JPL) experiments r epo r t ed  i n  Ref. 9 .  The 
dashed l i n e  d e s c r i b e s  t he  r e s u l t s  of t h e  p r e s e n t  
mathematical  model, and t h e  s o l i d  l i n e  i s  ob ta ined  
irom t h e s e  r e s u l t s  by adding t h e  r o l l  damping due 

Seve ra l  o t h e r  parameters were i n v e s t i g a t e d ,  
w i th  d e t a i l s  shown i n  Ref. 16.  Some examples 
fo l low.  

S ince  t h e  main assumption was t h a t  rrhe base  
f low was r e spons ib l e  f o r  t h e  induced r o l l i n g  
moments, inoving t h e  f i n s  upstream should  weaken 
t h i s  moment a s  was demonstrated i n  Fig .  9 .  Roll-  
i n g  moments f o r  f i n s  f l u s h  wi th  t h e  base   lane a r e  
compared wi th  t hose  f o r  f i n s  moved upstream h a l f  a  
body diameter  and one body diameter ,  r e s p e c t i v e i y .  
The r o l l i n g  moment i s  c l e a r l y  decreas ing wi th  
i n c r e a s i n g  d i s t a n c e  from t h e  base ,  and ex t r apo la -  
t i o n  seems t o  i n d i c a t e  t h a t  i t  might van i sh  a t  
some upstream d i s t a n c e  of one and one-half t o  
two body diameters  from t h e  base .  I t  is  i n t e r e s t -  
i n g  t o  no te  t h a t  + ' e  wraparound f i n s  of Vought's 
MLRS mj.ssi le a r e  pos i t i oned  upstream of t he  
base2'  ; however, no exp lana t ion  was g iven f o r  t h i s  
des ign.  

The s t rong  e f f e c t  of t h e  proximity t o  t h e  
base  i s  demonstrated a l s o  i n  Fig .  10,  where t h e  
i n f luence  of f i n  leading-edge and t r a i l i ng -edge  
sweep ang le  was s tud ied .  While l ead ing  edge 
sweepback reduces the  r o l l i n g  moment on ly  s l i g h t l y ,  
an  i d e n t i c a l  forward sweep of t h e  t r a i l i n g  edge 
sha rp ly  reduces  t h e  r o l l i n g  moment. Th i s  r e s u l t  
could  be  a n t i c i p a t e d  because most of t h e  f low 
t u r n i n g  induced by t h e  base  flow would be  f e l t  by 
t h e  a f t  p o r t i o n  of t h e  f i n  a s  was indeed demon- 
s t r a t e d  by t h e  p re s su re  d i s t r i b u t i o n  i n  Fig .  4 .  
Moreover, most of the  l oad  t h e r e  is  c a r r i e d  by t h e  
o u t e r  a f t  co rne r  of t h e  f i n  t h a t  is s l i c e d  o i l  
when t h e  t r a i l i n g  edge i s  swept forward. While 
t h e r e  a r e  no exper imenta l  d a t a  a v a i l a b l e  f o r  
swept-forward t r a i l i n g  edges ,  Ref. 9 r e p o r t s  
r e s u l t s  f o r  swept-back l ead ing  edges. However, 
t h e  extremely l a r g e  s c a t t e r  i n  these  d a t a  p reven t s  
any s i g n i l i c a n t  comparison. A p o s s i b l e  experimental  
i n d i c a t i o n  of t h e  i n f luence  of t h e  wake can be 
found i n  t h e  s t rong  e f f e c t s  t h a t  changes i n  t he  
geometry of t he  f i n  t r a i l i n g  edge had on t h e  r o l l -  
i ng  moment . ?. " 

The e f f e c t  of t h e  span of t he  f i n s  i s  shown 
i n  Fig .  11. I n  c e r t a i n  m i s s i l e  des igns  t h e  span 
of t h e  f i n s  i s  inc reased  by inc reas ing  t h e  s e c t o r  
ang le s  ( Y )  covered by t h e  f i n s  and by making them 
ove r l ap  (an a r c  anglc  of 90' i s  t he  common f i n  
f u l l  span ) .  As expected,  t h e  l a r g e r  a r e a  of t h e  
f i n  gene ra t e s  a  h ighe r  r o l l i n g  moment, but  t he  
i n c r e a s e  i s  no t  l i n e a r .  

A f u r t h e r  demonstration of t he  s t rong  e f f e c t  
of t h e  wake f low on t h e  f i n s  i s  p re sen ted  i n  t h e  
r o l l i n g  moments due t o  a  j e t  plume of p re s su ra  
r a t i o  Pj/P, = 6 (Fig. 1 2 ) .  The r e s u l t s  a r e  shown 
f o r  t h e  only  c a s e  of j e t  plume t h a t  was s imula ted  
( see  t h e  s e c t i o n  on wake s imula t ion)  a t  t h e  h i g h e s t  
p r e s s u r e  r a t i o ,  because t h e  r o l l i n g  moment i s  then 
a t  i t s  peak. Fo r  lower p r e s s u r e  r a t i o s ,  t h e  
moment dec reases  i n  s i z e  and vanishes  f o r  an  
i d e a l l y  expanded j e t .  As shown i n  F ig .  12 ,  t h e  
outward r a d i a l  component of t he  wake f low changes 
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t h e  d i r e c t i o n  o t  t he  r o l l i n g  moment, which i s  now 'sawyer, W . ,  Monta, W . ,  C a r t e r ,  W., and 
about  fou r  t imes  a s  g r e a t  a s  t h e  moment induced by Aiexander,  W . ,  "Control  C h a r a c t e r i s t i c s  f o r  Wrap- 
t h e  inward flow of t h e  c lo sed  wake. Around F ins  on Cru i se  M i s s i l e  Cont igura t ions ,"  

For a d d i t i o n a l  examples ( e .g . ,  canard WAF, 
o t h e r  asymmetric f i n  con f igu ra t ions ,  swept f i n s ,  
ecc . )  s e e  Ref. 16.  

Conclusions 

By us ing  a  sou rce -d i s t r i bu t ion  s imu la t ion  f o r  
t h e  body and n  v o r t e x - l a t t i c e  s imu la t ion  f o r  t h e  
wraparound f i n s ,  i t  is  shown t h a t  t h e  r a d i a l  veloc- 
i t y  component induced on t h e  f i n s  by t h e  wa1.e f low 
f i e l d  could be  r e spons ib l e  f o r  t he  r o l l i n g  moments 
encountered by WAF conf igu ra t ions  i n  subsonic  f low,  
a t  zero  ang le  of a t t a c k .  No o t h e r  mechanisms were 
round; however, t h e i r  e x i s t e n c e  cannot be  ru l ed  ou t .  
The p re sen t  s imu la t ion  e s t i m a t e s  r o l l i n g  moments o f  
tlie r i g h t  magnitude and c o r r e c t  t r ends .  

Assu~ning t h a t  the  mechanism desc r ibed  by t h e  
p re sen t  mathematical  model i s  v a l i d ,  then t h e  
induced r o l l i n g  moments could be  e l imina t ed  by 
mounting t h e  f i n s  about two body diameters  upstream 
of t he  base of t h e  body. Another method t o  prevent  
r o l l  r e v e r s a l  i n  the  accelerating phase is t o  
accelerate i n t o  supersonic  speed be fo re  t h e  r o c k e t  
motor burns  o u t ,  because t h e  r o l l  d i r e c t i o n  i s  t h e  
snmc i n  powered subsonic  f l i g h t  and i n  supe r son ic  
f l i g h t .  "chis, however, w i l l  no t  s o l v e  the  problem 
when the  WAF conf igu ra t ion  slows down t o  subsonic  
speeds n t  t h e  end of i t s  f l i g h t .  The nega t ive  r o l l -  
ing  molnent experienced by WAF conf igu ra t ions  i n  
supersonic  flow cannot be e sp l a ined  by tlie p r e s e n t  
purely subsonic  mothcni,iticnl model. l t  may bc due 
to  shock wave focusing on tlie concave s i d e  of t h e  
curved f i n  wi th  t h c  r e s u l  t n n t  p re s su re  difference 
a c t i n g  i n  t11e d i r e c t i o n  o t  t h c  couves su r f ace .  
T h i s  hypo thes i s  r e q u i r e s  f u r t h e r  t h e o r e t i c a l  work 
,IS docs a  pnrametr ic  s tudy  of v a r i o u s  e f f e c t s  on 
 he r o l l i n g  nloolcnts. The autl iors a l s o  in t end  t o  
apply  the  source-pancl nlclthod" t o  desc r ibe  tlic 
body and t h e  n o ~ i l i n e a r  v o r t e x - l a t t i c e  method Tor 
t h e  f i n s  i n  o rde r  to  conlpute WAF aerodynamics a t  
h igher  a n g l e s  o C  a t t a c k .  

Thc work descr ibed hc re  was donc i n  p a r t i a l  
r u l f i l  lmcnt of t he  r c q u i r e ~ s e n t s  f o r  t h e  EI.Sc. degree  
oC B.  Uar-tl,~ja~. 
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AFT VIEW 

Fig .  1 Standard  WAF c o n f i g u r a t i o n .  
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F ig .  3 Schematic modeling of WAF c o n f i g u r a t i o n s .  l ti 

Fig .  2 Modeling of t h e  c losed  wake i n  f r e e  f l i g h t  F ig .  4 Load d i s t r i b u t i o n  over  f i n  on s tandard  WAF 
and on  a s t i n g  mount. c o n f i g u r a t i o n  a t  M = 0 and z e r o  a n g l e  of  a t t a c k .  
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Fig .  5 Rolling-moment c o e f f i c i e n t ,  compared wi th  
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F ig .  8 Roll-damping-moment c o e f f 4 c i e n t ,  i nc lud ing  
body c o n t r i b u t i o n ,  compared wi th  rhe  exper imenta l  
da t a .  

F ig .  6 Rolling-moment c o e f f i c i e n t  v s .  f in-opening Fig.  9 F ree - f l i gh t  rolling-moment c o e f f i c i e n t  
ang1.e compared with exper imenta l  d a t a .  v a r i a t i o n  wi th  f i n  a x i a l  p o s i t i o n .  

 EXPERIMENTAL^ Cpg = 0.138 deg-l 
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Fig.  7 Rolling-moment c o e f f i c i e n t s  due t o  Ein- 
d i f r e r c n t i a l  d e f l e c t i o n .  
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Fig.  1.0 F ree - f l i gh t  rolling-moment c o e f f i c i e n t  
v a r i a t i o n  with leading-edge and t r a i l i ng -edge  sweep 
angle .  



Fig. 11 Free-flight rolling-moment coefficient vs. Fig. 12 Rolling-moment coefficient with a 6:l 
fin span angle. pressure ratio jet plume. 
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