
NASA Technical Memorandum 8 1 169 

Three-Dimensional Interactions and - - - --- - -- 

Vertical Flows With Emphasis on 
High Speeds 

David J. Peake and Murray Tobak 

(i4ASA-TIY-61169) I E R E E - D I H E N S I O N A L  380-ilLco 
INTERACTIONS AbC V G R T l C k L  F L G U S  YITH 
E?IPi,ASIS 0 3  tiI(;€i SPBECS (e lASA) 225 p 
tic A13/NE A 3 1  CSCL 01A Uiicias 

G3/02 408b7  

March 1980 



NASA Technical Memorandum 81 169 

Three-Dimensional Interactions and 
Vortical Flows With Emphasis on 
High Speeds 
David J. Peake 
Murray Tobak, Ames Research Center, Moffett Field, California 

An AGARDograph Compiled for the 

AGARD Fluid Dynamics Panel 

Natlonal Aeronautics and 
Space Admlnlstrat~on 

Ames Research Center 
Moffett Field. California 94035 





THREE-DIBEIISIONM INTERACTIONS Am VOATICAL FCOUS 

YlTH EMPHASIS ON HIGH SPEEDS 

David J. Peake and Murray Tobak 

k s  Research Center. NASA 
Hoffett  Field, California 94035. U.S.A. 

Editor: Robert H. Korkegi 

Past Director of  AGARD 
Paris. France 





This AGARDograph i s  dedicated to  the memory o f  Dietrich Kiichernann. who for  many years spearheaded the 
understanding o f  three-diwensionsl separated f l m s  while Head o f  the Aerodynamics Departnwrt a t  RAE Farn- 
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vortices havc received just  and f u l l  account. 
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David J. Peake and Hurray Tobak 

k r s  Rasmrch Center. NASA, l lof fett  Field. California 94035. U.S.A. 

Diverse kinds o f  three-dimsional regions of separation i n  lmimr a d  turbulent boundary layers are 
dlscursed that exist on l i f t i n g  aerodyn&c configuratlons imersed i n  flows from subsonic to  hypersonfc 
speeds. One o f  the c m  ingredients i s  that a three-dimensional boundary layer w i l l  Qtrch fma a surface 
along a swept separation l i n e  (adjacent t o  which ttte skin-friction l ines converge rapidly) and w i l l  usually 
fom a well organized coiled motion i n  a l l  sped regimes. The scale of the vort ical flaw re la t ive t o  the 
undisturbed boundary-layer thickntss 60 changes, depending on the configuration and i t s  att i tude to the 
free stream. I n  axial  corner and bluff protuberance flows, the coiled Shear layer i s  iac rsed  w i  t h in  60. 
About slender bodies or sharp swept-back wings a t  angle of attack, the w r t i c a t  flaw i s  mny times larger 
than 60, co~press ib i l i t y  generally Suppressing the scale. I n  hypersonic flaw, high rates of heat transfer 
are encountered along l ines o f  reattachment (adjacent to which tk skin-fr ict ion l ines diverge rapidly) that 
are associated with three-dimensional separation zones. The uxirann rates o f  heat transfer - rates that may 
exceed the local stagnation point heating by factors of 10 o r  sore - result  f raa shock-on-shock interactions 
situated, not on the surface. but i n  the flaw f i e l d  i n  proximity to forward-facing parts o f  the airframe. 

I n  a l l  cases of three-diaensional flo, separation. the assmption of continuous vector f ie lds o f  skin- 
f r ic t ion lines and external-flo, streamlines. coupled with siaple topology lam, provides a flaw yr-r 
whose elemental constituents are the singular points: nodes, foci, and saddles. Mopting these notions 
e ~ b l e s  us t o  create squences o f  plausible flow structures, to deduce r c r n  flow characteristics, expose 
flaw aechaniser, and t o  a id  theory and e x p e r i m t  where lack o f  resolution i n  nuer i ca l  calculations or 
wind-tunnel observations causes imprecision i n  diagnosing the three-dlmsional f lw features. 

The successful operation o f  the world's f i r s t  slender-wing supersonic transport aircraft ,  "Concorde* 
(Figs. l a  and lb), and the ianinent launch of the hypersonic Space Shuttle, " C o l d i a "  (Fig. 2) .  provide 
an impetus t o  comprehend inviscid-viscous in te r~c t ions  about f l i g h t  vehicles o f  a l l  types. I n  subsonic. 
transonic, and supersonic f lats, weak interactions occur a t  low angles o f  attack where the essentially 
inviscid external flaw1 and the th in  boundary layer may be treated individually for calculation purposes. 
Uhen the interactions become strong. a t  higher angles of attack, they lead eventually to  regions o f  three- 
dimensional (3D) separations and viscous vort ical flart, so that the external and viscous flows m y  no longer 
be uncoupled. Custanarily accmpanying strong viscous-inviscid interactions and vortical flows on ~typersonic 
configurations i s  substantial heat transfer to  the surface i n  zones of flow reattachment. 

The extensive interest i n  30 flaw separation i s  linked closely with wings o f  high leading-edge sweep 
and bodies o f  large fineness r a t i o  that are typical o f  high-speed a i  rcraf t  and missiles. - Characteristically, 
these 30 regimes o f  boundary-layer separation can lead to comparatively steady streanuise vortices, unlike 
the more familiar so-called two-dimensional (20) separation zones2 with intermittent hackflow and unsteadiness. 
The design aim must be t o  set up a structurally stable flow about the f l i gh t  vehicle. I n  subscribing to th is  
b'lilosophy, we shall demonstrate that on the basis o f  simple topological reasoning, we may construct a rational 
sequence of plausible patterns of skin-fr ict ion 1 ines and external stream1 ines about components o f  the vehi c le  
as they undergo changes i n  angle o f  attack. The objective i s  to  establish a lexicon o f  3D vort ical flow 
structures, veri f iable i n  simple water-tunnel experiments, that may then be used as foundations to  guide the 
diagnosis of the vortical flows that ex is t  about the complete vehicle over extensive ranges o f  Hach number. 
Reynolds number, and vehicle attitude. 

1.1 Fl ight Danains 

Our discussion of 30 separated flows i s  introduced with the f l i g h t  corridors for various vehicles 
(Poisson-Quinton 1968) i n  coordinates o f  al t i tude vs f l i g h t  Hach number. These are shown i n  Fig. 3a. A t  the 
extreme. we see that we must cope with aerodynamic problems with vehicles f ly ing up t o  about 100 km 
(300,000 f t )  a t  speeds greater than 10.000 m/sec (30.000 ftfsec). Kinetic heating. which i s  the major 
problem o f  high-speed f l ight ,  a r i  ses from two processes: compression and shear i n  the boundary layer. The 
f i r s t  i s  predominant a t  stagnation points and leads t o  very high local surface temperatures. To demonstrate 
this, the equilibrium stagnation temperatures behind the shock wave enshrouciirlg the vehicle nose are plotted 
i n  Fig. 3a as dashed lines over the f l i g h t  danains. We note that these temperatures reach about 150" C 
(300' F) for the "Concorde" cruising a t  about Mach 2, and higher than 7,000' C (13,000" F )  for the "Apollo" 
capsule during i t s  reentry phase. But temperatures less severe than these stagnation conditions, produced 
by viscous shear forces, are usually experienced over the remainder o f  the airframe. The "Columbia" must be 
provided with heat shielding, for example, to  resist skin temperatures o f  more than 1,30O0 C (2,400° F) (see 
O'Lone 1976 and Fig. 3b). I n  addition, real gas effects become very important at hypersonic speeds. Two 
dash-dot l ines are shuwn i n  Fig. 3a to the r ight  of which the a i r  contains nore than 10% dissociated oxy- 
gen (02) and nitrogen (Nz), respectively. 

The effects of viscosity also pmvide substantial problems i n  a l l  speed regimes. The loner graph 
(Fig, 3c) displays the Reynolds number vs speed for solne typical f l i g h t  vehicles. Except i n  a few special 
cases, i t  i s  not possible to simulate these f l i gh t  conditions i n  ground fac i l i t i es .  Large subsonic transport 

lThe flow region where turbulent and viscous stresses are insignificant. 

ZEven though the 2D separation zone may be essentially normal to  the free-stream direction, the skin- 
f r i c t i on  lines usually form 30 cel lular structures. 

-- -- 



a i r c ra f t .  *Concorden md projected hypersonic a i r p l a s t ,  fly i n  a m g i u  where a l l  boundary layers a n  tur- 
bulent; the Swce Shuttle w i l l  be involved w i th  turbulent, t r m s i t l a u t ,  and laminar boundary layers. 

1.2 A i rc ra f t  Types 

Three typcs of vehicles desi f o r  long-range steady leve l  f l i g h t  exist .  These m y  be characterized 
(Kiichtmmnn 19651 according t o  t h e ~ a t i o  of semispm t o  overal l  I , rl*,  as ue see i n  Hg. 3. n* c l a -  
s ica l  a i r c r a f t  w i t h  s - 0 i s  subsonic and p a m s e s  s e p a r a t e % k n t s  t o  R r a i d e  the w l u ,  lift, 
thrust, and control  forces. Derived fm the classical  type i s  the swept-wing a i r c r a f t  wfth a s l i g h t l y  
smaller s l r  (-0.41, t ha t  operates a t  h lgh subsonic a d  (sometimes) low supersonic speeds. The essent ia l  
foundations o f  these bro types are c lassical  tam-diaarsionrl a i r f o i l  flows coupled wi th  flows about bodlrr of 
revolution, on which P r a d t l ' s  boundary-layer approximt ions are v a l i d  for the prescribed attached viscour 
flows. Y i t h  w i n g  o f  high aspect r a t i o  a t  h igh l i ft and a t  low speeds, the boundary layer d e t a c h  frar the 
upper surface along a l i n e  tha t  i s  nearly normal t o  tk undisturbed st-; tha t  is ,  the separation zone i s  
largely two-dimensional. Such f lw  detachments are  frequently sudden and usual ly resu l t  i n  a consibctnble 
loss o f  l i ft on the wing (stal l ing).  Even  on wings of h igh aspect rat io,  harever, there are  regions where 
the separation l ines  are o b l i q w  t o  the f l i g h t  d i rect ion,  notably a t  the wing t i p s  and i n  wingbody j imctions. 
Under l i f t i n g  conditions, the boundary layer on the lcuer surface o f  the wing r o l l s  up t o  fo ra  two s t ~ i s e  
vortices j u s t  inboard o f  and above the t ips.  Nhen fed add i t iona l ly  by the separated shear layer oYf the 
t r a i l i n g  edge, these form the t r a i l i n g  vortex system of the wing. The zones o f  separation i n  the wing-body 
junctions and t h e i r  associated vort ices of ten d i f y  considerably the win character ist ics near u x i m  llft. 
Because o f  the of ten unpredictable experiences a t  lcw speeds wi th  the s tay l ing  o f  wings o f  h lgh aspect ra t io .  
a l l  f low separations have cane to be regarded as undesi rable. Thi s i s  c l ea r l y  too l im i t ed  a v i m .  ' 

Nuch o f  the experinental and theoret ical  work on 30 separations has kcn concentrated -on the sharp- 
edged slender wing about which the flow f i e l d  i s  rad i ca l l y  d i f f e ren t  frola tha t  about the large aspect r a t i o  
wing. This i s  the  t h i r d  a i r c r a f t  type i n  Fig. 3d wi th  a seatispan t o  length r a t i o  o f  about 0.25. The bolaxlrry 
layers graring outboard o f  the windward attachment l ine(s)  on the lower surface separate a t  the leading cdgcs 
and the consequent "freen shear layers are swept inboard of the leading edges and upward, c o i l i n g  up t o  f o m  
two pr iaary vortices (Fig. 4). These vortices, which have been shown t o  be f a i r l y  extensive r e g f w  o f  rota- 
t iona l  flow with reduced t o t a l  pressure, influence the upper surface-pressure d is t r ibu t ion .  They g i  ve r i s e  t o  
a substantial nonlinear contr ibut ion t o  l i f t  that  p a r t i a l l y  canpensates f o r  the extra drag due t o  the loss o f  
the leading-edge suction force. The slender wing incorporates voluae and l i f t  integration. It nay be coat 
pared ( i n  Fig. 36) wi th  a fourth category, the first of a generation o f  hypersonic vehicles tha t  integrates 
the propulsion system as well. The Shuttle Orbiter, shown i n  Fig. 3d. i s  not intended t o  f l y  f o r  long periods 
under steady, level  f l i g h t  conditions. I t s  cross range o f  about 2.000 km (1,100 n. mi.) i s  a lso sofaeuhbt 
less than that  o f  the first three classes o f  a i r c ra f t .  It i s  included i n  t h i s  comparison w i th  other slarer, 
long-range designs because i t  i s  the only ex is t ing  hypersonic vehicle w i th  svbstantfal payload capab i l i t y  
(although boosted on takeoff, as shcun i n  Fig. 2). 

I n  the f i r s t  three cases o f  straight, swept, and slender wings, the respective f low type i s  min ta ined 
throughout the f l i g h t  range. The flows normal t o  the leading edge, being subsonic. may be described by 
e l l i p t i c  d i f f e ren t i a l  equations. For the c lassical  and swept shapes, the forces and moments generated are 
essent ia l ly  l inear  functions o f  the vehicle at t i tude, so tha t  small-perturbation o r  l inear ized analyses are 
the most frequently used calculat ion tools. The slender wing, on the other hand. develops large nonlinear 
forces. 

The type o f  f low around the hypersonic vehicle w i l l  change wi th  f l i g h t  speed. The mans f o r  providing 
the l i f t ,  payload volume, and propulsion produce flows o f  the hyperbolic type wi th  strong shock waves and 
expansions during the high-speed phase o f  the f l i g h t  (Fig. 5). The 30 f lw i s  inter laced w i th  Wedded dis-  
cont inui t ies tha t  enclose reacting and nonreacting regions, depending on the a l t i t ude  and ve loc i ty  along the 
f l ightpath.  Changes from one f l i g h t  regime t o  another must be gradual enwgh t o  be controllable. Fr ic t iona l  
heating and transi t iot? e f fec ts  w i l l  be especially important a t  elevated Mach numbers and al t i tudes, and sur- 
face pressure f luctuations, shear stresses, and temperatures must be known so that  adequate shieloing can be 
designed. Two kinds o f  ;hock boundary-1 ayer interact ions require our at tent ion:  (1 ) predominantly unswept 
shocks, which cause unsteady separations, and (2) h ighly swept shock wave; associated wi th  reasonably steady 
swept separation zones and coi led shear layers. 

The regions o f  appl icat ion f o r  long-range a i r c r a f t  i n  t e n s  o f  slenderness ra t io ,  sin, vs f l i g h t  Mach 
number may be depicted as i n  the lower par t  o f  Fig. 3d (Kichemann 1965). Most exist ing types o f  a i r c ra f t .  
except f o r  the Shuttle, l i e  to  the l e f t  o f  the "sonic 1 ine," es/e = 1, along which the leading edge o f  a 
slender or  delta-wing vehicle i s  sonic. B e l w  the horizontal l i n e  a t  s la  - 0.2, the span i s  too small t o  
provide adequate l i f t a t  low speeds; as a resul t ,  present a i r c r a f t  l i e  above th i s  l ine.  To the r i g h t  o f  the 
sonic l ine,  the hypersonic a i r c r a f t  w i l l  possess a p lanfom s imi la r  t o  a delta, w i th  s/a - 0.3, but w i t h  the 
side edges si tuated outside the free-stream Mach cone from the nose. The a i r c r a f t  must f l y  wel l  a t  low speeds 
so that  i t  can maneuver f o r  a conventional landing and takeoff. The con f l i c t i ng  requirements f o r  hypersonic 
and low-speed f l i g h t  may perhaps be reconciled by designing the lower surface f o r  hypersonic f l i g h t  and the 
upper surface f o r  low-spetd f l i g h t  (Squire 1971). Eggers, Petersen, and Cohen (1970) prnpose that  a hydrogen- 
rueled turboramjet, hypersonic com~tercial transport c ru is ing  a t  Mach 6 could scirry large payloads over long 
ranges and be economically competitive w i th  subsonic and sups; sonic long-range transport a i rc ra f t .  

Me note tha t  the potent ia l  u t i l i z a t i o n  o f  the slender wing extends well i n t o  the hypersonic region. 
Present designs are l im i ted  by l i f t i n g  requirements and l a te ra l  i n s t a b i l i t y  a t  low speeds. I f  we wish t o  
design a t  sf!. ra t ios  less than 0.2, Kiichemann (1965) proposed that  high-energy a i r  could be in jec ted a t  
the 3D separation l ines a t  the leading edges t o  incvease the strength o f  the vort ices emanating from the 
edges (and he*,ce the l i f t )  t o  provide improved low-speed performance. 

The def . n i  t i on  o f  slender imp1 ies tha t  even though the flow a t  inf i r . !  t y  may be above Mach 1, we are deal- 
ing wi th subsonic flows i n  the plane normal t o  the wing surface. F.;; example, i n  the near-conical flow f i e l ds  
surrouriding slender configurations a t  angle o f  attack, we shal l  see that  some sat isfactory analyt ical  
approaches have tieen developed t o  calculate the rolled-up shear layers from assomed 3D separation l lnes a t  
sharp, swept leadinq edqes, and on bodies by resort ing to  inv isc id  f lcw models (J. H. B. Smith 1966; 



J. A. W r  e t  a1. 1975: J. H. 8. Sntth 1978). I n  contrast, aaphasis i s  also k i n g  placed on obtatning solu- 
t ions t o  s t g l t f t e d  f o r m  of the Navter-Stokes quat tons ustng mmrr ica l  procedures t o  ccllpute the invtscid/  
viscous Interacttons i n  separation zones on re la t i ve l y  stmple aerodynamic canponmts. For example, separation 
i n  the cross-flow plane m d  i n  planes of conical-flow project ion have been calculated on both b lunt  and 
pointed slender configurattons i n  supersonic flow. These nethods have employed "paraboltcu and conical flow 
assuntpttons, respecttvely, t o  the Navier-Stokes equations w i th  laminar viscous flows (Lub rd  w d  Raktch 1975; 
&Rae 1976, 1977; and Vigneron. Rakich. and Tannehill 1978) and f o r  turbulent flaws wi th  eddy v is fos i ty  
models included (*Rae and Hussaini 1978). Thin-layer approximations have been introduced i n t o  the k v t e r -  
Stokes quat ions  by Pu l l iaa  and Steger (1978) t o  corpute the lamtnar, transonic flow about a hemtsphen- 
cyl inder a t  angle o f  attack; and by Hung (1979) to c-te the laminar, supersonic f low about a l i f t i n g  
cyl tnder- f lare configuration. L t l e r  a t  r l .  (1978), u k i n g  the sme assurptions, have rolputed lamtnar flm 
about other ;aspwwnt conftgurations, such as external comers. Internal  comers have been treated by Hung 
and IbcCorairck (1977) and Shan and Hankey (1977) w i t h  laminar flows, and by Hung and IbcCormack (1978). 
Shmg. Hanky. W Petty (19787. ud ilorsman and Hung (1979) w i t h  turbulent n a  (eddy v i s ~ o s i t y  models 
included). Prevtously, inv tsc id  f low solutions w i th  in terac t ing  shock waves t n  the cross-flow plane e r e  
obtained using "shock-capture" and "sharp-shock" techniques ( ~ u t l e r  1974a.b). 

Notwithstanding these iapressive achievements, the a b i l i t y  t o  canpute canpressible separated f low reg ims 
i n  three dimensions wi th  t h e i r  attendant vor t tca l  flows i s  f a r  from a t ta imen t  on a f l i g h t  vehicle o f  general 
shape. 

It aerges t ha t  f low separation i n  three dimensions i s  of v i t a l  signif icance to the en t i r e  spect rm o f  
aerodynamic design as the swept 30 l i nes  o f  attachtent, separation, and reattachment form the skeleton struc- 
t u re  around which the elements o f  the m t t r e  f low f i e l d  can be assenbled (Haskell 1955). The pr inciples have 
evolved out o f  our experience wi th  re la t i ve l y  s t ra igh t  win s o f  high aspect r a t i o  a t  subsonic speeds and lead 
natura l ly  t o  slender conff gurations o f  small aspect r a t i o  filaskell and Kiichcmann 1956). A t  moderate aspect 
ra t i os  and sweep angles, the design problem i s  ve i led  i n  an apparent m l t i p l i c i t y  o f  answers avai lable t o  us 
(see Fig. 3d). &vertheless, i t  i s  c lear  tha t  i n  the area o f  recent m i l i t a r y  f i gh te r  design, the swept edge. 
i n  the form o f  a canard o r  a forward extension o f  the wing leading edge (LEX), has been accepted as ins t ru-  
mental i n  cont ro l l ing  the f low t o  produce htgh l i ft, especially f o r  purposes o f  maneuvering (Ftg. 6). We 
shal l  address the merits o f  control led separations and the demerits of some uncontrolled separations 
(Kiichemann 1955a. 1971; Peake 1978; Peake and &en 1979) i n  l a t e r  discussions of par t icu lar  shapes o f  f l i g h t  
vehicle. 

;he "two-dimnsional outlook." i n  which a l l  f low separations are considered undesirable, must be dis-  
carded i n  favor o f  the rea l iza t ion  t ha t  separations are inev i tab le  somewhere on a body and that  they m y  be 
used i n  a constructive and pro f i tab le  manner. Three-dimensional separations br ing  order out o f  confusion by 
providing the basis f o r  a f l e x i b l e  and systematic approach t o  the three-dimensional design problem ( R s k e l l  
and Kihemann 1956). Once the l i nes  o f  separation on a body are determined then, i n  pr inciple,  the structure 
o f  the mainstream flow containing the viscous vort ices i s  also determined, because t r a i l i n g  o r  f ree viscous 
vort ices sprtng from any l ines  o f  separation on a l i f t i n g  body, and not j u s t  from a t r a i l i n g  edge, t o  impart 
the necessary average itownward manentun t o  the f l u i d  about the body. 

The aerodynamic .~es ign o f  a l i f t i n g  body, i f  i t  i s  t o  be successful throughout a range o f  f l i g h t  condi- 
t ions*  must ensure t ha t  steady boundary condit ions y i e l d  correspondingly steady flows t o  minimize buffet ;  
tha t  the l i f t i n g  body should always be control lable throughout the f l i g h t  envelope; and that  there should be 
no unpleasant changes i n  force and moment character ist ics.  The goal t o  aim f o r  i s  tha t  flows should be domi- 
nated by f ree  viscous vort ices - w i t h  no large bubbles - and tha t  the primary l i nes  o f  s- 
remain essent ia l ly  f i xed on the body throughout the f l i g h t  range. This much wider than usual view o f  the 
aerndvnamic desian ~robl 'em (Maskell and Kiichemann 1956) should be contrasted w i th  the res t r i c ted  outlook that  
a l l &  separatio;; only a t  a ' t r a i l i n g  edge. 

1.4 Catalog o f  Separated F l w s  

Inevitably, when the load-carrying, 1 i f t i n g ,  and propulsion components are integrated i n t o  an a i r c r a f t  
o r  missi le confiquration incorporating c lassical  or swept-wing technology (Fig. 3d). the resu l t ing  in ter -  
fe r ing  pressu-e f i e l ds  produce separations that  are often unanticipated, tha t  are not f i xed i n  locat ion  on the 
surface fo r  a l l  f l i g h t  conditions, and that  are, i n  t h i s  sense, uncontrolled. Examples o f  these usual ly 
unwanted 30 separated flows may be cataloged according to  t h e i r  causes (J. t i .  B. Smith 1975). 

1. Flows over smooth walls i n  the presence o f  varying circumferential and lengthwise adverse pressure 
gradients. We include here those flows about bodies whose longi tudinal  axes i n  pa r t  o r  i n  whole are swept 
w i th  respect t o  the oncoming stream, such as upswept rear fuselages or  pointed and bluff-nosed missi les a t  
angles o f  attack (Wickens 1964; Peake 1968. 1969; Atraghji 1967. 1968a.b; Grosche 1970; Peake, Rainbird. 
and Atraghj i  1972; Kaye and Williams 1974). 

2. F l w s  about protuberances attached t o  a wall where adverse pressure gradients are imposed abruptly. 
Antennae, bulbous wheel housings, cockpit canopies, pylons, boundary-layer diverters,  and unfaired junctions. 
o f  the wing and t a i l  surfaces wi th  the body are important examples (Meyer 1968; Peake, Rainbird, and A t r a g h ~ i  
1972; Gaudet and Winter 1973; Sedney and Kitchens 1975). 

3. Flows about normal or incl ined j e t s  blowing from a wal l .  Control j e t s  used f o r  thrust-vector con- 
t r o l  cause substantial 30 separation o f  the loca l  viscous flow i n  the region where the j e t  emerges from the 
vehicle surface (Hsia, Se i fc r t ,  and Karamcheti 1964; Maurer 1966; Zakkay, Erdos, and Calarese 1968; Oriftmyer 
1974). I n  t e n s  o f  upstream ef fec t ,  the "so l id  blockage" caused by the j e t  i s  analogous t o  tha t  of a 
protuberance. 

4. Flows wi th  shock waves present, sanetimes associated wi th  items (1) t o  (3).  We shal l  pay par t icu lar  
at tent ion t o  those separations produced i n  swept-shock/boundary-layer interact ions (Korkegi 1971 ; Peake 1975; 
Peake and Rainbird 1975; Oskam, Bogdonoff, and Vas 1975; Oskam, Vas, and Bogdonoff 1975; Shang and Hankey 



1977; Horstmann and Hung 1979). such as i n  comers, *rpon low a s p  :t r a t i o  wlngs, o r  a t  wing and fin-body 
junctions. 

A1 though the e f f ec t  o f  these uncontrolled separations on drag may not  always be s ign i f t cmt ,  h igh loca l  
heat t ransfer rates i n  reattachment zones (Korkegl 1971) and the fnduced in terac t ion  and po ten t i a l l y  destabt- 
l i z i n g  e f fec ts  o f  the vortex mottons upon darnstream control  surfaces of a vehicle may be important (Nielsen 
1978). I n  general, the uncontml lcd f low separations have not been l r m a b l e  t o  prediction and are not well 
understood. The disposi t ion o f  the vortices and the scale o f  the separated f low domain, whether large (rs 
i n  the case o f  body vort ices from slender configurations a t  h i  h angles o f  attack), o r  o f  the order o f  the 
oncoming boundary-layer thickness (as i n  the protuberance fl& w i l l  a f f ec t  the magnitudes o f  l oca l l y  
induced suction pressures and, hence, the nonlinear increments t o  the body forces. 

On hypersonic vehicles. i n  part icular,  aerodynamic ideals w i l l  be modified t o  varying degrees by the 
volume required f o r  the payload, fuel, and propulsion s y s t m .  These tqu i renen ts  m y  cause substantial 
heating effects i n  f low reattachment zones resu l t ing  from shock/b~undary-layer interact ions and shock-on- 
shock impingement ( k y e r  and Vai l  1967; Edney 1968; Tannehill. Holst. and Rakich 1976). On vehicles l i k e  
the Space Shuttle, the locat ion of impingement o f  the nose bow shock on the wing i s  important t o  the heat 
sh ie ld  design. Provided the leading edges o f  the wing have large angles o f  sweepback, the b l u f f  cross- 
sectional shape o f  the leading edge. incorporated for he.t ing considerations, may s t i l l  be "sharp," as f a r  
as f i x i n g  the region of the 3 0  separation i s  concerned. 

Compressibility appears t o  a l t e r  the quantitative, but  not the qua l i t a t i ve  aspects o f  30 separated flows. 
It has been found by experiinent tha t  the e f f ec t  o f  increasing k c h  n u h e r  i s  t o  reduce the scale o f  the vor- 
t i c a l  motions w i th  respect t o  the wing semispan on slender wings, and to increase the c r i t i c a l  an l e  f o r  the 
development o f  flar asyntnetry o f  the rolled-up shear layers from bodies a t  high angles o f  at tack qlbss and 
Isaacs 1964; Peake, Rainbird, and Atraghj i  1972; Keener and 6. 1. Chapman 1974). 

1.5 Scope o f  Review 

This AGARDograph i s  the second concerned w i t h  the viscous-inviscid interact ions that  occur adjacent t o  
the surfaces o f  aerodynamic vehicles i n  flows where c a p r e s s i b i l i t y  and heat t ransfer effects are s igni f icant.  
7-e f i r s t  v o l w  (Hankey and Holden 1975) deals w i t h  the ana ly t ic  modeling and experimental study o f  in ter -  
ar t ions between shock waves and laminar o r  turbulent boundary l ~ e r s  i n  axisynrsetric o r  nominally two- 
~imensional flows. Such flows are re la t i ve l y  we l l  understood when described i n  mean-flow terms; they are 
found. f o r  example, i n  the hinge regions o f  aerodynamic f l a p  controls o f  r e l a t i ve l y  large aspect rat fo.  

Notwithstanding the applicabi 1 i t y  and general success o f  the 20 methods reviewed by Hankey and Holden 
(1975) and discussed further by Peake and Rainbird (1976)3. the above 20 methods rnay be used f n  only a res- 
t r i c t e d  nwnber o f  f low configurations, because nearly a1 1 pract ical  viscous in terac t ion  problems are three- 
dimensional. I n  order t o  make a reasonable assessment o t s I n  r c t  on an eat rans e r  a t  t e sur ace, -- 
along wi th  the overal l  pressures. +orces. and manents onfpr$ss h:G-sked a t r E r a 6 n d  :issilesh- es: 
c i a l l y  under conditions o f  p i t ch  and yaw -we must develop ra t iona l  design procedures (Kuchemann 1969) i n  
which- the complexities o f  the i : ~v i sc id  a;:d viscous 3D f low f i e l ds  are modeled appropriately. Even wi th  the 
continuation o f  the s t a r t l i n g  growth i n  our cornputer technology, i t  i s  not considered that  the f u l l  three- 
dimensional. time-deoendent Navier-Stokes eauations incorwrat ina  subarid scale turbulence modelina i n  complex 
f low f i e l d s m w i l l  -be io lved i n  a rout ine manner f o r  many years ( b i t  see the debatable optimism o f  D: R. ~ h a b n .  
Mark. and P i r t l e  1975; and D. R. Chapan 1979). To be able t o  do t h i s  requires an understanding o f  the basic 

h s ica l  r i n c i  les  i ~ v o l v e d  (Kiichemann 1969; Maskell 1961 . The continuin ob ec t ive  i s  the red ic t ion  o f  
!hi form $ 3D ! e p a : ~ a ~ t  sharp edges and elsewhere on'a general config:ratjon. as essenti:l constituents 
o f  an overal l  f lw  model tha t  describes the enshrouding i nv i sc id  and viscous in terac t ing  flows. As we shal l  
see, i n  only a i im i t ed  number o f  circumstances, such as about cones and slender wings, do we canprehend the 
viscous and external flow f ie lds ;  and these have developed from extensive i n i t i a l  calculat ion and experiment 
about corresponding configurations i n  incompressible flow (Peake. Rainbird, and Atraghj i  1972; Rainbird e t  a1 . 
1966). The slender wing, f o r  example, i s  an impressive instance where the aerodynamic design aims were 
stated beforehand and then ~ursued i n  a rat ional  manner (Kiichemnn 1969; Maskell 1961 ; Maskell and J. Weber 

-6) are exemplary i n  t h e i r  de f in i t ion  o f  surface shear direct ions.  I n  view o f  the 
o f  viscous flow measurements i n  most complex 30 flow geometries, we shal l  r e l y  on postulated topologies 

o f  both surface sk in- f r ic t ion  l ines  and external stream patterns t o  provide a framework around which t o  b u i l d  
credible 30 flow models. The simple rules qoverning the behavior o f  singular points on the surface and i n  
the stream form the substance of Sec. 2. 

As a base o f  understanding fo r  the control!ed and uncontrolled flow-separation phenomena, we believe 
that i t  i s  useful to establ ish the flow f ie lds  about simple shapes that  are elements o f  a i r c r a f t  and missiles. 
The ensuing sections w i  11, therefore, portray the flows about pointed and blunted slender wings and cones; 
cone-cylinders and other ax isymet r ic  bodies; sharply swept wings; b l u f f  protuberances; and i n  corners com- 
prised o f  intersect ing wedges. The means to  implement the passive and act ive control o f  3D separations w i l l  
be included. We shal l  evidently be dealing wi th the complex interact ions between shock waves and 3D boundary 
layers i n  many o f  these categories. 

Examples o f  rindern aerodynamic design w i l l  be discussed wi th  par t icu lar  reference t o  the slender wing 
and the Space Shuttle. Because appropriate emphasis w i l l  be placed on the high heat-transfer rates along 
reattwhnlent reqions on the vehicle surface, other important topics, such as the local ized e f fec ts  o f  hyper- 
sonic leading-edge interact ion,  supersonic wakes, and base flows, w i l l  not be included. Neither shal l  we 
make substantial c o w n t  on t rans i t ion  (except as affected by the appearance o f  organized vortex flows), the 
status o f  which i s  treated by Morkovin (1968); Tani (1909); Reshotko e t  a l .  (1975); and i n  AGARD CP-244 (1977) 

---- -.- - - - 
'In t he i r  b hnical evaluation o f  the AGARD F lu id  C:namics Panel Symposium on "Flow Separation," the pro- 

ceedings o f  w C i  .iere published as AGARD CP-168 (1975). 



on "Laminar - Turbulent Transl tion.'c Attention rill be concentrated on three-dinensional external f lovr  
about r t t t a d  surfa:es whdn the undisturbed llarn f l a t  i s  r e l a t i v e l ~  uniform and steady. Separations thaf  
develop are also t h r e e - d i ~ s i o n a l  and auasi-stca&. 

W. have trld t o  c m i l e  an overvin, that f s  tap icr l  and t o  do th is  we have talked extensively with 
our friends and associates i n  the United Kingden, i n  Europe. a d  i n  North America. Wa t rust  that our our 
interpretation o f  the i r  work i n  th is  collated f w ~ l  w i l l  stimulate addittonal a i d  research (Kiicheaunn ,969) 
i n  asotcts o f  three-dimensional flm that are o f  potential practtcal use. At the heart o f  th i s  review i s  
the conviction that separation i s  the p r i m  ingredient of C u i d  motion detemtning the lift, drag, and thrust 
on f l tght  vehicles. Separation, i n  real i ty,  i s  almost always three d i m s i o n a l  and there a n  proved benefits 
to be gained !n cult ivat ing the three di l~cnsional i ty (J .  H. B. 9 1 t h  1975). 

2. ATTACIMNT. SEPARATION, AND REATTACWENT IN THSS-DlMENSIO#AL FLOUS 

2.1 Distinction Between Attached and Separat.-d Flows 

To begin :his discussion, we shall t r y  t o  mke clear what we man by a 30 separated flcw and how i t  i s  t o  
be distinguished from a $0 attached flow. This w i l l  also enabie us t o  introduce soac terminology that w i l l  be 
used consistently throughout the AMRDograph. 

Let us f i r s t  consider an attached flow and t r y  t o  Isolate those features that a l l  attached flows should 
hold i n  coarnon. To ensure that there w i l l  be wide acceptance of what we choose t o  c a l l  an attached flow, we 
take as wr exar~ple the flar over a smooth slender body of revolution that i s  inclined a t  a -11 angle o f  
attack t o  a uniform oncomtng stream. A streamline i n  the oncoming flow attaches i t s e l f  t o  the nose at  a 
stagnation point. which we c a l l  a nodal sinaular m i n t  of attachment. It i s  the source of the continuous 
pattern o f  skin-fr ict ion l ines that emerge fm th is  point and envelop the body. Because o f  the favorable 
pressure gradient i n  the circumferential direction, the skin-fr ict ion l ines emnating from the nodal point 
of attachment sweep around the sides o f  the body and tend t o  converge on either side o f  the particular skin- 
fr!ction l i n e  running along the leeward ray. A l l  o f  the skin-fr ict ion l ines vanish in to  a single point near 
the a f t  end, out o f  which a single s t n u l f n e  departs in to the external flow. This point, which can be con- 
sidered a sink for  the collection o f  skin-fr ict ion lines, ue c a l l  a nodal m i n t  of separation. This actually 
conpletcs the description o f  what we mean by an attached flow. Put s be defined 
as a flaw containing two and only two sinqular points i n  the w t t e m  o f  skin-fr ict ion lines; these are 
necessarily a nodal point of attachment and a nodal point o f  separation. Note. however, that an attached 
f lw  may feature skin-fr ict ion l ines converqino on either side of a part icular l ine. Soate researchers con- 
sider th is  t o  be a clear sign o f  flow separation and go on t o  label the part icular li ne a " l ine of separation." 
I n  view o f  our example, however, which i s  clearly onc o f  an attarhed flow, we are led to say that a skin- 
f r i c t i on  l i n e  emnatina fm a nodal point cannot bc a l i ne  o f  separation. and that convergence o f  skin- 
f r i c t i o n  lines on a particular l i n e  my be a necessary condition for separation, but it cannot be a sufficient 
condition. 

Since, according t o  our definition, the class of attached flows i s  exhausted by those flows whose skin- 
f r ic t ion l i n e  patterns contain two and only two nodal points, we shall say that a l l  3D flows whose skin- 
f r ic t ion l i n e  patterns contain more than two nodal points are separated flows. The simplest possible sepa- 
rated flow i s  then one containing three nodal points, so that two nust be o f  the sam type. Suppose now that 
the angle o f  attack of the body i s  increased to  the point where we have a flow whose skin-fr ict ion l i n e  pat- 
tern contains two nodal points o f  attachment and one nodal paint o f  separation. The skin-fr ict ion l ines 
emerqinq from each of the nodal points o f  attachment nust be prevented from crossino; th is  i s  achieved by the 
insert ion o f  a new singular point bet-wen them. Ue c a l l  this point a saddle polnt. Two skin-fr ict ion lines. 
w e  from each nodal point o f  attachment; enter the saddle point, and two skin-fr ict ion l ines emerge. The two 
emerging lines act as bat r iers between the sets of l ines emanating from each o f  the nodal points. Prevented 
from crossing, the skin-fr ict ion lines from each o f  the nodal points tend t o  converge on the l ines acting as 
barriers. We ca l l  these r t i cu la r  l ines l ines o f  se aration and the i r  d i s t in  utshin feature i s  that 
-rqe from a saddleyoint. Note t h i t  we now hav: a patt;rn of s k i n - f r i c t i z  line! containing three 
nodal points and one saddle point, making a difference o f  two between nodal and saddle points. This rela- 
t ion - that nodal m in ts  exceed saddle points by two - i s  a topological ru le  that holds i n  g e n e r m i l l  
figure often +n the discussion to  follow. Having the topological rule, we can make the dist inct ion between 
attached and separated flows short and precise: The skin-fr ict ion l i n e  pattern for  attached flow cannot 
contain any saddle points; the skin-fr ict ion l i n e  pattern for separated f lw must contain a t  least one 
saddle point. 

Taking a global view o f  the flow, the separation l i n e  i s  then the location along which the boundary layer 
detaches from the wall. There i s  then a particular surface i n  the flow that i s  "anchored" t o  the body along 
the separation l i n e  and prevents the converging boundary layers on each side of the separation l i n e  from 
coalescing. This surface i s  called a dividino surface and r o l l s  up i n  i t s  passage downstream. The saddle 
point i n  the pattern o f  skin-fr ict ion l ines i s  also the source of the external streamlines that ex is t  on the 
dividing surface. Note that on the body, beneath the core of the coiled-up dividing surface, there w i l l  be 
a l ine o f  inf lexion points i n  the pattern a f  skin-fr ict ion lines interspersing the 30 separation l i n e  (on 
either side o f  which are converging skin-fr ict ion lines) and an associated reattachment l i n e  (on either side 
of which exist diverging skin-fr ict ion lines). This localized pattern o f  inf lexion points I n  the body skin- 
f r i c t i on  l i ne  pattern i s  characteristic o f  the existence of a coiled-up dividing surface above It. Because 
it has a well-defined core, we shall invoke the popular terminology and ca l l  the f low i n  the v i c in i t y  of the 
coiled-up dividing surface a m. 

Notwithstanding these definitions, i t  may be that the scale o f  resolution on the nose o f  a vehicle when 
separation exists ( f o r  example, a t  a re la t ive ly  sharp apex) i s  such that the postulated combination of two 
nodes adjacent to a saddle point i s  not determinable. Even on a nose with a larger radius, we may only be 
able to  identify a "source flow" i n  the pattern of skfn-fr ict ion lines. Thus an important question arises: 
To what scale {nust we reduce our "window" of the flow so as not to omit the important ker.iels o f  i t s  formation? 

'+See also the technical evaluation o f  th is  AGARD FDP Symposium by Morkovin (1978). 



The problem c i ted  above has caused d i f f i cu l t i es ,  especially whan experimental and analyt ical  D o w n  of 
resolut ion are imprecise. i n  synthesizing 30 flow f ie lds  from sk in - f r i c t i on  l i n e  patterns alone. I .vertheless, 
i n  the ensuing sections, we shal l  attempt t o  demonstrate the useful~iess o f  t o p ~ l o g i c a l  notions i n  providing a 
ra t iona l  mans for  deciphering the in t r icac ies  of 30 separated flows, and as useful tools i n  c m s t r u c t i ~  tk 
character ist ics of the external 30 f lowqie lds  i n  conjunction w i th  the pattern of body sk in - f r i c t i on  l ines.  
( I n  a pr iva te  cmmunication. Legendre 1979 has pointed out tha t  the groundwork f o r  the topological notions, 
i t s  language and i t s  rulcs, were l a i d  out i n  a series of f undmnta l  mathematical papers by Poinca6 (1878). 

2.2 The Three-Dimensional Boundary Layer 

The essential character ist ic of a three-dimensional flow, which distingufshes It from the simpler two- 
dimensional and axisymnetric cases, i s  tha t  pressure gradients ex i s t  i n  the transverse d i rec t ion  as we l l  as 
along the external streamline direct ion.  Although we can s t i l l  ass- tha t  the pressure gradient i s  neg l i -  
g i b l y  small through the thin, attached boundary layer along a normal t o  the surface, the transverse pressure 
gradient w i l l  cause the mean streamline curvature t o  increase toward the surface, i n  which d i rec t ion  there l s  
incrrasing momentum-deficient flow. This skewing o f  the viscous flow, which i s  l im t ted  by the transvt r e  com- 
ponents o f  shear stress tha t  are caused t o  develop, i s  ca l led  "crossflow* or  "secondary flow." Due t o  the 
crossflow ( the response df the boundary layer t o  the transverse pressure gradients) the resul tant  d i rect ions 
o f  the mean-flow veloci ty vectors are nonplanar, as shown i n  Fig. 7. Near the outer edge he boundary 
layer, the transverse gradient does not w c h  a l t e r  the ve loc i ty  vectors from the local  e x t a l  stream direc- 
t ion,  but deeper i n  the layer, a substantial crossflow develops. The boundary condit ions a t  the wa l l  
(u = v = 0) and a t  the edge of the viscous flow (u = ue, v = 0) must be sat isf ied,  o f  course. 

Previous work has indicated that  two systems o f  orthogonal coordinate axes are the most cotmnonly used t o  
resolve the three-dimensional boundary layer (see Cooke and Hal l  1962; Nash and Pate1 1972;. The f i r s t  i s  a 
system o f  natural o r  geodes j c  coordinates, so named because they are based on the geometry 'of the body. It 
i s  especially useful f o r  bodies having developable surfaces, such as cones. The second system i s  one o f  
streamline coordinates tha t  i s  based on the geometry of the external flow. This i s  a system i n  which one 
family o f  coordinate curves i s  the project ion o f  the externa: streamlines on the surface o f  the body; the 
other fami ly consists o f  the orthogonal t ra jec tor ies  i n  the surface of the f i r s t  family. These are shown i n  
Fig. 7. Tile d i rec t ion  o f  the external streamline i s  k n m  as the streanwise d i r e c t i  E ,  and the transverse P direction. n, i s  ca l led  the crossflow direction. With streamline coordinates, the ve oc i t y  psof i les resolve 
i n t o  u and v components, as shown i n  Fig. 7. I f  the maximum value o f  the crossflow v 6 l o c i t y d r  small, 
small c r o s s f l w  approximations can be made i n  the boundary-layer n!unentum equations, t o  decouple the calcula- 
t i on  o f  the streanwise flow from the crossflow. As a se ra t ion  l i n e  i s  approached, the developnent o f  
5"-shaped crossflow p ro f i l es  occurs (see Rainbird 1968by On very complex bodies. hwever, streamline 
coordinates can lead t o  very d i f f i c u l t  d i f ferent ia:  geometry necessary t o  describe the metric coeff ic ients 
(the stretching functions). Other orthogonal systems may then be more useful; see Myring (1970); Mangler 
and Murray (19i5); Pulliam and Steger (1978). Unfortunately, a method t o  provide an optimized coordinate 
geometry t o  s u i t  a general 30 f low problem has ye t  t o  be found. 

Two addit ional mean-flow character ist ics o f  three-dimensional boundary-layer profi les, when resolved 
i n  stream7ine coordinates, are i l l us t ra ted  i n  Fig. 8: the crossflow angle w i th in  the boundary layer and the 
polar ve loc i ty  pro f i le .  Considerations o f  the boundary-layer equations i n  the viscous sublayer imply con- 
tinuous skewing o f  the flow i n  t h i s  region, shown by curve (a). Only when the resul tant  pressure gradient 
i s  i n  the d i rec t ion  o f  the resul tant  s ? i l  shear stress (a condit ion not usually encountered i n  practice) can 
we assume co l la tera l  flow, curve (b); tha t  i s .  where the crossflow veloci ty v i s  d i rec t l y  proportional t o  
u close t o  the wall (Nash and Pate1 1972). Infinitesimally close t o  the surface, the veloci ty vectors reach 
a l i m i t i n g  d i rec t ion  t ha t  d i f f e r s  by an angle W, (cal led the streamline divergence angle. Fig. 8) from the 
external stream direct ion.  This streamline divergence angle  ill be small i n  the case of a boundary layer 
ex is t ing  i n  a favorable pressure gradient, but may becane very large when the pressure gradients become 
adverse. Moreover, there i s  no lag  o f  growth i n  the c ros~ f l ow  wi th  appl icat ion of the transverse pressure 
gradient, but the redtiction i n  crossflow lags the removal o f  the pressure gradient (Cooke and Hall 1962). 

2.3 H is tor ica l  Perspective o f  L imi t ing  Streamlines and Skin-Friction Lines 

I f  we consider the subject o f  three-dimensional viscous flows i n  i t s  h i s to r i ca l  context. Sears (1948) 
u t i l i z e d  the concept o f  " l im i t i ng  streamlines" i n  a paper discussing the laminar boundary layer on a yawed 
cylinder. Each streamline j u s t  above the surface i s  one o f  a continuous pattern. No matter how small the 
height o f  the streamline above the surface, the streamline w i l l  ex ist .  I f  t h i s  height i s  allowed t o  approach 
zero, the streamline w i l l  become para l le l  t o  the surface, re f l ec t i ng  the more rap id  decline towards zero o f  
the f l u i d ' s  normal veloci ty than i t s  tangential velocity. The streamline i s  then ident i f iab le  as a l i m i t i n g  
streamline: i t  possesses the same d i rec t ion  as a sk in- f r i c t ion  l i n e  o r  a s ~ r f a c e  shear-stress t ra jectory.  
So long as the l im i t i ng  streamline remains para l le l  t o  the surface, the pattern o f  l i m i t i n g  streamlines may 
be a l te rnat ive ly  viewed as a "sheath" surrounding the body. whose projections onto the surface are the skin- 
f r i c t i o n  l ines.  These l i m i t i n g  streamlines a t  the base o f  the boundary layer must not be confused wi th  the 
streamlines o f  the external inv isc id  flow a t  the edge o f  the boundary layer; i n  general they w i l l  fo l low 
paths that are d i f fe rent  i n  d i rec t ion  from the external streamlines. 

Limit ing streamlines t yp i cd l l y  or ig inate at  nodal points of attachment (e.9.. on the nose of a body) 
and, a f t e r  circsmscribing the body surface, disappear in to  nodal points o f  separation. Since l i m i  t i ng  
streamlines springing from adjacent noddl points of attachment w i l l  tend t o  run i n t o  each other, there must 
ex is t  between them a saddle point  o f  e i ther  attachment or separation, emanating from which a single l i m i t i n g  
streamline w i l l  act as a bdr r ie r  between the streamlines from the adjacent nodal points and prevent them 
from crossing. I f  the adjacent l i m i t i n g  streamlines tend t c  converge on th i s  l ine,  the l i n e  w f l l  have the 
appearance o f  a i i n e  o f  separation; tha t  i s ,  a l i n e  near which adjacent l i m i t i n g  streamlines w i l l  tend t o  
leave the surface. Sears (1948) included a sketch suggesting t h i s  behavior; however, he d id  not c a l l  the 
l i n e  i n  question a 1 ine o t  separation ir, h is  investigation o f  the laminar boundary layer on a yawed i n f i n i t e  
wing. I n  subscribing t o  t h i s  work, Eichelbrenner (1954) and Eichelbrenner and Oudart (1955) proposed that  
a three-dimensional 1 ine o f  separation was the envelope of the converging adjacent 1 i m i  t i ng  streamlines (con- 
versely, from the l i n e  o f  attachment, l i m i t i n g  streamlines diverge). 



7 

It remined for Maskell (19551, i n  a paper remarkable f o r  i t s  c l a r i t y  and descr ipt ive power, t o  
br ing together a nunber o f  these notions and demons:rate how the l i m i t i n  streamlines provide "a threc- 
dimensional skeleton structure o f  the v f i r c t ~ s  flow. Maskell d i d  not re!y on boundary-layer concepts but 
based h i s  discussion on the signi f icanct r f  separation i n  the f low as a whole. The hypotheses he pro- 
posed f o r  syntheslzing f low structures were c lear ly  influenced by the resu l ts  o f  experimental studies 
u t i l i z i n g  o i l -s t reak flow-vtsualization techniques. If a f low-visual izat ion indicator on a wind-tunnel 
model ts very thin, It has been shown (see b l t b y  1962) tha t  the d i rec t ion  indlcated by the streak passing 
through a pofnt  on the surface i s  very close t o  the d i rec t ion  of the sk in- f r tc t ion  l i n e  through the point .  
Hence, Insofar as i t  i s  t rue  that  a sk in- f r i c t ion  l i n e  I s  the project ion on the surface of a l i m i t i n g  
streanltne, the streak i s  l ikewise an indication o f  the d i rec t ion  o f  the corresponding l i m i t i n g  streamline. 
Maskell's hypotheses, together w i t h  the types o f  o i l -streak f low-visual tzat ion techniques, y i e l d  a powerful 
means o f  diagnosing and synthesizing the qua l i ta t ive  features o f  three-diinensional viscous flows. Maskell 
conceived o f  two main types of separated flow structures: a bubble type (Fig. 9a) and a free-shear layer 
type (Fig. 9b). 

F lu id  accumulating a t  a three-dinwnsional separation l ine ,  which i n  general i s  set  obl iquely t o  the 
d i rec t ion  o f  the external and essent ia l ly  i nv i sc id  flow f ie ld ,  leaves the separation l i n e  usually as a free- 
shear layer (Fig. 9b) and r o l l s  up i n  the process of passing downstream. I n  both types o f  structure, Maskell 
hypothesized that  a l i m i t l n g  streamline would j o i n  the separatton streamline " tangent ia l ly"  o r  would have a 
"cusp" on the separation stream1 ine. The separation streamline therefore would be a "cusp locus" o f  1 imi t i ng  
streamlines that  j o i n  i t  from e i ther  side. L imi t ing  streamlines from opposfte sides that  j o i n  the separation 
streamline a t  a s ingle po in t  were hypothesized t o  merge and t o  leave the surface as s ingle streamlines along 
a "surface o f  separation." 

Although the experimental evidence o f  o i l -streak l i nes  could be read t o  favor the pic ture  o f  separation 
drawn by Baskell, the central idea that  the l i n e  o f  separation was an envelope (see also S. Brown 1965) o r  
a locus where l i m i t i n g  streamlines could at tach themselves and merge together d i d  not go unchallenged. An 
i m p l i c i t  c r i t i c i s m  was contained i n  the resu l ts  o f  Legendre (1956, 1965) and Oswatitsch (1957) who, indepen- 
d w t l y ,  studied the mathematical behavior o f  the singular points associated wi th  continuous vector f ie lds .  
Their results, del ineat ing the types and behavior o f  allowable elementary singular w i n t s ,  would ,lot accom- 
modate the complicated singular behavior cal led for by Maskell 's p ic ture  o f  merging streamlines. 

The issue ivas c l a r i f i e d  and essent ia l ly  resolved by L i g h t h i l l  (1963) in  an important and l uc id  review 
a r t i c l e .  L i g h t h i l l  abandoned the use o f  l i m i t i n g  streamlines t o  work instead wi th  sk in- f r i c t ion  l ines  and 
the i r  associated surface vortex l ines.  Both o f  the l a t t e r  systems o f  l i nes  cover the surface completely, 
crossing each other everywhere a t  r i g h t  angles. The ddvantages o f  working wi th  sk in - f r i c t i on  l ines  are 
tm fo ld :  f i r s t ,  they are defined uniquely everywhere on the surface, even i n  the v i c i n i t y  o f  l ines  of se ara 
t ion, which are themselves sk in - f r i c t i on  l ines;  and second, w i t h  sk in - f r i c t i on  l ines  being d e f e -  
everywhere on the surface, the pattern o f  sk in - f r i c t i o r  l ines  can be viewed as a continuous vector f i e l d .  
Hence, the allowable elementary singular points o f  the f i e l d  can be delineated easily, as L i g h t h i l l  showed, 
reproducing the previously c i t ed  resu l ts  o f  Legendre (1956, 1965) and Oswatitsch (1957). L i g h t h i l l  also 
noted that the number and types o f  singular points on the surface obey a topological r u l e  (see also Davey 
1961). 

Mare recently, Legendre (1977). not ing tha t  controversy s t i l l  existed over the in terpre ta t ion  o f  1 imi t- 
ing streamlines I n  the v i c i n i t y  o f  separation, recapitulated the simple mathematical basis f o r  a l im i ted  
number o f  elementary singular points. He observed that, so f a r  as i s  current ly known. a l l  experimentally 
determined surface flow visual izat ion patterns can be interpreted wi th in  the framerrork o f  a l im i t ed  number 
of elementary singular points. There is,  a t  present, no necessity t o  invoke more complicated singular 
hehavior t o  cover the ex is t ing  evidence. 

Our own view supports that  o f  L i g h t h i l l  (1963) and ~ e g d b r e  (1977) - oi l -s t reak f low-visual izat ion 
surface patterns are best interpreted as being representative o f  s k i n - f r i c m n e s .  Singular points i n  
the patterns are consistent w i th  the simplest possible hypotheses regarding the charar ts r is t ics  o f  continuous 
vector f ie lds.  Addit ionally, our view i s  tha t  not only i s  i t  good s c i e n t i f i c  pract ice t o  hold only the 
simplest hypotheses consistent w i th  the experimental evidence, but there are also advantages t o  be gained by 
such an economy. Recently, J .  C. R. Hunt e t  a l .  (1978) have shown that  the notions o f  elementary singular 
o in ts  and topoloqical ru les can be easi1.y extended t o  apply t o  the f low above the surface on lanes o f  

fymnetry, on projections of conical flows (J .  H. 0. Smith 1969). and on crossflow planes,ymne-o 
Perry and F a i r l i e  1974). I t i s  useful to  consider the l im i ted  number o f  singular points and topological 
ru les as components o f  an organizing pr inc ip le  - a flow gramnar, whose f i n i t e  number of elements can be 
combined i n  myriad ways t o  describe, understand, and connect together the properties c o m n  t o  a l l  three- 
dimensional viscous flows. 

2.4 Singular Points 

Singular points i n  the pattern o f  sk in - f r i c t i on  l ines occur a t  jsolated points on the surface where the 
surface v o r t i c f t y  and skin f r i c t i o n  (orthogonal vector quant i t ies t a m  t o  the surface) be-cme iden- 
t i c a l l y  zero. Singular points are c lass i f iab le  i n t o  two main types: nodes and saddle points. Nodes m y  be 
further subdivided i n t o  two subclasses: nodal points and foc i  (o f  attachment or separation). 

A nodal point  (Fig. l9a) i s  the point  comnon t o  an i n f i n i t e  number o f  sk in- f r i c t ion  l ines .  A t  tha t  
point. a l l  o f  the sk in - f r i c t i on  l ines  except one (labeled AA i n  Fig 10a) are tangential t o  a s ingle l i n e  BB. 
A t  a nodal point  o f  attachment. a l l  o f  the sk in - f r i c t i on  l ines are directed outward away from the node. At 
a nodal point of separation, a l l  o f  the sk in - f r i c t i on  l ines  are directed inward toward the node. 

A focus (Fig. lob) d i f f e r s  from a nodal point  on Fig. 10a i n  tha t  i t  has no romnon tangent i i ne .  An 
i n f i n i t e  number o f  sk in - f r i c t i on  l ines  sp i ra l  ?-ound the singular point, e i ther  away from I t  (a focus rf 
attachment) or i n to  i t  (a focus o f  separation). Foci o f  attachment generally occur i n  the presence of rota- 
t ion, e i ther  o f  the flow or o f  the surface, and w i l l  not f igure i t 1  the present study. 



At a caddle point  (Fig. IOc), there are only t:m par t icu lar  l ines,  CC and DD, t h a a s s  throu h the 
singular p l n t .  The direct ions on e4ther  s ide o f  the singular point  are Inward on one pUrt icular Pine and 
outwar8 on the other par t icu lar  l ine .  A l l  o f  the other sk in- f r i c t ion  l ines  mlss the s ingular point  and take 
3irerLions consistent w i th  the direct ions o f  the adjacent par t icu lar  l ines.  The par t icu lar  l ines  ac t  as 
bar r ie rs  i n  the f i e l d  o f  sk in - f r t c t i on  l ines, nuking one set o f  sk in - f r i c t i on  l ines  inaccessible t c  
rcljacent set. 

For each o f  the patterns i n  Figs. 10a t o  10c, the surface vortex l ines  form a system o f  l ines orthogonal 
a t  every point  t o  the system o f  sk in - f r i c t i on  l ines.  Thus. i t  i s  always possible i n  pr inc ip le  t o  describe 
the flow i n  the v i c i n i t y  o f  a singular po in t  a l te rnat ive ly  i n  terms of a pattern o f  sk in - f r i c t i on  l ines  o r  a 
pattern o f  surface vortex 1 ines. 

@%a 
Davey (1961) and L i g h t h i l l  (1963) have noted that  of a l l  the possible patterns o f  sk in- f r i c t ion  l ines 

on the surface o f  a body only those whose singula? points obey a topalo i c a l  r u l e  are admfssible:, the number 
o f  nodes (nodal points or  foci, o r  both) must exceed the number o f  saddqe points by two. We sha l l~~emonst ra te  
t h i s  ru le  and i t s  recent extensions-to the external flow f i e l d  i n  a nunber o f  examples. 

We should note that  the 30 flow a t  a saddle point  o f  attachment (Davey 1961) and the axisymnetric f low 
a t  a nodal point  o f  attachment (Schlichting 1 9 9 )  are avai lable from exact solut ions o f  the Navier-Stokes 
equations when arguments o f  " local  s im i l a r i t y "  are invoked. It appears that  other singular pofnts on t C ?  
surface may also be given i n  numerical solutlons o f  approximate forms o f  the Navier-Stokes equations. .s . . - 
2.5 Topography o f  Skin-Friction Lines 

The singular points, act ing e i ther  i n  iso la t ion  or  i n  combination, f u l f i l l  cer ta in  character ist ic func- 
t ions tha t  largely determine the d i s t r i bu t i on  06 sk in - f r i c t i on  l ines  on the surface. The nodal point  o f  
attachment i s  t yp i ca l l y  a stagnation point  on .i foma acing surface, such as the nose o f  a body, where 
the external flow from f a r  upstream attaches i t s e l f  t e surface. The nodal point  o f  attachment thereby 
acts as a source of sk in - f r i c t i on  l i nes  tha t  emerge from the po in t  and spread out over the surface. Con- 
versely, the nodal point  o f  separation I s  typ ica l ly  a point  on a rearward-facing surface, and acts as a 
sink where the sk in- f r ic t ion  l ines  tha t  have circumscribed the body surface nay vanish. 

The saddle po in t  acts t yp i ca l l y  t o  separate the sk in- f r ic t ion  l ines  issuing from o r  entering i n t o  adja- 
cent t des ;  f o r  zxample, adjacent nodal points of attachment. An txample o f  t h i s  function i s  i l l u s t r a t e d  
i n  Fig. l l a  (L igh th i l l  1963) acd i n  the sk in - f r i c t i on  l i n e  pattern on the cockpit windows of a Space Shutt le 
model (Fig. l l b ;  courtesy o f  L. Seegmiller, Ames Research Center). Sk in- f r ic t ion  l ines  emerging fror,~ the 
nodal points o f  a t t a c l w n t  are prevented from c*.ossing by the presence o f  a par t icu lar  sk in - f r i c t i on  l i n e  
e m e r q l n q - f r o m r  sk in- f r ic t ion  l i n e  i s  ca l led  a l i n e  o f  separation. Skin- 
f r i c t i o n  l ines  from e i t he r  side tend t o  canverge on the l i n e  a f  separation. Another graphi: ind ica tor  o f  
the l i n e  o f  separation i s  the behavior of the surface vortex l ines.  I n  the v i c i n i t y  o f  a l i n e  of separation. 
the surface vortex l i t ~ e s  become distorted, forming upstreampointing loops wi th  the peaks o f  the loops occur- 
r i ng  on the l i n e  o f  separation. 

Uhy l im i  t i ng  stream1 ines must leave the surface i n  the v i c i n i t y  o f  a I:-? o f  serzration can be exolained 
by a sircple argument due t o  L i g h t h i l l  (1963). I n  terms of general curv i l inear  coordinates ~r thogona l  i n  the 
surface (5. n, i) with length parameters h, ( i ,  II) and h2 ( 6 ,  n), t+e equation o f  the l i m i t i n g  streamline 
(or t ra jec tory  of the surface shear stress vector) becomes 

where 

are the romponents o f  sk in - f r i c t i on  para l lz l  t o  the 6 and n axes, res9ectively. If, furthermore, (5, n, c )  
are arranged as streamline coordinates. then 'SF. TCF are the respe-tive streamvise and cr-xf:ow skin- 
f r i c t i o n  components. Nw i f  n i s  the distance between two adjacent l i m i t i n g  streamlines (see Fig. 12) and 
h i s  the height c f  a rectangular stream tube (being assumed small so tha t  the local resul tant  veloci ty vec- 
to rs  are coplar~ar and form a l i nea r  p r o f i l e )  then the mass f l ux  through the stream tube i s  

where p i s  the densfty and I the mean veloci ty o f  the cross section. But the resul tant  skin f r i c t i o n  a t  
the wal l  i s  the resul tant  o f  and 7Cf ,  or  



yielding 

Tbus h, the ki#t o f  the l imi t ing s t r s r l i n r  above the surface, incrcrscs rapidly as the l i n e  of separatiw 
i s  a p p m d d .  Tkcrc are &o reasons f o r  the increase: f i rs t ,  the resultant skin f r i c t i o n  tw approaches 
zero as tim W l e  point i s  appr. dwd; ud second. n, the distance ktracn adjacent l im i t i ng  s t rcw l ims .  
f a l l s  r r g $ l l y  as the l im i  t f q  s t r e m l i m  converge toward the l i n e  o f  separation. (The mvergence o f  the 
Ihitiq flar i s  a matury condition for the occurrence of separation. but i s  not sufficient; see k. 2.1). 

Tlw cawerst of the l i n e  o f  separation i s  the l i n e  o f  attachcnt. Two l ines o f  a t t r c i n m t  a r t  i l l u s -  
trated i n  Fig. Ilr, e m ~ t i n g  fra each o f  the nodal points o f  attachcnt. W n - f r i c t i o n  l ines tend to 
Qimgc fra l ine  o f  a t tKhcn t .  Jnt as with the l i n e  o f  separation. a graphic indicator o f  the presmcc 
o f  a l i n e  o f  at-t i s  tk behavior o f  tke surface vortex lines. Surface vortex l ines f o m  dornstrcr,  
p f n t i n g  loopr i n  the v ic in i ty  o f  a l i n e  o f  a t b c h c n t  4th thc pmks o f  the loops occurring on the l i n e  o f  
at-t. 

This section c a ~ l u d c r  with z discussion o f  the remaining type of singular point. the focus (of separa- 
tion). The appearance o f  a focus on the surface invariably occurs i n  c-ny wi th  that o f  a UQri: point. 
Together, t k y  povide one rchanism through which surface vortex lilm can, i n  effect, be extended %to 
the f l u i d  to forr the f r i l i a r  coiled 'sheet' about a central uort iul  core. The word 'sheet' i s  m s t  pro- 
perly mewed for the inviscid flo* approximtion to the viscous shear layer i n  the ml fla that departs 
r r o l l  tbe region o f  Ute tsmt8i-imil-separation (skin-friction) l ine. L t h e r  than use the mrd 'sheet' 
w c a l l  the surface s t e r l n g  fra the lint o f  separation a dividing s~!.- fw (of separation). 

-inning a t  a saddle point a the wll. the dividing surfrce utends the function o f  the l i n e  o f  
-ration in to  tk fla, acting as a barrier separating the set o f  l im i t i ng  s t m u l i n e s  that have risen 
fmm near the surface on one side o f  the l i n e  o f  separation frm the set arisen fra the other fide. The 
focus m ttie vrll extends in to the f l u i d  as a concentrated vortex filucnt. The adjacent dividing surfaces 
( to  crhich thc focus an the wl l  i s  attachei through saddle p i n t s )  r o l l  up with the sme sense o f  rotat ion 
as the wwtex filrat. Hm one o f  these dividing surfaces extends damstream. i t  quickly draus the vortex 
filwnt into its core. I n  effect, then. the extension in to thc f l u i d  o f  the focus on the wl l  s e m s  as 
thc v o r t i u l  core rbout uhich the dividing surface coils. 

This f lw behavior w s  f i r s t  hypothesized by Legcndre (1965). uho also noted (Legendre 1972) that an 
experimental con f i r v t ion  existed i n  the results o f  ear l ier  experiments that h d  been carried out by Y t r l i  
(1962). Figure 1 3  shot6 Lcpmdre's original sketch crf the skin-fr ict ion lines; Fig. 13b i s  a photograph 
that i l lustrates tJte e x p e r i a t a l  confirmation. The surface on which surface vortex l ines extmd in to the 
f l u i d  and c o i l  around the extension o f  the focus (Fig. lk) w i l l  be teraed here a "horn-type dividing sur- 
face.' (h the other hrgd. i t  can h a m  that nonc o f  the adjacent dividing surfaces t o  uhich tk focus i s  
connected extends domstrcu. I n  th is  case the vortex filamt emanating fro the focus rerains d is t inct  
('tornado-like') and i s  seen as a separate cn t i t y  on cmssflar planes domstream of i t s  or ig in  on the surface. 

A series o f  exuples where the dis t inct  vortex filament from the focus leaves the surface i s  shown on 
thc vide range o f  aerodynamic configurations presented i n  Fig. 14. Figure 14a i l lus t rates a focus o f  separa- 
t ion on the afterbody o f  an el l ipso id i n  a water tunml a t  very la speed (Lahlou 1971). Figures 14b to  14d 
ska, foc i  o f  separation on l i f t i n g  wings a t  angle o f  attack i n  laminar fla (Her16 1974 and Legendre 1%5) 
and i n  turbulent f lw (courtesy o f  A M  Bcdford and 8. Elsenaar. MR. Ansterdam). I n  each of the figures 
( F i q .  14b t c  l l d ) ,  the pressure gradient along the direction of the separation l ine i s  such as to cause a 
termination c' 'he dividing surface (emnating from the separation l ine)  in to an eventual prominent focus. 
The buffet phenorrmm i s  thought to  be associated with this flow structure on the swept-wing examples, the 
spiraling vortex filament erupting fran the surface with random motion. Finally. Figs. 14e and 14f i l l us t ra te  
foci o f  separation i n  supersonic flat on a cylinder-flare junction (courtesy o f  C. F. Coe, k s  Research 
Cebter) and on the booster o f  a Space Shuttle launch configuration (Dods and Cangie 1971). In  the la t te r  
example, the adverse pressure gradient generated by the exhaust p l m s  of the booster evidently encourages 
tennination o f  the dividing surfaces of separation on the fuselage just  ahead of the exhaust nozzles. 

I n  an interesting and potentially important additional interpretation o f  the focus. one begins by con- 
sidering the pattern o f  l ines orthogonal to  that o f  the skin-fr ict ion lines; that is, the pattern o f  surface 
vortex lines. One i m d i a t e l y  sees that a focus on the wall represents a coimn point marking the agparent 
termination o f  a set o f  surface vortex lines. I f  one imagines that each o f  these surface vortex l ines i s  
the bound part of a horseshoe vortex, then'the extension into the f l u i d  o f  the focus on the wa?l as a con- 
centrated vortex filament i s  seen to  represent the c-ination in to one filament o f  the horseshoe-vortex legs 
fm a l l  of the bound vortices that have ended a t  the focus. One can envision the poss ib i l i ty  of incorporat- 
ing th is  descrfpt+on ?f the f low i n  the v ic in i ty  o f  a focus into an appropriate inviscid flow &el. Lastly, 
although the ~olnbination focus!sadllc point provides a way o f  forming coiled dividing surfaces around vortical 
cores. i t  does not seem to be the only way; i t  w i l l  be seen subsequently that the canbinatior, nodal-point/ 
saddle-point also i s  capable of carrying out th is  function. 

2.6 Merged Singular Points 

The study o f  culnbinations o f  singular points leads to  a question that Itas not yet received attention i n  
the literature, namely: What i s  the nature of the flow i n  the v l c in i t y  of singular points when two or more 
isolated points tend to  mrge together? Although i t  i s  true i n  principle that merged singular points usually 
can be separated in to their  isolated elementary cpmponents by a suff ic ient magnification o f  tile scale, i t i s  
also l i ke ly  that many occasions w i l l  arise when tne task o f  resolving details o f  the flow a t  tho required 



magnified scale i s  berond the capacity of the exper imta l  o r  analytical mans available. Such occasions 
c a l l  for an alternative approach that w i l l  pemi t a deduction o f  the flow's nature on the basis of the 
observable evidence; that is,  a deduction consistent with vhat m u l d  have been deduced on the basis o f  
observations a t  the magnified scale, had suf f ic ient  means o f  resolution been available. I t  i s  suggested 
here that this approach w i l l  entai l  a study o f  singular points that have merged suf f ic ient ly  closely so that, 
a t  the observable scale, they appear to be stngular points o f  higher order. 

TO i l l us t ra te  the nature of the results that are to be expected fm th is  nw and pntant ial ly important 
area of research. we present two exarples that may be representative o f  tk occastons most i n  need o f  a tmt- 
ment cf merged singular points. Figure 1 9  i l lus t rates the merging o f  a saddle point o f  separation a d  a 
nodal point of attachment, such as r i g h t  occur i n  the skin-fr ict ion l i n e  pattern o f  the flar before an 
obstacle standing on a wall. It w i l l  be noted that as the distawe x, separating the saddle point and the 
nodal point tends towards zero, thr skin-fr ict ion l i n e  pattern around W serged points c d i r t e i  features 
characteristic o f  the separate patterns around saddle points and nodal potnts. By w y  o f  speculation, we 
note that Fig. 1% admits of yet another interpretation that my prove useful i n  arr iv ing a t  a suitable 
&f in i t ton o f  the onset o f  separation i n  the f l ow  before an obstacle. Let us imagine that the obs*acle i s  
first small e n o u g h z h a t  no flaw separation occurs, and that i t  i s  then enlarged incrementally u n t i l  a 
stage i s  reached uhen the s l i g h t s t  further m l w g m m t  rould br ing about separation. I t  mould seem that 
the skin-fr ict ion l i n e  pattern at  tbt stage should contain a point such as the one i l lus t rated on the right 
o f  Fig. 1%. This pattern would provide a suitable l i nk  between r skin-fricticn l i ne  topology p r io r  t o  
separation consisting o f  no singular points i n  the v i c in i t y  of the obstacle and a topology subseqmt to 
the f i r s t  appearance o f  separation consisting o f  hro e l m t a r y  singular points. the saddle p o i n t / m h l  point 
cabinat ion i l lus t rated on the l e f t  o f  Fig. 1Sa. Thus, a possible def inl t lon o f  the onset o f  separation 
might be based on the f i r s t  appearance o f  the merged pair of singular points i n  the pattern o f  skin-fr ict ion 
lines. 

The second exaaplle chosen for i l l us t ra t ion  m y  be representative of, for  exaqle. the separated flaw i n  
the v ic in i ty  o f  the stagnation point o f  a blunt-ncse b d y  a t  high angle o f  attack. It consists o f  three 
singular points i n  the pattern of sk in- f r ic t ion lines: two -1 points o f  a t t a c h m t  separated by a saddle 
point. The sketch on the l e f t  o f  Fig. 15b shows the skin-friction l i ne  pattern around the elmentary singular 
points when separated by a distance xl, and the right-hand sketch shows what happens as the separation dis- 
tance x, tends toward zero. 

It w i l l  be see- that the pattern of skin-fa .ction lines around the nerged singular points has th? same 
general appearance as the pattern o f  1 ines around an eleaentary nodal poifit o f  attachment. Two o f  the l ines 
.merging from the point ultimately act as l ines o f  separation. a l l  but tuo of  the remaining l ines carwrgintg 
on them from either side. Behavior o f  th is  type has been observed I n  a nuaber o f  experimental studies on 
blunt bodies of revolution (Peake 1978. Han and Patel 1979) and has led some researchers to a q w  that flow 
separation can ensue out o f  an elemntary node o f  attachsent without the appearance o f  a saddle point i n  Un 
pattern o f  skin-fr ict ion :ines. A closer examination should hwever, that despite appearances, i n  
the case o f  separated fla the behavior o f  the flow i n  the i d i a t e  . ~ i c i n i t y  o f  the stagnation point i s  not 
that appropriate to the flow about an elementary node. 

2.7 Topography o t  Streamlines i n  Two-Dimensional Sections o f  Three-Dimensional F lms 

After an unaccountably long tine. i t  has becone clear only within the las t  few years that the mathematical 
basis fo r  the behavior of elementary singular points and for  the topological rules that they obey i s  general 
enough to  support a much wider regime of application than had been realized. The results reported by 
.I .  H. 8. Smith (1969. 1975). Perry and Fa i r l i e  (1974). and J. C. R .  Hunt et  al. (1978) have made i t  evident 
that the rules governing skin-fr ict ion l i n e  behavior are easily adapted and extended t o  y ie ld  similar rules 
overnin behavior o f  the flow i tself .  I n  particular, J. C. R. Hunt e t  el. 1978) have noted that i f  

= u.(f. y. zr). v(x. y. zn). Ky. z9 ) ]  i s  the mean velocity whose U. ! coiqmnents dre measured i n  a - 
plan: z = zI = constant. above a surface sitaated a t  y = Y(x; z,,) (see Fig. 16). then the r a n  streamlines 
i n  the plane arc: solutions of the equation 

wbich is a direct counterpart o f  the equation for skin-fr ict ion lines on the surface. J .  C. R. Hunt et  at. 
(1978) cautioned that for a general 30 flow the streamlines defined by :he equation are no more than that - 
they are not neress3rily the orojections o f  the 30 streamlines onto the plane z = zo. nor are they necessarily 
part ic le paths even i n  a steady flow. Only for special planes, such as for exanyle. a streanvise plane o f  
symnetry (where w(x, y, 2,) r 0) are the streamlines defined by the equation ident i f iable with part ic le 
path lines i n  the plane when the f lw i s  steady, o r  with instant ceous streaplines whe~t the flow i s  unsteady. 
I n  any case, since {u, v) ( x ,  v )  i s  a continuous vector f i e l d  ( x ,  y), with only a f i n i t e  nulrber of 
singular points i n  tqe in ter ior  o f  the flow a t  which 5 0. i t  f - l l o m  that nodes and saddle points can 
be defined i n  the plane just as they w r e  for skin-fr ict ion lines on the surface. Nodes and saddle points 
within the flow. excluding the boundary y = Y(x; zo),  are labeled N and 5 ,  respectively. and are shown 
i n  their  typical form i n  Fig. 16. The only new feature o f  the analysis that i s  required i s  the treatment 
of singular points on the boundary y = Ylx; z c ) .  As introduced by J. C. R .  Hunt et  a l .  (1978) singular 
points there are defined as half-nodes N and half-saddles S '  (Fig. l o t .  With this simple amenhnt to the 
tvpes o f  singulrr m in ts  allowable. a l l  of the prevlous notions and descriptions relevalt  to the analysis of 
skin-fr ict icn l ines carry over to the analysis o f  the flow within the plaw. 

In a oarallel vein, J. C. R. Hunt et al. 11978) have recognized that, just as the singular points i n  the 
skin-fr ict ion lines on the surface obey a topological rule. so must the singular points i n  any of the sectional 
views of 30 flows obet topoiogical rules. A1 though a v e r y  qeneral rule applying to mu1 t ip l y  connected bodies 
can be derived (J. C. R. Hunt et al. 1978). we shall l i s t  here for convenience only those special rules that 
w i l l  be useful i n  our subsequent studies of the flow past wings, bodies, and obstacles. I n  the f i ve  topologi- 
cal rules l is ted below. we assme that the body i s  sfmply connected and imnersed i n  a f lw that i s  uniform 
far upstream. 



1. Sk in- f r ic t ion  l ines  at a t h ~ d l m s t o n a l  body (Ikwy 1961; L ighth i l '  1W3); 

2. S k i n - f r i c t i m  l ines  at a t h m - d i m m s i m l  body 6 canccted s l g l y  (wtthout gaps) t o  a p l rne wa l l  
P tha t  e i ther  cxtsnds t c  i n f i n i t y  both upstream a d  d a n s t r c v  or I s  the surface o f  r torus: 

3. Streamlines on a bro-dimslonal plane cu t t i ng  a t h r e e - d i m s i m l  body: 

4. Stremlinc-s on a ver t ica l  p l a n  cu t t i ng  a surface that  extends t o  i n f i n i t v  both u p s t r c u  a - i  
danstreaa;: 

5. Streanlines on the project ion onto a spherical surface of a conic?l f law past r t h r e e - d i m s i a u l  
body i J .  H. B. Sai th ;!69): 

2.8 Selected Exa~ples o f  Component F l o w  t o  Deaonstrate Topography 

A study o f  exmpl: cases w i l l  be undertaken i n  t h i s  section t o  demonstrate hm the understanding o f  
the beha i o r  o f  s ingvlsr  points my f a c i l i t a t e  hypothetical reasoning regarding the structure o f  flows about 
major colponents o f  the a i r c ra f t .  S t r i c t  adherence t o  the topological ru les tha t  s ingular points nust obey 
ensures a t  the same time that  hypothetical f low patterns constructed on t h i s  basis r e m i n  w i th in  the realm 
c . i  physical p l aus ib i l i t y .  

2.8.1 Slen4er Wings 

The f i r s t  e-le chosen f o r  study i s  the f low about a slender de l ta  wing a t  angle o f  attack. It i s  
wel l  k n m  that  the character ist ic feature o f  t h i s  f law i s  the appearance o f  f ree shear layers tha t  c o i l  
t i g h t l y  around d iv id ing  surfaces a f  separation springing from the leading edges (see Fiqs. 4, 17, and 18). 
Figure 18 shows a typ ica l  pat tern o f  sk in - f r i c t i on  l ines  on the wing top surface, consistent w i t h  the 
existence o f  both primary and secondary separation l ines, and the peak suction pressures i n  tk c m s s f l a  
plane resu l t ing  from the leading-edge (primary) vortices. However. the o r i g i n  o f  the d iv id ing  surfaces 
and the i r  detai led behavior i n  the v i c i n i t y  o f  the apex remains conjectural. On the theoret ical  side, the 
d i f f i c u l t y  i s  associated w i th  the presence o f  sharp edges which v io la te  ideas about ana ly t ic i ty ;  on the 
experifnental side, the d i f f i c u l t y  i s  associated simply w i th  i nsu f f i c i en t  powers of visual o r  instnunental 
resolution. 

Theoreticians have attacked the problem by focusing on a s m l l  region o f  the apex a id  magnifying the 
scale t o  a degree such that  the edges there appear t o  be rounded enough t o  d'spose o f  the question of 
ana ly t ic i ty .  Then i t  i s  reasonable t o  assume that, j u s t  as f o r  smooth round-nose bodies, the flow i n  the 
v i c i n i t y  o f  the apex l u s t  be describable w i t h in  the fraleerork o f  ru les  governing the behavior o f  singular 
points. The assunption i s  not su f f i c i en t l y  exclusive t o  enable the determination o f  a unique flow pattern 
but only a l im i t ed  nunber o f  physical ly plausible ones. L i g h t h i l l  (1963) has proposed one such pattern. 
and Legendre (1972) has proposed yet  another. These a l te rnat ive  patterns are i l l u s t r a t e d  i n  Fig. 19. As 
noted ear l ie r ,  experimentally detemined sk in - f r i c t i on  patterns f o r  the slender d? l ta  wing lack su f f i c ien t  
resolut ion near the apex t o  be o f  help i n  deciding which among a l te rnat ive  patterns i s  the opera:ive one a t  
a qiven angle o f  attack. Experimental resul ts f o r  the slender rectangular wing. on the other hand, do 
allow a c lear  and unanbiguous resolut ion o f  the sk in- f r ic t ion  l i nes  near the leading edge. As w i l l  be seen, 
the flow over the slender rectangular wing i s  o f  great in teres t  i n  i t s e l f .  Addit ionally, i t  i s  reasonrhle 
t o  assune that t h i s  f low i s  s imi la r  i n  many respects, especially i n  the v i c i n i t y  o f  edges, t o  tha t  over the 
slender de l ta  wing. I f  th i s  assunption i s  adopted, resu l ts  f u r  the rectangular wing becane avai lable t o  
b l p  reso:ve the problem o f  the del ta wing. The resu l ts  reported by Wickens (1366) become pa r t i cu la r l y  
i l l un ina t i ng  i n  t h i s  regard. 

Figure 20 (from Wickens 1966) shars o i l - f l ow  patterns on the leeward surface o f  a slender rectangular 
wing a t  an angle o f  attack o f  20". Figure 21a i s  a deduction from Fig. 20 o f  the corresponding pattern c f  
sk in - f r i c t i on  l ines  on the leeward and windward surfaces. It w i l l  be noted that there are four foci ,  one 
nodal point  o f  attachment, and f i v e  saddle points on the leeward surface and that the windward surface con- 
ta ins one nodal point  of  attachment. Assmino that a l l  o f  the sk in - f r i c t i on  l ines except the par t icu lar  
ones on the center l ine o f  the wing go i n t o  nodal points o f  separation, one a t  each t i p  o f  the wing t r a i l i n g  
edge. whi le the par t icu lar  l ines  on the center l ine go i n t o  a saddle point  a t  the t r a i l i n g  edge, we have 
eight nodes and s i x  saddle points, g iv ing a di f ference o f  two. i n  accordance wi th  topological r u l e  No. 1. 
Each o f  the f i v e  saddle points on the leeward surface separates the flows from adjacent pairs o f  nodes. 
Springing from the saddle points are d iv id ing  surfaces, the fonn o f  which we attempt t o  portray i n  Fig. 21b. 
On each side o f  the centerl ine, we suppose that  the primary separation consists of the d iv id inq  surface 
which runs i n t o  the focus nearest the edge o f  the wing, taking the fonn o f  the "horn-type" d iv id ing  surface 
described previously ( Legendre 1965). 



Particularly noteworthy i s  the other focus-saddle-point codinat ion near the centerline o f  the wing. 
For f lw over a wing of i n f l n i h  span (i.e.. for 2D flou) the dividing surface springing fm tha udd le  
point cr. the centerline would extend indefinitely s~mwise  and. with the correspanding m t t a c l r m t .  w u l d  
represent the so-called leading-edge separation bubble. If the span Of the wing i s  reduced, the adverse 
spanise preswre gradient would cause the dividing surface to  turn danrst r tu .  Y i th  a further reduction 
i n  span. t o  the order o f  tht depicted i n  Figs. 20 and 21, the - s t n u  path o f  the dividing surface i s  
blocked by an adverse streamire pressure gradient. I t s  remining recourse i s  t o  r o l l  up r r d  a focus. 
as portrayed i n  Fig. 21b. Emanating from the focus in to the flw i s  an isolated vortex filrrnt which 
passes downstream. This in t r icate flar structure m y  be c i ted as m exi l~p le of how thm-dimensionality 
can change the aspects of a re la t ive ly  well knmm t w o - d i m s i ~ n a l  flow. 

As the preceding discussion has suggested, m reason that the appearance of an isolated vortex f i l r n t  
emanating from a focus i n  the pattern o f  skin-fr ict ion l ines evidences thc l as t  resort o f  a dividing surface 
that under easier circaatstances would have extended dcmstrem to form the s l t e  o f  a p r i v r y  (or secon&ly) 
separation. This reasoning leads us to suppose that the flat structure depicted i n  Fig. 21. whether repre- 
sentative o f  a rectangular o r  delta wing, aust have been preceded hy a sqlmrce o f  less complicated st=- 
tures over intervals o f  angle o f  attara rovering angles less than those i n  the ran- fo r  which Fig. 21 i s  
the appropriate structure. It should ,,a be clear that by a 1-s coqtlicated -tructure ue man om with a 
sinaller ncaber o f  singular points i n  the pattern o f  skin-fr ict ion lines, and, i~. particular, one with r 
smaller rimer o f  foci. 

A l l  o f  the simpler structures that are possible, involving only a primary separation d a m s t m u  o f  the 
nose region, can be easily delineated; the result ing sequences of fla structures constitute predictions. i n  
a certain sense, that are amenable t o  exper imta l  verification. a t  least for  the mtangu la r  wing. For 
example, i f  it i s  postulated that separated f lw should begin without the appearance o f  foc i  i n  the pattern 
o f  skin-fr ict ion lines, then the surface p t t e r n s  shown i n  Fig. 22 are a possible sequence o f  patterns that 
would lead to that o f  Fig. 21. I n  the v ic in i t y  o f  the apex, note that the i n i t i a l  pattern (Fig. 221) i s  the 
one proposed by L ighth i l l  (Fig. 19a). except that there i s  a change i n  the local curvature o f  the skin- 
f r i c t i on  l ines leaving the nodes. Note also that thc st-line flo* w\ the plane running through the wing 
centerline contains one node (a focus) and four ha l f  saddles and so sat isf ies topological ru le  No. 3. Seumd 
i n  the postulated sequence s:-.oulC be a surface pattern conai r ing a pai r  o f  foci .  O f  the tro possible pat- 
terns, the f i r s t  (Fig. 22b) i s  the one propc.ed by Legendre (Fig. 1%); the second (Fig. 22c) appears t o  
combine features o f  Fig. 22a and 22b. The pattern with four fnci (Fig. 22d) i s  a repetf:ion o f  Fig. 21, and 
thus ends the sequence. 

It i s  also possible to go forward froa Fig. 21 and t o  postulate tha flow structures over successive 
angle-of-attack ranges beyond the range i n  which Fig. 21 i s  the appropriate structure. Yc expect, fo r  
example, that over the next range a pair o f  secondary separations on the lecvard surface should appear. 
This i s  accounted for. i s  Fig. 23 shows, by introducing mother nodal point o f  attachment on either side o f  
the one on the centerline. The adjacekt nodal points must then be separated by the introduction o f  saddle 
points, and appropriate additions must also be mde a t  tk t r a i l i n g  edge to  a l l w  the skin-fr ict ion l ines to 
disappear. The resulting topology has 12 nodes and 10 saddle points. Note also i n  Fig. 23 that the focus 
nearest the plale o f  sysmetry. whicn terminates the nominally tuo-dimensional separated ;hear layer, i s  rm* 
also connected through a saddle point t o  the l i n e  o f  secondary separation. Thus. here, just  as i n  the case 
o f  the primary separation. the vartex filament emerging from the focus i s  no longer isolated, but #y act 
as the core o f  the hcm-type dividing surface that extends the l i n e  o f  secondary separation in to  the fla. 

Art ~ l t e r n a t i v e  pattern of skin-fr ict ion l ines to  that of Fig. 23 -one that contains a smaller nlrdnr 
of singular points - can also be postulated. As shawn i n  Fig. 24. the symetry o f  the planfom allows mv-  
ing the additional nodes and saddle points over to the centerline and c d i n i n g  them there in to  a single 
additional noae and saddle point. This again results i n  a pattern containing a secondary separation line, 
with now 11 nodes and 9 saddle points. Here, the vortex filainent emerging from the focus nearest the plane 
of symnetry i s  again isolated and w i l l  eject in to  the flow normal t o  the surface. 

The flow structures shmn i n  Figs. 22 to 24 are physically plausible, part icular ly for the rectangular 
wing. i n  as much as the hypotheses postulated for  flow separation were based on an experimental result  fo r  
the rectangular wing. For the delta wing and other slender bodies, however. we note that a simpler hypothesis 
for primary, secondary, and ter t iary  separations has not been ruled out: namely. separations formed out of 
simple conbinations o f  nodal points and saddle points of both separation and attachment may exist without 
the appearance o f  foci (sea, e-g., Fig. 22a). Furthemre, i t  i s  possible that the idea o f  mr i n  singular 
points, introduced earlier. wi 1 1 pmve to  be particular1 y useful here where there i s  p h y s i c a d d n c e  to 
suggest that the oistance between a singular p i n t  and the apex may be allowed to  approach zero. 

FinalTy, one may draw the streamline patterns on crossflow planes that are consistent with the WStu- 
lated patte.ns o f  skin-fr ict ion lines and. a t  the same time, are i n  accordance with topological ru le  W. 3. 
Figure 25 presents crossflow streamline patterns i n  a crossflow plane near the t r a i l i n g  edge. An unseparafed 
f?ow i s  shown i n  Fig. 25a; flows with primary separations, consistent with Fig. 22, are shown i n  Fis. 25b and 
flows with secondary separations, consistent with Figs. 23 and 24, are shown i n  Fig. 2%. Figure 25d applies 
dhen the isolated vortices springing from foci on the surface (Figs. 21 and 22d) appear i n  the crossflow plane 
Note that for nonslender bodies, the growth of the boundary layer may complicate the picture of velocity vec- 
tors close to the surface. 

2.8.2 Symnetric Separated Flow About Slender Bodies 

Since slender wings and bodies are topologically equivalent objects, i t  i s  reasonable to expect that 
every~hing said here about flow behavior over slender wings should f ind a counterpart i n  the behavior of 
flow over slender bodies. In contrast with the near-conical viscous flow f i e l d  about the slender wing. the 
m r e  general body flow exhibits sbbstantial lengthwise effects, a1 though the transverse (circumferential ) 
pressure gradients s t i l l  dcminate. An example o f  such flow counterparts becomes evident by comparing one 
of the photographs o f  skin-fr ict ion l ine patterns reported by Hsieh (1977) (Fig. 26a) for  flow over a 
hemispnere-cylinder at an angle of attack of 19" a t  Mach 1.4, with our deduction o f  the pattern shown i n  



Figs. 26b ud 26c. The f lw i n  the nose region wwld appwr to be luinrr. Hcre w f i nd  yot  a s i r p l a  way 
o f  attaining a secondary separation (nine no&, seven saddle points), d i n i n g  a primary separation o f  the 
node-saddltpoint type (Fig. 22a) and a srondary separation steming from t m i n r t i o n  o f  the ncr ina i ly  two- 
d i r n s i a n r l  separated shear layer (Fig. 23). 

Again, as i n  Fig. 23, the vortex fi lunt u w q i n g  fmm the focus w r e s t  the plane o f  s m t r y  (see 
k i e h  md kng 1976) acts as the core o f  the horn-type dividing surface that extends the l i n e  o f  secondary 
separation in to the flw. (At Nach 1.0 a d  1.2. i n  particular (Fig. 26a). m additional focus o f  corres- 
ponding rotat ion to  that already described abbreviates yet another nminal ly  20 separation l i n e  near the 
intersection o f  the hemisphere with the cylinder.) Note also that we arc postulating that the 1 f ne o f  p r i v r y  
separatim o r ig ina te  fra a saddle point o f  a t t a ~ h m t , ~  a singular point fo r  which m i l l u t i m t i n g  thcoret- 
ica l  treatment exists (Oavey 1961). Also relevant here i s  a finite-difference computation o f  th is  hemisphere- 
cylinder fla, carried out by Pul l iaa and Steger (1978). I f  our interpretation o f  the expcr~aental skin- 
f r i c t i o n  l i n e  pattern i s  taken t o  be comct .  it would appear that the caputatifmal results reproduce 
correctly the principal features o f  the pril lary and secondary separated flows as they are reflected i n  the 
skin-fr ict ion l i n e  :rtterns, except perhaps i n  the v i c in i t y  o f  the singular points on the leeward surface 
near the nose. the missions there p m m i i b l y  k i n g  a c m s q w m e  o f  local ly  Insuff ic ient gr id  resolution. 

Patterns o f  skin-fr ict ion lim about blurt& slender bodies a t  angle o f  attack i n  high Reynolds rider 
turbulent f l a w  provide l ! t t le  evidence o f  any foci  o f  separation i n  the nose region. Rather, the exper ipnt r i  
results ! q l y  s i q l e  nade-saddle cabinations t o  s tar t  both the p r i v r y  and secondary rat ion lines. For 
e-le. ac Invest 'pt ion of the subcritical f lou mt a 6:1 (major to  minor axis r a t z e l l i p s o i d  a t  high 
Reynolds nuber was reported by Atraghji (1968b) and Peake, Rainbird, and Atraghji (1972), i n  which c i r c m  
ferentfal lrasurclwnts u f  surface s ta t i c  pressure. surface tapact pressure, and oi l -bot f lw visualization 
were made to idcnt i fy  the XI visa.ola f l o u  developcnt. Figure 27 presents the skin-friction l i n e  pattern on 
the el l ipso id a t  Hach 0.74, and a t  a Reynolds nmber o f  44 x 1 e .  based on the 1.37 m (54-in.) length o f  the 
body. The boundary l a y m  were turbulent. Rr skin-fr ict ion l ines were deduced fra oi l -& t  flaw visualiza- 
t ion records a t  angles o f  attack from lo0 t o  2S0; for purposes cf clar i ty,  only a fc* of them are sharn. As 
the angle o f  attack i s  increased, the circmferent ial  adverse pressure gradient just  past the flank (4  = 90°, 
see Fig. 28) becmes lore st;ere. causing a progressive thickening o f  the f l o u  on the leeward side o f  the body; 
u n t i l  a t  a = 2S0, there are two regions o f  converging skin-fr ict ion l ines where we i n t e r p e t  that 30 
separations are pment .  (This i s  not a very slender ell ipsoid, but a corresponding situation would exist. 
of course, on a .ore slender e l l ipso id a t  a reduced angle of attack). A similar postulate o f  the skin- 
f r i c t i on  l i n e  developent on a blunt body o f  revolution was given i n  T h i t e s  (1960). 

Figure 28 shars the calculated and the experinenQ1 isobar patterns (as well as soae c i w u f e m n t i a l  
pressure distributions) on a distorted surface development a t  a = 25'. Favorable circmferent ial  pressure 
gradients are indicated by large open armus and unfavorable gradients by shaded a n w s .  At th is  angle o f  
attack, the circmferent ial  pressure gradients completely swaflp the axial gradients. From the calculated 
inviscid pressure distribution. we expect separation t o  occur sollRhere to the leeward of the m i n i m  pres- 
sure line; the experilental pressure distr ibut ion ref lects this. The separation lines, where the convergence 
of the o i l  streaks i s  most noticeable, are sham here as chain-dotted iines, but both of these l ines must stem 
from saddle points i n  the nose region. (As sham i n  Fig. 27, the skin-fr ict ion lines can a l l  be traced back 
to  eatanate fm the attachment region on the nose, but the resolution provided by the o i l  streaks does not 
al lou us t o  determine the conjectured system o f  d a l  a t t a c h t  and saddle points6 that inevitably exists.) 

Figure 28 also shows the substantial suction peaks i n  the c i r cu fe ren t ia l  pressure distributions that 
have developed a t  a = 2S0, as a result  o f  the windward boundary layer r o l l i n g  up fron the primary separa- 
t ion l i n e  S1. The boundary layer gtwing fran the leeward attachment l i n e  detaches fm the surface along 
S2. A cress section o f  th is  syanetric viscous flow developsent i s  sketched a t  the bottan o f  Fig. 27. It i s  
of interest that the laminar f lou about a similar e l l ipso id a t  high angle o f  attack investigated by Uerl6 
(1958) (top o f  Fig. 27) bears close s imi lar i ty  to  the high Reynolds rider turbulent flw. Han and Pate1 
(1977. 1979) also provide surface flow visualization details o f  30 separation on other spheroids i n  a water 
tunnel. Note that the view o f  :he la t te r  authors - that a separation l i n e  originates at  the upstream stagna- 
t ion point on the nose - may be reconci led with ours i f  on a close inspection the stagnation point i s  found 
to consist o f  a saddle point sandwiched between two closely spaced attachment nodes. 

The details of the viscous flow development about the lee side of a body of revolution a t  angle o f  
attack are sini i lar ly found on the underside of upswept afterbodies. Figure 29 displays the pattern o f  skin- 
f r i c t i on  l ines on a 20' upswept rear fuselage at  Mach 0.73 i n  high Reynolds nunber turbulent flow. The 
regions o f  primary and secondary separation are exactly analogous to the flows shown i n  Figs. 26 and 27. 
In  turbulent flow, we require a very sharp change i n  surface curvature i n  the axial direction to provide 
adverse pressure gradients suf f ic ient ly  steep t o  form a 2D separation l i ne  i n  the plane of symnetry. This 
separation l i ne  terminates i n  foci on a body as we explained i n  Figs. 26b and 26c, downstream o f  which there 
i s  a nodal point of attachnent. A direct counterpart o f  such a flow formation i s  noted just downstream o f  
the "knee" (Fig. 29) joining the fuselaye forebody to  the afterbody, with strong evidence o f  the nodal point 
of attachmnt depicted by the directions of the o i i  streaks. 

2.8.3 Asymetric Separated Flow About Slender Bodies 

A t  even higher angles of attack than those already discussed, asynmetric vortex fornations may occur i n  
the leeward wake. The structure o f  the asynmetric flar over slender bodies i s  a topic o f  great current 
interest; despite intensive investigations, however, i t  remains imperfectly understood. Conczpts into1 ving , 
for example, "tearing of vortex sheets" ( i n  our terminology, dividing surfaces) have been proposed to explain 
the appearance o f  new vortices i n  crossflow planes. These concepts, which entai 1 somthing 1 i ke the merging 
of streamlines, are once again tantamount to supposing very complicated singular behavior. We shall t r y  to  
show that, on the contrary, hypotheses invoking the s implx t  possible singular behavior, when coupled with 

"he two nodes and one saddle point of attachment have conceivably merged, as postulated i n  Sec. 2.6. 

6Herged saddle points and attachment nodes. 



some ideas borrawed frm the Yimpulsive-flow analogyu (Al len and Perkim 1951a.b) y i e l d  f low structures consis- 
ten t  w i th  the physical racts so fa r  as they have been observed ( s w  also Tobak and Peake 1979). 

Consider a slender body moving i n  s t i l l  a i r  a t  constant ve loc i ty  u i n  i t s  ax ia l  d i rec t ion  and sinking 
wi th  constant ve loc i ty  v i n  a normal direction. Relative t o  the body, the mean flow i s  steady but, i n  the 
s p i r i t  o f  the impulsive-flow analogy, we choose t o  observe the flow i n  a space-fixed ve r t i ca l  plane x = xo 
as the body passes through it. Suppose that, a t  some instant. the flow i n  the plane around the cy l i nd r i ca l  
instantaneous cross section exhibi ts a p r i m r y  separation tha t  a t  tha t  ins tant  has shom the f i r s t  sign o f  
becoming asymwtric. Ncu consider a two-dimensional cyl inder having the same cross section as the i ns t i n -  
taneous cross section o f  the body i n  the r ixed plane and sinking a t  the same ra te  v. Suppose that  a t  soac 
instant i t  i s  possible t o  f ind a flow over the cyl inder tha t  c losely resesbles the instantaneous f low i n  
the f ixed plane; tha t  is, a flow that  has the same number and types o f  s ingular points (two foci, one saddle 
point, and four half-saddles) corresponding t o  a primary separation (Fig. 25b) and that  i s  i nc ip ien t l y  
asyametric. 

Observin tha t  the c r o s s f l w  Reynolds nuarbers (based on a character ist ic dimension o f  the instantaneous 
cross section! are ident ica l  and that  the instantaneous flows a n  closely similar, one can invoke the 
impulsive-flow analogy and argue that  the flow i n  the f ixed plane a t  subsequent t i n e  intervals, as successive 
cross sections o f  the body penetrate it, l ikewise w i l l  -in c losely s im i l a r  t o  f low over the cyl inder a t  the 
same instants, so long as the cross section of the body changes only slowly. Thus, flows over the cyl inder 
a t  successive instants t ranslate i n t o  steady flows over the body a t  equivalent successive ax ia l  cross sections. 
For wr purposes, we need not invoke the f u l l  analogy, but only an aspect of i t  tha t  i s  m c h  less deranding - 
we ask only tha t  the succession o f  flow structures (i.e., the succession of topologies) i n  the f i xed plane be 
the s a u ~  as tha t  f o r  the cylinder. Note tha t  we need not ask f o r  an exact equivalence of flows nor an exact 
equivalence o f  intervals.  but  only an equivalent sequence of structures. This obviously holds whenever the 
impulsive-flow analogy holds, and probably also under much wider circumstances. Given th i s  equivalence, the 
structural  de ta i ls  o f  the wake behind the cyl inder as the deta i ls  change wi th  increasing t i n e  are a l l  tha t  
i s  needed to show us haw ner vortices appear i n  successive crossflow planes o f  the body. 

Figure 30 i l l us t ra tes  a typ ica l  succession, s ta r t i ng  w i th  a f low having a primary separation tha t  has j u s t  
becom asymmetric. (A recent experiment by Nishioka and Sato (1978) has shom very c lear ly  that the o r i g i na l l y  
symnetric f low with a primary separation becomes asymet r ic  as a resu l t  o f  a loca l  i n s t a b i l i t y  i n  the v i c i n i t y  
o f  the enclosing saddle point, i .e.. the "stagnation point"  i n  the wake o f  the synmetric separated flow.) I n  
Fig. 30a. the reattaching streamline i s  moving toward the d iv id ing  surface that  runs i n t o  the upper focus. As 
it approaches, i t  causes an intense shear layer t o  develop i n  the v i c i n i t y  of the d iv id ing  surface. The shear 
layer becanes l oca l l y  unstable and r o l l s  up to  form a new focus separated from the remainder o f  the o l d  one by 
a new saddle point. The new structure i s  i l l us t ra ted  i n  Fig. 30b. The reattaching streamline now moves toward 
the lower d iv id inq  surface 3n:! ~2152; :hi : ( t t l & t i ~ t ~  Were of a l oca l l y  unstable shear layer, out o f  which i s  
created another focus o f  opposite sense and an associated saddle point  (Fig. 3 0 ~ ) .  The process continues 
cyc l i ca l l y  i n  t h i s  way, adding successive foc i  and saddle points on al ternate sides o f  the wake. I n  each 
succeeding structure, o f  course, the topology sat is f ies  r u l e  No. 3. (Addit ional de ta i ls  o f  the nechanism o f  
vortex shedding are oresented i n  Tobak and Peake 1979 and i n  Peake. (ken and Johnson 1980.) 

Uhen translated i n t o  the flow on successive crossflow planes o f  the body, the flow patterns depicted 
i n  Fig. 30 suggest tha t  the fo l lowing character ist ics should be seen by an observer moving wi th  the body. 
Start ing w i th  the crossflow plane containing the small i n i t i a l  asymnetry, one should, o f  course, see a t  leas: 
the f i r s t  o f  the patterns i l l us t ra ted  i n  Fig. 30 and, i f  more than the f i r s t ,  i n  the same sequence. Figure 31 
displays confirmation o f  t h i s  premise i n  the vapor-screen pictures o f  Jorgensen (1977). where we observe the 
forms o f  the crossflow vortex structures a t  three stations along a typ ica l  miss i le  body a t  an angle o f  attack 
o f  40'. It i s  evident that  the impulsive flow structures shown i n  Figs. M a  and 30b are reproduced i n  the 
steady flow along the missi le body. On the surface, sk in - f r i c t i on  l ines  o f  primary separation should be con- 
tinuous, although not necessarily rec t i l inear ;  t he i r  t ra jec tor ies  may exh ib i t  considerable circumferential 
displacement. There should be a continuous l i n e  o f  attachrent between the l ines o f  separation tha t  may 
(depending on the number of changes i n  the topology of the flow on crossflow planes) d i rec t  i t s e l f  a l t e r -  
nat ively tonard one and then the other l i n e  of separation without ever merging wi th  ei ther.  As we have 
stressed, nowhere i s  there a necessity to  argue that e i ther  sk in - f r i c t i on  l ines  o r  crossflow streamlines 
must bmrge or  becom discontinuous. 

Final ly,  we mention b r i e f l y  another application o f  the impulsive-flow analogy that may prove par t icu lar ly  
useful i n  the problem o f  assessing how the structure of tPe flow over the body changes as the governing param- 
eters are varied over t he i r  operating ranges. I n  a l a te r  section we c a l l  at tent ion t o  t h i s  question again; i t 
i s  o f  obvious importance i n  design and i t  i s  the pr incipal  question i n  the theory o f  b i furcat ion.  

Uc consider the steady flow i n  a crossflow plane a t  a :ixed ax ia l  s ta t ion  o f  the body and, holding a l l  
other flow parameters constant, we ask how the topology of the steady flow i n  the f i xed crossflow plane 
changes as the angle o f  attack i s  increased incrementally. Over the angle-of-attack range where invoking 
the impulsive-flow analogy can be jus t i f ied ,  the answer i s  a t  hand: i t  can be shown that  the sequence o f  
topologies i n  the f ixed crossflow plane that occurs as the angle o f  attack increases i s  the same as the 
sequence shown previously (Figs. 30 and 31) that occurs on crossflow planes a t  successive ax ia l s ta t i ons  
w i th  the body a t  f ixed angle o f  attack. This i s  t rue even though the crossflow Reynolds number o f  the anal- 
ogous problem for  the impulsively started cylinder ~ u s t  increase correspondingly w i th  each increase o f  the 
body's angle of attack. 

I t  turns out that  a f t e r  the impulsive s t a r t  a t  each crossflow Reynolds number, there i s  a par t icu lar  
time a t  which the transient flow over the two-dimensional cyl inder i s  comparable w i th  the steady flow i n  
the f ixed plane on the three-dimensional body. Moreover, the flow topology a t  t h i s  time i s  one o f  a sequence 
that follows the sarre order as that which occurs witn the passage o f  time a t  a f ixed crossflow Reynolds num- 
ber. S t r ik ing  af f i rmat ion o f  th is  assertion i s  available i n  the resul ts o f  an experimental study reported by 
Fellows and Carter (1969). They present a remarkable series of vapor-screen photographs showing the steady 
flow i n  a f ixed crossflow plane o f  a very slender del ta wing over a range o f  increasing angles o f  attack. 
The resul ts are shown i n  Fig. 32, accompanied by sketches o f  our interpretat ion o f  the pr incipal  feattires o f  



the flows. It should be evident tha t  the squence i s  qu i te  s im i l a r  i n  pr inc ipa l  features t o  the squence 
of structures i l l u s t r a t e d  i n  our Fig. 30. 

2.8.4 Obstacle Mounted on a Wall 

The i n t r i gu ing  photographic f ront ispiece i n  Thraites (1360) (see Fig. 33) showing the laninar. low-speed 
flow i n  the plane o f  symetry before an obstacle on a wal l ,  has no doubt challenged many researchers t o  fathom 
i t s  intr icacies.  J. C. R. Hunt e t  a l .  (10/8) have been pa r t i cu la r l y  successful i n  dmmstra'.ing the use- 
fulness o f  topological notions i n  t h i s  connection. Some researchers have understood that  the photograph 
evidences a steady flou. although experiments by Schwind (1962). Peake and Galway (1%5), and Peake. Galway. 
and Rainbird (1965) have c lear ly  show that  the flow i s  unsteady and cyc l ic .  Tobak and Peake (1979) have 
postulated a sequence of cyc l i c  vortex structures about the obstacle i n  low-speed flow. one o f  which corres- 
ponds t o  Fig. 33. The sequence bears close resemblance t o  the comaencement o f  vortex sheilding i n  the 'fnpul- 
s ive f l ou - f i e l d  development about a two-dimensional cylinder. But even though the low-speed external Plow 
f i e l d  i s  cycl ic,  i t  i s  t rue  that  the sk in - f r i c t i on  l i n e  pattern remains invar iant  w i th  time. 

Figure 34a. taken from Peake. Qlway. and Rainbird (1%5), shars c l ea r l y  the l ines  o f  primary and second- 
ary separation tha t  encirc le the front face o f  the obstacle. from which primary and secondary d i v i d i ng  sur- 
faces spr ing t o  form the legs o f  primary and secondary *horseshoem vortices. More than two separation l ines  
may be viewed, depending on the Reynolds nMb t r  and the scale of the boundary layer re la t f  ve t o  the obstacle 
cross section. 

Under high Reynolds nunber condit ions w i t h  turbulent boundary layers existing, i t  i s  l i k e l y  tha t  the 
external f low may have a towlogy d i f f e ren t  from tha t  i n  lamioar f low and that  i t  may be steady. For e x q l e .  
the sk in - f r i c t i on  l i n e  pattern obtained by East and Hoxey (1968. 1969) (Fig. 34b) about a large protuberance i n  
incoapressible turbulent f low shovs only one separation l i n e  and hence only one horseshoe vortex. I n  super- 
sonic flow. there i s  a bifurcated shock structure ahead of the obstacle where the foo t  of the detached bar 
shock wave contacts the viscous flow. Nevertheless. the deta i ls  o f  the sk in - f r i c t i on  l i n e  developlent found by 
Sedney and Kitchens (1975) fo r  a Nach 2.5 stream about an obstacle (shoun i n  the top photograph of Fig. 35) are 
almost ident ica l  w i th  the incompressible turbulent flow sham i n  Fig. 34b. Again, there appears t o  be only one 
horsesh~e vortex, which has bee81 made apparent i n  the lowr photograph of Fig. 35 by a vapor-screen technique. 
The f l a c  i s  fro l e f t  t o  r igh t .  There i s  a saddle po in t  of separation 5 on the axis o f  sylaaetry about 
2 diameters ahead o f  the cylindrica! obstacle. fm which the 30 p r i m l y  separation l i n e  emerges t o  pass around 
and downstrew o f  the cylinder. Upstrean and downstream sk in - f r i c t i on  l ines  converge toward the 3D separation 
l i n e  fm which a viscous horseshoe vortex grows w i th in  the depth of the undisturbed boundary layer. (Ye see 
that  even though the scale o f  the separation re la t i ve  t o  the undisturbed boundary-layer thickness i s  many times 
less than f o r  the slender wing or  slender body f lws ,  the consequences are s t i l l  severe.) 

A streamline i n  the outer boundary layer attaches t o  the nodal po in t  A i n  the plane o f  syanetry j u s t  
ahead o f  the cyl inder junct ion w i th  the wall, from which an attachment l i n e  emerges and proceeds along the 
leading edge. and divergent sk in- f r i c t ion  l ines  pass around the cyl inder and downstream o f  it. One skin- 
f r i c t i o n  l i n e  passes from the attachment node t o  the saddle point  of separation. Others fan out from the 
attachment po in t  i n  the plane of symnetry t o  eventually proceed toward the 30 separation l ine .  Su,xrimposed on 
the sk in- f r ic t ion  pattern. we observe the bow shock wave B, and the rear leg  (or Mach stem, I%) o f  the bow 
shock bi furcat ion.  Foci o f  separation are  detected behind the obstacle. An enlargement of the sk in - f r i c t i on  
l ines  a f t  o f  the cyl inder may be as sketched i n  Fig. 36. The focus V ( i n  Fig. 35) w i l l  center the ro l l - up  of 
the adjacent d iv id ing  surface that  proceeds dmmstream. The focus closest t o  the cyl inder w i l l  erupt as a 
sp i ra l  f i lanent  l n t o  the Rote the close analogy between t h i s  streamline pattern and that sketched i n  
Fig. 226 as one o f  the sequence of blunt-nose flows. 

2.9 B i fu rca t ion  Theory 

He have t r i e d  t o  show i n  some chosen examples hm an understanding o f  singular points and topological 
ru les  may f a c i l i t a t e  the drawing o f  reasonable hypotheses regarding the structure o f  f l w s  about components 
o f  the a i r c ra f t .  I n  sane cases, appl icat ion o f  there notions even allows a measure o f  predict ion o f  f low 
sequences that  the components might experience as the relevant parameters (angle o f  a t tac i ,  Reynolds rider. 
Mach number, etc. ) are varied over the f l i g h t  envelope. The notions that have proved useful r es t  on an 
exceedingly simple theoret ical  base. I f  we ask now h m  the theoretical base might be extended. pa r t i cu la r l y  
i n  the quant i tat ive direction, we are led  imnediately t o  the main question - as the paraneters o f  the problem 
are varied, can one map out i n  advance the boundaries separating regimes w i th in  which the mean flow structure 
( i  .e., topology) remains f ixed? The question brinqs t o  mind s imi la r  questions that  have given r i s e  t o  the 
mathematical theory o f  b i furcat ions (see. i n  par t icu lar .  Joseph 1976; Benjamin 1978). The importance o f  the 
question may be judged i f  i t  i s  recal led that the design o f  the "Concorde" wing had as i t s  pr inc ipa l  aim the 
maintenance o f  one type o f  flow over the en t i r e  f l i g h t  envelope. 

The pr incipal  success of b i fu rca t ion  theory i n  f l u i d  mechanics has been the del ineat ion o f  a succession 
of d i s t i n c t  and stable flow regimes (most markedly f o r  ro ta t ing  flows, i.e.. the Taylor problen) tha t  can 
occur fo l lowing the i n i t i a l  loss o f  s t a b i l i t y  o i  laminar flow. Judging from the complexity o f  the mathe- 
matical machinery needed t o  achieve t h i s  success, one hesitates t o  at tack the question that  has been posed 
purely w i th in  the framework o f  b i fu rca t ion  theory. However, the out l ines o f  a mixture o f  theoret ical  and 
computational approaches may be envisioned as a resu l t  o f  some o f  the work current ly being car r ied  out 
successfully i n  the numr ica l  computation o f  viscous flows over simple wings and bodies. The essential 
ingredient i s  a computational method capable of accurate solutions o f  the time-de ndent equations o f  f l u i d  
motion, even though a l l  tha t  i s  sought i s  a steady-state mean solut ion t h a b r  a su f f i c i en t l y  
long passage o f  tim. The use o f  accurate time-dependent flow co~nputations i s  essential t o  ensure that a l l  
o f  the resu l t ing  steady-state solutions are stable. (The search f o r  stable solutions by means o f  formal 
mathematical techniques i s  what makes the appl icat ion o f  b i fu rca t ion  theory so d i f f i c u l t . )  Given such a 
computational method, and combining i t  w i th  an e x p l i c i t  recognit ion o f  the behavior o f  singular points and 

'The invest igat ion in to  the low-speed flow about surface excrescences by Gregory and Waiker (1951) 
y ie lded a not  d iss imi la r  f low structure behind an excrescence. 



t h e i r  topological rules, i n  pr inc ip le  one could f ind steady-state solutions over the ranges o f  the relevant 
parameters and simply pick out points i n  the space of parameters when the topology o f  adjacent solutions 
changes. 

It can be anticipated that the establishment o f  boundary curves i n  accordance wi th  the procedure j u s t  
suggested would y i e l d  considerably m r e  than a useful design tool. important as tha t  i s .  By the way they 
have been defined, the boundary curves are int imately l inked t o  the s t a b i l t t y  boundaries o f  the flow: 
every change from one topology t o  the next i n  e f f ec t  signals that  the f low corresponding t o  the f i r s t  
topology has become unstable. Hmce. the boundary curves nay turn  out t o  define, o r  a t  leas t  be l inked to. 
the onset o f  buf fet ,  s ta l l .  vortex breakdarn, and s imi la r  indicatfons o f  dramatically al tered flow structure. 

3.1 Preliminary Comnent 

He generally accept tha t  the Navier-Stokes nxwnentum equations are axiomatic (Stewartson 1964) and tha t  
together w i th  the cont inu i ty  and t h e m 1  energy equations, they model the motion o f  a viscous. compressible. 
laminar o r  turbulent, heat-conducting f l u i d  without chemical reactions, a t  points i n  space and tin away 
fm strong shock waves. I n  view o f  the non l inear i ty  of the equations, we are involved w i th  a large nuober 
of possible solutions (due t o  random i n i t i a l  condit ions) tha t  we can obtain v ia  nuslerical analysis - b u t  
these are solutions only i n  t e r n  o f  averaged quant i t ies over time and space ( i  .e.. averaging due t o  f i n i t e  
mesh sizes used f o r  resolution). Nmerical  solut ions of the time-dependent Navier-Stokes equations, f o r  a 
mesh point  d i s t r i bu t i on  su f f i c i en t l y  f i ne  t o  represent turbulent motion, do not appear at ta inable i n  the 
near o r  d is tant  future. I n  order t o  compute the various three-dimensional turbulent-f low structures possess- 
i ng  a substantial range o f  length and time scales, computational techniques themselves must be accurately 
time-dependent. Current f i n i t e  di f ference procedures e ~ p l o y i n g  numerical a r t i f i ces ,  such as damping ftwn 
" a r t i f i c i a l  v iscosi ty* inputs. f o r  instance, may be inadequate because they introduce errors tha t  may diverge 
i n  the development o f  the instantaneous flow f i e l d .  Rubesin (1975) indicates tha t  t o  define the three- 
dime.lsiona1 boundary-layer flow upon an a i r c ra f t ,  the slnallest s ign i f i cant  scale d m n d s  mesh spacing 
o f  the boundary-layer thickness leading t o  the order of 10'' mesh points overal l .  He renarks tha t  the cor- 
responding allowable time step i n  any given marching procedure i s  1 ptec o f  real  time. These potent ia l  
requirements f o r  computer storage and speeds, i n  order t o  solve the time-dependent Navier-Stokes equations. 
are i n  excess o f  projected c w u t i n g  machinery. 

To br ing  the requirements f o r  compute,. storage and speed w i th in  present capacities, we must resor t  t o  
modeling the turbulence structures i n  30 viscous flows and f ree shear layers springing fm 30 separation 
1 ines. Current research i n  the United States i s  directed toward developing numerical procedures, turbulence 
transport models, and computer programs f o r  obtaining solutions t o  the Reynolds averaged Navier-Stokes equa- 
tions, usually involv ing parabolized o r  " th in- layer"  approximations i n  30 flows. As seen i n  Fig. 37, such 
solutions are feasible a t  present h. +h subgrid scale turbulence modeling; however, f o r  the prac t ica l  computa- 
t i on  o f  large turbulent eddies on even the simplest o f  aerodynamic components, these solutions require a 
thousandfold increase i n  the computational speed o f  present machinery. 

An entertaining c r i t i que  o f  computer simulation and accuracy l im i t a t i ons  o f  numerical methods wi th  regard 
t o  turbulence modeling i s  given i n  comnents by Roache and Bradshaw (1975) i n  response t o  the essay o f  
D. R. Chapman. Rark, and P i r t l e  (1975). Current computing power has f a r  outstripped the a v a i l a b i l i t y  o f  
experimental data tha t  are required t o  ve r i f y  numerical resul ts.  "There are too many computers chasing too 
few facts" (P. Bradshaw 1972; pr ivate comnunication) and no super-computer w i l l  supply the correct  physics. 
We agree wi th  Roache (1975) tha t  "the u t i l i t y  o f  closed-form solutions showing functional re lat ionships i s  
greater than a morass o f  numbers from a numerical experiment for one set o f  parameters." Hence, f o r  a 
physical insight i n to  pract ical  flows i n  three dimensions, we s t i l l  t r y  to  blend an external inv isc id  f low 
solut ion w i th  an appropriate boundary-layer procedure, supplemented by special submodels o f  flow-separation 
phenorena, as we i l  as attempting t o  exp lo i t  the conceptual s imp l i c i t y  of  the f u l l  time-dependent Reynolds 
averaged Nai.;er-Stokes equations (which s t i  11 require subgrid iurbulence models). 

The correct  physics has t o  be found from very careful experiments; "careful"  i s  emphasized because 
there i s  always the r i s k  o f  interference wi th  the flow from pneumatic or  hot wire probes (especially near 
tire surface) o r  d i f f i c u l t i e s  i n  beam alignment and v ibra t ion  w i th  nonintrusive "opt ical  probes." The poten- 
t i a l  o f  the laser anemmeter t o  obtain mean and f luc tuat ing  ve loc i t ies  ( k e n  and Johnson 1978a.b) coupled 
with holography and Raman scattering techniques (w i th  lasers) t o  provide appropriate density and temperature 
measurements appear promising fo r  the eventual revelat ion o f  three-dimensional flow f ie lds .  

3.2 A n ~ l y t i c  Modeling of  Three-Dimensional Separations 

I n  the c lassical  a i r c r a f t  example o f  Fig. 3d, the aim o f  design has been t o  eliminate separation ahead 
o f  the t r a i l i n g  edge (Fig. 38) usually because substantial increases i n  drag and flow unsteadiness are i n t ro -  
duced wi th  essent ia l ly  20 separations on wings o f  high aspect ra t i o .  With the increases i n  speed, l i f t ,  and 
angles o f  attack and yaw, demanded i n  the operation of l i f t i n g  wings and bodies of smaller aspect ra t io ,  
extensive regions o f  three-dimensional separated flow are shed from many parts o f  the airframe (Figs. 4, 6. 
and 17) and new and tractable flow models are required. On wings wi th  sharply swept leading edges, 3D separa- 
t ion  occurs a t  the sa l ien t  edges, being v i r t u a l l y  independent of the oncoming boundary-layer properties a t  
the high Reynolds numbers o f  in teres t  to  us. I n  the 1 i m i t  o f  i n f i n i t e  Reynolds number - or, fo r  pract ical  
purposes, a t  high enough Reynolds numbers - the co i led  viscous shear layer may be modeled approximately by 
an inviscid-f low vortex sheet. I n  other words, we adopt a viewpoint s imi la r  t o  that underlying the use o f  
the Kutta-Joukowsky condit ion fo r  determining flow a t  the t r a i l i n g  edge i n  inv isc id  wing theory (Legendre 
1972). We say that  v iscosi ty causes the separation; the locat ion i s  determined by the edge geometry, a f t e r  
which the flow may be modeled as an inv isc id  flow. The local  behavior o f  a vortex sheet as i t  leaves the 
v i c i n i t y  o f  a sa l ien t  edge i s  tangential to  e i ther  the top or  underside o f  the edge, depending on the sign 
o f  the shed v o r t i c i t y  and on whether the external mean flow i s  directed inboard or outboard (Mangler and 
Smith 1970; C,lapworthy and Mangler 1974). 



I n  the region o f  the vortex external t o  the core, the ax ia l  ve loc i ty  does not chan substantial ly. 
and we may describe i t  t o  a sat isfactory degree o f  approx4matia by ignoring diffusion r .e. .  vlscous) 
effects there (see Hal l  1961). Di f fusion i s  only important i n  the inner pa r t  o f  the vortex c o w  where 
there are substantial ve loc i ty  gradients. For a three-dimensional c o n  growing i n  space, the swi r l ing  
f l u i d  i s  dram i n t o  the core, acquiring a high ax ia l  ve loc i ty  as i t  esclpas rlerrg the axis (Kiichcannn 
and J. Yeber 1W5). Reynolds nwaber does not appear t o  haw a s ign i f i cant  ef fect  on the developlent o f  the 
l a r g t s c a l e  structure o f  the flow. whereas the core center diminishes as Reynolds number increases. Con- 
dition!, under which breakdown o f  the vortex c o n  occurs have been reported by Humel and Srlnivasan (1967) 
and excellent de ta i l  i n  the crossflaw fur ing breakdown by Humel (1965). 

3.2.1 Sharp. Swept Leading Ed% i n  Incoagressible Flow 

I n  niaer ical  calculations of incompressible flows about swept edges there seems t o  be a qua l i f ied  but  
free choice available as t o  whether the vortex sheet should be represented as col lect ions of isolated 
vortices, as l i n e  mr t ices ,  o r  as a continuous sheet. Par t icu lar  laathematical o r  n u g r i c a l  d i f f i c u l t i e s  i n  
the s t a b i l i t y  of the ro l l - up  process, l i k e  those encountered by Sacks and Tickner (1966) and Sacks, 
Lundberg. .and Hanson (1967). have been overcome by D. Y. lbore  (1974) and by l b k r y  and Rainbird (1975). I n  
the two-dimensional. tune-demdent problem o f  the ro l l - up  o f  an i n i t i a l l y  plane vortex sheet, the l a t t e r  
authors discret ized the sheet i n t o  sui table f i n i t e  length elemnts;  Fink and Soh (1974) used a s imi la r  
approach i n  t h e i r  ' s t ep i se  v o r t i c i t y  nd i sc re t i za t i on "  method. 

The co i led  vortex sheet Dudel o f  Legendre (1952a.b) solved nmer i ca l l y  by lbng ler  and J. H. B. Saitf i  
(1959) and l a t e r  ref ined by J. H. B. Smith (1968). has provided good qua l i ta t ive  predict ion o f  pressure 
d is t r ibu t ions  on slender wings o f  small aspect r a t i o  i n  conical inconpressible flow, as shown i n  Fig. 18. 
The rea l  boundary condit ion - that  nowhere should there be a pressure difference across tbe vortex sheet - 
was sa t i s f i ed  a t  a large n&er o f  points. whi le simultaneously imposing the requirement tbt a t  these sarre 
points the veloci t ies on the sheet should be consistent wf th  i t  being a stream surface i n  a three-di lmsional  
flow. Assuning the s t r e w i s e  growth t o  be conical, l kng ler  and J. Neber (1966) devised a new asymptotic 
shape t o  the core, wherein the vortex sp i ra l  became r o l l e d  m r e  t i g h t l y  and the shape m r e  nearly c i rcular.  
as the vortex center was approached. 

The successful nonlinear analysis o f  J. H. B. Smith (1968) w i th  the Kutta condit ion imposed a t  the 
swept sal  imt edges has been extended t o  e l  l i p t i c  cones wfth strakes by Levinsky and di (1968). Similar 
analyses o f  de l ta  wings wi th  thickness (J. H. B. Smith 1971 ), w i t h  conical cauber (Barsby 1972). and wi th  
yaw (Pu l l i n  1972) have been reported. Wonconical slender wings wi th  lengthwise cawber plus curved leading 
edges, and those incorporating straight,  t h i n  cross sections, were investigated by J. H. 0. Smith (1972) 
and R. Y. Clark (1976). respectively. These and other examples t o  which t h i s  useful theory has been applied 
are discussed by J. H. 8. Smith (1975). 

The above models are l im i ted  t o  slender configurations. so tha t  the considerable e f fec ts  o f  the t r a i l -  
i ng  edge are omitted. This deficiency has been o f f se t  i n  the more recent panel-type, inf luence-coeff ic ient  
method o f  J. A. Yeber e t  a l .  (1975). by which both conical and nonconical incompressible flows can be 
treated. The wing, the rolled-up vortex sheets (although treatment of the core regions i s  probably inade- 
quate), and the wake are represented by "piecewise" continuous quadratic doublet d istr ibut ions,  and the 
Kutta condit ion i s  ncu assigned along the t r a i l i n g  as wel l  as the leading edges. I n  Fig. 39, some resul ts 
of these calculations are cwnpared wi th  resu l ts  o f  the laminar f low low-speed del ta wing experiments o f  
Marsden, Simpson, and Rainbird (1958). These resu l ts  include re la t i ve l y  large e f fec ts  o f  the base. as we 
see i n  the pressure d is t r ibu t ions  o f  Fig. 39. The f a l l - o f f  i n  loading toward the t r a i l i n g  edge i s  predicted 
sat is fac tor i l y .  Gothic and arrow wings have also been treated successfully a t  H, = 0. Conpressibil i ty 
corrections (Brune and Rubbert 1977) extend the range o f  app l i cab i l i t y  o f  the lnethod o f  J. A. Weber e t  a l .  
(1975) t o  high subsonic b c h  numbers. Secondary separations on the wing surface (Fig. 18) are not  included, 
however. Secondary separations o f  the laminar boundary layer (Fig. 39) cause much f l a t t e r  suction peaks 
than wi th  a turbulent boundary layer (see F i  . 1%). The workshop a t  Langley Research Center i n  May 1976 
on "Vortex-Lattice "ti 1 izat ion" (NASA S~-4053 debated the detai  1s o f  the n r m r i c a l  modeling ~f vortices 
from swept edges i n  essent ia l ly  incompressible flow. Korner and Hirsshel (1977) reviewed recent panel 
methods that  were reported a t  Euromech 75 t o  solve inv isc id  l i nea r  subsonic and supersonic flow problems, 
wherein the inclusion o f  the attached boundary layer was coupled wi th  the panel method i n  some examples, 
usually v ia  an e f fec t ive  displacement surface o r  by normal blar ing.  Parker (1976) has provided a review o f  
slender-wing theory and the ef fects o f  aspect ra t i o .  thickness, and leading-edge shape on the pressure dis-  
t r i bu t i on  and development of overal l  forces. 

3.2.2 Sharp, Swept Leading Edge i n  Compressible Flow 

There are few available physical models o f  supersonic mainstream flow i n  which leading-edge separation 
i s  s t i l l  occurring from the subsonic swept edge (i.e., the Mach number normal t o  the leading edge i s  suS- 
sonic). Within the confines o f  slender body theory. C.  E. Brown and Michael (1954) allowed the v o r t i c i t y  
shed a t  each leading edge t o  collapse i n t o  a single l i n e  vortex, whereas Kiichemann (1955b) considered the 
shed v o r t i c i  t y  t o  be i n  the plane o f  the wing. Extensions t o  supersonic conical flow o f  the Brown and Michael 
method have been made by Nenni and Tung (1971). and of the Kiichemann method by Squire (1963) and by Corafoli 
(1969). 

3.2:3 Bodies 

On bodies, the separation location i s  unknown a p r i o r i .  We must i t tempt t o  calculate i t s  posi t ion by 
30 boundary-layer theory, which requires an appropriate external flow, or map i t s  pos i t ion  from experimental 
surface o i l - f low visualization. I n  the former, an i t e ra t i on  between the boundary layer and inv isc id  flow i s  
required, w i th  a guessed separation-line posit ion, followed by subsequent correction o f  the inv isc id  pressirre 
d is t r ibu t ion .  Once the separation l i n e  i s  supplied, an inv isc id  vortex s h ~ e t  model o f  the separated flow can 
be invoked ( i n  incompressible flow a t  leas t )  on which the following boundary conditions w i l l  be adequate t o  
determine i t  completely (J. H. 0.  Smith 1978). The sheet must leave the surface tangent ia l ly  along the 
separation l ine .  I t  i s  an cpen vortex sheet (as we have discussed already i n  reference t o  the slender wing) 
i n  the sense that  f l u i d  a t  the same to ta l  pressure wets the vortex sheet on ei ther side. Both pressure and 



ve loc i ty  are continuous across the sheet. which i s  a stream surface. The ve loc i ty  on the upst- s lde o f  
the sheet provides the convective component t o  m v e  the v o r t l c i t y  from the surface. 

On the damstream side o f  the sheet, replacing the Kutta condi t ion f o r  separation a t  a sharp edge i s  the 
requirement tna t  the veloci ty be directed downstream tangent ia l ly  to the sepiiratlon l ioc .  On the upstream 
side o f  the separation l ine ,  the surface s t r e a ~ l l i n t s  of the i nv i sc id  faodal are incl ined t o  the separatfon 
l i n e  but are, o f  course. s t i l l  tangential t o  the wll. The vortex sheet aodel may be wed on simple sham. 
such as pointed r igh t -c i rcu lar  and e l l i p t i c  cones, for which the separation l i nes  a n  along generators .nd 
the coordinate georr t ry presents few d i f f i cu l t ies .  Angelucci (1971, 1973) has lnodcled the incompressible 
separated f lo*  on bodies of revolut ion and of general cross section using arrays of l i n e  vortices, i n  pref- 
erence t o  a vortex sheet. Although he demonstrates sat isfactory agreeaent w i t h  experiment. he inposes a 
stagnation res t r i c t i on  on the c m s s f l w  as a boundary condit ion a t  the separation l f n e  i t s e l f .  

On are  complex configurations the so lu t ion  eludes us, for boundary-layer calculations have not usual ly 
been successful i n  providing separation-1 ine positions, pa r t i cu la r l y  when separation s ta r t s  soae distance 
back from the nose. Ibreover, we s t i l l  do not  have a sui table flow model for the breakaway d i v i d i ng  sur- 
face, under conditions where nei ther conical nor slender body f l a t s  exist. although the 3. H. 6. L f t h  (1978) 
model presumably should s t i l l  be useful. The pos i t ion  of a 30 separation l f n e  raqy be interpreted i n  laminar 
and turbulent boundary-layer calculations as being nhtre the loca l  sk in- f r i c t ion  l ines become asyleptotes to 
o r  simply converge toward the one sk in - f r i c t i on  l i n e  ident i f iab le  as the separation l ine .  The bending o f  the 
sk in - f r i c t i on  l ines increases considerably j u s t  p r i o r  t o  separation, and boundary-layer calculat ion methods 
break darn where t h i s  occurs. Of course, the concepts of t h i n  boundary-layer theory, although applicable 
upstream o f  and away fran the 30 separation t ine, are inadequate a t  the separation l ine.  Separation l i nes  i n  
laminar f lw were constructed graphically by Peake and Galway (1965) and by Peake, Gatway, and Rainbird (1965). 
and by numerical integrat ion of the vector f i e l d  o f  the wal l  shearing stresses by Sen (1967) and S e n  and 
Jones (1967) i n  respective :amputations o f  flows about cy l i nd r i ca l  and slender protuberances. 6eissler (1975) 
supposed that  when numerical i n s t a b i l i t i e s  developed i n  h i s  laminar boundary-layer i m p l i c i t  f i n i t e  di f ference 
method about an el l ipsoid,  a 30 separation l i n e  posi t ion could be inferred, although the i nv i sc id  pressure 
d i s t r i bu t i on  was f o r  attac!ted flow. 

I n  laminar, incompressible f lw about siwple bodies a t  angle of attack, where the e f fec ts  o f  ax ia l  
pressure gradients are neg l ig ib le  i n  comparison wi th  the c i r cmfe ren t i a l  ones. ne can demonstrate qua l i f i ed  
agreement o f  calculated 3D separation l ines  w i th  those of experiment. For instance, using sna l l  crossf lar  
assumptions and streamline coordinates. Crabbe (1963, 1965) computed the separation l i n e  azimuthal angles 
on r igh t -c i rcu lar  and e l l i p t i c  cones t o  be j us t  leading o r  j u s t  lagging the resu l ts  fm water-tunnel 
measurements (Rainbird, Crabbe, and Jurewicz 1963; trabbe 1965). Such discrepancies a i  existed between 
theory and experiment were tentat ive1 j at t r ibu ted t o  inaccuracies i n  the assumed pressure f ie ld ,  the aod i f i -  
cations o f  the undisturbed pressures being a t t r ibu ted t o  in terac t ion  o f  the separated f low w i th  the external 
flow. A corresponding analysis reported by Cooke (1965) showed the separation l ines  t o  be always,ipead o f  
the water-tunnel resul ts o f  Rainbird. Crabbe, and Jurewicz (1963); the same physical r esu l t  was by 
Tsen and Arnaudon (1972) i n  t h e i r  treatment of the compressible laminar boundary layer about cones a t  angle 
o f  attack i n  supersonic flow. Tsen and Arnaudon were able t o  show that  although heat t ransfer d i d  not 
change the location o f  separation s igci f icant ly,  a resu l t  i n  accord w i th  the work o f  Cooke (1966) and 
L in  and Rubin (1973). heat t ransfer d id  af fect  the peak crossflow veloci t ies.  

Where ax ia l  as we1 1 as circumferential pressure gradients influence the separated flow developnent on 
other simple body shapes a t  angle o f  attack, such as prolate spheroids, Wang (1972, 1974a,b, 1975) and 
Geissler (1975) have reported numerical procedures t o  elucidate separation-l ine posit ions i n  laminar, 
inconpressi b le  flows. Na comparisons wi th  experiment were shown, however, t o  i l l u s t r a t e  the accuracy o f  
the calculations. 

I n  turbulent, but s t i l l  low-speed boundary layers, the predict ion o f  separation has been attempted on 
i n f i n i t e  sheared wings - see the l i s t  i n  J. H. B. Smith (1975). Unfortunately, i n f i n i t e  sheared-wing flows 
are v i r t u a l l y  impossible t o  reproduce i n  an experiment, for the viscous flows on the end-plate equivalent 
t o  the wing root w i l l  always contaminate the tes t  boundary layer on the wing surface when a t  angle o f  attack. 
Notwithstanding these problems, Cumpsty and Head (1970) and Elsenaar, van den Berg, and Lindhout (1975) have 
provided substantial mean flow and, i n  the l a t t e r ,  normal as well as turbulent shear stress measuremnts. i n  
flows approachinq the 3D separation l ine .  V i r t ua l l y  no other predictions o f  turbulent separation l i n e  posi- 
t i on  have been reported, except f o r  the calculat ion by P. 0,  h f t h  (1973) o f  the secondary separation l i n e  
on the top surface o f  a Aelta iring, the posi t ion o f  which agreed very c losely w i th  the experimentally 
obtained posi t ion of East (1974). I t  i s  of pract ical  signif icance that  Barsby (1973) calculated the vortex 
sheet springing tangent ia l ly  from sucn a secondary separation 1 ine. 

3.3 Numerical Modeling Based on Navier-Stokes Equations 

So far  we have seen that  i n  devising t racteble f low models, we have usually reduced the real  f low to  
essent ia l ly  a two-dimensional one (a lbe i t  i n  a crossflow plane) - although the solutions discussed above 
have some elements o f  three-dimensional flows - and then have proceeded with established analyses t o  pro- 
vide numerical answers. Admitting the inherent d i f f i c u l t i e s  i n  modeling 3D separated f t w s  wi th  physical 
realism, some recent research e f f o r t  has been directed to  solving the steady Navier-Stokes equations while 
accepting the cost o f  longer computation times. 

3.3.1 Slender Cones 

McRae (1976, 1977) has attempted t o  solve the laminar viscous flow f i e l d  about a pointed, r igh t -c i rcu lar  
cone a t  high angle of attack, u t i l i z i n g  a s impl i f ied set o f  the Navier-Stokes equations (incorporating the 
conical ly syr;met.ric flow approximation) along wi th  Mactormack's (1969) f i n i t e  difference tire-dependent 
scheme. Based 01: a coordinate system, ( r ,  9, @), f ixed to  the body with o r i g i n  a t  the apex (see Fig. 40). 
a f i n i t e  difference mesh was set up on the ( 0 ,  4 )  spherical surface a t  a distance r from the cone apex. 
The calculat ion took place on th i s  surface wi th  viscous terms i n  the equations o f  notion scaled by the 
Reynolds number based on the jphericai radius, r. The f i n i t e  difference mesh was i n i r i a l i z e d  wi th  free- 
stream values o f  the flow everywhere, except a t  the surface, where zero ve loc i t ies  were input. The numerical 



integrat ion then proceeded i n  time, t o  the i m i t  that produced a steady-state solut ion.  The outer boundary 
condit ion f o r  the integrat ion was the free .:ream, so that  the b w  shock wave was captured and a l l w e d  f o r  
i n  the use o f  the conservation forin o f  the governing equations. 

Figure 41 i l l u s t r a t e s  the surface pressures and a crossflow (conical flow projection) ve loc i ty  vector 
p l o t  o f  a computed flow f i e l d  about a 10. half-angle cone i n  a nominally Mach 8 free strean a t  a/eC = 2.4. 
The resul ts are compared wi th  the experimental data o f  Tracy (1963) w i th  en t i r e l y  laminar bw-ry-layer con- 
d i  tions, where a 30 separation was measured (using surface-f lw visual izat ion) a t  + ; 150.. The presence o f  
a three-dimensional separation and rolled-up viscous shear l w e r  i s  seen i n  kRaels (1976. 1977) calculated 
flar f i e l d .  The u t i l i z a t i o n  o f  a scalar eddy viscosiay i n  t h i s  code (IlcRae and Hussaini 1978) has yielded 
resu l ts  i n  good agreement w i t h  Rainbird's (\968a.b) high Reynolds number data on and above the cone surface 
(see Sec. 4.1). 

Another approach toward calculat ing the en t i r e  supersonic flow f i e l d  about a spher ical ly blunted c i r cu la r  
cone a t  angle o f  attack w i th  3D laminar separation (Figs. 42 and 43) has been reported by Lubard and Rakich 
(1975)8 fo l lowing the method of Lubard (1975) f o r  a sharp cone (Fig. 44). The calculations are based on a 
s i ng le laye r  system o f  threedimensional parabolic equations that  are approximations t o  the f u l l ,  steady 
bvier-Stokes equations, v a l i d  from the body surface t o  the bow shock wave. This system, which includes 
the ci rcunferent ia l  shear stress tenns, i s  capable o f  predict ing the flow wi th fn  the separation zone on the 
lee side. The e f fec ts  o f  viscous-inviscid interact ion and entropy gradients due t o  both the curved bow shock 
and angle o f  attack are autouiatical l y  included. I n i t i a l  condit ions o f  unseparated flow are assumed a t  the 
sphere-corle tangency planeg and are provided by using an i nv i sc id  time-dependent solut ion t o  which i s  added 
a viscous nonsimilar boundary-layer solution. The calculated resu l ts  were compared wi th  :he experilaental 
data o f  Cleary (1969) f o r  a 15' angle o f  at tack a t  Mach 10.6 and a t  a Reynolds nunber (based on the 23-in. 
s lan t  length o f  the cone) of about 2.3 x lo6. Figure 43 shms the calculated c r o s s f l w  plane vector ve loc i ty  
d i s t r i bu t i on  i n  the region close t o  the leeward generator a t  14.8 nose r a d i i  damstream from the nose. The 
three-dimensional separation occurs a t  155' t o  160" i n  the crossflow plane a t  t h i s  ax ia l  stat ion.  The remain- 
ing graphs i n  Fig. 43 shar tha t  the experimental heatiag and pressure d i s t r i bu t i o r~s  on the leeward surface 
are i n  qu i te  reasonable agreement w i t h  the  calculation. 

The sharp cone calculat ion o f  Lubard (1975) i s  f o r  a Mach 16 laminar flow (Fig. 44). The f o m  o f  the 
S-shaped crossflow ve loc i ty  pro f i les  between the primary separation 1 ine  (9 - 160a) and the leeward meridian 
are analogous wi th  the b lunt  cone calculat ion a t  Mach 10.6. Lubard (1975) also provided values o f  overal l  
forces and m n t s  which showed good agreement w i th  the measurements o f  Pate (1974). 

3.3.2 Slender Wings 

The respective numerical methods o f  %Rae (1976) and Rakich a ~ d  Lubard (1975) have been used as bases 
fo r  two new codes developed by Y'gneron. Rakich, and Tannehill (1978) t o  compute the supersonic laminar flow 
f i e l d  about slender del ta wing (w i th  subsonic leading edges). I n  the f i r s t  o f  these new codes, the f low 
i s  assumed conical and, as i n  McRae's code, the resul t ing Navier-Stokes equations are solved a t  a given 
Reynolds number w i th  a time-marching e x p l i c i t  f in i te -d i f fe rence algorithm. This approach has dlso been 
applied by Bluford (19i2, 1979) to  compute the flow about de l ta  wings wi th  supersonic leading edges. Rather 
than "capturing" the bow s h x k  as d id  McRae (1976) and Bluford (1978, 1979). Vigneron, Rakich, and Tannehitl 
(1978) claim fewer res t r ic t ions  on body cross-sectional shape and d i s t r i bu t i on  o f  f in i te -d i f fe rence g r i d  
points i f  the shock wave i s  treated as a sharp discont inui ty (see the comnents o f  Kut ler  (1974b) on the meri ts 
o f  the indiv idual  shock-wave treatments). I n  the second code, by neglecting only the streamrise viscous 
derivatives, the parabolic mna:hematical form o f  the steady Navier-Stokes equations (w i th  respect t o  the 
streamrise d i rec t ion)  i s  u t i l i zed .  Whereas i n  the approach o f  Rakich and Lubard (1975), an imp l i c i t .  
i te ra t ive ,  f in i te-di f ference scheme was adopted, Vigneron, Rakich, and Tant~ehi l l  (1978) present a new 
impl ic i t ,  noni terat ive algorithm that  improves computational e f f i c iency  and i s  not restr i : ted t o  coclcal 
shapes. Results f romboth numerical techniques show close agreement w i th  each other and t r i th  experiment. 
As an example, Fig. 45 displays the two calculated sets o f  comparative pressure contours dnd direct ions o f  
veloci ty vectors i n  the crossflow plane about a 75' swept-back del ta wing a t  an angle o f  ,&tack o f  10' i n  
a Mach 1.95 flow; the proximity o f  the numerically and experimentally determined centers o f  the primary 
vortices (see the experiment o f  Monnerie and Werl6 1968) i s  very close. 

3.3.3 Bodies o f  More General Shape 

The numerical calculat ion o f  flows about blunted bodies ot' ler than cones has s !~ f fe red from d i f f i c u l t i e s  
associated wi th  the generation o f  appropriate g r i d  meshes i n  the f low f i e l d .  To help remedy this problem, 
Pul l  iam and Steger (1978) devised an automatic generation o f  h ighly warped spherical gric6, u-ing general 
coordinate transformations, tha t  proceeds i n  the computation simultaneously w i th  the flor f ir:ld solver. The 
l a t t e r  i s  an i m p l i c i t  f in i te -d i f fe rence procedure suitable f o r  computing unsteady 3D serara,-ed flows. The 
imp l i c i t  approximate factor izat ion technique that  i s  mployed permits small g r i d  sizes 'or spat ia l  accuracy 
and resolut ion o f  flow deta i l  %ear the boundary, without imposing str ingent 1 imitat ions r,i s t a b i l i t y .  

The basic flow- f i e l d  equations that  are used are the compressible. time-dependent Navier-Stokes equa- 
t ions. I n  higb Reynolds number flows, the viscous tenns associated wi th  the der ivat ive i n  the d i rec t ion  nor- 
mal t o  the wal: are s i gn i f i can t l y  larger than those along the body. Neglecting the l a t t e r  i n  comparison with 
the former. sometimes cal led the " th in- layer"  approximation, was one o f  the approximations i n  the development 
o f  boundary-layer theory; i t  i s  used i n  the steady, marching computation technique of Rakich and Lubard (1975) 
that  has already been described. I n  the present fonu la t ion ,  the " th in- layer"  approximation i s  used as wel l  
as retaining a l l  o f  the unsteady and nonlinear inv isc id  f low terms i n  the equations o f  motion. I n  so doing. 
the solution can progress natura l ly  from an arb i t ra ry  i n i t i a l  condit ion to  an asymptotic steady state, per- 
mi t t ing  a flow f i e l d  w i th  viscous-inviscid interact ion t o  develop as time progresses. (The conical-f low 
code o f  McRae (1976) u t i l i z e s  the same log ic ) .  The method was applied t o  elucidate the deta i ls  of the 

%ee also Rakich and Lubard (1975). 

9Which may be unrea l is t ic  a t  high angles o f  attack. 



laminar separated f l o w  f i e l d  about a hemisphere cyl inder a t  an angle o f  attack o f  19. t n  transonic f law 
(H, * 1.2) w i th  flow spmetry i w s e d  about the windward and leeward meridian planes. Aloqg most o f  the body, 
circumferential pressure gradients dominate, except i n  the region o f  the hemisphere-cylinder junction, where 
ax ia l  gradients are also strong. 

Figure 46 presents sane representative resul ts o f  the calculat ion cornpared wi th  one o f  th? experimental 
resul ts o f  Hsieh (1977). Overall features o f  the flaw, such as surface pressures, 3D primary and secondary 
separation-llne posit ions along the cylinder, and a 20 separation i n  the leeward plane o f  synnetry on the top 
o f  the nose region are predict& wel l .  Nei ther the topology of the experimental sk in - f r i c t i on  1 ines, nor the 
s t a r t  o f  the indiv idual  separations. i s  captured sat is fac tor i l y ,  however. Figure 26 shows our conjectured 
view o f  the sk in- f r ic t ion  l i n e  pattern on t h i s  hemisphere-cylinder example a t  H, = 1.4 a f t e r  examining the 
experimental o i l - f low pattern. We believe that  the primary separation l i n e  begins a t  a saddle point  o f  
attachment on the windward meridian and that  the secondary separation l i n e  begins a t  a saddle point  adjacent 
t o  a terminating focus o f  the nominally 20 separation l i n e  sn the toy o f  the nose. The ro ta t ion  o f  the vor- 
tex  filaatent erupting from the focus matches the ro ta t ion  uf the d iv id ing  surface from the secondary separa- 
t i o n  l i n e  and hence becomes a f f i l i a t e d  w i th  the secondary ro l l -up  according t o  the model o f  Legendre (1965) 
(see Fig. 13). Note t ha t  as i n  the e l l i pso id  f low shown i n  Figs. 27 and 28, ro l l - up  o f  the d iv id ing  surfaces 
fm the primary and secondary separation l ines  (see the crossflow ve loc i ty  vectors i n  Fig. 46) i s  detected 
only when the circumferential pressure gradients becane suf f ic ien t ly  adverse. The separation 1 ines must, how- 
ever, be. 'n a t  saddle points usually near the nose o f  the body. 

A conr. : f l i g h t  vehicle configuration i n  which both ax ia l  and c i  rcumferential pressure gradients are 
very strong s the cy l inder - f la re  a t  angle o f  attack i n  supersonic flow. The shock wave generated by the 
deflected surface o f  the f la re  interacts w i th  the approaching attached boundary layer on the cyl inder t o  
form a massive zone o f  3D separation around the en t i r e  periphery. The very evident feature o f  t h i s  flow. 
noted by Ericsson. Reding. and Guenther (1969, 1971). i s  the pa i r  o f  large foc i  generated ahead o f  the 
cyl inder- f lare junct ion on the l ee  side, as shown i n  Fig. 47. This complex 30 f low separation s tem from 
the cellular-focus flow developnent evident a t  zero angle o f  attack. which- c l ea r l y  not 2D. A china-clay 
pattern a t  an angle o f  attack o f  0' a t  Mach 1.2 i s  shown on the left-hand 5 9 de o f  Fig. 47; on the right-hand 
side i s  a case a t  an angle o f  attack o f  4' a t  Mach 1.2. A model of the f low a t  angle o f  attack, deduced 
by Ericsson. Reding. and Guenther (19691, i s  sketched on the bottom o f  Fig. 47. 

Hung (1979) computed the flow about another cyl inder- f lare body a t  the same 4O angle o f  attack, but 
imnersed i n  a Mach 2.8 stream, t o  compare w i th  the experimental measurements o f  Robinson (1974). The coln- 
putation used the " th in- layer"  form o f  the Navier-Stokes equations and a system o f  transfonned cy l i nd r i ca l  
coordinates. Since the def lect ion angle of the f la re  i s  15", the ax ia l  pressure d is t r ibu t ions  along gener- 
ators from the windward t o  the leeward ray indicate a large, rapid increase i n  local  s ta t i c  pressure on the 
wal l  i n  the shock-boundary-layer interact ion region. Figure 48a shows the very good agreement between the 
pressures caiculated by Hung (1979) and the ones detennined experimentally by Robinson (1974). Note also 
the substantial ef fects o f  3D separation when these resul ts and the normal force d i s t r i bu t i on  (Fig. 48b) are 
compared wi th  the inv isc id  attached flow theory o f  Syvertson and Dennis (1957). Unfortunately, the presenta- 
t i on  o f  the calculated l i m i t i n g  streamline veloci ty vectors i n  Fig. 48c and the o i l - f l ow  patterns i n  Fig. 47 
lack resolut ion !;ecessary t o  determine the in t r icac ies  of tbe separation 1 ines and the associated singular 
points. With the resul ts of the experiment dnd calculat ion i n  hand, we may again appea! t o  topological 
r,otions t o  synthesize both the sk in - f r i c t i on  l i n e  pattern and the structure o f  the external flow; these are 
shown i n  Figs. 48d t o  48h. 

On the windward ray, there w i l l  be saddle points S1 and S2, associated wi th  primary and secondary 
separations very close t o  the cy l inder - f la re  junctions (Figs. 48f and 489). The primary separation l i n e  
from the windward ends i n  the large focus, F1. on the cyl inder that  also terminates a horseshoe-shaped 
separation 1 ine s tar t ing  from the saddle po in t  S3,  si tuated j us t  o f f  the leeward meridian (Figs. 48e and 
48f). Note that  S3 jo ins t o  a nodal point  o f  separation Ns on the leeward ray. The secondary separation 
l i n e  from S 2  terminates i n  a smaller focus F2 sitbated on the f la re .  The vor t ica l  f i lament from the 
larger focus i s  shed i n t o  the flow as shown on the model o f  Ericsson, Reding, and Cuenther (1969) (Fig. 47). 
The fi lament from the s ~ ~ l l e r  focus centers the adjacent rol led-up d iv id ing  surface that  extends downstream 
from the saddle point Sz on the flare. A cross section o f  a l l  the rolled-up d iv id ing  surfaces i s  shown i n  
Fig. 48h. The in t r igu ing feature i s  tha t  there i s  a ver t ica l  d iv id ing surface, begirlning on the leeward 
meridian a t  the nodal point  o f  separation N,, tha t  continues a l l  the way downstream t o  the end o f  the body. 
The streamlines i n  t h i s  d iv id ing  surface a l l  emanate from a half-node o f  separation (see also Fig. 16) a t  the 
location o f  the saddle point  S s  i n  the pattern o f  sk in - f r i c t i on  l ines (Fig. 48f). Joined t o  t h i s  ver t ica l  
d iv id ing  surface are the rolled-up d iv id ing  surfaces from the foc i  F,. Final ly,  i n  Fig. 48d our proposed 
pattern o f  sk in - f r i c t i on  l ines i s  superimposed over the l i m i t i n g  streamline vector p l o t  o f  Hung (1979). 
taking account o f  a l l  the deta i l  changes i n  local  vector direct ions that h i s  resul ts display. This i1:ustra- 
t i on  i s  a c lear dem~nstration o f  the usefulness o f  t opo l~g i ca l  ideas i n  exposing the important de ta i l s  i n  
the flow that  have been given wi th  i nsu f f i c i en t  resolution from experiment and from calculation. 

3.3.4 Supersonic Flow Along Corners o f  Intersecting Wedges 

Solutions o f  the complete Navier-Stokes equations for supersonic laminar flows i n  corners have 
reported i n  respective papers by Hung and MacCormack (1977) and by Shang and Hankey (1977). The fo- 
authors looked a t  the supersonic laminar flow over a cvmpression corner abutted to  a sidewall i n  a f ree 
stream wi th  a Mach number r C  3. Shang and Hankey investigated a s imi la r  configuration a t  Mach 12.5, but  
without the f l a t  p'ate ahead o f  the compression ramp. They found substantial agreement between the i r  cal-  
culations o f  surface pressure, p i t o t  pressure, and surface shear stress direct ions and the resu l ts  o f  the 
experiment o f  Cooper and Hankey (1073). I n  part icular,  the r o l  led-up shear layer from the inboard o f  two 
30 separation l ines was especially c l a r i f i e d  i n  both ca l cu la t~o r  and experiment. A hiah-energy or inv isc id  
" f inger" o f  flow was responsible fo r  the high ra te  o f  heat t ransfer along the strongly divergent attachmeilt 
l i n e  reglon between the two separation l ines.  Unfortunately, no experimental resul ts arc available f o r  
comparison with thc more complex flow f i e l d  addressed by Hung and MacCormack (1977). I n  the l a t t e r  flow 
f i e l d  a new alqorithm developed by MacCorma:k (1976, 1977) has decreased the computation time to  less than 
1 hp; t t s t  is ,  a claimed decrease from that o f  an ear l ie r  code (MacCormack and Baldwin 1975) by an order o f  
magnitude. Horstmann and Hung (1979) introduced a scalar eddy viscosi ty model i n t o  the code o f  Hung and 



CbcCormack (1977) and found good agreement w i th  the swept shock turbulent boundary-layer experiments o f  
Peske (1975) and Oskam, Vat, and Bogdonoff (1975). The deta i ls  o f  th tse  flows w i l l  be discussed more 
f u l l y  i n  Sec. 4.5.1. 

3.3.5 Clostng C m n t  

We have discussed (1) some in t r tgu ing and impressive resu l ts  obtained from cmputations o f  the laminar 
flow f i e l d s  about simple 3D aerodynamic components using approxifnate f o m  o f  the Havier-Stokes equations, 
and (2) the potznt ia l  f o r  obtaining sat isfactory answers i n  turbulent f l o w  once appropriate turbulence models 
can be found. Unfortunately, even these stmole shapes must be surrounded w i th  re la t i ve l y  coarse colaputa- 
t iona l  meshes; otherwise the available computer storage would be saturated, thus leading t o  a lack o f  resolu- 
t i on  i n  the f low- f ie ld  structure. Based on our study of the numerical calculat ions o f  Pu l l  tam and Steger 
(1918) (hemisphere-cylinder a t  angle o f  attack) and of Hung (1979) (cyl inder- f lare a t  angle o f  attack), we 
ar r i ve  a t  an impasse. On the one hand, the singular points i n  the f l o w  and on the body surface have simple, 
fundamental f o m  and t h e i r  types, number, and placement p rac t i ca l l y  characterize a real  separated flow. On 
the other hand, i t  i s  j us t  i n  the vi:i;.!t;. ?f tL:;e singular points tha t  a f i n i t e  difference scheme requires 
inordinately f i ne  mesh spacing t o  capture t h e i r  behavior. Even supposing that  suff i c i c n t  computer storage 
were available f o r  the mesh t o  be tightened, computation costs would be increased, perhaps t o  an unacceptable 
degree. 

As a way out. we suggest tha t  i t  might be possible t o  make a useful advance i n  tha computation o f  30 
separated flows i f  f i n i t e  difference methods could be conbined w i th  a separate treatment (perhaps involv ing 
analyt ic o r  finite-element methods) o f  the singular points. thereby obtaining both an adequate resolut ion 
i n  the v i c i n i t y  o f  the singular points and the avoidance o f  very f i ne  meshes. 

4. THREE-DIMENSIONAL SEPARATED FLWS ABOUT SIMPLE CWPONENTS AND PRACTICAL FLIGHT VEHICLES 

4.1 Pointed Cones 

One promising approach to  the design o f  hypersonic cruise a i  r c r a f t  i s  t o  consider l i f t i n g  bodies whose 
shapes can be derived from parts o f  known flow f i e l ds  (Kuchemann 1965). I n  part icular,  conical f low f i e l ds  
have been studied i n  sane deta i l ,  and J. G. Jones (1963) has given a method f o r  der iv ing l i f t i n g  surfaces 
from the flow f i e l d  o f  a c i r cu la r  cone a t  zci.0 angle o f  attack. Since boundary-layer interact ion e f fec ts  are 
especially important a t  hypersonic speees, i t  i s  necessary t o  consider l i f t i n g  surfaces wi th  e i ther  constant 
o r  s l i g h t l y  f a l l i n g  pressure along the streamlines def in ing the surface and t o  &void strong transverse pres- 
sure gradients which might lead t o  three-dimensional separation and high heat transfer along reattachment 
l ines.  '"either the Jones l i f t i n g  surfaces nor those derived from reversed Prandtl-Meyer flow (Townend 
1963) sa t is fy  t h i s  requirement. However, l i f t i n g  surfaces derived from the flow f i e l d  o f  cones a t  low angles 
of attack cuuld be chosen t o  avoid serious viscous effects; Seddon and Spence (1968) discuss engine airframe 
integrat ion by such methods. Hence, i t  i s  important t o  understand the prac t ica l  l i m i t s  (e.g., angle o f  at tack) 
under which conical flow f ie lds  can be used without detriment i n  aerodynamic design. 

I r  Zontrast w i th  supersonic and hypersonic vehicles optimized f o r  c ru is ing  a t  low angles o f  attack, the 
Space Snuttle concept designed f o r  f l j g h t  during reentry a t  very high angles o f  attack, and the requirement 
for a n t i b a l l i s t i c  missiles and defensive weapons t o  perform rapid turning maneuvers, have posed d i f f i c u l t  
problems wi th  uncontrolled 3D separated flows from the lee  sides of bodies. Such coiled-up viscous vo r t i ca l  
flows can adversely a f f ec t  vehicle performance from the points of view of s t a b i l i t y  and heat transfer t o  the 
vehicle skin. The locat ion and ro l l -up  of the 30 separated flows from vehicle forebodies can influence the 
f l i g h t  dynamics from asymmetries and the i r  in terac t ion  w i th  downstream control surfaces, The passage o f  
these vortices i n to  regions over the airframe where severe adverse pressure gradients e ~ i s t  may cause vortex 
breakdown and la tera l  s t a b i l i t y  problems. It has been found that  heat t ransfer rates, especially on the lee- 
ward surfaces, may reach levels comparable with, o r  greater than, those along the windward generator. But 
f i r s t  o f  a l l ,  l e t  us review the fundamentals o f  conical flow. 

A steady conical flow i s  one i n  which rays cair be constructed from a point  vertex such that  the ve loc i ty  
i s  invar iant  i n  magnitude and d i rec t ion  along each ray, although i t  w i l l  change from ray t o  ray f o r  a body a t  
angle o f  attack (or  yaw). The external flow past a f i n i t e  conical body must be everywhere supersonic iF the 
viscous and inv isc id  flow i s  t o  be v i r t u a l l y  conical. I n  practice, however. i t  i s  found that the subsonic 
flow past a slender conical body i s  mre-or-less conical downstream o f  the apex, extending to  the zone wherd 
the effects o f  the base f i r s t  intrude. I t  i s  c lear tha t  our present comprehension o f  the structure o f  co i led  
shear layers i n  both incompressible and compressible flows has stemned la rge ly  from invest iqat ing these 
phenomena i n  nominally conical flow f ie lds .  

The terminology "conical flow stream1 ines" has sometimes caused confusion, f o r  they are the intersections 
wi th a sphere (centered on the vertex) o f  s- surfaces that  oass through the vertex (see Fig. 40). For con- 
venience o f  i l l u s t r a t i o n  i n  two l ieonsior~s, tlk project ion of these intersect ing curves from the sphere onto a 
planar surface perpendiculzr to  the tone axis i s  wual l y  constructed to demonstrate the c ~ r , ~ c a l  , low (including 
conical vortices, about a give11 body. Beca~se we are dealing with the planar projections of stream surfaces 
and l o t  the stream surfaces themselves, the axiom o f  cont inui ty does not prevent c o n i c ~ l  streamlines from 
running together a t  singular points. (Note that  i n  Sec. 2.7, topology rules nos. 5 and 3 dist inguish respec- 
t i v e l y  between the number of singular-points i n  a conical f low project ion and i n  a crossflow plane.) 

Within the confines o f  slender-body theory (R. T. Jones 1946 and Frankel 1955). J. H. B .  Smith (1969) 
provides an elegant thesis on the structur? of conical flow. Fiqures 49a to  49h portray some examples o f  
inv isc id  conical streamlines about c i rcu lar  and e l l i p t i c  cones a t  angle o f  attack. Here the "conical m," q, resolved from the mqnitudes o f  v and w on the spherical surface o f  Fiq. 40, i s  always sub- 
sonic. Moreover, i f  a i s  the anqle o f  attack and ec th6 Cemi-anqle o f  the vertex, the pzrameter 

1°Note tha t  the des i rab i l i t y  for  separatioils to  work favorably ( i .e. ,  when they are controlled) i s  not being 
contradicted. On configurations w i th  no means c f  f ix ing,  however, separation and reattachment tones w i l l  vary 
w i th  angle of attack, Reynolds number, and Mach number, and may eventually become unsteady and asymnetrical on 
slender configurations a t  very high angles of attack. 



5 = a lec  e s s e n t i a l l y  C0ntro:s t h e  pressure g r a d i e ~ l t  ( the re  i s  no a x i a l  pressura gradient)  and hence, ttn 
f l o w  development a t  a g iven free-Stream Mach IUinber. Thus, 6, mny be removed as a govemlng ;3ramter. 

Figures 39a and 49b define the  respect ive subsonic ~ 2 n i c a l  streamline pa t te rns  f n  r uni form s t n m  and 
about a cone a t  zero angle of at tack.  When 0 < E < 0.5, there i s  a ha1 f-saddle p o i n t  on the windward p n e r -  
a t o r  and a half-nodal p o l n t  on the top  generator. sh0.n i n  Fig. 49c. Since t h e  body surface m s t  be r surface 
o f  constant entropy wetted by streamlines t h a t  cross the  nose shock wave !n the windward plane o f  s-tr 
(+  = 0). t h e n  must be a region o f  h igh  v o r t i c i t y  near the  cone surface, the  v o r t i c a l  l ayer "  ( F e r r i  19507 
A l l  o f  t h e  streamlines t h a t  cross the nose shock wave termtnate a t  the nodal p o i n t  a t  (+ = 180'. 9 = 0,) w);erc 
the  entropy i s  mul t i -va lued - the so-cal led " v o r t i c a l  s ingu la r i t y . "  A t  t h i s  position, t h e  c i rcu rn f r ren t ia l  and 
r a d i a l  components o f  v e l o c i t y  a re  i d e n t i c a l l y  zero. A t  i 0.5, the s ingu la r  p o i n t  on the t o p  o i  the  c i r -  
c u i a r  c-ne i s  as shown i n  Fig. 49d. For 0.5 < ;i < 1, the  o r l e n t a t i o n  o f  t h e  nodal s iagu la r  p o i n t  turns 
thrUagh Ma. A t  6 > 1. the  half-node moves o f f  the cone surface, becomtng a f u l l  node along tk leeward 
plane of  synnetry, another hal f -saddle p o i n t  nma in fng  on the  surface, as s h w n  f n  Flg. 49e. I n  o ther  words. 
the  d i r e c t i o n  o f  the  r a d l a l  v e l o c i t y  changes from inward t o  outward a t  l t f t - o f f .  

The form o f  the  subsonic conical  streamlines f o r  an e l l i p t i c  cone a t  zero angle o f  at tack,  b u t  s t i l l  I n  
i n v i s c i d  flow. i s  i l l u s t r a t e d  i n  Fig. 49f. A t  small a ~ g l e  01 at tack.  the hal f -saddle po ln ts  a t  the ends of  
the  major a x i s  move around t o  the windward s ide  (Fig. 499). A t  h:gher angles o f  attack, these two h a l f -  
saddle po in ts  move c loser  to  the  windward plane o f  symnetry u n t i l  they eventual ly  coalesce; a t  the same t t a r  
hal f -nodal  s ingu la r  po in ts  o f  the same k ind  as those seen on the  c i r c u l a r  cone (Fig. 49h) may appear on the 
l e e w a d  meridian. Note t h a t  i n  a l l  o f  these proposed f low st ructures.  topology r u l e  No. 5 I s  obeyed. 

W? have pa id  p a r t i c u l a r  a t t e n t i o n  t o  the  form and meaning o f  the  i n v i s c i d  f l ow conical  streamline3 and 
the  v o r t i r a l  s ingu la r i t y .  We s h a l l  see, however, t h a t  although the  e f f e c t s  o f  v i s c o s i t y  remain more o r  less  
conf ined w i t l l i n  the bounds o f  conical  flow they, and thr  eventual formation o f  t ransonic zones and shock 
waves a t  s u f f i c i e n t l y  h igh  angles o f  a t tack  o r  free-stream Mach number, apparently de te r  the appearance o f  the  
v o r t i c a i  s i n g u l a r i t y  t o  much h igher  r e l a t i v e  incidences than i n v i s c i d  f l ow ca lcu la t ions  would suggest. 

Measurements by k b b e ' ' 7 c  and Bannink (1976) o f  t t le con ica l  strear . ines about a 7.5' semi-apex angle 
cone i n  a Mach 2.94 f r e e  s t r t a ~ a  w i t h  tu rbu len t  boundary layers  are shcwn i'n Figs. 50 t o  52. F igure 50 shows 
the  con ica l  streamlines a t  a m d e r a t e  re la t i , re  incioence o f  h = 1.65. I n  the s t i l l  subsonic conicdl  f l o w  
(note t h a t  there are shock wdves i n  Fig. 50b). the conical  streamllnes external  t o  the  small region o f  
separated vlscous f l @ e a r  the  leeward generator continue t o  r e s e d l e  the postu lated i n v t s c i d  flow i n  
F ig.  49c even though r e l a t i v e  incidence was much lower i n  the  l a t t e r  ca lcu la t ion .  The d i r e c t i o n s  f n d i -  
cated by t h e  arrows are the  r e s u l t a n t  v e l o c i t y  vectors (but  no t  magnitudes) associated w i t h  the e leva t iona l  
( v )  and c i rcumferen t ia l  (w) v e l o c i t y  components o f  the spher ica l  coordinate system centered a t  the cone 
apex (shown i n  Fig. 40). When 6 i s  increased t o  2.31, F ig.  51 ind ica tes  t t the component o f  Mach nulnbcr 
nonnal t o  i sobar i c  surfaces exceeds u n i t y -  Transonic crossflow and shock w& adjacent t o  the c body now 
appear w i t h  a substant ia l  region o f  viscous v o r t i c a l  f l ow from ( = 125' t o  the leeward m e r i d ~ a n  4 
Figs. 51b t o  51d). Nevertheless, the d i r e c t i o n  o f  the conical  streamlines i s  s t i l l  toward the leeward gener- 
ator ,  al,d has n o t  chalged qualitatively from the Z a 1.65 c o n f i o u r i t i o n  shown i n  Fig. 50. 

Increasing the r e l a t i v e  incidence even more - t o  an & o f  3 - a l t e r s  the conical  f l ow streamline p a t t e r n  
subs tan t ia l l y ,  as shown i n  i i g .  52. The nodal s ingu la r  p o i n t  ( o r  v o r t i c a l  s i n g u l a r i t y )  p o s i t i o n  above t h e  
leeward genera tw  i s  near Z/R = 3 i n  the measured f low f i e l d  cC Fig. 52a, wh i le  a saddle s ingu la r  p o i n t  has 
alsc, appeared a t  Z/R = 1.9. Note t h a t  the sum t o t a l  o f  the  measured s ingu la r  oo in ts  again s a t i s f i e s  topology 
law No. 5 f o r  conical  f low. This very h igh angle o f  a t tack  f l ow f i e l d  was discussed by Feldhuhn, Winklemann, 
and Pasiuk (1971). Debate on the " l i f t - o f f "  o f  the i n v i s c i d  v o r t i c a l  s i n w l a r i t y  has been o f f e r e d  by H o l t  
(1954). Munson :1965). Melnik (1967). Bakker and Bannink (1974). and by Fletcher  (1975).11 Clear ly ,  the 

rge-scale 3G separated f low on the leewzrd s ide o f  the  cone t h a t  i s  shown i n  Fig. 52 d i f f e r s  from the 
n v i s c i d  flow pa t te rn  o f  subsonic slender-ood onical  streamlines proposed i n  Fig. 49e. and from the i n v i s c i d  

crr.ssf10w w i t h  i n t e r n a l  shock ~ a v c r  i n  Fig. # Notwithctanding these shortcomings, our i n v i s c i d  f l ow con- 
cepts .;e usefu l  up t o  values o f  which viscous ef fects becorre inc reas ing ly  important. 

4.1.1 Methods o f  Calculat ing the onical  , Inv isc id ,  and Viscous Flow 

I n v i s c i d  Flow -Considerable progress has been 1,ade   sing numerical methods t o  solbe the nonasix tr 
i n v i s c i d  supersonic f low about c i r c u l a r  and e l l i p t i c  cones - Stocker and Mauger (1962). M c r e t t i  ( 1 9 6 5 y  
Babenko e t  a l .  (1966). 0. J. Jones (1968, 1969, i970a.b. 1972). Klunker, South, and Davis (1971). and 
Camarero (1975). Provided the f low f i e l d s  are "con ica l l y  s ~ b s o n i c . " ~ ?  i t  has been possib le t o  f i n d  numerical 

Fsolut ions up t o  angles o f  at tack where the v o r t i c a l  s i n g u l a r i t y  l i f t s  o f f  the surface (i.e.. t o  i 
o f  the order  of  1.3 for  c i r c u l a r  cones). MOT recent computations have dea l t  w i t h  mixed f low f l e l d  #;? 
tions  t h a t  proper ly  a1 low f o r  "conical  l y  supersonic" regions (see Marconi and Salas 1973; Ku t le r  1974b; 
F letcher  1974). Such extensions o f  i n v i s c i d  f low ca lcu la t ions  t o  higher r e l a t i v e  incidence must be s c r u t i -  
n ized c a r e f u l l y ,  s ince as we have seen, the e f f e c t s  o f  v i s c o s i t y  dominate the f u r t h e r  development o f  the 
flow f i e l d  above Z - 1. FOI example, Fig. 51d i l l u s t r a t e s  the c t i l cu la t ion  o f  the mixed f low f i e l d  about 
a 7.5" c i r c u l a r  cone a t  r e l a t i v e  incidence, 7 = 2.31 a t  M, = 2.94, by the "shock-capturing" technique o f  
Ku t le r  (1974b). This i n v i s c i d  procedure i s  inheren t l y  capable o f  p red lc t lng  the l o c a t i o n  and st rength of 
a1 1 flow d iscon t inu i t i es  wi thout  knowledge o f  t h e i r  presence. The d isc re te  jumps are spread over several 
mesh i n t e r v a l s  but  car., nevertheless, be located p rec ise ly  w i t h i n  t h a t  regton. (This  method contrasts 
w i t h  the "sharp-shock technique" 
iC sharp d i s c o n t i n ~ i t i e s  and the 
although the  calculated bow shock p o s i t i o n  i n  Fig. 51d i s  i n  r e  

-- - 
"1: i s  not  p a r t i c u l a r l y  revea l ing  t o  view t h i s  " l i f t - o f f "  fe l y  superscnic mainstream flow. In 

the conical  f low pro ject ior t  w i t h  
sooner o r  l a t e r  moves i n t o  the  stream as a node - i r r e s p e c t i v e  of  w9ether the f l ow i s  inv fsc id ,  viscous and 
subsonic, o r  viscous an2 supersonic. 

C) 
12Conical ly subsonic f lows e x i s t  when the ( mponent o f  Mach number n o e l  t o  rays i s  everywhere subsonic; 

otherwise, c 8 ~ n f c a l  l y  mixed ( t ranson ic )  condi t i ,  1s are present. 



m w m t  o f  Ftg. Slc. the inviscid transonic crossflow h i n  "shocks-out' a t  4 = 150'. luch closer t o  
the l m r r d  generator thn the + = 125- noted i n  the experiment (see Fig. 5lb). Again w i n f t r  that the 
large scale o f  the separated vort ical flw h i n a t e s  the l m r r d  flar structure. Me should k atan, her- 
ever, that MI nonlinear effects c m  be predicted using approwiate inviscid flaw calcilations. Schiff 
(1974). vhar u t i l i z i n g  the Euler quations o f  m t i o n  to corpute the inviscid supersonic Cow about conical 
bodies a t  angle o f  attack a d  i n  coning a t i o n ,  reportad nonlinear mrwl force developlnp rt nlrtivt 
incidmces greater thm G - 1.5. 

kkao (1975) has a t t g t e d  to take ucount of the viscous fiau displacacnt effects on the lee side of 
the cjn up to  values o f  h - t by forming an equivalent conical body i n  the inviscid flow. The c a l c u l r M  
surface pmwm distributions on c i rcu lar  and e l l i p t i c  cams, about rh ich conically dxcd f l w s  exist, rra 
c l a i l n l  to k i n  a m t  wi th  has om r e w l t s  a d  u i ' h  the e x p c r b n t a l  laminar flau rnults o f  T n c y  
(!%3). hkkay. Econmr, md Alzner (1974) also developed effective conical body shapes to represent the 
viscous-inviscid coupling with turbulent btwndary l a p r s  up to high re la t i r *  imidcnces. Fletcher and Holt 
(1976) pursued n u r i u l  solutions o f  the flow f ie ld  about cones up to aderate re la t ive !ncidams. i n  
which interaction between the inviscid region and the luinrr hounQry layer m the body uas allowed v ia  a 
d i ~ p l ~ a r t t  effect. The s o l u t i w  were invalid, however, near the leeward r r i d i a n .  

Although flow separation about yaued c i rcu lar  cones represents one of the s i q i e s t  cases i n  the pecrcral 
problem a m  o f  t h r e e - d i m s i m l  separation, progress has been slaw i n  ef for ts  to  m s t r u r t  an inviscid flw 
mdel to describe the flaw f i e l d  a t  high angles of attack and to predict the vortex positicuns and nonlinear 
lift. The incompressible flaw -1 o f  Bryson (1959) represents. i n  the s f l p l a t  mathematical form, the 
effects of the separated flow by tm straight vortex sheets emanating from arb i t ra r i l y  specified p o s i t i a s  
a the body, each feeding a discrete vortex; i t  also i w s e s  the condition o f  zero net force on tkt system. 
This gives unrealistic pressure distributions. A l o r e  adequate tmtmt, similar to that used by 
J. H. 6. Smith (1966) for the equivalent dl .a-wing problem, i s  under consideration by J.  H. 8. Smith (1978), 
using calculated o r  exper imta l l y  d e t e r m i ~ ~ ~  d separation positions a t  each d a t i v e  imidcnce. 

Bands La r Uethods for  calculating the corprss ib le  laainar boundary layer on circular cones a t  
s u l l ~ ~ u e r e  considered by F. K. lbore (1951) and Braun (1958). F. K. #bore (19S2) also -ted 
the flows i n  the plane o f  syaetry  a t  large angle o f  attack, and Reshotko (1957) fo ru la ted  m exact rrthod 
to corpute the l r i n a r  flow with heat transfer along the windward geerator. Reasonable agrcePnt between 
approximate integral r t k o d s  and experircnt l l  laainar heat transfer data was also reported by Y e n  and Thysm 
(1%3) and Chang e t  al .  (1968). Cooke (1966) published an i l p l f c i t  f i n i te  difference method for calculating 
boundary layers on general conical surfaces. The method applies a t  large angles o f  attack, allows heat 
:ransfer and suction. and can predict separation. I n  applying h is  athod to a circular cone o f  7.5' semi- 
angle a t  roderate t hi* relat ive incidence (+in ac = 1 and 2). Cooke used an inaccurate external flow 
f ie ld  based on perturbation methods (Sim 1964) with a mdi f icat ion t l  ensure i r ro tat ional i ty .  Other nethods 
to  calculate the laminar attached c o ~ m s i b l e  boundary-layer flow fnnn the w i n d a d  meridian toward the 
l i ne  o f  p r i u r y  separation, wherein thc small crossflow assuqtion was invoked to urcouple the stre--se 
and crossflou emmtucl equations. have been docun ted  by than (l*)..Tsen (1967). Tsen and Arnaudon (19673. 
?nd Fannelop [I%). A t tap ts  have been lade by Nayne (1972). Pop~nski and Oavrs (:973). and by Popinski 
,1975) to account for the effects of the external streamlines o f  variable entropy. a t  re la t ive incidences 
6 < 1. 

Pf p;.-Zicular note i s  the experiarntal study by Chan (1969) o f  the laminar boundary layer on a 15" semi- 
angle cone a t  Mach 10.4. with a wall-to-stagnation teaperature r a t i o  o f  0.23. The theoretical results for  
the inviscid and viscous flows m corputed using the athod  of 0. 3.  Jones (1968) an j  the sail1 crossflou 
boundary-layer analysis of Tsen and Arnaudon (19671, respectively. with, o f  course, no coup1 ing accounted 
for between the viscous and inviscid flow docsains. The excellent aqrcnacnt between theory and experirmt 
up to values of S = 1.2 i s  i l lus t rated i n  Fig. 54, supersonic crossflow occurring tacard the l i n t :  o f  the 
angle o f  attack range. At ?i - 0.8, the pressure m i n i m  shom i n  Fig. 54a starts to  wove away from the 
leeward gmerator (i = 180e!, SO that the ooumkry layer w i l l  meet a continuously steepening circumferential 
adverse Pressure gradient as Z increases further. Relatively large recompressions beginning at  around 
9 = 150" occur a t  5 = 1 and 1.2. so that we would expect separation to occur i n  the crossflow plane soon 
thereafter. The heat- transfer measurements tt these sane re1 at ive incidences indicate the *cat transfer 
~ i n i m  have mved from the leeward generator to  where we night in fer  the 3D separation l ines t o  be located 
a t  9 - 165O. The heat transfer a t  the leeward meridian, i n  fact, begins t o  fncrease rapidly for values o f  
a > 1, consistent with an attachment l i n e  along that generator (Fig. 54c). Ue also note fhe same qual i tat ive 
trend i n  change o f  both the circmferent ial  pressure and heat-transfer distributions as a increases. The 
resultant surface shear stress directions from the ;mall crossflow theory agree well with oi l -dot directions. 
as we see i n  Fig. 54d. Thus, we can confirm our ear l ier  expectation that numerical methods for  computing 
the conical inviscid f lac f i e l d  may be used with confidence (with the exception noted below) up t o  E - 1 
as a external flow boundary condition, when a l l i ed  with a suitable attached flow boundary-layer computation. 
The exception occurs very close to the leeward meridian where the rapid thickening o f  the viscous flow 
obviates the assumption o f  noncoupling betwen the inviscid and viscous domains. 

Solutions to  the tnre-dimensional , rmpressi ble, laminar boundary-layer q u i t  ions have been obtained 
by brdner and Davis (1971) for circular cones a t  relat ive incidences up to  unity, when inwiersed ir "invisci?In 
shear and axisymetric wake flows. 

Caiculations of the compressible turbulent boundary layer about cones a t  angle o f  attack have been 
reported by Shaneorook and Sumer (1972). u t i  1 iz ing Head's (1960) entrainment concept; by hus te ix  and 
Qubm (1972) and by Bontoux and Roux (1976). using mixing length formulations; and by J. C. Adam (1972a.b). 
and harris and bbrr is (1974). via eddy-viscosity ap?roaches, The method o f  Harris and M r r i s  begins computa- 
t ion through the laminar and transitional phases o f  the flow. Lin and Rubin (1975) have developed a two-layer 
model of  the attached viscous-inviscid flm, using for the turbulent boundary-layer analysis ei ther a mixing- 
lengrh model or a two-equation kinetic-energy dissipation system to  treat the problem of (Reynolds stress) 
closure. The wrbulent flow i n  the plane of synnetry i s  discussed b; f i ~  and Bontoux (1975). A l l  boundary- 
layer nethods provide reasonable agreement with the high Reynolds numbe- xperiments o f  Rainbird (1968b). 



Overall Viscws Flac Field - Yith the int.  x b i t i o n  of fast coquters. such as the EOt 7600, r .pre w 
less cote e e p c tum c v o w  f ie ld  prst cones a t  h i  I@ o r  attack c m  be constnrcted by solving r 
s~,lifid kt :f tk ~V:~S~O&IS equbtion? (&Rae l9$ 3 7 ;  L lb l rd  1975; Lub8d utd Rak ld  lm). ma 
physics o f  Ut. f loo would a r to  t e  .Ddsled c o m t l y  i n  l m l ~ r  flw for the s k r p  (MM Md Lubard) 
and blunt (Lubard n d  ) r * i t ~ x u p l e s  displayed i n  Figs. 41 to 44 n d  dtscussd I n  Ir. 3.3.1. h tmt- 
mt of tha f lw rbocrt the nose I n  these calculations raises the question of how, i f  a t  a l l ,  the carmnrnt 
o f  the separation l ines i s  handled. For exuple. L W r d  (1975) -tad thc laminar v isaus sapr ra td  fln, 
s h u t  m essentially sharp 7" cone (of 0.003-in. nose r d i u s )  In  a Rch 16.1 s t m u  a t  r langth Raynolds 
,turbcr. RL, - lob. The ra l r t i ve  incidence. i 1.43, w s  chosen ta petnit c o q r r i m  wi th  ra* e r u i m t s  
on c i rcu lar  cmas reported by P a b  (1974). bcaus8 of the wrll note rrdius involved wi th  tbe * h r p *  c m .  
tk start ing condition differed fm the I n i t i a l  conditton o f  Lubrrd and Rskich (1975) ( for  the b l m t  corn) 
i n  which the n B t n r d  i n v l s c i d - f l o w / a x i s ~ t r i c  boundary layer w s  ca lc~ la ted  around tk nose. IbY. a 
L v t e r - S t l e s  a x i s y l r t r i c  arged-layer zero awl@-of-attack solution rmund r sphere, &e to tolctaria and 
Yidhopf (1973). was rotated t o  praviae a t h n t d i l m i w l  i n i t i a l  plane of data rt the nos@-$@#ere tngrny 
plane, a f ter  which thc rpprox iute Wlvicr-Stokes rqubtionl were u M  to m t i r w l e  the s ~ l u t i a n  Q w m t r a r .  
Although substantial adverse pressure gradients e r i s t  a l o q  generators, espaciall on tl* ui-rd side ~f 
the cone - up t o  10 to  M nose rad i i  Q m s t r r r *  o f  thr w e  whm the cone i s  p i t c L  (Stetson 1971) - the 
c i rcutnfemt ia l  gradient i s  frvorrbte from the winbard to the lmuard gemrator. b c @ ,  the start ing condi- 
t ion that fgplies attached flar cay o r  my not be satisfactory. The coquu t ion  (Lubmrd 1975) Indicated Wlt 
a lee st& p r l l u ry  semratlon f i r s t  *appebredu a t  300 nose rad i i  d a n s t r t u  of the nose. Flqure (Ir g i n s  
the d is t r ib l t i on  o f  velocity vectors a t  the cone base s t a t t m  i n  a plane normal to the com a t i s  fo r  8 * 1.0, 
on which the p r i l u ry  separation line, pot i t ion es,. my k interpreted i n  the range 155' el, , 160C. tntc- 
?rated forces and mmnts fm the calrulr t ions a m  to1erbbly well with tunnel m s u n m t s ,  as i s  sham 
i n  Fig. 4&, a t  th is  moderate mgle o f  attack. 

The invoking o f  the conical flw agproaiution not pwdt a n t i a M l i z a t i m  o f  m y  d t t a i l s  o f  the 
flow near the nose i n  t e n s  o f  singular points, because by def in i t ion the separation l ines must proceed to a 
sharp apex. I n  spi te o f  th is  philosophicrl d l t f icu l ty .  the ut1li:ation of the conical fla approxiartion 
produces quite r e r l l s t t c  results i n  both lu*rur and turbulent flw. i n  the -st m e n t  of the i r  published 
results. kPse and Hussaini (1978) m t e d  thc turbulent viscous flor over sharp c w s  i n  supersonic flo* 
u t i l i z i n g  scalar eddy viscosity aodcls. Altheugh the rddy viscosity c o c f f i c ~ m t s  i n  the s t r ru* ise &nd 
crossflow senses require tuning t c  mtch  precisely the experiments o f  Rai r i t rd  ( 1 W . b )  in  the regions 
close t o  the leeward meridian. very acceptable agreemt  ktmn c& lsu la td  a d  e x p e r i m t l l  surface pras- 
suws and P i m t i o n s  o f  surface skin-fr ict ion l ines 6bII be obtafmd for e@Ikiering purposes for  re la t ive ly  
la- variations i n  the eddy viscosity :oefftcimts'"Fig. 55). 

4.1.2 Conical : k ree-D ia~ns im l  F l ~ l  Separations 

Figure 56 (Crabbe 1963) shorn the I i n i t t n o  s t r e ~ l i w s  o f  the lmimr boundary layer on an e l l i p t i c  
cone at  angle o f  attack I n  a water tunnel rt a R e e l &  n u k r .  based on c m  lmgtk, o f  2.7 = 10'. The 
major axis o f  the e l l i p t i c a l  cross section I s  vertical. Dyc f lw i s  here e ~ t q i n g  fm very -11 d i r r t e r  
or l f tces I n  the surface ~f the mdel. The coherent dye f l l m t n t s  seek the l im i t i ng  s t r c m l i ~ r  d i l w t i o n s  
at  the base o f  the 30 boundary lbyer. R M d c r i n g  fmca Sec. 2.3 that the l i in i t ing streamlines proui0c a 
close representation nf the skin-fr ict lon lines. we see i n  Fig. 56 :hat the l i a i t i n g  streamlines convrrgc 
from both w r n b ~ r d  and lmrrd regions o f  the cone tward an asymptote - thc prii lvry separation line. On 
a conical surface. the cnndition for  conical f;o* separation1' i s  si+le; nracly. that tC separation l i n e  
should rolncide with a generator. The condition along an at t rchgn t  l i ne  i s  malogous, except that the 
direction of the shin-fr ict lon lines i s  nau reversed as they dive- from the attachwmt line. ?he top 
p i i t u ~  o f  Fig. 57. with streaks fmm o i l  dots. and the results frola a corresponding test with a titanium 
J i o ~ i d e  and o i l  n,ixture i n  Fig. S. show the turbulmt a t t a e h m t  l i n e  region along the leeward r m r a t o r  
of a circular cone at a relat ive Incidence of 2. Of EOUrSC. these sanr features o f  skin-fr4ct lon l i ne  
diverqence are alzo raund elono the winkard generator. as s h m n  i n  Fig. 58. The coRPnroffnt o f  the priavry 
and secondary separation l ines in  the region of the cone apex w i l l  f o l ) ~  o w  of the patterns discussed i n  
Set. 2 .5 .  althoujh the nodal and ztddlc singular points m y  be suff ic ient l)  close together to be c o n s i d e d  
as merged (kc. :.@I. 

The expr i rantd l  ~ ~ s u l t s  o f  Bdnnink and Wcbbtling (19i3) - F i  s. 58 and >da to 59f - i l l us t ra te  k u t i -  
t u i l v  the surfdie ~hedr  st~.ebs directions on an urnrapped surface Pan applied thin plastic sheet) o f  a 
circular sotw. to diwonstr.i:e the yrogr~ssive developnent tiward and beynnd 30 separatlon o f  the thickening 
boundary layers on Ute leewsrd side o f  the body at  a f re-Stream #ch n&er of 2.90 and up to  high relat ive 
~ncidcncrs. The development of the flow r m t n s  Symgtricdl about the plane of syslgtry at  th is  Mach n d c r  
up to relat ive incidences o f  a t  least i . 5 .  subsequent to which. as Fig. 60 il 1us:rates. wavy. nonconical 
seprration : ine ;~ositions appear.. along h i t h  an a s y m t r i c  vortex development i n  the leeward separated 
tiow f ~ e l d  The str iat ions i n  the l w a r d  wake s h i n 0  i n  the Schlicren photooraph are indicative o f  the 
sequence at vorteh cnr'ex that are abservdble i n  the crorsfiuu plant ir. Figs. 30. 31. and 32. 

F l o w  ncparatlon ecturs on sharp. circular cones at  angles o f  attack typica!ly greater than about three- 
fourth!. the nose senit-anqle. I n  suprrrsonlc f law. i n  the absmce of any axial pnrsure oradiests. primbry 
<r)p.trAtian I\ wen 111 the I w e r  photoqraph of Fiq. 57 to bc exactly alonq a Ocnerator. Yc detect the same 
overall tcatvrrs i n  the skr-friction l ine patterns i n  bo:h Itw-sped and hlgh-speed flrws when Figs. 56. - -  - -  --A*.-- . 

'i, arid i i t 1  f 10. 55. 

* . I n  I r r n ~ n ~ r  f i n .  the resultrnt \kin f r i c t i on  1s proportional to  Ra t  :. *hzv R, i s  the Reynolds nvlp 
bcr h,~,rrl on w ~ l t e ~ i  run. In blqh Rynoldc number turhulen. flows, the tndck power o f  the Reynolds nurnber i s  
L ! ~ l ~  t,) ~ t : i : j .  The >AII~- r v i ~ t ~ o n  I lne dJrpct_ttn. Cwever. depends only on the r - t j ~  of c r o s s f l o ~  to  stremn- 
nr\t. %ht-.tr -.trt.\\ r~u~nrtuden. which i n  turn aepend rssential lv on the ra t io  o f  cross71w to  streanvise prcs- 

cr.kitc~lt> Henre, even t t  thr're i s  411 e~sen t la i  lack of conicit) In the vissous flow devetopnent 
( !~ . i  -,IA,.~- I.~,L\I. t t l t c L ~ ~ ~ s \ .  >hCdr ~.tr'en\. etc. j .  there 1s no \uih ~ v s t r i c t i o n  on the skin-fr ict ion l tne direc- 
!ion. 

The 01 i tl,w proviilzc r " t i  1 tere.1 response" to ,tny unsteadiness i n  the real f l a t .  



57, and 58 are -red. Even i n  an i n c o q m s i b l e  flar, the conical nature o f  the skin-fr ict ion l i n e  a t  
separation i s  preserved. This i s  because a t  re la t ive incidences sufficient to CMC separatfon, the circtllll- 
ferential pressure gradients are mch larger than the axial  gradients f- thr effects o f  thickness and tht 
base. For the subsonic case as ell tbtn, the priwry -ration l i n e  I i e s  essentially along a generator 
as i l lus t rated i n  Ffg. 54. 

A sketch o f  the s y l v t r i c r l  extenul  flw f ie ld  past a s t  a large re la t ive incidence with s-ra- 
t ion and akdded shocks a t  G - 2.5 i s  givcn i n  Fig. 61; the sketch eomrponds with the Schliercn photo- 
graph a d  the s-trical oi l - f low display i n  Fig. 5%. I n  Fig. 61. A, i s  the rim*rrrd a t t . c k n t  l i n e  
and S1 the separation lime, wh+rc the prfmry W r y  layer ur: ra longer penetrate thr! c i rcu fc ren t ia l  
adverse pmsure  gradient on the leeuard side o f  the cone. It leaves thc surface as a coi led fm-shear  
layer o f  f i n i t e  thickness and m l l s  up in to the p r i m r y  vortex YI. Tk l a t t e r  induces dovlrflor o f  the 
inviscid f l u i d  to provide an a t t a c h m t  l i n e  o f  d i m g c a t  sk in - f r i c t im l ines along A2 Jm the seccn&ry 
boundary layer begins. It i s  th is  wddcn c n r i c h m t  of tht danflou, once p r l m r y  separatiom has m, 
that causes the heat t r u a f e r  to i n c m s e  i n  the region o f  thc lccwrd rrcdim, as ut saw i n  the laminar 
f lw e x p e r i m t  o f  Chrn (1969) i n  Fig. )k. If the r t l a t i v e  i n c i d a r  i s  not u c h  greater Wu, unity, th i s  
secomlary kwnd.ry layer w i l l  also separate a t  5,. Shan i n  Fig. 59b. 

At higher relat ive incidences. typical ly m r e r  to 2. the m u l t  i s  as rhan i n  Fig. 59c, u i t h  a 
setonday separation line, 5,. also apparent. OMe the d e d W  shock warns appear i n  the c m s f l a .  as 
sketched i n  Fig. 61, the steep circumferential adverse pressurc gradiants procuce exa?ptiona:ly rcl l -dcf inte 
p r i v r y  and secondary l ines o f  separation on the o i l  r7m; they are v is ib le  i n  Figs. 59d to S9f. Thc 
secondary separation. Sz, gives r i se  to a wuktr vortex Yz o f  opposite sign t o  V1, which i s  quite close 
t o  thc cane surface. M d i t i a u t  danflw i s  induced to cause ye t  another a t t a c k a t  l i n e  s t  An (see 
Fig. 59d). I n  principle, there appears no reason why the m d w r  o f  separation a d  a t t a s h m t  l ines ust end 
k r e .  Thc resolution available fm the oi l - f low viscalization does mot permit us to diagnose additionrl 
separations ktueen S1 and S: a t  s t i l ?  larger re la t ive incidences. but  during the lar-speed e l l i p t i c  ame 
tests o f  Crabbe (1965). further l ines with acc~gury ing  vortices ere revealed i n  the wttr tWncl- 

Yc note that the Mach-7 heat-transfer exper imts  i n  re la t ive ly  high Reynolds ndcr l r i r w r  viscous 
lo5 by Guffmy e t  11. (1968). wi th  a semi-mg e con up,to r e  a t i n  nc~dcnces o f  

b1Pif:7.abd::2t.r ur u qual i tat ive surface ncr p&ms'owr: l l ,  indicating b. tm,La  s m v  
separation l ines that n have discussed i n  turbulent flow. But a t  1-r Reynolds tnmbers, a t  = 4.9 x los. 
Cuffmy e t  at. (1968). as ell as Tracy (1963) and other workers i n  lrinrr flar (e.9.. Stettan 1971) 
have ubsmed only p r i u r y  separations. Tracy (1963). i n  fact. mk extensive mea~tracnts  o f  Uc hypersonic 
flow (& = 8) about a 10" semi-angle cow with l r i n a r  boundary layers (L = 0.5 to 4.2 x 105) vp t o  mkr- 
ately large relat ive incidence (G = 2.4). By s la r l y  r o l l i n g  h is  -1, hc was able to present u m t i n u ~  
trace records o f  surface s tat ic  pressure and heat transfer and measunmts of the external flow f i e l d  using 
a single fixed direction p i t o t  tube. For angles o f  attack greater than about 12". frxed {tranwnic) flow 
conditions prevailed, and the positions of the i n t e n u l  shock waves ere  clearly indicated by h i s  surveys. 
I t was noted that the leeward part o f  thc nose shock wave and the outer parts o f  tht i n t e n u l  shock uaves 
-re very w k ,  becaning tanqcntial to a free-stream Mach cone with apex c o i m i k n t  with the um apex. Also 
a t  angles o f  attack af  12" and above. boundary-layer separatitm was present. Tracy interpreted h is  p i t o t  
p m k  measurermts as indicating a lobel%f vort ical f l u i d  above the leeward generator (Fig. 6b). 

Similar results were obtained by Guffroy e t  al. (1968) a t  corresponding Repolds nubcrs (see Fig. 6Zb). 
Stetson (1971) has also produced p i t o t  surveys within laminar viscous f lw above a 5.6" half-angle cone a t  
Mch 14.2 a t  a length Reynolds n d r  o f  aluost 1 x IT. His results en separation l i n e  positions at  m S r a t e  
t9 high relat ive incidences are displayed i n  Fig. 63. I n  corparison with other measured laminar and turbulent 
results. The high k c h  number. laminar cone flows appear to  y ie ld  separation l i n e  positions that are closer 
to the ieaward meridian than either the lower Mach n l ldc r  turbulent resutts, o r  the Mach zem laminar f lw 
cases. 

4.1.3 Rainbird's Reasureemts a t  High Reynolds Rukr 

'?,inbird (1968a.b) determined, i n  a series o f  w e l l - i n s t m t e d  experiarnts. both the turbulent vtscous 
flc.. and the external flow f i e l d  deveiopment about pointed circular cones a t  raoderate to  large relat ive inc i -  
dences. Free-stream lbch numbers o f  1.8 and 4.25 and high Reynolds nurabers (aL, = 3.4 10' to 6.8 T 10') 

were chosen to provide both conically subsonic flows and conically mixed (transonic) conditions with zero 
heat transfer. Typical iy,  the viscous f lw up to separation was measured on a 12.Sc semi-angle cone; the 
external flow f i e l d  was mapped above a 5" d e l  . fhe cone surface quantities, such as s tat ic  pressure, and 
shear stress magnitude and direction, were obtained on each nodel. chiefly a t  *& 0.85 length station. The 
boundary-layer prof i les were obtained using a three-tube servo-contmlled yaweter that eaerged fm the 
con2 surface. while a pair o f  five-tube yanneters, attached to the cone base. probed the external flow f i e?3 .  
The cones were preposition& i n  p i tch and then rol led for the la t te r  neasunannts. 

The overall effects o f  viscosity on the normal force characteristics o f  the J~ = So cone are given i n  
Fig. 64, which shms 50th balance and integrated pressure results up to very large relat ive incidence 
(a lms t  6). The good agreenent betweer. these two sets o f  measurements, along with o i l - f low visualf iat ion 
en the cone surface, established beyond doubt the conicity and synnetry of the f!ow up to  i values of 3 
i n  the experiments o f  Rainbird (1968a.b). Figure 64 displays the substantial nonlinear l i f t  that i s  qener- 
ated above a relat ive incidence o f  about 1.5 froe both viscous and inviscid Yans (Schiff 1974). In i t ia l 'y ,  
the magnitude o f  thls nonlinear l i f t  increases more rapidly with 3 a t  the higher Hach nunbers. This i s  
considered to  be caused by the development o f  mixed flow conditions and internal shock waves generatinq 
separations with relat ively stronger vortices. 

-- 
''Symnetry demands that this lobe ms: contain s t  ieart  twc vortices. 



4.1 -4 Exper imta l  Surface Pmsure Distributions 

Thc developrnt of the surface pressure distributionr with angle o f  attack c m  be f o l l d  fra 
Figs. 65 and 66. At wll re lat ive i n c i d m n s  of h 0.6. the surface pmsure  grui ient i s  fawmble 
(roughly proportional to s in  +), t)u external s t l r v l i n e s  do not bve m inflection point, md the M t y  
layer gmus i n  a regular vnnr fm the windward to the lccr r rd generator. ?'he flow i s  attached 
and only -11 crorsf larr are developed i n  the boundary layer. With increase o f  mg le  o f  attack the p+csturr 
gradient f i r s t  kc#r idverse nmr the l-rd gentrator. H4 the point o f  m i n i u  pressure .pm n p i d l y  
arwnd the cone surface, froa + = 180- to rbout + = 130- f o r  a re la t ive iac idcna dwrgc frar, say. 0.6 
t o  1.0. Mote i n  Figs. 6% ud 6% the excellent a g r c a n t  rp to  Z - 1 of the inviscid flow pressure a i s t r i -  
butions calculated by 0. J. ~bnes (1%9) and the e r p c r i a t . 1  m s m a m t s .  &we the viscuus/invfscid 
coupling i s  s t i l l  s m l l .  

At  tk pmsure  m i n i u ,  the external s t r e m l i m  have Y in f lect ion p i n t  (Fig. 67) rk ieb the 
k d a r y  layer cncocntetr an idverse pressure gradient and thickens rapidly. The c r o s t f l c l  r i t h l n  tte boPndrry 
layer (Fig. 68b) (as defined i n  Figs. 7 and 8 )  i s  f i r s t  reduced .ad thm mversd By tb, adverse pressure 
gradient u n t i l  thc s r i n - f r i c t i m  t i m  are t u r d  alarp a gabemtor o f  tbe cow ( * 0 a t  + = = la* 
for i - 1 i n  Fig. 6Sb). I& observe i n  Fig, 6&. Ipnw. that the st-u v%tty & s t r i d &  m a r r  
t a i n  m s o m b l e  fullness a t  a11 c i r c u f e r m t l a l  stations. At the ur tie, tk bollldrry-layer thickness on 
the lecwrd gmerator i s  reduced (c-re boundary-layer profiles a t  + * 154.6. nd + = 18J' i n  fig. a) 
dut t o  the draining uay o f  la-cnrgl f l u i d  t c w r d  the prrssure d n i u .  lhe s t r c r l i m  of t h i s  borrb.wy 
l a y t r  grwing w y  f ra thc l c w r d  generator wf beneath the scplrated p r i v r y  bowyh~y layer c d a g  f r a  th 
w i e r d  o f  thc cow and form tuo s m t r r u l l y  disposed lobes o f  wrt iul  f l u i d  on either sidc o f  the 1- 
gawrator (see Figs. 6%. 69b. and 70r). Holmr. thcrc i s  so suddar eruption o f  m i c a 1  f l u i d  the cou 
surface a t  h - 1 and. a t  high Ibcymolds m, these 1- an? s t i l l  t h in  coqrred, say, uith thc 1-1 
cone radius. 

Y note that although thc hgtr (1952) representation of crossflow prof i les i n  Fis. 6k beas poor 
resedlance to the c r i s u d  profiles on the 12.5' cone, thc calculated polar velocity prof i les &e to 
$hanebmot md -r (1971) i n  Fig. 6Rd. and to Cwsteix and Qubsrd (1972) i n  Fig. 6&, are i n  g a d  rgrrc- 
mt with the s l s u r e w ~ t s  of Rainbird (196Ea.b). 

At s t i l !  larger re la t ive incidcmcs o f  2 or .ore (Figs. 66b and 66~). the adverse prrrve w e n t  
f o l l w i  thc pmsure  d n i u  intensifies a d  the prmry separation angle $5, occurs ear l ie r  
(Fig. 63. B c k m  the c i rcu fe ren t ia l  angles for  which i s  ztm. Fig- 66 skrs that Ucrc i s  a platerr 
o f  essentially constant pmsure  f o l l a c d  by a second prarourcd pr.;;sure m i n i m  md, f inally, a m- 
sion to zero pressure gradient a t  the leeward -rator. Y see i n  Figs. 69c. 6W. md mb that e* these 
conditions the scale o f  separated flow i s  c r t  extmsivc md thc shear layers r o l l  up to form r pai r  o f  
symetr ical ly disposed vortices close to the cone surface. The second pmsun? m i n i u  a t  + = 180- ? II*. 
produced by these wrt ices. also cause a vr l red thinning of thc bowhry layer and a very strang outflow 
way froa the l m r r d  generator (see the oi l - f low features i n  Fig. 594-  Secondary separation o f  th i s  lcaard 
boundary la-yer also occurs i n  the mighbpdmd o f  6 = h2 = '59- (Figs. 66b nd 6 6 ~ ) .  The dividing surfaces 
are shon as 'dash-dotC l ines i n  Figs. 69 and 70. k n y  o f  these turbulent fla features are ~ l i t a t i r l y  
similar to tte l r i w r  bomdary-layer separation about circular COIWS a t  la spcdr  discussed by Rainbird. 
Crahbe. and JureuZcr (1963). 

At *Jlc higher Pbch n d r  o f  M. = 4.25. mixed flat conditions are present a t  h r 2.1 and 2.5. .nd 
sharp pmsure  r i s e  foiloving the first pmsure  mini- i s  caused by e&&kd shock wm. The developmt 
o f  mixed fla conditions with internal shock waves usually causes (but not always) ear l ier  separation. as can 
be seen i n  Fig. 63, dwre  fla visuaiization measurca~nts of 05, are given fw the 5' and 12.5' cons. The 
primary separation l i n e  positions aeasured by l c b k l i n g  and &mink (1976) and W i n k  and 1Cgkl ing (1979) 
a t  Pbch 2.94 and with a ec = 7.5- cone i n  t~rbulmt flow (at a l-th Reynolds n r a k r  - 7 x lo6) follow 

the m u l t s  o f  Rainbird (1968a.b) a t  h is  lc rcst  Reynolds n r d t t .  The laminar tests o f  Stetsa, (1971) ad 
Guffroy e t  al .  (1x8)  provide, as a result  o f  density. tclpcrature. or heat transfer effects, separatim 
l i ne  positions closer to the leeward generator than we v i a  for  the turbu!ent bouftdav layer. 

4.1.5 Surface Shear Stress and D i m t i o n  

The surface shear stress directions (i-e.. the directions o f  the skin-fr ict ion lines) ere measured by 
streak-flau visualization frca o i l  dots. an exarple o f  which i s  shorn i n  Fig. 57. These results arm g i w n  
i n  Figs. 71a and 71b for  various relat ive incidences a t  Ikch 1.8 a d  4.25. Data rclsured a t  &o lngth* ise 
positions, x/L = 0.65 and 0.85. are prcsmted a t  the largcst re la t ive inciScme C = 2.S0; within the scatter. 
they show no systmatic influence o f  lengthwise location For a11 conically subsonic cases, the skin-fr ict ion 
l i ne  directions are reduced smoothly tr, zero (separation) b$ the adverse pressure gradient but. with cdcddcd 
shocks present, separation i s  produced extremely rapidly. Wlere the skin-fr ict ion l i n e  direction % i s  a t  
a =xinun jnegative) value close t o  the leeward meridian, there i s  an inf lexion point i n  the pattern o f  skin- 
f r i c t i on  lines inraediately beneath the core o f  the primary vortex. This location may also be read frar 
figs. 6% and 50b. 

5L,e magnitudes o f  the local skin-fr ict ion coefficient, determined from Preston (surface p i to t )  tiks. 
are shown i n  Figs. 72a and 72b for Mach 1 8 and 4.25, respectively. Ye note that the Preston t u k s  were 
aligned against the surface skin-fr ict ion l ines for each civ-cumferential angle. and that a two-dimsional 
bourtoary-layer calibration o f  these tubes was assusled to apply. 

For a relat ive incidence o f  abcut t s i t y ,  ?he magnitude of the local skin-fr ict ion coefficient decreases 
smoothly to a , n i n i w  but f i n i t e  value at  separation, a ~ d  increases again to a value a t  the leeward generator 
that i s  close to the zero incidence skin-fr ict ion coefficient. A t  ,i = 2.1, there are minimm, but f i n i t e  
values, a t  both pr imry and secondary separation l ines along with very high values near the leeward generator 
due to the strong outflow. (The measurement o f  skin f r i c t i on  and direction i n  subsonic flow on a cone 
u t i l  i r i ng  yawed pairs of hot wirer buried i n  the surface repeated the t m d r  found i n  supersonic fla* (see 
Peake, Owen. and Higuchi (1973)). ) 





swept separations on other configurations w i l t  be seen to be analogous i n  many respects to the conical flows 
discussed i n  t h i s  section. 

4.2 Blunt Cones 

A b lunt  nose o r  leading edge i s  usually r e q u i d  on a hypersonic vehicle f o r  survival during thc -try 
phase o f  f l i gh t ,  althou k i q m v e d  materials and bet ter  design estimates have enabled very s l m k  shapcs and 
wll bluntness ra t i os  i t h e  r a t i o  of nose radius to base radius) to be used successfully Blunt conical 
shapes are used i n  m n l i f t i n g  reentry applications; slender b lunt  cones provide usable l i f t - t o d r a g  ra t i os  
f o r  l i f t i n g  reentry f l igh t .  As the bluntness r a t i o  i s  increased, the viscous-inviscid in terac t ion  i n  the 
nose region becomes increasingly important i n  i t s  ef fect  along the body; a t  a given angle o f  attack. d rcnss-  
i ng  the core half-angle also increases the sever i ty of the interact ions on the In side. Ablation o f  thc 
surface m t e r i a l ,  due to mass transfer enhancing the d i s p l a c ~ l m t  effects, au-ts the interaction. Fanmlop 
and Lhl-n (1968) m t e  that  the primary effect of ablat ion i s  to educe viscous drag, the l i f t  m i n i n g  
a l a s t  unchanged re la t i ve  to the nonablating case. A physical fla mdtl o f  ablat ion was out l ined by 
Canning e t  a l .  (1968) to explain the cmsshatching and o t k r  observed patterns on b icmic .  CO(K~YC. md 
convex ablat ing mdels  i n  a k c h  7 airstream w i t h  m i i x i u  local  Reynolds nub t r s ,  based on -1 lmgth,  
approaching 10 a lob. An in teres t ing  hypothesis tha t  re lated the crosshatching to the k ind o f  vortex 
s t ruc twes that  we are discussing was proposed by Tobak (1970). He suggested tha t  the crosshatching was the 
resu l t  o f  spat ia l l y  per iodic variations i n  surface pressure i n  both the spanwise and longi tudinal  d i rect ions 
and tha t  the source of  the pressure var iat ions was the presmce i n  the boundary layer of an array o f  regular ly 
spaced counterrotating longi tudinal  uort ices t h a t  o r i g i n r t cd  fm surface i r r egu la r i t i es  mrr the leading edw. 

Blunting the apex of a c i r cu la r  cow  causes substantial perturbation to the con ic i ty  o f  the c-intd 
viscous and inv isc id  flow f ie lds .  The effects arc  f e l t  over a considerable n t d e r  o f  mse  r a d i i  d m s t r t r r .  
I f  rr take the ax ia l  pos i t ion  when the l im o f  a i n i u  pressure on the leeward side f i r s t  returns to al ign- 
ment w i t h  a conical ray as an i n d i u t o r  of flow conicity. Fig. 75 shows tha t  increasing the angle o f  at tack 
ac tua l ly  diminishes the d a r n s t r t n  effect of  the nost on tht t m a r d  side. btwi thstanding. a t  G values as 
high as 3. the influence o f  the m s e  i s  s t i l l  apparent up to c r e  than 30 nose r a d i i  d a n s t r e v  a t  = 14.2. 

The effect: o f  bluntness and re la t i ve  inc idwxe were included i n  a normal f ~ r c e  cor re la t ion  proposd 
o r i g i n a l l y  by H i t f i e l d  and Yolny (1963) (and used l a t e r  by brge  and U h i t f i e l d  1968) a t  angles o f  at tack 
up t o  90'. i n  a i r s t ream a t  Mach 7 and above, as: 

where R# i s  the nose radius and RB i s  the base radius. The above re la t ionsh ip  indicates t ha t  both a high 
re la t i ve  inc!lence and a large r a t i o  of nose-to-base radius for  a given value of sc w i l l  dominate the over- 
a l l  nonlinear l i f t i n g  performance of a b lunt  cone. By inference then, these normalized par-ters w i l l  a lso 
govern the pressure (and the heat transfer) d is t r ibu t ions  on the body. To maintain a given noma1 force as 
bluntness i s  increased. re la t i ve  incidence m s t  also be increased. 

4.2.1 Experimntal Surface Pressure Distr ibut ions 

Stetson (1971) .*ported measuring the longi tudinal  and circumferential s t a t i c  pressure d is t r ibu t ions  on 
the surfaces o f  two sc = 5.6O cones, o f  302 and 10': bluntness, the respective cone lengths q u a l l i n g  about 
25 and 94 nose rad i i .  The laminar f low on each cone was studied i n  a Mach 14.2 airstream a t  a length Reynolds 
nuinber of RL_ - 0.4 x 10% At  mderate t o  high re la t i ve  incidences, say up t o  ?i - 2, the longi tudinal  

pressure d is t r ibu t ions  measured along the cone curface generators (s = constant) i n i t i a l l y  indicate h igh ly  
favorable pressure gradients due t o  the mss ive  expansion of the f low from the stagnation point  region behind 
the bow shock (Fig. 76). These lengthwise gradients then turn adverse downqtream o f  x/RN - 6 on the w i d -  
ward side o f  the cone, the naximun Steepness being si tuated a t  $ = Ow, along the windward generator. Under 
these circumstances, of course. the cone boundary layer w i l l  develop under a favorable c i r cmfe ren t i a l  pressure 
gradient a l l  the way frm the windward generator as far as tw symetr ica l  m i n i m  pressure posi t ions o f f  the 
leeward plane of syr..letry, as we see i n  Fig. 77. Tiereafter, the circumferential pressure continues to  
increase towird the leeward generator {except near t h t  cone base where a s l i g h t  trough occurs on the leeward 
meridian). A t  the re la t i ve  i x i dence  o f  1.79. we can determine from Fig. 78 that  the l e w d  circumferentisl 
 press^-e gradient i n  the nose region turns adverse a t  the ax ia l  s ta t ion  somewhere between 2.4 c x/RN < 10.3, 
where we would expect a noticeable ef fect  c f  separated flow t o  begin. 

4.2.2 Skin-Friction Line oatterns and Heat Flux Distr ibut ions i n  Laminar Flow 

Figures 72, and 80 show respective lo* and high Reynolds nunber resul t s  o f  experimental surface o i l - f l o w  
v isua l iza t isn  on b lunt  cones a t  angle o f  attack i n  hypersonic flow (Stetson 1971; Cdrbsuela, Kretzschmer. 
and Rehbach 1968). Figure ela i s  a postulated pattern o f  sk in- f r i c t ion  l ines  which appears i n  accord w i th  
the low Reynolds nanber o i l  pat tern displayed i n  Fig. 79a. This pattern i s  the f i r s t  i n  the sequence o f  
p lausible flow patterns on a blunt apex that  was shown i n  Fig. 22a, where the primary separation l i n e  s tar ts  
from a saddle po in t  i n  the nose region. Reducir :he bluntness from 30% (Fig. 79a) t o  10% (Fig. 79b) erases 
:he experimental de ta i l  resolut ion i n  the nose region, but ccnfirms the existence o f  the primary separation 
l ine .  Tne enhanced Reynolds number flow shown i n  Fiqs. 80a and 80b a t  a re la t i ve  incidence correspondir,g 
t o  Stetson's flows i n  Fig. 79. demonstrates a l i k e  pattern o f  only primary separation. Once the angle o f  
attack increases to a re la t i ve  incidence o f  4. however (Figs. 80c and Bod), both primary and secondary 
separation l ines appear. The resolut icn avai lable from the streaking o i l  dots does not allow a categorical 
interpre:ation o f  how the secondary separation l i n e  forms, but i t  could s t a r t  from another saddle point  on 
the leeward meridian (Fig. 81b) o r  from a saddle po in t  o f f -ax is  that  i s  joined t o  a focus (Fig. 81c). The 
vor t ica i  f i l a w n t  from the focus w i i l  center the ro l l -up  o f  the d iv id ing  surface from the secondary separa- 
t i an  l i n e  as we saw i n  the hemisphere-cylinder. transonic flow case i n  Fig. 26. 

The heat-f lux d is t r ibu t ions  measured by Ceresuela, Kretzschmer, and Rehbach (1968) on the 562 b lunt  
rone are plot ted i n  Fig. 82, i n  both the circumferential and ax ia l  d i rect ions.  I n  t o t a l l y  laminar flow, we 
woirld expect these heat f ldx  d is t r ibu t ions  t o  fo l low the pressure distr ibut ions,  i f  Reynolds analogy holds. 



A coqwrison of Stetson's pressure distributions on h ls  30% blunt cone i n  Fig. 76 indeed shows close a g m -  
mt with the trend of the French hcat flux rcasurernts, the 'peakye ptrfonunct along the w i n b r d  and 
l m r d  generators k i n g  associated with rsoqress ion  effects darns tmu of the nose overexpansion. Note 
that these broad peaks are obviously not associated with the c o a j e c t u d  nodal points o f  attachment i n  
Figs. 81b and 8lc; neither are they tK t representative of boundary-layer transit ion behavior with such 
a l a w  bluntness r a t i o  (see Cleary 196% Also i n  th is  l r imr  flr field. the heat transfer effects on 
the leeward side, even i n  the presence of p r r v r y  and secondary separations, are re la t ive ly  minor i n  cdb 
parison w i t h  those on the w in&rd  sidc. C l a y  (1969) notts that s imi lar i ty  theory i s  generally suitable 
for  estimating laminar heating rates on blunt cones up to B values o f  a t  l u s t  2. He suggests that, un&r 
these ctmditions. the effects o f  c ross f lw  i n  the boun&ry layer on thc heating rates are re la t ive ly  ma l l .  
As far  as calculations are concermd fo r  the external flw field, t%risuela, Krhtzschtr, and Rthbach (1968) 
shaued that numerical solutions o f  the inviscid flw f ie ld  (see Fig. 80) gave good prediction o f  the bar 
shock wave position up to ?I - 4, but as before ( fo r  the pointed bodies) produced poor results o f  leeward 
surface pressure distributions above h - 1. 

4.2.3 Calculation of Viscous F l w  

F ~ P  tht theoretical standpoint. tht attached laminar boundary layer abwt  blunt cams has been dealt 
with successfully, up to relat ive incidences of unity. by Famclop a d  Ualdun (1968) and b r a  (1976). 
rho invoked the asurptfons o f  vrll crossf la .  I n  an a t t a p t  to obviate thtv wll crossflow assuptions, 
Dcr (1969) used an inviscid pressure f i e ld  (from m d i f i t d  Newtonian theory) a l l i ed  with an exp l i c i t  f i n i t e  
difference approach. This inviscid pnssure field. unfortunately. does not provide an adverse c i r c m f e m t i a l  
pressure gradient and cannot. therefore, predict crossflcu srplretion. )4yn (1977) has cuqwted the laminar 
viscws shock layer on a blunt bi-conic body a t  la anslcs of attack. 

As we uu with the sharp cones, the viscous-inviscid interactions on the leeuard side o f  the blunt 
com umt be t m t t d  adequately with noncoupling o f  thc viscous a d  inviscid flar dorains. Thus. the 30 
kvier-Stokes blunt c o n  solutions of L a r d  and Rakich (1975). the results from which were displayed i n  
Fig. 43 and discussed i n  kc. 3.3.1. have provided the most appropriate solution to date o f  thc viscous, 
separated laminar flw a t  mdtrate to high angles o f  attack. 

4.2.4 Boundary-Layer Transition 

Bounlrry-layer transition on bodies a t  angle o f  attack has a powerful influence on the lccward inviscid- 
viscous interaction and on the heat transfer to the l m a r d  surface i n  the presence o f  separated flow. As 
a general rule, the transition zone .over rearward along the w i h r d  meridian and forward along the 1-4 
r r i d i a n  as angle o f  attack i s  increased; but neither a f u l l  description nor a c o r ~ l e t e  understanding o f  the 
detai ls o f  the t ransit ion front bebeen these end points i s  available. Once the transition region i s  deter- 
mi& a t  zero angle o f  attack. the deviation froll s y l r t r y  i n  the transit ion zone wi th  increasing angle o f  
attack i s  a f u ~ t i o n  m l y  o f  re la t ive incidence (Rtda 1977). 

The several processes o f  transit ion (see Morkovin 1968. 1978) are sensitive to a great nuber  o f  environ- 
m t a l  factors and lodcl conditions. These , tmqses ,  namely the reception of the boundary layer to various 
kinds o f  disturbances ('receptivity'), the arpl i f i ca t ion  o f  colpcting l inear instabi l i t ies, and the ensuing 
nonlinear pmusses. are a l l  extremely caplex phenomccu. At suff ic ient ly la Reynolds nuchrs, the region 
o f  transitional o r  incipient turbulent fla i s  often characterized by the appearance o f  regular arrays o f  
vortices within the boundary layer with axes s l ight ly  skewed from the d i m t i o n  o f  the external stream. The 
developcnt o f  these arrays o f  nearly streaufse vortices has been associated with ins tab i l i t y  o f  the cross- 
f l a  within the 30 boundary l r ye r  (see, e-g.. Tobak 1973). but the i r  subsequent progress through regions o f  
rdverse pressure gradient remains ~ l c h  o f  a aystery. Nhat happens, for  instance, as these vortices approach 
a l i n t  o f  30 separation? Do they break dan rapidly as a result  o f  secondary ins tab i l i t i es  and proceed to 
turbulence instan:aneousl y? At high enough Reynolds nurbers and depending on the perturbation environment. 
bypasses to the nornal arp l i f icat ion processes may take place, so that the vortices may not be observed. O f  
course, there i s  always the question of whether the longitudinal vortices are associated just with the 
instabi l i ty  o f  the 30 boundary layer or whether they are also related t o  the developnent of th.: entropy 
layer. The former i s  the more l ikely, since the longitudinal vortices have also been observed i n  subsonic 
flow (see Naltby 1962). Also. we must not forget the contributions o f  30 roughness elements, i n  association 
with vortex stretching due t o  axial and circumferential pressure gradients, i n  the production o f  turbulent 
spots and wedges (Ibrltovin 1968). I t i s  clear that we must learn the manner i n  which disturbances i n  the 
free stream and other disturbances enter and amplify within the viscous flow and determine the i r  spectra. 
since certain regions o f  the spectrm have a direct influence on transition and others do not (Reshotko 1977). 
To cocaplicate matters further, the effects o f  transition m a j  be d iss ia i lar  on the same model, \*hen tested i n  
di f ferent wind-tunnel faci li t ies or f l i g h t  (Oougherty and Fisher 1980). 

I n  this review, we wish to cosncnt b r ie f l y  on the effects r f  transition from selected references as 
they pertain to the develop~ent o f  30 separations and associated heat transfer on blunt bodies a t  angle o f  
attack. We begin by denonstrating the effects o f  bluntness on skin-fr ict ion l i ne  direction a t  Mach 6.05. 
i n  some exper imts  performed by McEldewy (1974) with ec = 6'. 10% blunt and sharp cones at  Reynolds 
numbers based on cone length fm typical ly 2 x l o 6  to 16 x lo6 .  Relative incidences o f  up to 2 were inves- 
tigated. with extensive regions o f  laminar, transitional and turbulent boundary layers existing on the cones. 
Figure 83 presents som o f  PkElderry's results along the 4 = 90" generator, plotted as angle (with 
respect to  the generator direction) a t  relat ive incidences o f  1 .O, 1.5, and 2.Q. The results for the blunt 
cone with laminar and turbulent flow are depicted with shaded symbols and joined with dashed and f u l l  l ines, 
respectively. First,  we note from Fig. 83 that increasing the angle o f  attack does not change the position 
of the transition zone along the flank o f  the sharp cone, but on the blunt cone, moves the transition zone 
forward toward the nose. A t  a given angle of attack, however. b - ~ n t i n g  delays the onset o f  transition (see 
also Cleary 1969). Second, the skin-fr ict ion l i ne  direction on the blunt cone reduces by about 30" through 
the transit ion region. This i s  because the turbulent boundary layer i s  more resfstive to skewing i n  the 
circumferential pressure gradient than i t s  laminar counterpart. (The results on the sharp cone are insuf- 
f ic ient  to detennine any changes i n  ws throug5 transition.) Third, the effects of the 10% bluntness are 
not apparent i n  the laminar flow downstrem o f  x/L - 0.4 where, i n  Fig.  83, we see that the values of ,, 
on both blunt and sharp cones overplot to within the scatter o f  the measurements. From these comparisons, 



i t  i s  evidmt that the nose blunting i s  the overriding influence affecting transit ion location and hence, by 
iaplication. w i l l  have a large effect on the l m a r d  separated flow developmt. 

FN.:! a prrc t ica l  point of view. i t  vould appear that high heating rates materialize along the l m u r d  
side once them are s h k  waves i n  the crossflw causing primary and secondary s rations i n  t r m s i t i o n r l  
or turbulent flw. Figure 84 displays M oi l - f low pattern o f  Zakkay e t  at. ( 1 9 7 z  indicating wl l -def ined 
regions o f  p r i m r y  and secondary separation i n  the Mach 6 transit ional fla about a a = 10. blunt conc a t  
h - 2. Note the large difference a t  thc s a r  re la t ive incidence b e t m n  the form of tke heating distr ibut ion 
along the l m a r d  ray i n  the flow o f  Zlkkay e t  al. (1972). sham i n  Fig. 81, when -red with the l u i n a r -  
fla distr ibut ion sharn i n  Fig. 82. Rn sudden turnaround and rapid incrclse i n  k t - t r m f e r  shorn fin 
Fig. 84 a n  ascribed to the onset of transition (see Cleary 1%9). The heat-transfer rate continues to 
increase along the cone u n t i l  a plateau i s  reached a t  a value approximately t h m  t i l c s  higher thur thrt 
along the windward r r i d l a n .  Eventually, the onset of transit ion also occurs along the w i n b r d  r r f d l m ,  
a t  a distance o f  6 nose rad i i  farther damstrem than the onset along the leeward ray. The mtim transi- 
t ion zone i s  hence skewed with respect t o  the axis of the cone. A conjectured skin-fr ict ion line pattern 
appropriate to the oil-f low result  of Zakkay e t  al .  (1972) i s  shown i n  Fig. 8lb. Yc p e m i n  thrt the 
region o f  high heating on the leeward meridian. indicated on the oil-f low pattern photograph. c w l d  be 
attributable to  the flow a t  the attachent nodt situated upstrem of, but adjacent to, the saddle point o f  
the secondary separation line. This saddle point could well be a t  the onset of transition. suggesting a 
possible l i n k  between t ransit ion and secondary separation pmesses i n  th is  case. 

Reynolds nueber i s  a crucial regulator o f  the peak heating to the leeward meridian on shuttle nose 
configurations as Mitehead e t  al. (1972) revealed; Figs. 85 and 86 are froa the i r  paper. Figure 85 d i s p l a r  
the leeward heating to  a conceptual shuttle lodtl i r t r r c d  i n  a Mach 6 s t l w  a t  Reynolb Ndcrr h s c d  on 
the body length frow 0.7 x 106 to  3.3 x lo6. A t  a l l  Reynolds n&rs shorn i n  Fig. 85, divcrgcrt skin. 
f r i c t i on  l ines ("feather-like* patterns) were said to exist along the leeward generator, so that the 
secondary boundary layer developing from th is  l m a r d  attachacnt l i n e  conti- to  drain in to  the thickening 
lobes o f  vort ical f l u i d  on either side o f  the plane o f  sy rc t ry .  The heat transfer distr ibut ion a t  
RL., = 0.7 x lo6 and 1.2 x lo6 res-les qual i tat ively that which was measured i n  a corpletely laminar bound- 
ary layer by C6dsuela. Kretzschmer, and Reh&ch (1968) (see Fig. 82e) and which w s  re la t ive ly  insignif icant 
i n  c~fpar ison w i t h  the hindward heating. Hhen the Reynolds n&r increases t o  above 2.2 x 106, transi- 
t ion wwld appear to occur near x/L = 0.4, o r  else a nodal point o f  reattachrent provides the peak i n  heat- 
ing. Despite th is  ( s t i l l )  low Reynolds nuber a t  the 20' angle o f  attack, the flow events around the ln- 
side wse region make transition the more l i k e l y  explanation producing th is  heat transfer signature (see 
Cleary 1969) especially since the skin-fr ict ion lines do not undergo radical changes. Furtheroom. Wtdhopf 
and Hall (1972) have measured transit ion on the nose-up of blunted cones to  s h a  similar heat-transfer dis- 
tributions. I t  i s  known. for instance, that during the transition process, a peak i n  heat transfer (or wall 
tenperature) above the adjacent laminar and turbulent values occurs where the rate o f  'turbulent bursts' i s  
presumed to be a t  a ~.oxinum i n  the transition zone -see Owen (1970); Peake e t  al. (1977). That such a peak 
was mt plotted i n  Fig. 84 i n  the heat-transfer measuremts o f  Zakkay e t  al. (1972) could be due to i t s  
occurrence between measuring points. The additional peaks i n  leeward heating a t  the very high re la t ive 
incidences shorn in  Fig. 86 might be caused by relaminarization, fo l lwed  by renewed transition, since the 
axial pressure gradient i s  favorable along almost a l l  o f  the leeward generator. However, such diagnoses 
would be aided by =ircmferent ial  sk is- f r ic t ion and heat-transfer measuraacnts, plus f ine resolution o i l -  
streak f lw visualization. The heating o f f  the plane o f  syrmetry my be equdliy as important as the leeward 
flow, since other a t t a c h m t  l ines w i i l  exist once primary, secondary, and perhaps other 3D separations haw 
developed. 

I n  contrast with these transitional f lws ,  we observe frow the lneasureaents o f  Widhopf (1971aj i n  
Fig. 87, where a ec = go, 40% blunt cone was tested i n  a Mach 10.6 s t m  a t  &, = 26 x TO6, that the 
f u l l  turbulent heat transfer data a t  relat ive incidences up to 2.22 s h a  no surprises; they f o l l a  i n  
qualrtatlve terms the laminar (very) blunt cone results o f  CBdsuela. KretzschnPr, and Rehbach (1968). 
Useful heat transfer correlations for  blunt cones a t  angles o f  attack up to  6 - 2.2 wre also obtained by 
Widhopf (1971b). A calculation o f  the zero-angle-of-attack heat-transfer distribution, together with a 
detailed surface-pressure distribution, allowed a rapid evaluation o f  the turbulent or laminar heat-transfer 
rates anywhere on the body o f  the blunted cone up to i - 2. 

Further comner.tary on blunt-nose vehicles o f  the Shuttle type w i l l  be deferred to Sec. 4.9. 

4.2.5 Turbulent Flow Field on the Leeward Side 

The leeward flow f i e l d  about the blunt cone exhibits a di f ferent flow structure from that about a sharp 
cone a t  the sane relat ive incidence i n  hypersonic flow. To d m s t r a t e  these differences, kElderry  (1974) 
measured p i  t o t  pressures i n  the leeward turbulent separated flows about ec = .6", 10% blunt- and sharp-cone 
models a t  Mach 6. Figure 88 presents some o f  these results a t  a relat ive ~ncidence, 6 = 2, plotted as con- 
tours of constant fractions o f  the free-stream p i t o t  pressure existing ahead o f  the cone shock waves. I t  i s  
clear that the overall pattern of p i t o t  contours about the blunt cone (Fig. 88a) d i f fers  from the recognizable 
primary and secondary vortex structures existirtg on the sharp cone (Fig. 88b) by the additional zone o f  low 
energy that straddles the leeward plane of symnetry about 1 cone radius above the leeward meridian. I f  we 
postulate tkat the flow str.uctures for the blunt and sharp cones are as shown i n  Figs. 89a and 89b, we see 
imnediately that the pair of isolated top vortices abcve the blunt model could be those originating from foci 
on the nose. Such a flow i s  analogoos to the inboard surface foci shown i n  Fig. 24, f c r  example, and the 
inboard vortices shown i n  cross section about the slender wing on Fig. 25d, providing yet one mare possible 
flow structure i n  addition to those i n  Figs. 81a to 81c. Some lack of resolution i n  the p i  to t  measurements 
has perhaps prevented the discovery o f  these nose vortices i n  Fig. 88a. but from considerations o f  symnetry, 
we believe that two vortices must ex is t  as shown i n  Fig. 89a. The small regions of high total  :ressure 
between the nase vortices and the primary vortices correspond i n  location with the saddle points (Fig. 89a) 
where there i s  zero velocity i n  the crossflow plane. In  our discussion o f  the patterns of skin-fr ict ion 
lines on the blunt cone examples i n  th is  section, we see that we have u t i l i zed  most of the possibi l i t ies O f  
blunt nose ftows conjectured i n  Figs. 22-24. We also cannot ru le  out the poss ib i l i ty  that the flow i n  
Fig. 89a i s  a counterpart to that shown at M, = 1 .G and 1.2 for  the hemisphere-cylinder (Fig. 2 b ) .  Finally, 
we night comnent that the external lobular shape of the leeward turbulent flow about the blunt cone i n  



hypersonic flw i s  curiously not dissimtlar to  that found by Tracy (1963) for the hypersonic laminar flaw 
f i e l d  about a sharp corn (Fig. 62a). The existence of shock naves i n  tla same part icular locations i n  the 
l n r u r d  flau f i e l d  i n  the respective turbulent and l a a i ~ r  cases than i n  figs. && and 62a should also be 
noted. 

4.3 Long Slender Bodies 

The body o f  a typical missile o r  rocket consists of a lw-drag nose shape attached to a circular cyl in- 
dr ica l  afterbody. The afterbody i s  about 10 body d i a r t e r s  i n  length and has s tabi l iz ing f i ns  o r  a f lare 
ounted close to the base end. Such tong bodies a n  very prom to flow stparation once they depart from a 
zero angle o f  attack flight condition. To oversiaplify the picture, we m y  regard the long cylinder as a 
cane o f  essentially zero included angle and so fo r  any small angle o f  attack. the r e l a t i  w incidence i s  very 
large a d  separation i s  inevitable somewhere d m  the body. The typical separated flow r e g i r s  encountered 
on the l cewrd side with increasing angle o f  attack are (1) a sy l r r t r i ca l  vortex wake about the meridian 
plane; (2) a re la t ive ly  steady r s y r r t r i c  vortex wake; and (3) an unsteady diffuse vortex wake. f k s e  reg i rw  
arc i l lus t rated (Figs. a - 9 0 c )  i n  side elevation i n  the water-tunnel experignts o f  F i u h t e r  (1966) f o r  a 
tangent-ogiw cylinder up t o  angles o f  attack o f  about 60°. 

4.3.2 Steady Sypetr ic  Separations 

(h very long, pointed o r  blwt-nosed slender configurations, separation f i r s t  occurs sylaetrfcal ly with 
a pai r  o f  vortices t r a i l i n g  back along thc body. Figure 91 i l lus t rates such body separations i n  side eleva- 
tion on a blunted cone-cylinder-flare laDdel a t  a la, relat ive incidence i n  a Mach 4 airstream. The separa- 
tions and vortex rake are recognizable i n  the photograph a t  about 1-2 body diameters behind the cone-cyl inder 
j rnct ion and roc& danstream on the leeward side o f  the body i n  a u e l l  ordered and structured fashion 
(see Fig. Waf. These s p e t r i c  vortices are v i r tua l ly  identical i n  f o n  i n  the c ross f la  plane a t  c o r n -  
ponding relat ive incidences, provided the crossflar i s  subsonic. By way o f  exaaple. f ig .  92a shot6 the 
c r o s s f l a  about an ogive-cylinder a t  20' angle of attack a t  K. - 0,  made v is ib le  with dye and aluatinum 
part ic les i n  a water-tunnel study by Yerle (1974). The close analogy between th is  lw-speed case and a 
k c h  2 wind-tunnel resul t  for  another ogive-cylinder a t  26' angle o f  attack (O'Hare and Jones 1973) i s  
revealed i n  Fig. 92b. The figure shovs a composite of laser vapor-screen photographs for various crossflow 
planes along the body, ass-led i n  an i s o a t r i c  v im.  Both primary and secondary vortices are observable. 

Careful taeasureomts of the crossflow velocity vectors and contours o f  constant pitot-pressure de f i c i t  
i n  l a s p e e d  symetrical flow were made by Grosche (1970). as shown i n  Figs. 93a and 93b. The p i  to t  contours 
display evidence o f  both the primary and secondary separations that were seen on the cone i n  Fig. 69. Mote 
i n  Fig. 93c that when a wing i s  added t o  the body a t  the same angle o f  attack, there i s  a substantial s h i f t  
i n  the position o f  the body vortices due to  the larger induced effects of the controlied flow separations a t  
the edges o f  the swept wing. SOIP preliminary m a s u m n t s  o f  the 30 velocity coniponents within the nominally 
symetr ical leeward wake were made by Owen and Johnson (1978b). using a laser velocicneter. 

Sore painstaki ng experiments on missile configurations a t  angle of attack were nude by Boersen (1975) 
to  elucidate the f ine detai ls of the skin-fr ict ion l i ne  patterns. Figure 94 shows some o f  his results. 
Figure 9r)a displays the primary separation 1 ine i n  turbulent flm along a ec = 20" blunted cone-cyl inder 
(without flare o r  fins) a t  a low relat ive incidence o f  0.6. - 10 1 lo6, and a t  b c h  2.3. There i s  a 
stroirg resenblance between th is  flow and that about the e l l ipsz id discussed i n  Sec. 2.8.2 (Figs. 27 and 28). 
The flow i s  sywetr ical about the meridian plane but notice. on the unwrapped surface o f  the cylinder. i n  
Fig. 94b. the gradual convergence o f  the skin-fr ict ion l ines emanating from the clearly defined windward 
a t t a c h &  l i n e  zone, followed by the very abrupt turning in to the primary separation 1 ine, S i .  The induced 
downflow between the primary vortices (Fig. 92a) causes a rapid di~err,-~tce along the leeward generator, A,. 
toward the apparent beginning o f  a secondary separation region, 5 : .  This behavior i s  part icular ly notrceable 
i n  Fig. 94c where the length Reynolds nunber has increased by a factor o f  3 over the flow shown i n  Fiq. 94b. 
Naturally, i f  we maintain our hypothesis o f  demanding patterns o f  continuous skin-fr ict ion l ines associated 
with a l imited number o f  singular points, the attachment and separation l ines that are very evident i n  these 
elegant flow visualization studies o f  Boersen (1975) rmst emanate from (merged) nodal and saddle singular 
points on the surface a t  the nose. Only when the local circumferential pressure gradients become su f f i -  
c ient ly  adverse do we see the rapid turning o f  skin-fr ict ion l ines t o  form asymptotes to  the particu?ar 
skin-fr ict ion lines that are the primary and secondary separation lines. 

Changing the forebody to a ec = 20° sharp cone (see Fig. 95a) a t  the same relat ive incidence of 0.6 
(Boersen 1975) produces no substantial change to  either the flow symnetry or to  the conmencement o f  t5e 30 
separated region, but a ter t iary  and even a fourth separation l i n e  are now observed on the downstream part 
o f  the cylinder. Circumferential pressure distributions at  the axial stations ident i f ied i n  Fig. 95a are 
plotted i n  Fig. 95b. where increasinr Reynolds number i s  demonstrated to typical ly enhance the magnitude o f  
the suction pressures. Note that the windward generator i s  on the right-hand side of  the figure, and 
circumferential angle increases toward the le f t ,  the reverse notation to that used, for example, for the 
cone i n  Fig. 66. A t  station 1 , the circumferential pressures are s t i l l  dominated by the apparent attached 
viscous flow leaving the pointed conical forebody and no observable separation has developed just downstream 
of the cone-cylinder junction even though :hr circumferential pressure gradient i s  adverse between 
120" < s < 180'. Except near the cone-cylinder junction, the axial pressure gradients are negligible. 
Beyond the minimum pressure point a t  stations 2 - 5 , however, close to ; - 90°, the circumferential 
adverse pressure gradient has steepened suff ic ient ly to provoke primary separation17 near the flank. A t  
station 3 , the pressure distr ibut ion i s  reminiscent of the cone flow i n  F ig.  66, with the primary and 
secondary separationsi7 present (compare also the o i l  flows i n  Fig. 95c and Fig. 58). A t  subsequent sta- 
tions downstream along the cyl indrical afterbody, further very sharp changes i n  the curvature of the pressure 
distributions are detected, consistent with possible embedded shack waves a t  positions c and d i n  -- 

I7Note that for consistency with the topological notfons advanced fn Sec. 2, the particular skin-fr ict ion 
lines tiat become observable as separation lanes downstrean! on the body w i l l  comnence a t  (merged) singular 
points a t  the cone apex consisting o f  nodes drld saddles i n  proximity. 



Fig. 95c, and the associated development of addi t ional  separation l ines17 a t  e and g . A tentat ive 
sketch o f  the c ross f lw  i s  provided i n  Fig. 3 k ,  which d i f f e r s  i n  saac respects from that  propared by 
Boerten (1975). Ragsdale (1972) has provided some f low-f ie ld measurements around a tangent-ogive cylfndar 
a t  higher Mach nunbers (3.5 and 4.0) tha t  conpare i n  features w i th  the lower Mach nlaber nrrsuremmts o f  
h r e n  (1975). 

These body separations have an important e f f ec t  on the vehicle's s t a t i c  and dynamic s tab i l i t y .  A t  
small r e l a t i ve  incidences. where the separation i s  steady and syaaetrical w i t h  respect to the mngle-of- 
at tack plane, the ensuing body vort ices produce a nonlinear contr ibut ion to the overa l l  nomsl force md 
pi tch ing a m t .  I f  the f i n  system i s  n o t  sy rac t r l ca l l y  or ientated wi th  respect t o  the mgle-of-attack 
plane, houever, a cross-coupling s ide force. yawing u#ent, and r o l l i n g  moment can a r i se  even a t  m a l l  
angles o f  attack. 

Flows such as these mere studied extensively i n  the 1950s. pa r t i cu la r l y  a t  hUCA (Jorgensen and Perkins 
1958) and a t  NASA, by Jeme l l  (1968) (cone cyl inders and ogive cylinders, 0' a c 189") and by Jo 
and Nelson (1974. 1975) (cylinders w i th  assorted nose shapes and bodies o f  e l l i p t i c a i  cross sectlon'p"? 
suraary of these l a t t e r  experiments and force predictions from c r o s s f l w  methods i s  given i n  h r g a s e n  (1977). 
A good understanding, i n  an overal l  sense, has been obtained on the developarnt o f  both forces and ~ l o r m t s .  
An est imte ,  i n  incculpressible flaw, o f  the overa l l  forces and m~or~n ts  act ing on a slender body o f  reuolu- 
t i o n  without f i ns  was of fered i n  Kiichemnn (1973) s u g a r i r i n g  an analysis done 20 years ear l ie r .  Vortex 
sheets, as plane ver t ica l  surfaces, were a s s d  to e x i s t  a l l  along the cyl inder and the v o r t i c i t y  vector i n  
the sheet was assuned t o  l i e  i n  a d i rec t ion  halfway between the d i rec t i on  of the f r ee  s t m  and the body 
axis. Results o f  typ ica l  calculations u t i l i z i n g  t h i s  very s i q l c  sy l le t r i :  uudel are shown (Fig. 96) t o  be 
i n  qu i te  reasonable agreement w i t h  experimental results. To -strate the effects o f  nose shape, a ser ies 
o f  tests a t  high Rcynalds nusber was reported by Peake, Rainbird, and Atraghj i  (1972) who suarrilrized the 
experiments o f  Atraghj i  (1967. 1968a) an the character ist ics o f  a fami ly of  16 pointed conical and tangmt- 
ogives attached to  cy l indr ica l  afterbodies (see Fig. 97). Each nose could be f i t t e d  to a cy l indr ica l  a f t e r -  
body length o f  e i ther  6 o r  12 body diameters. but there were no s t a b i l i z i n g  f i n s  attached. Forces and 
circumferential pressures were measured and the o i l  dots applied to the surface of the -1s yielded the 
patterns o f  sk in- f r i c t ion  l ines.  A t  low angles o f  at tack ( t yp i ca l l y  up to a - 3') wifere there was attached 
flow, the slope o f  the normal forcelangle-of-attack plot ,  Cna. increased w i th  k c h  number and semi-nose 

angle, ec (see Fig. 98). The e f f e c t  o f  overa l l  slenderness ra t io ,  L/D, was less clear, although a t  K. = 0.5 
the trend was established o f  an increasing C% w i t h  LID. Calculations using slender body theory (Wrd 1955). 
the USAF "Datcom" data sheets (Itoak 1965). and the method d w  to Zjhnan (1964) were also performed. As a 
general rule, the theories appear t o  underpredict CN_ a t  a given semi-nose angle and slenderness ra t io .  

-u 

I n  the range o f  angle of attack (charac ter is t ica l ly  a = 3' to 1 1') f o r  the ser ies o f  nose sha 
tested, three-dimensional leeward f low separation i s  syrmnetric. The induced suction pressures from t 

normal force represented by a quadratic i n  a: 

* 
rolled-up shear layers generate a large nonlinear nonnal force component, but no s ide force. Uith the 

where K only removes the experimental uncertainty i n  the t rue ineasuraaent, f ig .  99 i l l u s t r a t e s  the increase 
ir! coeff ic ients bl and dl w i t h  both Hach number and slenderness ra t io .  w i th  a s i gn i f i can t  var iat ion i n  dl 
a t  a given Mach number and slenderness r a t i o  a t t r ibu tab le  t o  the semi-nose angle, 0,. The more slender ogives 
l i s t e d  i n  Fig. 97 (07, 09, and 011) would appear t o  generate a larger nonlinear l i f t  throughout the Mach num- 
ber range and for  both afterbody lengths. 

As we have seen, ra t iona l  calculat ions o f  the symnetrical separated flow f i e l d  about long slender bodies 
a t  angle o f  attack are few. Development o f  a "Navier-Stores" computational technique s imi la r  t o  that  used by 
Pu l l  iam and Steger (1978) to  determine the separated flow about a long b lunt  body a t  moderate angle o f  attack 
(see Sec. 3.3.3) should be encouraged, to a t t a i n  f i ne r  resolut ion o f  the f low- f ie ld  de ta i l s  i n  the vortex 
wake and on the surface. 

4.3.3 Steady Asymnetrical Separations 

A t  r e l a t i ve  incidences o f  long slender bodies higher than those j u s t  discussed, say f o r  values t yp i ca l l y  
more than 2, separations and body vortices become asymnetric but s t i l l  r e l a t i ve l y  steady i n  space. The r e s u l t  
i s  that  large side forces, yawing moments, and r o l l i n g  moments are developed, especial ly on f in -s tab i l i zed 
vehicles (see F id ler  and Batman 1975). 

The onset of asymnetry and the i n i t i a l  d i rec t ion  o f  the side force are responsive t o  small changes i n  
geometry a t  the nose, Reynolds number, and Mach nurrber, up to  angles o f  at tack where conditions i n  the leeward 
crossflow become transonic. As speed increases further, the s ign i f i cant  side forces disappear (Peake, 
Rainbird. and Atraghji 1972). The asymnetries occur i n  both laminar and turbulent flows so that t rans i t ion  
i s  presumably not an essential ingredient causing asymmetry. Notwithstanding, the impl icat ion from recent 
tests by Lamnt (1979) w i th  a tangent-ogive cyl inder a t  angle o f  attack, a t  Reynolds numbers encompassing 
laminar, t ransi t ional  , and turbulent boundary-1 ayer separation, i s  tha t  the vortex wake i s  less structured 
i n  the t rans i t ion  domain, leading to  reduced side and normal forces a t  a given subsonic Mach number. I n  the  
f u l l y  laminar or  turbulent regions, on the other hand, where the organization o f  the f low f i e l d  i s  wel l  
defined, the respective mgn i  tudes o f  the side force are la rger  and are c losely matched. I t  i s  l i k e l y  tha t  
the levels o f  v o r t i c i t y  and acoustic disturbance i n  most wind tunnels w i l l  a lso a f f ec t  the i n i t i a l  occurrence 
o f  asymnetries (B. L. Hunt and Dexter 1978). 

A rat ional  explanation f o r  the development o f  asymnetry i n  the flow may be related t o  the s t a b i l i t y  o f  
the veloci ty pro f i les  i n  the v i c i n i t y  o f  the saddle singular point  that  exists i n  the stream above the body 
vortices (see Figs. 25b-25d). I n  the example o f  the flow about a c i r cu la r  cyl inder s i tuated perpendfcular 
to an oncoming stream. Nf  shioka and Sato (1978) determined asymnetric i n s t a b i l i t i e s  t o  amplify i n i t i a l l y  i n  

"See footnote on Page 31. 
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the region of the saddle point. t o  herald the cosnenc-nt of asynnetric bu t  well-structured wake flow. Thus. 
f o r  a body o f  general shape a t  h igh angle o f  attack. we may conjecture tha t  flow perturbations w i l l  iapose 
f luctuat ions on the saddle-point f low that  w i l l  accentuate the i n s t a b i l i t y  pcchanism. Evfdence points t o  
e x t w m l y  small surface i r r egu la r i t i es  i n  the surface curvature a t  the nose as governing the I n i t i a l  d i rec- 
t i o n  o f  the asymmetry i n  the w r t e x  flow f ie ld .  This i s  understandable i n  view o f  the f ac t  tha t  a given body 
a t  angle o f  at tack under ident ica l  f law condit ions w i l l  provide a repeatable side force d i rec t ion  a t  a pre- 
scribed r o l l  orientation; and near-mirror images of the sideforce/angle-of-attack performance f o r  r o l l  angles 
*90° (set  Peake. ken, and Higuchi 1978). Despite t h i s  knowledge. unfureseen geometrical imperfections l y i n g  
w i th in  production tolerances on a typ ica l  f l i g h t  vehicle may a1 t e r  the asyll lPtric vortex f low developlnent suf- 
f i c i e n t l y  t o  provide unpvedictab?e s t a b i l i t y  problems (T i t i r iga .  Skou, and Moore 1978). We do not y e t  under- 
stand the influence o f  geometrical imperfections on the f l u i d  mechanics, nor how the nominally small d i s tu r -  
bances of  the f l u i d  f low a t  these i rp t r fec t ions  can amplify so considerably. A m a l l  f l a t ,  f o r  instance, 
machined i n  turn on each side of the nose was e f f ec t i ve  i n  couipletely switching the sign and amplitude o f  
the yawing mmnt (Ericsson and Reding 1978). 

It vauld appear tha t  a t  forebody re la t i ve  incidences where asymnetry of the vortex wake comnences, we are 
always dealing not only w i t h  separation of the  p r i ~ n a y  boundary layers tha t  develop on each side froar the wind- 
ward generator, but w i th  secondary separations o f  the leeward boundary layer i n  addit ion. The onset o f  asym- 
= t ry  would seem t o  be characterized i n i t i a l l y  by a rapid. loca l  mvement c i r cmfe ren t i a l l y  o f  one (or  both) 
secondary separation l ines  fol loted, as angle of attack i s  increased further, by circumferential movernent o f  
the p r i m  y separation l ines  (Rainbird e t  al. 1966; Peake. Rainbird. and Atraghj i  1972). The asynnetric skin- 
f r i c t i o n  l i n e  pattern on the conical surface development shorn i n  Fig. 60 i l l us t ra tes  t h i s  l a t t e r  flow 
si tuat ion,  wi th *wobblyu primary and secondary separation 1 ine traces ex is t ing  a l l  along the cone (Bannink and 
Nebbeling 1978). There, the free-stream Mch  n h r  i s  2.94 and the re la t i ve  incidence i s  4.5. At lower 
free-stream fbch nmbers. however, the asymet r ic  separation l ines  have been found t o  be conical (Peake. Owen, 
and Johnson 1980). 

The asysletr ic vortex wake usually develops fm asyRlnetric separatfon l i n e  posi t ions on the body. but 
the l a t t e r  does not appear t u  be a necessary r ~ n d i t i o n  f o r  the former t o  occur. An appraisal (Keener and 
6. 1. Chapan 1977) o f  sore ear l ie r ,  low-subsonic speed tests o f  Shanks (1963) i n  which forces and m m n t s  
were ~ ~ a s u r e d  on w r y  slender, f lat-plate,  de l ta  wings ( s m p  angles from 70° t o  84O) a t  angle o f  attack, 
indicates tha t  even though the separation l ines  were f ixed a t  the sharp leading edges. asynunetry i n  the 
leading-edge vortices, as determined by the onset o f  s ign i f i cant  r o l l i n g  csDment, occurred when the angle o f  
attack was about three to four t iaes the wing semi-,lose angle. This angle o f  attack f o r  as-try i s  
splendidly i l l u s t r a t e d  on the vapor-screen ictures (Fig. 32) about another very slender del ta wing imnersed 
i n  a R c h  2.8 flow (Fellows and Carter 1969y. Nonetheless, the sharp edges have a benef ic ia l  e f fec t  i n  delay- 
ing  the onset o f  asymnetty t o  higher re la t i ve  incidences than those obtained w i th  smooth pointed forebodies 
o r  forebody-cylinder configurations (Peake. Rainbird, and Atraghj i  1972; Keener and I. 1. Chapman 1974; Keen 
6. 1. Chapaan, and Kruse 1976). '% 

Hence, we have the a l te rnat ive  descriptions of (1) leeward asymetr ies i n  primary and secondary separa- 
t i on  l i n e  posit ions coupled wi th  asynnetric vortex f low (e.g.. Fig. 60). 01. (2) symnetric f i xed primar-y 
separation l i n e  posit ions (but asynaotries, no doubt, i n  secondary separation posit ion, (Fig. 32) s t i l l  
y ie ld ing  asyarnetric vortex f low a t  sui tably high angles o f  attack. The reasons f o r  such flow behavior are 
evidently colaplex and pel-plexing. Nevertheless, the ampl i f icat ion of perturbations t o  produce an i n s t a b i l i t y  
a t  the saddle point  (Nishioka and Sato 1978), and t o  which we alluded previously, would seem t o  cover the 
descriptions presented. 

Because the development o f  the turbulent flow structures i n  the three-dimensional swept separation 
zones and i n  the t i g h t l y  coi led free-shear layers i s  v i r t u a l l y  unexplored, the modeling o f  the leeward flow 
a r m t r i e s  poses severe problems. Recourse has been made, f o r  rough predictions o f  the flows about miss i le  
shapes, t o  inv isc id  f low approximations o f  the leeward region, u t i l i z i n g  arrays o f  l i n e  vortices (see the 
rev.;ew by Nielsen (1978) o f  nonl inear i t ies i n  miss i le  behavior a t  high angles o f  attack). A1 ternatively. 
the impulsively started flow analogy proposed many years ago by H. J. Al len and Perkins (195lb) has frequently 
been applied (Deffenbaugh and Koerner 1977) as we have intimated i n  Sec. 2.8.3. I n  t h i s  hypothesis, we may 
remember, the development o f  the crossflow w i th  distance along an inc l ined body o f  revolut ion i s  l ikened t o  
the growth w i th  time o f  the two-dimensional f low past the corresponding c i r cu la r  cyl inder impulsively started 
from rest. i lseful engineering formulae have cer ta in ly  resulted u t i l i z i n g  the analocy. Nevertheless, given 
the complexities of the three-dimensional boundary-layer growth, separation, and vortex development about 
slender bodies a t  angle o f  attack. i t  i s  in t r igu ing that  the impulsive-flow analogy can provide more than 
j us t  qua l i ta t ive  deta i ls  o f  the flow. We have already teen, however. i n  the discussion i n  Sec. 2.9.3, tha t  
if we r e s t r i c t  ourselves t o  invoking the impulsive-flow analow to  provide only the overal l  f low structure. 
the topologies o f  the 20 lrnsteady and the 3D steady cases appear v i r t u a l l y  analogous (Tobak and Peake 1979). 
I f  we demand s t r i c t e r  correspondence between the 20 unsteady and 3D steady cases, there are issues fo r  debate. 
For instance, the g m t h  o f  the unsteady 20 vortex d i f f e r s  essent ia l ly  from that o f  the steady 3D vortex i n  
space. Kuchemann and J. Weber (1965) point  out that, i n  three dimensions, f l u i d  entering the core of the 
vortex can be discharged ax ia l ly .  whereas i n  two dimensions no such escape i s  available. Thus, the 20 core 
must expand continuously outward with time to  accomnodate a l l  o f  the f l u i d  entering the vortex. Kiichemann and 
J. Weber show further that  there i s  only one case i n  inv isc id  f lw  where the two kinds of vortex are formally 
ident ical :  where the steady, three-dimensional f low i s  conical (so tha t  slenderness assumptions can be 
invoked); and where the unsteady flow i s  permitted t o  grow l i nea r l y  w i th  time. Hence, i f  the development 
o f  the real  viscous wake ( i n  20 with time, and i n  3D wi th  distance along the body) can be represented by 
these respective but special inv isc id  approximations t o  vortex growth, then the impulsive-flow analogy should 
be a suitable a r t i f i c e  under conditions o f  high Reynolds number. To date. Lamont and B. L. Hunt (1976, 
1977) have probably extracted the l i m i t s  of usefulness o f  the 2D unsteady analogue as i t  I s  presently under- 
stood to  describe the nature of "out-of-plane" forces on a pointed body o f  revolut ion a t  high angles o f  attack. 

For the missi le a t  su f f i c i en t l y  high angle o f  attack, the asymnetric vortex flow i s  coupled with 
asymnetries i n  primary (and secondary) separation l i n e  posit ions. An example i s  shtnm i n  Fig. 100 where 
the asymnetrdc primary separation l i n e  posit ions on the port  and starboard o f  a 5.8' cone-cylinder and a 
13.9" ogive-cylinder, a t  Mach 0.6 and a t  ident ical  18' angles o f  attack, are plotted. The boundary layers 
are turbulent. This f igure demonstrates the important influence o f  nose shape on the asymmetry o f  the flow. 
We detect that  on the very slender conical nose, a t  i t s  re la t ive  incidence o f  j uc t  over 3, there i s  substantial 



f low asymetry a l l  along the body ( so l i d  l ines  i n  Fig. 100). I n  contrast, because the less slender ogtval 
nose i s  a t  a re la t i ve  incidence o f  about only 1.3, the conaencanent o f  separation t h e n  show only s l i g h t  
asymnetry, w i t h  less di f ference i n  separation l i n e  posttions from side to side (dashed l ines  i n  Fig. 100). 

The d i rec t ion  of the s ide force changes with angle o f  at tack but I s  rapeatable f o r  the same model gtom- 
e t r y  i n  a given test. If the forebody t s  tndexed wtth respect t o  the afterbody, the nwgnltude o f  the 5ide 
force may wel l  be al tered (Keener and G .  T. Chapman 1974). The real  e f f ec t  o f  Reynolds numbar on the onset 
o f  asymntry remains conjectural, however, since changing the density of the tunnel a t n t r e m  i n  a given 
experiment frequently a l t e r s  the disturbance level .  

Figure 101 i l l u s t r a t e s  the magnitude o f  the mean side force coeff ic ient  Cy wi th  respect t o  the n o m l  
force coef f ic ien t  CN, as model angle o f  at tack i s  tncrcased, f o r  the selectton o f  nose shapes shown i n  
Fig. 97 w i th  the 120 afterbody length. Unsteady f luctuat ions i n  s ide force coeff ic ient ,  w i th  peak-to-peak 
amplitudes as high as 20.3 a t  a 25O were measured, superimposed upon the r a n  Cy levels. For angles o f  
attack up t o  about 27'. increasing e i t he r  the semt-nose angle o r  the Hach number reduced the amplitude o f  the 
side force. !n fact ,  a t  % = 2 when ec , 10'. and for  a l l  configurations a t  !& = 3.5, no measurable s ide 
force was obtained. Reference should be made t o  the paper by Reding and Ericsson (1977). who dlscussed the 
maximum vortex-induced side forces obtainable on slender bodies. Ffgure 102 presents the c r l t i c a l  angle f o r  
f low asynmetry (judged by the s ide force exceeding, say. 5% of the normal force) p lo t ted  against the semi- 
nose angle s=. As before, we confirm that  the onset o f  flow asylrnetry i s  delayed by increasing ec and 
Mach number. But the e f fec t  o f  the longer afterbody i s  t o  provoke asyrmnetry a t  a lower angle o f  attack. 

Oil-dot flow visual izat ion permitted the locations of  the 30 separation l i r tes t o  be measured. I n  
Fig. 103a. the circumferential posit ions o f  the prilnary separation l i nes  are p lo t ted  along the body f o r  the 
most slender cone-cyl inder configuration a t  K, = 0.5 (C5-120 i n  Fig. 97) a t  a = 25'. There. one o f  the 
asynnetric separation 1 ines shows very large. but characteristic, excursions along the cyl inder afterbody 
wi th  respect t o  the meridian plane. The random nature o f  the s ta r t i ng  d i rec t ion  o f  the asy lm t r y  on the 
foreboay a t  these high re la t i ve  incidences can be detenined from Figs. 103a and 100. On the former, the 
separation l ines,  f o r  t h i s  pa r t i cu la r  nose ha rba re  and angle o f  attack, j us t  happen t o  begin sylrnetr tcal ly 
disposed near the sharp apex, but diverge rap id ly  thereafter. On the l a t t e r  i l l us t ra t i o ,~ ,  the separation 
l ines  are asymnetrically disposed a l l  along the body. I n  contrast note, I n  Figs. 103b. 94, and 95, the 
monotonic mvement o f  the syme t r i c  separation l i n e  posit ions towards the ? m a - d  meridian as the nose i s  
approached from the base. 

Somr circumferential pressure d is t r ibu t ions  representative o f  the steady asymnetric vortex f low f i e l d  
a t  a = 25' and M, = 0.5, along the conical nose and cy l indr ica l  afterbody c f  CS-120, are p lo t ted  i n  
Fig. 104, the measurement stations also being shown i n  Fig. 103. The heavy l i n e  represents the shape of the 
body. Asynmetries i n  the pressure d is t r ibu t ions  about the meridional plane begin a t  the nose, but vary i n  
degree with distance down the body. The iarge suction p a k s  i n  the range o f  circumferential angle 
135' < Q < 180' are those induced by the vortices emanating from the primary separation l ines  shown i n  
F i  g. 103. Secondary and even addit ional separation 1 ines are indicated on the downstream part  o f  the a f te r -  
body by the many changes i n  the sign o f  the circumferential pressure gradient (compare wi th  Fig. 95b). 

4.3.4 Unsteadiness i n  the Asymnetrical Separat2>ns 

I n  the recent experi~nents o f  Peake, Owen, and Johnson (1980). i t  was revealed during the viewing o f  the 
leeward crossflow about a c i r cu la r  cone i t h  vapor-screen flow visual izat ion (Fig. 105) that  as the angle of 
attack was increased and the asymnetry progressively developed, the secondary vortices began to f luctuate wi th 
increasing unsteadiness, u n t i l  one o f  the primary vortices ( the por t  s ide i n  t h i s  case) v i r t u a l l y  ro l l ed  
over the other (Figs. 105a and 105b). Such behavior was character ist ic a t  both subsonic and supersonic 
free-stream Mach numbers, appearing t o  be consistent w i th  the substantial root-mean-square f luctuat ions i n  
veloci ty i n  regions o f  maximum ve loc i ty  gradient i n  the leeward flow that  were measlrred by Owen and Johnson 
(1978a.b). As angle o f  attack increased to  s t i l l  higher balues, the shear layer feeding the v0rte.t far thest 
from the surface continued t o  stretch w i th  great unsteadiness (Fig. 105c), eventually appearing t o  ro l l -up  
halfway along i t s  length while maintaining cont inui ty wi th the or ig ina l  vortex. Figures 105d and lb5e 
i l l u s t r a t e  the mchanisrn repeating fo r  the starboard side vortex. The i n t r i ca te  mechanism that s tar ts  the 
asymnetric flow f i e l d  development, once an asymnetric disturbance i s  allowed t o  amp1 i f y  (Nishioka and Sat0 
1978). has been postulated a t  length by Tooak and Peake (1979). 

Keener. G. T. Chapman, and Kruse (1976) attempted t o  draw some tentat ive boundaries based on angle 
o f  attack and fineness r a t i o  between the various flow regimes that appear on the leeward side o f  ogive- 
cylinder bodies i n  subsonic flow. Figure 106 i l l us t ra tes  these zones a t  Mach 0.6 f o r  nominally turbulerlt 
viscous flows. We observe that three -gle-of-attack boundaries are plot ted as functions o f  overal l  fineness 
ra t i o ,  thus separating the angle o f  attack range of 0" to  90" i n t o  the three regions o f  d i f ferent vortex 
formations that were introduced i n  Sec. 4.3.1 and i n  Fig. 90. Recall tha t  the regions are (1) regions o f  
syrnnetrical steady vortices, t yp i ca l l y  up to  angles o f  attack o f  about 1.5 times the semi-nose angle i n  
subsonic flow; (2) regions o f  quasi-steady asymnetric vortex flows; and (3) a t  very high angles of attack, 
a "two-dimensional unsteady wake-like" flow. I n  Fig. 102, we detected i n  the h ~ g h  Reynolds number data o f  
Pedke, Rainbird, and Atraghji (1972) tha t  the angle o f  attack a t  which the onset o f  asymnetric side-force 
development occurred was pa r t i cu la r l y  sensit ive t o  semi-nose angle, and less dependent on afterbody length. 
The data i n  Fig. 102 have been plot ted again i n  F i s  106. Along a given ver t ica l  bar representing f ixed 
nose and afterbody fineness rat ios,  we see again the dependency o f  onset angle on semi-nose angle. The 
higher Reynolds number data o f  Peake. Rainbird, and Atraghj i  indicate the onset o f  a s y m t r y  a t  lower 
angles of attack than the data presented by Keener, G. T. Chapman, and Kruse (1976). 

4.3.5 Form o f  the L?eward Vortex Wake 

At angles o f  attack p r i o r  to  the onset o f  a s y m t r i e s  i n  the leeward flow, the free shear layer r o l l s  
up smoothly from the v i c i n i t y  o f  the separation l ine ,  and passes downstream as a wel l  organized co i led  motion 
(e.g., Fig. 92). I n  the Schlieren photographs o f  the symnetrical leeward separation i n  supersonic flow about 
the c i rcu lar  cone (Fig. 5%) and about the blunted con?-cylinder (Fig. 91) we observe no i r r e g ~ t l a r i t i e s  i n  
the passage downstream of  the s t ra ight  vortex-core regions. The addit ional separation l ines  that we viewed 



on the downstream par t  o f  the cyl inder i n  Fig. 95a. but again syl lnetr ical ly disposed w i th  respect t o  the 
p i tch ing plane, a r t  thought to  give r i s e  t o  other shear layers whose cor@s are very close t o  the surface 
o f  the cyl inder (Fig. 9Sc). 

Once the separation l ines  are no wr symnetrical w i th  respect t o  the p i tch ing plane, the Schlieren 
photograph o f  the cone flow i n  Fig. 60 8kms s t r i a t i ons  I n  the leeward wake. Thmon  and Morrison (1971 ) 
reported analogous Schlieren resu l ts  abavt cone-cylinders i n  supersonic f low consistent w i th  very l a m  
chanbes i n  loca l  density i n  the flow. The s t a r t  of the s t r i a t i ons  i s  not c lear  (presumably being very 
close t o  the apex), but they bend as they leave the body, t o  pass doms t rem a t  an angle approximately 
mlhvay between the angle o f  the body axis and the free-stream ve loc i ty  vector. (The water-tunnel p ic ture  
of Fig. 90b also shows sharp kinks i n  the vortex core positions.) These s t r l a t l ons  m y  be ind lca t ive  (1) o f  
an i n s t a b i l i f y  and consequent change i n  form o f  each o f  the shear layers feeding the primary vort lces a t  con- 
secutive lef t -and-r ight  stat ions along the body (Fiys. 30-32, 1051, o r  (2) of the layers from the secondary 
and additional separation l lnes  now r o l l i n g  up away from the body surface also t o  pass downstream. T W o n  
and b r r i s o n  (1971) fo l low the f o m r  explanation, c i t i n g  wake traverses i n  t h e i r  support. 

No conrnent has been mde i n  the l i t e r a t u r e  f o r  slender body flows as t o  the poss ib t l i t y  tha t  the s t r i a -  
t ions may be shock waves i n  the crossflow, o r  tha t  the shear layer i t s e l f  may b e c m  "multibranched" 
(Kiichcmenn 1972). For example, Fig. 107 shows some observations o f  Maltby o f  the f low about a long +:a' 
plate, i n i t i a l l y  a t  angle o f  attack (Fig. 107a). and then under condit ions o f  s l i g h t  yaw i n  addi t ion 
(Fig. 107b). Haltby fsee Kuchemann 1972) associated the "double branching" o f  the port-side vortex shown 
i n  Fig. 107b w i th  the "intersection" o f  the leeward attachment l i n e  and the port-side primary separation 
l ine.  The hypothesis o f  continuous sk in - f r i c t i on  l ines,  o f  course, disallows such an " intersect ion" unless 
i t  i s  a singular point. Figure 107 sketches a conjectured saddle-polnt/focus formation on the wlng edge 
that  does indeed permit the attachment l i n e  to "meet," but nevl)r-Sauch the primary separation l i n e  a t  close 
quarters. The vor t ica l  f i lament fr j l t i  the focus h i l l  now center t he  ro l l -up  from the "new" pr!rary separation 
1 ine as i t  extends downstream along the edge from the saddle po ln t  (see Fig. 13). If :econdary separations 
a.? present also, the movement o f  the reattactnnent l i n e  between the primary and secondary separation l ines  
(A2 i n  Fig. 108 and i n  Fig. 94, fo r  instance) toward the primary separation l i n e  may also provide the 
mechanism f o r  a corresponding development i n  the shape o f  the div id?ng surfaces leaving slender bodies. A 
sketch o f  the hypothesis i s  provided i n  Fig. 108. 

Final ly,  we should note tha t  a s imi la r  mechanism may be associated wi th  an i n s t a b j l i t y  o f  the d iv id ing  
surface i t s e l f ,  coupled wi th  f luctuations i n  the f low adjacent to  the separation l i n e .  Figure 109 depicts 
a f low o f  t h i s  k ind  from observations by Pierce (1961). It appears tha t  a snul l -scale array o f  "double- 
branched cores" can be superimposed upon a larger scale motion which i t s e l f  has a large core region. 

As these comments may suggest, s pic ture  i s  gradually emerging, a l b e i t  s t i l l  imprecise, o f  the nature 
o f  the asymnetric, steady and unsteady l eward  flows about slender bodies a t  angle o f  attack. Much s t i l ?  
remains t o  be done i n  understanding these flows. par t icu lar ly  w i th  regard t o  def?ning the e f fec ts  o f  t rans i -  
t ion, Reynolds number, and compressibil i ty. 

4.3.6 Control o f  the Orientation o f  the Forebody Vortex Flow F ie ld  

Investigations have shown that  as the developmnt o f  the asymnetry i s  p a r ~ i c u l a r l y  sensi t ive t o  surface 
imperfections a t  the nose, potent ia l  means of cont ro l l ing  the forebody f low could be v ia  deployment o f  a 
single small strake or  by spinning the nose (Neihouse. Klinar, and Scher 1960). Keener and G. T. Chapman 
(1974) displayed the effectiveness o f  s m t r i c a l  strakes placed a t  the nose o f  a forebody alone t o  reduce 
the asymnetrical forces and moments. Flat tening o f  the forebody i n  the yaw plane provides the same r e s u l t  
(T i t i r i ga .  Skow, and Moore 1978). On the other hand, since we know that  missiles baing long cy l i nd r i ca l  
afterbodies w i l l  eventually develop asynnetrical flows regardless o f  nose i t i ons ,  we mig9t be led t o  
expect tha t  such 10ca1 treatment a t  the nose would probably not influence g d w n s f r e a m  flow s u ~ s t a n t i a l l y .  
Notwithstanding, Rao (1978, 1979) has demonstrated that  u t i l i z i n g  he l i ca l  separation t r i p s  about the fore- 
body (Fig. 1103) to  disrupt the normal development o f  separation has been e f fec t ive  i n  a l l ev ia t i ng  side 
forces and yawing moments on short missi le and fuselage shapes a t  high angles o f  attack (Figs. 110b-110dl. 
I t  i s  considered (Rao) tha t  t-lical t r t p s  upset the well-organized motion o f  the leeward vort ices t o  
cause a r-elat ively rapid d i f fus ion o f  vo r t i c i t y ;  some evidence o f  t h i s  phenomellon i s  presented i n  the 
water-tunnel p ic ture  [Fig. 111) o f  a slender f igh ter  a i r c r a f t  a t  high anqle o f  a t tack . IY  i n  the wind- 
tunnel resu l ts  displayed i n  Figs. l lOc and 110b. however, we note tha t  the reduction o f  side force produced 
by the he l ica l  t r i p s  i s  recovered as normal force, implying that  tbere i s  a well-ordered flow structure 
rather than a d i f f use  me. W. H. Clark, Peoples, and Briggs (1972) u t i l i z e d  other roughness devices such 
as g r i t  o r  vortex generators a t  the nose o f  miss i le  shapes t o  a l l ev ia te  the development o f  asymnetric forces 
and moments. Ilnfortunately, the mounting o f  "add-on" excrescenres to  the airframe i s  usually detrimental t o  
the cruise-drag performance o f  a vehicle, and may provide problerris w i th  s t a b i l i t y  i f  not ta i lo red wi th  
extreme care. Clearly, strakes or  large t r i p s  may only be used on a i r c r a f t  or on "bank-to-turn" missiles 
where there are f i xed planes o f  symnetry. Moreover, large strakes attached t o  the forebody are less than 
enthus ias t ica l l j  accepted by radar engineers, when the strakes transform substant ia l ly  the nominal round 
symetry o f  the forebody cross section. 6' 

I n  view o f  the deficiencies o f  many o f  these passive devices a t  l i m i t i n g  the side force without other 
performance penalties, studies have been undertaken by Skow, Moore, and Lorincz (1979) and by Peake ant 
Owen (1979) i n  which a ncvel blowing scheme control led and f ixed the or ien ta t ion  o f  the forebcdy vort ices a t  
high angles o f  attack. These author; i n v e s t m t e d  ogival-  and conical-shaped forebodies, respectively. 
Small amounts o f  a i r  were in jected normally or tangent ia l ly  t o  the forebody surface very close to  the nose, 
but on one i i d e  o f  the leeward m r i d i a n  beneath the vortex far thest from the wal l .  No~mal i r - jec t ion  was 
found to  be m r e  e f f ec t i ve  than tangential i n j ec t i on  (Peake and Owen 1979). By a process o f  f l u i d  ampl i f i -  
cat ion ( t yp i ca l l y  changes i n  side force coef f ic ien t  could be accomdated up to  about 4P times the blowing 
momentum coef f ic ien t )  the in jected a i r  was comple'ely e f fec t ive  i n  b ias t r~g the asymnetry, as i s  shown i n  
the l a w  vapor-screen photographs i n  Fig. 112. Ihr! camera was si tuated behind the s l i g h t l y  blunted conical - 

18An a l te rnat ive  view i s  tha t  t h i s  phe!lomenon could be associated wi th  breakdown o f  the laminar vortices 
i n t o  tut.bu1ence by the t r i p .  





Figure 116a displays the tracings of the turbulent p r i u r y  and secondary separation l i n e  positions 
about the circular cylinders plotted to a base of un i t  cylinder d i e t e r .  for various rat ios of D/e 
a t  H., = 0.2 :nd fo r  lorrg cylinders (coqrrcd w i t h  the boundrry-layer thicksets) of U D  = 9. With &crease 
o f  Olec (I-e.. decreasing il with respect to the s m  i n i t i a l  boudary layer i n  Ulc e x p e r i m t )  the 
primary and secondary separation l i n e  positions atve i n  m ups t rcu  direction m y  fnm the cylinder 
(Fig. 116b). I f  thc ra t io  D/+ i s  ass& to be the appropriate nonvl iz ing p r r w t e r ,  thcn th is  resul t  
can also k interpreted i n  t e r n  o f  holding D constant and increasing the boundary-layer lomtum thickness 
ec. I n  th is  l ight. a thicker. .ore o r n t d e f i c i m t  flow w i l l  obviously separate sooncr, thes providing 
the trmd shom i n  Figs. l l 6 a  and 116b. Uestkaapcr (1968). i n  h is  rrrsurew!nts i n  supersonic f l o w  about 
circular section prot.hrmces, reported that fo r  cylindez L/D rat ios greater Uun unity, the dis+- of 
the saddle si9gular point. ND, from the cylindt: leading edge was v i r tua l l y  indcpmdcnt o f  L,%, O/ec.- 
h W p. equalling a/D = 2.65. Y note that th is  s i g l e  c o m l a t i n  p l a  the primary separation llr 
well ups rcr of the sJs rn ic  llsrsuracnts of Peake. Rainbird. and Atraghji (1972). displayed i n  Fig. 116. as 
a m u l t  o f  the s t w  adverse pressure gradients and upst- influence of the b w  s k k  wavt interacting 
w i t h  tlr! approxhing boundary layer (see Fig. 35). The subsequent rark of kdncy and Ki tchcns (1975. 1976). 
h-ver. disagreed with the c o m l a t i m  of Ycstkrqwr (1968); Sthey m d  Kitchens fomd a strong ef fect  o f  
proWrance height. L/D. m d  free-stream (supersonic) k h  n d r  on scprrrtion distance, A/D. Sole -la 
of  the Sedney Md Kitchens (1976) results. daarstrat ing these findings. are plotted i n  Figs. 117 and 118. I n  
contrast. tk ef fect  of increasing Reynolds n d r  on separation distance was f d  to be re la t ive ly  e k  once 
boundary layers un turbclmt (see Fig. 117); th is  i s  to be expected. since the interactton i s  pressure 
dminated. 

The i q o r t M c e  o i  these 30 separations a b u t  protubermtes i n  s u p c m i c  and hypersonic fla, i s  i l l u s -  
trated by the high heat-transfer rates that a m  sometimes sufficient to burn through the skin o f  tk f l i p h t  
vehicle ( ~ r k q i  1971). Piping. antennae. and other projecting fitt ings, which aay o r  m y  not protrude 
thmug)! the b0undat.r layer, arc often located on the outer skins o f  rockets. These protrusions, along with 
blunt leading edges of fins, cause local 3U separations of the f low with attendant high rates o f  heat transfer 

ions shere f lov m t t a c ) r m t  occurs (any divergent region of skin-fr ict ion l ines m a t i n g  fm a -1 Ei-t such as A i n  the top photograph o f  F!g. IS). For e m l e .  B U M ,  *C.lander. I. 
Collins (1962) rasured heat-transfer rates a l m s t  seven t i e s  thC d i s t u r b e d  f l a t  plate boundary-layer 
values a b u t  cylinders normal to surfaces. Other studies with b l w t  fins a 3  cylinders m a t e d  on f l a t  sur- 
faces have provided the basic flow patterns i n  terms o f  the surface skin-friction l i n e  pattcms, tht u p r t r t r  
extent of interaction a d  surface pressures (Oollin3. tosad. and Bogdoaoff !978; k d m y  and Kitchens 1976. 
1975; Y inke lwn  1970; towh 1%9; Rashburn 1969; Branstetter 1968; Young, Uaufun, and Korkegi 1968; e y e r  
1968; Yestkaeqber 1968. 1967; Price and Stallings 1967; Thous 1967). and the effect o f  s m p ,  plus surface 
and teading-edge heating rates (Bushnell 1965; Beckwith 1W; Hiers and Lwbsky 1x7; Surber 1963; Bloom 
and Pallom 1957). 

The preceding cammts i n  th is  section provide a fruework within which to  discuss the study o f  Wyer 
(1968). where tne heat-transfer plcasurcsmts about a rcctanyular protuberance on a %Let i n  f l i g h t  were 
caprred with high Reyno:ds nuder wind-tunnel measurenmts on a half-scale o d e l .  I n  support o f  the f l i g h t  
measu-ts o f  teapcraturc and heat transfer. oi!-flow visualization and surface pressures were obtained on 
the wind-tunnri radcl under conditions roughly correspnding with the f l i gh t  data. The flii,ht vehicle was a 
Bristol  Aerospace o f  Canada. Black Brant 111 sounding rocket of 25 an (10 in.) d i r r t e r  fittd with a 5.4. 
semi-angle nose corn. The alt i tude attained i n  the tests was about !14 LP (71 qiles). Figure 119 shows the 
Reynolds nudbcr-lhch arabcr history of the rocket f l ight,  together with the wind-tuGnel test points. It i s  
clear that, although the wind-tunnel Reynolds numbers were somuhat below those obtained during the rocket 
fl ight, they were metheless high and should kave provided a reasonable simulatfon. The -mdisturbed wall 
terperat~rre conditions were, however, different: essentially m adiabatic wall for  the wind-tmnel measure- 
m t s  and a d e r a t e l y  o l d  wall for the rocket reasutcmts. The simulation was s t i l l  considered reasonable 
as the d i f fer ins wall taaptrature datm conditions should have had a re la t ive ly  small effect on the fla 
developmt a t  these Mach m&~rr. 

Figure 12Oa shows the gcosetry o f  the protuberance panel that was f i t t e d  in to the side o f  the cyl in- 
dr ical section just downstream of the rocket nose cone, and the locations o f  the themcouplzs on th is  panel. 
The material thitkness o: 3 rn (0.125 in.) was ect imatd to l i m i t  surface teniperatures to  less than 1,100' C 
(2.0004 F). Instantaneous measurements o f  tmperature during the f l i g h t  were determined frotn the therm- 
couple voltages. Local heat transfers were calculated from the measured temperatures by treating every 
element o f  the panel skin as a calorimeter and assuming that there were no temperature differences across i t s  
thickness. The effects o f  heat conduction along the skin and radiation fm i t  (particularly to  the cold 
inter ior stiucturej wen  included. Data from the rocket instrumentation were passed to the ground station 
via telemetry. 

Figure 120b shows the wind-tunnel model on which surface oi l - f low visualization and pressure measure- 
ments were made. and gives the laycut o f  the pressure measuring holes a t  locations corresponding closely 
with the f l i g h t  themcouples. I n  addition to the protuberance. stat ic pressure holes were distributed i n  
a row along a generator a t  90' to the plane containing the centerline o f  the protuberance; a picot rake for 
masuring the undisturbed boundary-layer prof i le  and thickness was iocated on a generator diametricelly 
opposite. The lengths o f  the p i to t  tubes were designed so they would be ahead o f  the position o f  the separa- 
t ion l ine about the base of the rake. Measurements were made i n  the wind tunnel a t  zero angle o f  attack a t  
t e r t  %.~h numbers o f  2.0P. 3.00, and 4.25 corresponding with the Reyn~lds numbers shown i n  Fig. 119. Neasure- 
merits of the undistufied Gressure distribution on the cylindrical section of the wind-tunnel model shwed the 
protuberance position to be dmstream and essentially clear of the interaction effects between the comer 
expansion and the boundary layer a t  the cone-cylinder junction, except a t  Mach 4.25. The undisturbed 
turbulent boundary-layer profiles, i n  terms of local Mach number vs distance from the surface and at an 
axial station just upstream o f  the protuberance location, are shown i n  Fig. 121. The protuberance height 
(Fig. 120b) was nominally twice that o f  the oncoming boundary- layer thickness a t  a1 1 wind-tunnel test condi- 
tions. Figures 122a-122c show the wind-tunnel oi l - f low patterns on the skin of the rocket and rectangula- 
protuberance, a l l  o f  which are qualitatively the same a t  the three supersosic Mach numbers (and s l ight ly  
changing Reynolds numbers). These skin-friction l ine patterns or. the rocket skin are analogous with the 
circular protuberance results of Sedney and Kitchens (1975) that are displayed i n  Fig. 35. For completeness, 
a sketch i s  included i n  Fig. 123 which provides a view of the separated flow along the axis o f  synmktry o f  



the protabmince that we have constructed from the 011-flow patterns. b t e  es#clal ly the m t t r c k l n t s  a t  
positions 1 to  5 rhm high h t i n g  rates wi!l be expected. This ccn te r l im  topology should be -red 
with the l a s p e e d  case proposed by J, C. R. Hnt a t  al .  (19781, &ere i n  th i s  plane. of cwrst, a l l  uprrr- 
ttm a d  a t t r d v n t  points w i l l  occur:aS half-saddles (see Sec. 2.7). 

The distributions o f  s ta t ic  pressure coe f f l c imt  Cp . ~ ~ S u r e d  i n  tlr wind tumd a tlw ,. 'ace of thC 
protuberance a l m  i t s  centerline and local ly upstream md d#nstrca,  a k  pmcnted i n  Fig. 124. P lot t leg 
i n  th i s  rmr. dd dlsUDIt  a t q  the surface normlized by the protuber&u@ h e i w  L, results i n  t roqb 
collapse o f  the data. The locations o f  the two reat tachmts n u b c n d  t and ,2 l n  flg. 123 m eonfirrrd 
by pressure peaks, but the rav in lng  mooted m t t r c h a t  p i n t s  occur pmkm&ly bettea the prcrsam holes 
on the model. Yfth increasing fm-stream Mch ruder from 2 to 4.25 n detect. i n  Fig. 124, tht the sor- 
malized distance o f  tht saddle points of p r l u r y  separation (sham as S2.0. s3.@. a d  Sc.2s) mve upstrem 
i n  accordance with the m u l t s  of k d m y  and Kitchcns (1975. 1976). J i c h  m shon i n  Fig. 118. 

The taye-atut rs  and he&-transfer rates measured i n  f l i ph r  along the centerline o f  the pro%&mance are 
shown i n  Figs. I25 and 126 up to .bout 20 rcc af te r  the launch of the rocket. Temperature 'hot spots' d 
u x i -  heat-transfer rates occur a t  the posi t ims just  ahead of the pmtuberamce md f ront face cornspond- 
ing with We pozitions o f  @eak prcrsure srsured i n  the wtnd tunnel. f igure I2b gives UP? noma1 ized hcrt 
tran5fer H/W along the c q t e r l i n e  of the protuberance; f t  i s  noted that except for thc time o f  4.7 z c  
these data correlate f a i r l y  -11 end follow closely the distributions o i  the surface pressure g i m  in  
Fig. 124 The heat transfer on the surfacc ahead o f  the protuberance m y  be -red with heat-transfer 
data g lvm i n  Burbmk, Ikwla&er. and Collins (1962) fo r  the surface ahcra o f  r c i rcu lar  cy l indw standing 
n o w 1  to  a f l a t  plate. The drta ~ i m  Inwe do not a-r to Rave as smoth a mnotonic incmse as those 
obtained for the region ahead of the cylinder. atthwgh the v x i u  r a t e  o f  heating arc similar. I(orltcg1 
(i971) debrtes the differences tietueen typical pratvkrance centerline prirssurc d is t r ibut fom and W e  
reasund i n  two-dimensional flai. 

fhe effect o f  sweeping the leading edge of the protuberance from O0 to 3Qa &creases the extent o f  thc 
separation region; a t  larger sweep angles up t o  75' the separation zone continues i t s  r & c t i o n  ta wnjuu- 
t i on  with a decline i n  the pr rsu re  peaks (see Price ud Str l l ings 1967). Toph.  (1965) k s  sha i~  that 
attachment-lin heating rates along the leading edge o f  srpt cylinders with laminar, t r rns i t io lu l .  Hd 
turbulent boundary layers can be correlated i n  t e n s  o f  a keynolds n d c r  h s e d  on spuuise m t m  thick- 
ness along the attac)*mt line. Evidence o f  transit ion was found ** to toll ndtrs o f  30. T& pptUbWubce 
flow f i e l d  i l lus t rates the iwressive ud high heat-transfer rates that &a c n ~ o u n t M d  a i m  l ines o f  
reattacknnt, where there i s  substantial la tera l  draining o f  the vis- fluid. ~awaaitmt?~, high-- 
a i r  froll the external stream i s  encouraged to sweep Q*n to the surface by tbe i n k t i t m  ef fect  o f  the 
dominant vortex fron the prinary o r  horseshoe-shaped separation line. Thc turbulmt case ii virtwl!,v 
independent o f  .Sqmolds n&r. although lhch n u t k r  and protl-berance height do affect the extent o f  *3* 
separatiea zone. There are czrrently M, analytical -ram af predicting protuberance fn te rc t ion  characteris- 
t i cs  a t  high lbch n d r s .  

In  closing th is  section, r e  should note that upstream o f  a supersonic j e t  e%husting %to a supersonic 
stream ( b e  typical reaction control j e t  prob?em on a hypersonic vehicle) tlw% &evelops a fiar f i e l d  not 
unlike that found a b u t  the blunt protuberance. Msurenrents i n  these j e t  fxow f ie lds krn? bnn reported. 
f 3 r  example. by Lukasiewicz (1963); lburer (1966); Glagolev. Zubkov. and Panov (1967); Zakkay. ErQs, a 6  
Calarese (1968); Nerle e t  al .  (1976); and Oriftmeyer (1974). 

C . 5  Corner Flows Involving Swept-Shxk/Boundar)-Layer Interactions 

The stlpc+s~mir i~viscid-viscous interacting flow i n  axial rorners occurs i n  external j l m t i o n s  on super- 
sonic f l i g h t  vet-icles a ~ d  i n  tLc intern& corners of supersonic rectangular propulsion iwtakes. Llhm one o r  
both surfaces i n  'he cornpr arc, de f l c~ ted  relat ive to the free s t r e a  to  obtain compression, thm w l l l  be 
intersections of s twk  rav?: r i rh stu,ik waves. and be-? shock waves and v i  Scour flows wr each surface. 
Thus. though the geotretry t r  s iw ie .  the f lou f ieldc are e m t m r l y  caples. Yc should w t e  that e m  
i n  the rectangular corner intersection aligned with tk free stream without thc presence o f  shock waves. 
there i s  substantial skewing of the Wee-dimensional merged visrous f l w s  jBl00~. Rubin. and C m c i  1%9). 

Korkegi (1971 ) pmvided a thorough rev!:* of  corner flow interactiotr experiments, and the reader i s  
~ncouraged to study that document for a broad ap?reciatic:~ o f  the zar l ier  investigations. Since that time. 
the majcr advances have been i n  the crmputational prediction o f  s ~ c h  flows by nrrrrrically solvinq the 
Navier-Stokes equations - i n  laminar flow by Hang and &cComck (1977). Shang and Hankey (1977); and 
using eddy viscosity models i n  turbulent flow by Hung and %cCormack (1978). Shang. hnkey. and Petty (1978). 
and Hot-stmn afid Hung i1979!. In  addi~ion. the mean-flow cf.aracteristics of the 30 turbulent skerrd viscous 
flaws ir r  Mach 2 ta 4 interactions have been measured by Peake (!975) and Oskam (1976). Cooper and Lnkey 
(1976) have reported laminar wasi'rements at  *ch !2.5. 

4.5.1 Ax . 1 Comer Uith Only Ohe Surface Providing Compression 

Historically. the investigation of turbule.tt a ~ i a l  corner flows began with a configuratfon i n  which 
only one surfact applied compression, and i n  which the neasumlwnt n f  a few s.sface pressuns (Stalker 1957. 
1960) coupled wi:h surface oil-f low v isu~ l i za t ion  (Stanbrook I%!) was undertaken. I n  these early txperi- 
ments. and i n  many subsequent test>, a sweot-back shock wave was generated by a wedge standing n o w 1  to a 
f l a t  test surface. the shock impinging upon tits previo-.iy undisturbed boundary layer. causi~tq i t  to  skew 
i n  the direction o f  the shock wave (Lowrie 1965: McCabe 1966; Law 1975; Peake and Rainbird 1975; Oskam et  a;. 
lf75; Cousteix aqd Houdevil;~ . *76) .  

in the swept shock wave!turbulen boundary-layer interaction. the flow i n  the plane n o m l  to both the 
shock wave and the wall i s  frequent1 y described as res.nbiing 8 two-dimensionel flow throu h a n o m l  shock 
(see Mi l ler  and Redeke,. 1963). f i ~ u v c  127 present, a ~ c h m t i i  diagran o f  skin-fr ict ion ifnes beneath 
swept shocks af ter  Green (1970). In Figure 12ia. we show schematically the result  of a wak shock/bounds;y- 
layer interaction where although the skin-fr ict lon lines are deflected substantially m r e  th8n the inviscid 
 reamli lines, they do not converge and there i s  no 30 separation. the small sketch on the right-hand side i s  a 



v i a  along the s h k  wve. shoring a p l t t e m  and i n t e r a c t i ~  &~ !oqws to that for a uak no-1 s b k  
wve i n  n u d ~ l l v  20 flow. 

Wth  increasing shock s t reqth.  fnn m a l l  ta larger s tat ic  pressure ratios. a stage i s  m l w d  i n  the 
flow devc lopmt rhcrc 30 separation just  begins. and i q o r t a n t  qur!itative fla changes s ta r t  t', occur. 
M e n  the pressure r i se  i s  suf f ic ient ly  strong t o  uuse  a rapid c o n ~ e  o f  the skin-fr ict ion lines, thc 
picture might k that shorn i n  Fig. 127b. The v i a  along the shock wmuc might pi& us wlth a 'opa" or 
'closed' separation bubble.22 witk a consqumt 1- foot to the shock and a vort ical s l i p  l i n c  passing 
da*nstrcu from the trip!e m i n t  o f  tht shock intersection. In the left-hand sketch, thc 'opm' o r  'closed' 
bubble'c uracnces a t  tlw 30 separation l i n e  upstreas o f  the inviszid shack run position. St in- f r ic t ion 
l ines cunr t ing  fra a rea t tacbmt  lin region donstre& of the shock pass tmargh the projected l i n e  o f  
the inviscid shock to run asyptot ica l ly  with the separation line. The upstream skin-fr ict ion lim nm 
with tk separation l i n e  from ahead of the shock. The skin-fr ict ion l i n e  pat tens i n  l r i m r  fla are 
q w l i t a t i v e l y  similar te  those i n  turbulmt  flows. but a sharp ch&y? i n  incl inat ion of the 30 separation 
l i n e  !s observed as a skcwb irpieging shock wave crosses a region o f  boundary-lrye- t r m s i t i m .  The t ine 
i n  turbulent fla l ies  a t  a Oreater s w q h c k  angle relat ive t o  the f m - s t m a  direction th.n i n  laminar 
flaw (Karkegi 1972). 

th+ oil-do; flow visualization p i c t u m  i n  Fig. 1ZC (Pealre. Jones. and Rainbird 1910) skou skin-fr ict ion 
lice patterm a t  p m s u r e  ratios, once turbulent separation has jusL bequa a t  8. = 2 !Fig. 128.); ma with 
a nry st- separated f lw dtvtloprnt a t  & = 4 (Fig. 128b). The shear stress i s  f i e i t c  along thc 
reparatiat l i n e  tht beg~ns a t  the saddle point very cl-& to the aedgc apex, and the s t in - f r i c t ion  iim 
are generally i n  the direction o f  the shock w v e  (Figs. 127 a d  128). lo the i r c d i a t e  n i g h b d m d  o f  the 
junction o f  the s k l  generator with the *all, rhcrc the interaction i s  spreading quickly. the scale o f  tht 
separation wrul t~ tnc wall increases with distance outrani along the shock, tending from a coniul type 
fla to one o f  cyl!ndrica~ s is i l i t ude  far  r a y  f ra  tht skoct g m t r t o r .  Rw norim1 fla conicity  AH^ thl 
rrdgc a l l a s  us to represent the flor f i e l d  i n  tzras of the duracter is t ics  of m i c a 1  fla o r  crossflow 
projections. Ye should unbmtmd that the deta i ls  o f  tne skin-fr ict ion l i n t s  around the it.tersection cf 
the f i n i t e  radius weC!p nose with the plate rill k 3s i n  the blunt p r o t u k r a - ~ ~  flw i n  Fig. 35. Ue 
rcrkr Glut the divergent mttuknt lin region begins at a at-. noiie 011 the plate s i tu l tcd v e y  
close t o  the : W i n g  edge of  tiw cylinder. !t i s  the cont inut ian of th i s  r e a t w t  1jne dotmstrsr that 
i z  evident as l i n e  from Which a d j m t  skin-fr ict ion lines direrge c!ose '0 the sedge-plate junct tm - see 
Fig. 128b. 

Typical surfwe heating and surface pressure prof i les norrsaiizd with respect to  urdirturbed values a m  
shaa. i n  Fig- 129 (kuder i  1978) corresgand'rng with the separated flow cases i l lus t rated i n  Ficjs .  127b and 
128. for  d i c h  the pmsure  ra t io  across thc shock uave i s  typical ly grexter thr 1.5. Ue see that the 
free-stream fla i s  colpmsed thmuqh a ~oapressia, fan as i t approac'-\ the shwk wave. An i n i t i a l  pres- 
suw r i s e  then =curs betueen the 'extent o f  disturbance' and tn shoc. av? p s i  t ion i n  the fm stre31 
(see i i p .  129). (h the -stream side o f  the slwck. a second higher pressure occurs, close to  the wall o f  
the wedge. The heat-trrn5fer Q t d  fo l l a r  the character of the pressure d is t r ibut im.  A t  pressure rat ios 
across the shock o f  typical ly less than 1.5 (correspwding with Fig. !27a) both pressure md heating pro:iles 
r i se  ~ l o o t h l y  frrls undisturbed va!m to u x i m  values near the vedge. 

So6e re la t ive ly  siap!e correlations h d b ~  been derived bv Scuderi (1978) from the results o f  m n n  and 
Burke (1968); Token (1974); Peake and Rainbird (1975); Oskm e t  31. (1075); a d  Christophel e t  al. (t975). 
to orovide a prediction base for  both pressures and heating rate: rc:u?tirq froll 3D s%ock uclve, turbulent 
boundary-layer ir.teractions. I f  r ,  i s  the distance a f  wetted run o f  undisturbed turbulent bomdar) layer 
to the leading edge o f  the edge, and x the axial distance frcrt the wedge leadin3 edge t o  the point a t  
which peak pressure occurs. then & maxi- !eating hp close to  the wedge r r s  expressed by k u d e r i  
(1978) as: 

The fom of the equ~t ion ref lects Lbt daninance o f  the ~ v e r a l l  static-pressure r a t i o  on the heating. Other 
corrriations Lave been provided by k m n n  and Hayes (1977) for i in /p la te and f in/ogive-cyl iFder in:cractions. 
Hayes :1977) has provided an overvie* o f  recent work i n  the la t te r  configuration men the Wv rrf revolution 
i s  a t  angle o f  attack and there are yaw betbeen the f i n  and the body. 

There has been contiawus debate over many e a r s  regarding the concept o f  "iqcipient separation" i n  
two-dimensional flows. and m r e  recently. as ta *ether the coccept i s  even aeaving:ul i n  three-dimnsional 
viscous flows (see Peake ind Rainbird 1376). Some sbjervers. for example. Stanbrook (1961) have noted the 
appearance o f  three Cnflestion patats i n  the streaanise wall s ta t i c  pressure distr ibut ion a: incipient 
separation. as i n  20 flow (Kuehn :959! concurrent with the sn in - f r i c t im lines running " y r a l l e l "  ~ i i h  the 
sho:k wave a t  their  maximn deflection. Others have proposed tnat incipient sep&ration ccrurs when the 
skin-fr ict ion lines f i r c t  converge toward ;!I "envelo~e" fk;abe 1956); o r  when the upstrew, surface shear 
stress trajectories converqe in to one l i n e  that i s  paral lel  to the surface shear stress trajectories dMstr tzm 
o f  i t  (Lowrie 1965. using the criterior, o f  aogers and r lal l  1960). AccorCing to our ideas of contir.mus skin- 
f r i c t i on  l ines existing i n  associat i~n with a limit,.,! nunbe o f  sinqular poiats. the as?mrp:otic behavior 
must be the chosen fonn. 

The length o f  the swept interaction i n  the streanrise sense depends m the pressure ra t io  acmss the 
shock mve. the nature of the disturbance dri5ing it, and :he upstream k c h  nlnrb?rr. Reynclds n h ~ r ,  an0 
oncoaing boundary-layer thickness, 6:. The la t te r  has been c m n l y  used as a scaling paraneter fur stream- 
wise d is tanc~ through the interaction. u t i l i z i n g  t,Se inviscid shock wave position as or ig in  Equally ell, 
:5e streanwise displacement thickness w u l d  also be suitable. The s t r e m i r e  nolaenturn thicknesc i s  a l w  a 
characteristic paramter for  scaling pur,wses, fo:. i t  changes rapidly r i t h  distance through the interact:on. 
but varies only slowly i n  regions of constent pessure upstream and downstream o f  the iriteraction. ( In  

--- 
:oh the l i gh t  of la ter  evidence, the likelihood of a closed, swept separatinn bubble i s  con;idered remte. 



contrast. r ru~llct fm kc. 4.4 tlvt the location o f  t .  saddle point o f  Sqarot iaa yrm Qf tlu 
b l u f f  probbemnce i n  turbuleat m i c  flor tlnds to :ale witb cy l indw d i e t e r  rat* tLIll *fth 
bandrry-layw prrrcters.) lbrkegi (1973) foond that a s i q l e  cvrrelation exists for i u i p i m t  -lent 
-layer -ration due to a sMcb rarr. #t took the Incipient separation &ta o f  IkCabe 
(1%6) and Lourie ( l S 5 )  aloag ria tlw -ing shock w n  angles. heb Illdcrr. and pmsur+ rises. 
and carlldcd tlvt the f low-deflat ion mg1e a t  incipient Sepwat io~  hi. mas inversely proportiaeal to 
the ips- m i n s h w a  M &. 

brkeg i  also proposed that incipicnt ~ p r r s t i o n  o c c r m d  a t  an rppprimte - h a t  presst*-e rise. 
p j / ~  = 1.5. nd istbpmtknt ly of kcll mrkr. a t  1-t ovu tk range o f  2 < IC + 3.4. (Y note that 
such bdmvior i s  arntrrry to that for b10-61mziolul turbulent bo#drry-layer mrrtia. &ere h- 8md 
 pi/^ both increase with i-se o f  L.) By coqrrisom. &?&erg (1973) hw that tAc angle for 
I) incipient separation a t  L = 5.9 i s  v i r t t u l l y  insensitive to m l b s  n d r r  based 0 bonary-kjcr 
thi-tcrs i n  m e  raw 1Of < RS1 < 1e. and i s  rbout 9.. This mul t ,  kamr, i s  .rot consistent with an 

F i w r c  130 illastrpta the c m s f l a r  i n  a rwpt s h o c k r v e / l d n a r  bmdaey-layer i r t e n c t i a  a t  
= 6. by r w s  o f  va$mr-screu~ flw v i s w l i i a t i a t  (0. 5. b 1978: private ~ i u t i o n ) .  Thc photo- 

grapLI i n d i o t e  th g-1 thickening o f  tk v i S c ~ S  flw tha@ incipient ~ ~ p l f l t f n  t o  a s t m g l y  
separated structure. I r i p i a t  *ration i s  s i rg ly  tk condi tbn a t  uhicb tie overal l  pressare r a t i o  
Ivors the arpt r k c k  wave causes the fla to lcrve the surface; tk wdge mlcr for i a i p i e a t  scpurtiw 
fma var~cus u p r i m t s  arc sbm beneath the p l l o t o g r ~  along with tbe correlation o f  ibrbgi (193). 
At  tkr wdpr d e f l a t i o n  angle o f  12' )n Fig. 130, t b m  i s  a clear 'mdiutioa of a f la t tacd  rortar s m s -  
m, 4 t h  a mlled-up aa s-le free rlrrr 1wa prssing darstreu tousrd tk ObWrrCr. 

F i ~ r e  131 i s  w enla-t of an of tk --sacs pictures o f  0. S. ko (1919: private -Hi- 
otim), W i n q  h is  l r + l i a g  of the flw field. (Mote tkc r e f l a t i a  o f  the mlled-up shew layer i n  ?,& 
floor beneath.) k t rv  and il-) have rcporttd similar pictures s i n g  t la t ron-ber  fiw 
visualization i n  axial  comers w i t h  both surfaces producing m s i a .  Qr -1d note the dl- 
o f  the axial  c o n m  flaw rib tk f lattened ratu s t n r t u r c  i l l us t ra ted  * Sedmy and Kitchess (1975) about 
thc b l m t  protuberwe i n  Fig. 35. 

The suqjt-lbodt/lrinr b w u h y - l a y e r  i n t e r a c t i a  flar pdcl in Fia. 132 f s  a -tic -tation 
(&e to 0. 5. R.o 1978: p i r a t e  c i c a t i m )  of that s k o n  on the vapor-scrccn flw visualizatiaa photo- 
graph o f  Fig. 131. This figure i s  introatccd to provide conceptually a -son for the 4igk peak o f  #ace 
heat m y  close to the -late intcrscction (Fig. 129). m G m p r  and Hmkey (1974) and ko con- 
ceive that the r o r t i o l  layer ('jet') -ti- fm the t r iple-point o f  the 1- foot o f  the rboclr mve 
cves tar& the surface and i q inges  on the surface tk s i in - f r i c t ion  lim diverge np'idly (the 
r e a t t a c h a t  l i n e  i n  Fig. 12%). The i nduc t ia  ef fect  of the coi led free Jnrr layer w i l l  amwage, o f  
course. ( v i r t w l j  f m - s t r r a  a i r  to be d i m t c d  tarrrd the surface tnd provide high heating. It 4s r l ~ o  
possible that tke -tical layer fro the t r i p l e  .p in t  a t s  the surface a t  the location e r e  the 
d g e  bouar). layer i s  shorn to 5e very th in  i n  Fig. 132. IOptwithstading. the inviscid flar capi ta t ions 
o f  the extenul  fla shack-wve patterns [see Scc. 4-5-31 appear t o  support the f o . ~  conjcctrau. 

TM mean flm &ta i ls  i n  the viscaus f lw f i e l d  o f  the swept -s lmck / t~ len t  b x d w - l a y e r  inQractiOn 
be b a n  provided by Pea& and h i n t i r d  (1915) and Pske jl975) a t  fm-stream Rack n d c r s  2 md 4. and by 
Oska. Bogdonoff. n d  Vas (1975); Oskr. Vas, nd mff (1975. 1976); and Oskm (1926) rt llrch 3. mnmaa 
and hnq (13?9) have t w i n e d  ex@%-iatal m u l t s  and corprctd them wftb c a l c u l i t i r s  a p l o y i q  ti- 
dependent. colpressible Narier-bur;:: equations. with k a w l d s  wss-rverzqed v a r i i b l a .  Bvlk viscosity 
&xi the specific tUrb~!mt energy i n  the noma1 stress trra are aaitted, so Uut the -ti- arc c o ,  
p l a ~ n t a r )  with laminar flow. except for the additioc: o f  th iarynolds s t m s  tensor and the Rt)7ulds heat 
flux. 7.e f o r r r  was e~;lmsed i n  t e n s  o f  Uc p r o b c t  o f  an isotropic eddy viscosity a d  I ~ M  velocity 
gradient and a t$&lent Prandti nusaxer uls used fw the la t ter .  The cgwtions and &:*ils o f  the nucr i ca l  
analysis are prov ihd i n  !+ung an5 liacCorruck (1977. 1978;. 

Figure 131 p r r j m t s  a caqmrison betvcn the calculit ions o f  Hwrtrpn and Hurg (1973) and the k c h  3. 
10' wedge f l o w  o f  O s k a  (1976). 7he Coordinate system i s  show i n  Fig. 129. This i s  a 3D scplrated flar. 
h r e ,  as s b  i q  f ig .  133. s t r r r l i n e s  oric,inating mr thc s u r t u e  a t  0.05 66 converge and lift o f f  the 
surface, as we would e-t fras the discussion i n  kc. 2.3 (and see Fig. 12). F i p m  134 and 135 sha, 
'Jlc wry good ag t that exists b c k m  the c m t e d  and rrasurrd s t r e m i s e  and c r o s s f l a  velocity 
pmf i ics .  Figi.:= and 137 show the cclrprted and mawred -11 pressures, skin f r ic t ion,  heat transfer 
i n  tm x and y d imt ions ,  and l i c i t i n g  steamline any la .  Fgr each parmter .  the cowutatirns predict 
the rxperir?ental points to a remarkable degree. Similar rasurenmts by hake  (1975) a t  k c h  2 and for  
a wedge deflection of 8" are also predicted closely. 

Horstaan and Hung (197C) also cmputed tk rcry strong viscous-inviscid interaction case o f  Peake (1975). 
i n  which experimental nasmments were Wdc with a wed* angle o f  16. a t  fbch 4, tn skin-fr ict ion l i n e  
d i m t i o n s  o: which are sham i n  Fig. 128b. Here t!! converging of the skin-fr ict ion l ines i s  ahead o f  the 
proiection on the surface of the shock u v e  i n  Me inviscid flw. avd t h m  i s  a massive enrption 0' s t r e w  
lines away fm H e  surface a t  the 30 separation line. as the calculations sho* i n  Fig. 138. The corputed 
resultant velocity vectors o f  the l im i t i ng  streamlines are shown i n  Fig. 139, with the 30 s e ~ r a t i o n  l i n e  
and inviscid shock-wave positions marked. Close to  the inviscid shock line, we can detect inflexions i n  
the l im i t i ng  streamline directions along a ray from the nose of the shock -rator; the inflexions a m  
ckaractc-istic o f  r vortex a r e  existing abve the surface (see the case of the slender wing fla i n  Fig. 18). 
Evidence o f  the rotational fla i s  given irr Horstlsln and Hunq (1979). but the reader t s  cautioned t o  be =are 
of the dif ferent values o f  corponmt velocities perceived dep&icg on the p l a n  o f  pmjection. Figure 110. 
for instance, shows the velocity coapamnts r e s o l d  noma: to  the direction o f  the vortex core (at  26' to 
t k  f ree-strew o i m t i o n  i n  Fig. 139); but presented i n  a cut perpendicular to the undisturbed stream a t  



for thls mry stmag iaterut ioa case, the c a p u a t i m  of Ibrr&r and Wag (1979) p rc r i bd  quite u t i s -  
factory p d i c t i o n  o f  surface catditions and velocity pmf i les (Figs. 141 Hd 142). 

I n  s l r ~ r y .  the t w h l t n t  - flou i n  u u i a l  cwvr with ort svrface of -$ion k s  beem u t i s -  
f u t o r i l y  dl- by mat .ad predicted by a kviw-Stdces calculation incorporating the simlest 
o f  eddy v isas i ty  d l s  ( ibrsbvl  rsd t h g  1979). Tlw bomdrry-layer r t b d  o f  k s l  and Scmggs (1978). 
oa tlw otlwr kul, provided less satisfacton rgreaat uith tk data o f  &akt (1975) ( c t p ~ f a l l y  skin- 
f r ic t ion l ine  dircctioas) for an w e p r a t e d  ua a t  a l e  of e = 8. a t  Rub 2. I n  coatmsl. an 
integral M r y - 1  y M o f  (0.10ix 1I. I U 1 I l Z 9 3  y i e l W  ~ l t e  m-le -t uith 
their om H u h  2.3 test results for a e = 6" deflation. On balance, i t  uw ld  appmr tbat -tc 
s imlr t ion o f  the inviscid-rlrcaa i a tuu t i on .  specia l ly  dm the skct ur i s  strmg, rcplrim a sol* 
tior based m the Rvier-Stotw cqwtiom. Fortmately, tbe w - f l o u  &tai ls  can b rcp#bccd d t b  a 
hi* d m  o f  ccvoc~ ,  by cqloying tbe s i w l a t  of t w b u h a e  ~ ~ ~ d r l s . ~ ~  

4.5.2 Secondary Separation i n  Axial CMncr with hc to lpmsion Surface 

brltegi (1916) drrs attentian to Ut close degree o f  p u r l i t a t i e  a g m m t  obtalwb in  nmirul ly  
conical lrilvr and turbulent comer interactions. L r i n a r  data (e-g.. ktwn Ud Y i M t t f n  1970; Cmper 
ad l h k q  1974; Unnwt t  and 1967) shou txtaain regioms of JD separation tlut are w r e b l e  i n  
extent with -lent f l w s  a t  very !a- mgles (Freerro and twkqi 1915; tr 1915; and 
Tokn 1974). For m y  stmag s k m  shock iatcractiolrr w i t h  turbulent bonQry I-. a rscah l ine o f  
o i l  -lation i s  ob ta iW indicative o f  wcondrry separation. a; skar i a  Fig. 143s fra Lrr (1975). 

st, iking &lance to tbc skin-friction lim on t?e :emad si& o f  the circular c o n  tbat *rs 
discussed i a  kc. 4.1 should be rat&. Tk details i n  Fig. 14L  far a twkulcrt flar a t  l k h  6 with rrdQC 
aq;e o f  20. we v i r t d l y  *-tical w i t 9  tk l u i n a r  f l a  a t  mch 12.5 with wdOc angle or' 15. nportcd 
by bopr a d  Hnbq (1974) (sbar i n  Fig. la). I n  botb fl lrcttratiorr, a r e a t t u h e t  l f r  i s roc ia td  
uits the pricPrl, #tu i s  very clort to tlw cotnu farud b #c vu t i ca l  rcdpc and the plate. Tim i s  
also a sewad mt-t l ine  be- tbe separation lines. as w rr aa the cant fla i n  F ip .  59c 
nd S9f. Fi 144 prod- tbe p i to t  prrssrrr coat- ir, the I d n u  llKL 12.5 flor of  Cooper a d  
nrta ( 1 9 7 4 r  isplaying the positioar o f  peak shew rd b m t i q  close to the mm@ a t  rtlttadmst 
lim A, (see Fig. 143). lbe *QtQ fra t& primary m a t i o n  l ine  -Id rpru aspastble for tbc .lwg 
mq im with the sumdwy separation 'ding r svlla wi led  flow of m i t e  rotation, tuctcd a t h  
the p r U r y  flow (just as a h .rrkat-transfer rates. did r ban d l - U  already. a n  h igks t  
al- r e a t t w k a t  lim; t h y  exhibit tPr? paks i n  tbe cases o f  tbe u t a i v e  30 lm-nrr and turklent 
scprratioa, consistart with th observations o f  tm mt-t l i ne  regims i n  Figs. 143 md 144. The 
spa&= pmur+ distributions for these h q e 4 e f l a t i o n  l u i n a r  rd t i l rbulat  uses also shm qualitative 
-t (brkegi 1976). 

Shang a d  Uankey (1977) lun prwi&d i q r c r s i v t  results fra a coqutation to  c m r e  u i t h  the l r i ~ r  
data df Cooper and (1974). using the cnsttady collpccssible 30 kvier-Stokes equations i n  conrervative 
form. The eqwtions o f  state. Suthcrlmdss viscosity la, and an a s s i e  Rrdtl e r  close4 the sys ta  
of cqcutions. lhe lacr il lustrat ion i n  Fig. 143 i s  the caqwtcd m u l t a n t  vgnittldc o f  surface shear strcss, 
plotted as i t s  a& root. Do prevent SubItantial overlapping of the vectors. Y see evidence that a l l  of the 
esscatial features of the oil-flw vSswlization i n  tcna of  a% ergence and divergene o f  skin-friction li- 
are M l i c l t e d  i n  the eagcltation. Especially notable i s  the hi* s n r r  stress close to U.e corner &are thc 
m x i u  peak i n  surface pressure (Fig. 14%) and heat-transfer rate (Fig. 14b) are found a t  position Al. 
Fig. 143. Y mtire. i n  adi t ion,  i n  Fig. 14Sb. th high total -aturn near the plate surface i n  the 
f l o u  a t  this location. I n  Fig. Ilk, the conical crossf la wloci ry corponmt i s  projected onto thc y-t 
plate. The cmss f l a  velocities make a slurp turn tourd the corner intersection as they pas5 through Vw 
sbock wave generated by the uedge. Eentath the t r ip le  point, the crossflow tums 180°, indicating a t v r t t x  
center. as shcm i n  Fig. 1456. A thin bcwdary layer i s  shom on thc wedge surface flowing t w r d  the corner. 
Tk i n i t i a l  Gcvel-t o f  the S-shaped crossflou pmf i le  farthest froa the corner specifies the priaary 
separatim 'ine position at approx i~ te ly  y = 18 cm (7 in.) (Fig. 145~)- The resolution rvaitable on the 
Iattt: i l lustrat ion prevents us fm ideatieying the m l i t i w l y  satall region of Secondary seprreted fla. 
F i ~ r e s  14% and !4Sd irdicate that t9e crossf la ell away froll t !  surface mters the comer region 
beneath the t r ie le point, bringing with i t  r high level of energy to the region o f  F.,. The graph of 
Fig. 145d defines the m i c  tones of  thc fla field, shating i t  to be subsonic beneath the triple- 
point region. Hanm. there i s  an area of emhWie4 supersonic crossf la just ahbe the plate and abu t  
2.5 a (1 in.) from the corner. Shang an4 tiankey (1977) sumise that i t  i s  the existence of this supersonic 
region, fo l land by a m r r s s i a n  shock wave, that produces the secowlar-y separatin vortex. l hs ,  i t  
i s  evident that the hypersonic laminar corner fla w i t h  secondary separation can be predicted very success- 
fu l l y  by the Wlvier-Stokes coaputation of Sbng and Iiankey (1977). These authors have recently extended 
their attho4 to incorporate an eddy viscosity nwel to predict turbulent corner interactions (Shang, Hankey, 
and Petty 1078). 

4.5.3 Axial Comer Couprise4 of Two Intersecting Uedges 

The ciassic laminar f l e u  experim.ta1 investigation by Chantat and ReLkccpp (1967) i n  the h c h  r a w  
or 2:s to 4, established the salient features of the invis.id f low and intersecting shock wavc;. although 
no carnu  vortices were reported. The baslt shock wave structures, essentially conical i n  nature, that were 
synthesized by Chamat and Rcdeiteapp (1967) from extensive pi tot  prrssure measumPcnts, are shcun isometri- 
cally i n  Fig. 146. The shock waves generated by each wedge are joined by the third shock wave, bordering 
h i e  I and the fm-stream f l a .  Slip surfaces pass from the ends of this third shock towards tho comer. 
Ilrlditiara: shock legs prroceed tw the surface - a curved shock between 'ones f I and I X I .  and a spread o f  the 
c o w  Gtsturbance outside of the inner simcks (Zone 111) beyond which the flow i s  nominally two-dimensional, 
Zone 1V. Subsequent investigatio'ls i n  supersonic and i n  hypersonic flow have revealed essentiaily the sane 
flow features (Cresci et al. i%9; Uatson and Weinstein 1970; Yest and Korkegi 1972; Manqia 1974; F m m n  

2iSee also Shanq. Hankey. and Petty (1978. 1979). 



Korkqi 1975). Bertram and Henderson (1969). with +kir sweeping c;utron-beam flw visaalization techniqw. 
and Kipke and Hucl (1975). produced stt-on9 evideiue o f  comer vortices. 

Use o f  the skk-capturing technique i n  inviscid f lw calculatfons (Kutler 1973. 1974a.b; M r .  
Anderson, and b t l e r  1975; b t l e r  e t  al .  1975) pmvfdcs a reasonable descrfption o f  the wave structures. 
For e x q l e ,  Fig. 1471 sbus a calculation of contwrs o f  constant density (Yunltrr, Anderson, ad ICutler 
1975) i n  a trrmverse plans o f  one of the c o m r  flon for  uhich r r s u r a n t s  by Chanr t  ad Re$ekcopp (1967) 
exist. Y see tlut thc dominant l v i n a r  viscous fla displaces the wave structure outward, rhcn caqrw 
math t!e inviscid flou n u r i c a l  results. DiffercnceS tn  detai l  are also shan kbmn the shock-wm 
s- fm the e x p t r i m t  .ad calculation. and i n  the surface pressure distributions shan  i n  Fig. 147b. 
Tkc e x p c r i m t a l  results o f  W i a  (1974). on the oth t r  hnd. were fo r  turbulent flor. ad the e x p e r i m t a l  
shock positions i n  Fig. 148a s h a  closer agreamt  with m u : t s  o f  inviscid flow c a l c u l a t i w .  The ' e f f u -  
tie thickeningo o f  the body by the turbulent f lw i s  obviously less than i n  l u i n a r  fla and accomts for 
the irpr-t betmeen the exper f rn ta l  results and the inviscid theory results. Swd cormp#dcncr !s 
also obtained ktmn the surface pressures (Fig. 1458). 0 t h ~  very interesting caparisons are shown I n  
the calculations ~f kut ler e; 11. (1975) md the exper imts  o f  L n g i a  (1974). rhcn the intersecting surfaces 
are a t  d i f f e ~ t  wedge angia. *hen am o f  thc surfaces causes an expansion flw. and dm the leading 
o f  a wedge IS s e p t  back. 

I n  spite o f  the relat ively good prediction o f  the shock-uave s t ~ c t u r e s ,  the comer problem ust s t i l l  
be v i d  as n inviscid-visanis interacting flm problem. for  as we have sea i n  k c s .  4.5.1 and 4.5.2, 
r are -l ing with 30 swept scparatitns and ensuieg vortical f l a s .  I n  fact, C k r w t  and Redekcopp (1%7) 
raurk W d t  the foot of tkm shock leg ktmn Zones I11 and I V  (see Fig. 146). a l i n e  o f  o i l  a ~ m l a t i o n  
u s  observed. signifying a #pt XI -ration line. Figure 149. fma Bertram and Wcndmon (1969). 
features representative o i l - f l a .  heat-transfer. and surface-pressure data fra laminar flaw exper imts  
with intersecting wdgcs o f  equal c a p m s i o n  angles. W s u r c m t S  f r a  Lrnpley Research Center a t  Mach 20 
are shanr on tk top i n  Fig. 149; the Nach 3 m l t s  o f  Oumt and ~~ are sham klw. 

On the o i i - f l o u  pattern a t  k c h  20, we detect tm l ines o f  converging skin-fr ict ion lim r r p m e n t a t i n  
o f  ~ M O  separation lines, providing p r i v r y  and secondary scplrations as discussed i n  the p m i w s  section. 
TUJ l ines representing tho locus o f  i n f l c t i o n s  i n  the skin-fr ict ion l i n e  patterns are indicative o f  the 
existence of both primary and secondary vortices. The pitot-pressure traverses by &rut and Rcdclrcopp 
(1967) also indicate prim0 and secondary separations. Both pressure distributions exhibi t  a sharp r i s e  
and a plateau associated uitb the inner shock structure. i o l l a i n g  a rm v t l e  r i s e  o n r  Zone I11 (Fig. 146). 
The heat-transfer distributions exhibi t  a mrked trough a t  the primary scparat ia  l i n e  position, fbllowcd by 
a rapid r i se  to two peaks. corresponding with the two divergent r e a t t a c h t  l i n e  locations on the oi l - f low 
pattern. lte drop i n  heat t r w s f e r  a t  the wedge intersection. which i., also s h m  by Stainbxk n d  
b i n s t e i n  (IS:! and t m c i  (1966). i s  attributed by llorkegi (1971) to the u t u a l  interaction and thfcken- 
ing o f  the c d i n i n g  shear flows. 

Although the above discussion deals with 90' comers, c.tudies have been s d e  with corner angles varying 
froa SO0 to 270° (Cresci 1966; Stainbck and Weinstein 1%:; Watson and Weinsttin 1970; Kipke 1973; Kipke 
a d  Hnl 1975). With jecrersing corner angle, higher Prtrsures and heat rates develop. accoqmnied by an 
outward displacclmt o f  the inner shock wave. The t q l e t e  analytical def in i t ion o f  L%e strong viscous- 
inviscid interaction 'n corners with two compression surfaces w i l l  pnsrrubly be accolplishcd i n  due course 
via &vier-Stokes roq%taticns. 

4.5.4 Uves F m m  a Supersonic i n l e t  Interacting With Flous on Adjacent Surfaces 

The half-cone o r  quarter-cone In le t  lnunted adjacent to a fuselage sidewall and wingffuselage inter- 
section m y  cause a substantial problem o f  wept shGck wave/turkrlelt boundary-layer intcrpction, part icular ly 
a t  off-design conditions. The intake i s  usually raised fran the fuselage surface t o  peml t  both bleeding and 
diversion o f  the oncoming viscous flms (Faro !%5). 

Figure 150 s h m  an o i l - f l c r  pattetn taken ky Culley (1972a.b) about a Bc = 25- half-cone intake a t  
Mach 1.6 and a t  a Re-m!ds n w h r  o f  6 = 10". based or. the wetted run to  the intake capture face o f  5 ca 
(2 in.) diameter. The anlet was operating a t  design shock cone position and a t  n a x i t ~ l  wss  flow (with 
some spillage, as seen on the Schlieren photograph). E ~ e n  though auxi l iary rsm (bleed) intakes were located 
i n  the plane o f  the caw1 ' ip  to ingest the turbulent fuselage boundarj layer. the- was c:early a substan- 
t i a l  diversion o f  the fuselage boundary layer upstream o f  the bloed ducts. The fuselage flow was t h m -  
dinensionally separated t y  intersection with the intake pressure f ield, the separation l i n e  coinciding 
apprcxicsately with the projectio.1 o f  the cone shock on the fus~lage wall. Thuc it would appear that the 
w s t  def'cient portion o f  the fuselape boundary layer i s  spi l led as vortices in to the airplane flow f ield. 

A an i n i t i a l  step i n  predicting this f lw f ield. a calculation o f  the par t ia l  Cone flow i t s e l f  about 
the same ec = 25' half-cone a t  Hach 1.6 was performed (Peake, Jones, and Rainbird 1970) but withaat a 
ref lect icn plane. The pressure f i e l d  that would be impressed upon the fuselage i s  approximately that exist- 
ing between the shock wave and the half-cone, as shom i n  Fig. 151. The m a x i m  over211 pressure ra t io  
betwee? the shock and the cone i s  greater than i.5, so that, as be saw i n  Sec. 4.5.1, 30 separation WGdld 
be expscted. 

Culley (19;2b, 1975) also showed that with a quarter axisymnetric intake mdel, the use o f  a sp l i t te r  
plate to isolate the a i r f r a m  boundary layer from the adverse influence o f  the intake could involve a 
multishock biicous cdmpres,ion and 30 separation o f  the fuselage boundary layer upstrean! of the sp l i t te r  
plate (Fig. 152) that was not influenced by variatiors i n  the intake mass flow. 

Other serious rweot-shock/boundary-layer interaction problems i n  propulsion layouts may be encountered 
beneath supersonic wicg p lan fom when designers attempt to take advantage o f  "favorable interference" 
effects (Swan iQ65; Sigal la  and Hal l s t a f f  1967) fm compressions about engine nacelles and boundary-layer 
di  verters. 



Figure 153a shows the oil-dot flow pattern on the undersurfice of a l i f t i n g  70' delta wing a t  

a = 0.08 Cn a f ree-stmu flow of L = 2.75 a t  a ReymlQ w r .  based on the r x i a m  wing chord, o f  
x 1@ (Peake wd k i n b i r d  1973). The four nacelle arrrnqacnt i s  typical i n  position and scale o f  a 

wpcrsonic transport layout. The tuo uppemst intakes were operating a t  design u s s  f la with cone shock 
on l ip .  a# w i l l  m t e  a wll region of three-dimsionrl  separation caused by thr wedge-shaped pylons 
(diverters) and cowl pressure f i e l d  i n  Fig. 15%. rhcrc the propulsion ~ c e l l a  have been t w ~ ~ v e d  to faci l -  
i t a t e  inspection of the o i l  flow. The lawr pair o f  intakes was thrott led internal ly to rbout 70% dcsigl  
PIS flou, forcing the t h a t  n o m l  shuck Outside of the c o d  1 Tp. The m u l t  o f  operating subcritical l y  
t s  to cause a r s d v e  t h m - d i m s i w l  separation of the starboard urdw-uing boundrry layer md high 
loat M t - t r a n s f e r  rates i n  the rcrtkchmt regions d a n s t m m  o f  the separation. Figure 15% exhibZts 
r postulated pattern o f  singular points and skin-fr ict lon l ines i n  the v ic in i t y  where the adjacent *para- 
t ion limes jnterfere with each other. The interference appears to resul t  f n  the f o ~ t i o n  o f  a nodal point 
o f  separation ( l i ke  that than on the cylinder flare i n  Fig. 18c) interspersed between the two saddle points 
i l c d i a t e l y  ahead of each wedge-shaped d i n r t e r .  A sketch of the streanlints i n  the streasrise plane o f  
s y r e t r y  passing tkrough the node of separation i s  also given i n  Fig. 15k. The accompanying changes i n  
l i f t  are sharn i n  Fig. 151. At a cruise l i f t  coefficient o f  0.08. occurring a t  an angle o f  attack o f  about 
3* for  th is  s y r r t r i c a l  wing, them i s  a 202 increase i n  l i f t  from the throt t l ing o f  the 4 intakes to 70% 
o f  the design mass flow; the comsponding i n c m u  i n  drag for  subcritical operation i s  i l lus t rated i n  
Fig. 155. At off-design Nach n u k r s ,  the shockfboradrry-layer interactions and result ing 30 scplratiorts 
m y  be even m r e  severe i n  the i r  effects on drag. 

F m  these cursory g l i q s e s  a t  two e m l e s  o f  proprlsion inlets. ue see that the intersecting wedge 
corner f lw studies provide us with a substantial basis for  diagnosing thc f lw features i n  other caplex 
pcactrits. 

4.6 Shock-on-hock Interactions 

Thc m s t  serious surface heating problea encountered i n  hypersonic h i c l e  d e s i q  i s  the result  o f  
shock-on-shock interactions i n  proximity to the vehicle skin. E x t r a l y  high heat-transfer rates, u n y  
times ordinary stagnation-point values. m y  occur i n  re la t ive ly  small regions on the vehicle surface acctm- 
p a n i d  by h i*  pressure peaks that carplicate the design o f  the t h e m 1  protective skin (Keyes and Hains 
1973; Hains a d  Keyes 1972). Unlike an ordinary stagnation point, thc l aca t iw  o f  the region o f  peak heat- 
ing i s  not well defined and the interaction region w i l l  mve about on the body depending on mch n u k r .  
altitude, w d  vehicle attitude. Figure 1%. for exrp le,  shows practical examples o f  shock-ilpingeaent 
heating (Edney 1968); Fig. 157 revtals the shock-wave shapes and aerodynamic interference heating about a 
lode1 of the Space Shuttle Orbiter aatched to i t s  external hydrogen-oxygen tank, from a test  colrbining 
Schlierea and phase-change coating techniques (Creel and J. 1. Hunt 1972). Probably the f i r s t  i n - f l i gh t  
confitmation o f  the severity o f  shock irpingemwt heating was the damage t o  the ventral f i n  o f  the NRSA 
X-15A-2 rocket-driven airplane during a high-altitude f l i g h t  a t  llach 6.7. The ~ s v e p t  ventral f i n  supported 
a ramjet test Rlodel (Fig. 1%) that came a d r i f t  frocn the a i  lane durirg f l i g h t  as a result  o f  the catas- 
trophic shock-inpingearnt heating damage (Figs. 158b and 158~7. 

Leading-edge sweep was found early to  have a marked influence on shock-inpingeapnt heating. For highly 
swept cylinders or fins. near 45" or mre, no l a a l  increases i n  heating are obsewed (Beckwith 1964; 
Bushnell 1965; Hiers and Lc~bsky 1967; Gulbran e t  al. 1967) and leading-edge heating rates are fornd to be 
reasonably well predicted by r i q l e  i n f i n i t e  swept cylinder theories using local flow conditions. For 
upswept o r  moderately wept cytinders, high local heating i s  noted a t  the leading edge i n  the v i c in i t y  o f  
the intersection o f  the external shock with the cylinder bow wave (Hiers and Loubsky 1967; Newlander 1961 ; 
Gulbran e t  al. 1x7; Bushnell 1968). Heat peaks as high as 10 tines stagnation values had been observed 
i n  the ear l ier  work, as shorn i n  Fig. 159. The very localized nature o f  the heat peak due to shock impinge- 
ment i s  il1us:rated by the re la t ive ly  n a r m  "burn through" on the f i n  i n  Fig. 158. 

The apparent anomaly i n  leading-edge heating between unswept o r  moderately swept configurations and 
highly swept ones is ,  however, easily explained (Korkeci 1971 ). The heat peak has been associated with 
the ithpingecaent o f  a "jet-typen shear layer originating a t  the intersection o f  the external shock and bow 
shock o f  the blunt fin. Fdr nlgii weep angles the stear layer does not impinqe on thc leading edge, but 
r i the r  flows tangential11 to i t  and, therefore. no heat peak i s  obsewed. This explanation i s  basically 
correct; however, the f;ow structure far low-sweep angles i s  considerably ,xr?  ccmplex than that of a 
simple shear layer, as w i l l  be discussed further on. Although early investigators ident i f ied the problem 
o f  shock inpingement a.id contributed mc5 needed data on local heat rates, i t  was not u n t i l  the extensive 
and pioneering study o f  Edney (1x8). who obtained exceptionally high-auality Schlieren photographs, that 
an understanding o f  the interference f!ow f i e l d  was gained. Edney categorized shock interference patterns 
in to the six types that are shorn i n  Fig. 160a (Hains and Keyes 1972). I n  the sketch o f  each type, A i s  
the impinging shock wave, B i s  the bow shock wave around the body, and C i s  the interference region on 
the body where peak heating and peak pressures are found. Shock-wavelboundary-layer interactioiis are found 
i n  Types I, 11, and V ,  and shear-layer attachment i s  obserqted i n  Type 111. Type V I  interaction i s  charac- 
terized by an expansion-fan/boundary- layer intcraction thdt lowers the heat transfer. The Type I V  inter- 
action produces intense heat-transfer rates and pressure peaks from the impingawnt of the "jet-type" shear 
layer on the body surface. Correlations o f  peak heating resulting from Types I, 11, 111, and V are presented 
i n  Keyes and l b r r i s  (1972). Some typical levels o f  pak  heating are marked i n  Fig. l6Oa also. The quantity 
Qref i s  the stagnation point heating without interference, but with identical free-stream conditions. The 
regions where interference heating m y  be found on a Shuttle plus Booster during ascent are also given i n  
Fig. 160a. Interference heating can occur on the wing and t a i l  surfaces. i n  the gap region between the 
vehicles, on the nose o f  the Orbiter, and on deflected control flaps. Figure 160b shows where the respective 
interference type; would be located on a hemisphere. 

Figure 161 (Hains and Keyes 1972) i l lus t rates the interfer ing shock patterns on the mated Shuttle and 
Booster during ascen:. A t  low supersonic Mach numbers, the bow shock wave encases the entf re configuration 
and there i s  no interference. As the vehicle accelerates to hypersonic Mach numbers, Type V o r  V I  inter- 
ference can be recognized on the upper surface o f  the Orbiter, with assoclated heat transfer rates up to 
f i ve  times stagnation values. As Mach nu&er increases s t i l l  further, the interaction moves to the nose 
region o f  the Orbiter and Type I V  and 111 patterns develop. It i s  here that the la r jes t  heat-transfer rates 



w i l l  develop, up to  a t  least 20 times the s tavat ion point condition. ( In  Type 111 flaw, the surface heat 
transfer i n  the attachment region depends strongly on uhcther the shear layer i s  turbulent; Birch and 
Keyes 1972.) Real gas effects w t l l  probably enhance t k t s  value. S t i l l  further increases i n  f l i g h t  k e h  
n & e r  lead t o  Type I 1  and then to a Type I pattern. We note that the bow shock waves u y  ref lect  back 
and for th  several t i e s  i n  the gap region betueen the nk ic les,  producing hot spots a t  m y  locations along 
the fuselages. Detailed heating r r s u n r n t c  for off-centerline shock interference on hemispheres and f i ns  
wre presented i n  Keyes (1973;. 

Clearly, thc f l iOht  trajectory has an i ~ r t m t  effect wr the heat transfer. k i n s  and Kcycs (1972) 
calculated the peak b t - t r a n s f e r  amplification fo r  Type I V  interference on a typical Shuttle ascent trajec- 
tory (assuaing the ra t io  of specific heats Y = 1.4) up to 76 La (250,MM f t ) .  Figure 162 indicates that 
Type I V  interference could mt develop below an a l t i tude of 38 lu (125,000 f t ) .  mtwithstanding. depending 
on the nuakr  o f  local wan reflections i n  the ' je t  flow" to the surface, enormous peak heat-transfer 
w l i f i c a t i o n s  .- bebeen 20 and 37 t i e s  the stagnation point rate - uere coc~puted, corresponding with the 
' je t  bow shock' located i n  Region 7 o r  8 (see Fig. 163). Figure 164 l l lus t rates shock-on-shock interactions 
about the mated configuration a t  #ch 20. 

Because the exper imts  of Edney (1968) are classic i n  the i r  def in i t ion o f  the shock-on-shock structures. 
l e t  us conclude th is  section with a discussion due to Korkegi (1971) on the effect o f  varying the srcp angle 
o f  a cyl indrical leading-edge f i n  0-1 a flow interference pattern a t  k h  4.6, and with a wdge deflection 
angle o f  5" (Fig. 165). Y e  three types of interference flow f ields associated with positive sweep (nimely 
Types IV ,  V, and VI) that are the m s t  l i k e l y  to  be encountered on vehicle wings and vertical control sur- 
faces (see Fig. 164) are shown i n  Fig. 165 (after Edney 1968). 

Figure 165a shows a typical interference strr-ture for an unswept configuration, with a break i n  the 
bar shock and a supersonic j e t  i n  the othenise subsonic shock layer. which impinges on the leading edge. 
The supersonic jet, which includes ewktded shocks, i s  bounded by shear layers and i t s  exact structure i s  
dependent on the bow-shock d e t a c b t  distance i n  relat ion t o  viscous effects, that is,  on solc Reynolds 
n d r .  Because the shock layer flow i s  subsonic, the structure o f  the baw shock i n  the neighborhood o f  
i t s  intersection with the external shock i s  not readily predictable. Thus, th i s  type o f  interaction, which 
results i n  the highest heat rates, i s  the most complex and least understood o f  any encountered i n  practical 
applications. Figure 165b show a moderately swept configuration for  which the shock-layer flow i s  s l i gh t l y  
supersonic. The j e t  has thinned considerably and a shear layer originates a t  the intersection o f  the bar 
wave with an ecnbedded shock, behind which the flow i s  local ly subsonic. Edney (1968) points out that the 
j e t  and shear layer may st r ike the leading edge fa r  d m s t r e a ~  o f  the impingerent point, there, because o f  
diffusion, the i r  influence on heat rates wi 11 be considerably less than fo r  the unswept case. The abedded 
shock impinging on the leading edge may cause a local separation and boundary-layer transition. I n  Fig. 165~. 
reseabling a highly swept edge. the shock-layer flow i s  ent irely supersonic and the shear layer misses the 
surface; hence, high heat rates bo not arise. It i s  for  th is  configuration that s i rp le  i n f i n i t e  swept 
cylinder theories have been found to  adequately predict heat rates *hen local flow conditions are used 
(Beckwith 1964; Hiers and Loubsky 1967; Bushnell 1968). 

Suimnarizing, shock-on-shock interactions close to  the vehicle skin can result  i n  the largest heatin 
rates against which the designer rwst protect the vehicle -rates as high as 20 times (or more) the l w a ?  
stagnation point heat-transfer rate. The Type I V  interaction classif ied by Edney (1968). with i t s  impinging 
j e t  flow, i s  the most complex and, unfortunately, provides the hiahest heat transfers (and associated peak 
pressures). Calculations i n  two dimensions based on the Navier-Stokes eqtdtions and using a time-dependent, 
f inite-difference nethod, have been attempted by Tannehill. Holst, and Rakich (1976). Their results indicate 
that i n  principle a l l  six types of Edney's classifications can be computed. I n  inviscid flow, tn another 
application. Kutler and Sake11 (1975) computed the unsteady thrw-dimensional flow f i e l d  resu1tir.g from the 
interaction o f  a plane shoci wave with a cone-shaped vehicle traveling supersonically. 

4.7 Supersonic and Hypersonic Delta Wings 

The regions of application o f  various a i rcraf t  types i n  terns o f  slenderness ra t io  vs f l i g h t  Mach n:,aber 
were i l lus t rated i t ?  Fig. M. There i t  was indicated that delta wings (and possibly wave-riders) were poten- 
t i a l  shapes for vehicles f ly ing a t  supersonic and hypersonic Mach numbers. Consequently, there has been a 
substantial e f fo r t  to diagnose the flows over delta wings with supsrsonic leading edges ( i  .e.. when the com- 
ponent of Mach number, t 4 ~ .  normal to the leading edge exceeds 1) to paral lel  the clear understanding that we 
a1 ready possess o f  flows over slendet configurations with subsonic leading edges (such as the "Concorde") . 
Yilde and Cormery (1570) and Leyman dnd !larkham (1974). i n  fact, provide retrospective but very useful 
accounts of the aerodyqsmic derivation o f  the "Concorde" wing, and an overall philosaphy o f  predicting the 
aerodynamic characteristics of supersonic transport a i rcraf t .  A survey o f  lee-side flow phenomena on super- 
sonic and hypersonic delta planforms has been provided by Dunavant, Narayan, and Yalberg (1976). 

In general, the flow over a delta wing a t  angle o f  attack changes from one dominated by leading-edge 
separation when % < 1, to a flow that i s  characterized, when MN > 1, by a Prandtl-Meyer expansio:~ inboard 
of the bow shock and an attached flow at  the leading edge. These two flow f ields over flat-topped, sharply 
swept delta wings are i l lus t rated i n  Fig. 166. I n  the case o f  the subsonic leading edge i n  Fig. 166a. the 
particular feature at  moderate to  high angles o f  attack i s  the existence o f  a secondary separation and divid- 
ing surface that r o l l s  up beneath the primary vortex (see also Fig. 18). The boundary laye? growing from 
A2 toward th is  secondary separation, S2. i s  re la t ive ly  thin. I n  the flow about the supersonic leading 
edge shown i n  Fig. 166b, there i s  an attached boundary layer beneath the expansion fan from the leading edge 
(Fig. 167). This region o f  Prandtl-Meyer attached flow eventually terminates a t  an ernbedded shock wave that 
causes the formation o f  a swept 3D separation line, well inboard from the leading edge (Cross 1968). The 
dividing surface coi ls up from th is  inboard separation line, but stays within the depth o f  the viscous layer, 
whose edge i s  a t  a height of about 1 wing semispan above the leeward surface (see the Mach 12 vapor-screen 
crossflow picture i n  Fig. 168). The regimes o f  leading-edge separation and Prandtl-Meyer attached flow 
(followed by shock-induced separation),can also be distinguished on the basis o f  spanwise vortex position 
vs angle o f  attack, GIN. Figure 169 i l lustrates that the core positions for the flow with leading-edge separa 
t ion are situated, i n  general, much closer to the wing t i p  than are the shock-induced vortex cores. 



h n g  parameters also affecting the occurrence of leading-edge separation o r  shock-induced separation, 
i s  wing t h l c M s .  f igure 17lh i l lus t rates these t# di f fer ing leading-edge conditions about "thfn' wings 
where the uxiw thickness-to-chord r a t i o  i s  typical ly 9.2 .  Note thc opposite directions o f  thcsk ln -  
f r ic t ion l ines near the leading edge - toward the edge for  separation a t  the leading abgc, Md r w y  from 
the edge for separation inboard. For thick wings wfth supersonic leading e@es and wfth thiclurass-to-chord 
rat ios r0.3. Szodruch (1977) a d  Mrwan 11978) have postulated s o k  changes to the basic shock-induced 
separation patterns that a n  dependent on angle o f  attack and order o f  the viscous interaction parmeter22 
x, as we see i n  Fig. 170b. How at@ when these changes i n  flou structure occur w i l l  he discussed i n  the 
f o l  l w i n g  paragraphs. 

The parameters o f  wing wap, free-streaa llrch n-r, and angle of attack may be effect ively collapsad 
in to the capomnt o f  #ch nurrkr n o m l  to  the leading edge h, and the angle of attack i n  the sane plane 
q; see the inset sketch a t  the top o f  Fig. 171. I n  the ON - 1)1 plane, Stanbrook and Squire (1964) gave 
broad l im i t s  for  the occurrence o f  either the subsonic o r  supersonic leading-edge flow regimes fo r  thin, 
s arp w ngs; 3 the boundary curve i n  the cyl - plant has come to be known as the *Stanbrook-Squire 
& d a d '  a& see i n  the main i l l us t ra t ion  o f p i g .  171. The experients of S z d n r h  (1977) (which nc 
par t ly  s m r i z e d  i n  Szodruch and Canter 1979) revealed, however, that for a thick delta wing, shock-induced 
separation (region 5 i n  Fig. 171) occurred a t  much higher values o f  #ch nunkr  % than given by the 
right-hand side of the Stanbrook-Squire Boundary; furthermore, the additional separated-flow regims schemti- 
ca l ly  d rwn i n  i i g .  170b could be represented on the - % diagram i n  Fig. 171 as regions 4 and 6 , 
Again. the width and extent of these new boundaries cannot yet be defined precisely. I n  the v i m  o f  Szodruch 
(1977), the flw i n  region 4 i s  characterized by a swept separation bubble beginning a t  o r  close to U* 
leading edge, whereas Rao and Hitchcad (1972) labeled th is  flow as one with ' M e d  vortices.' Szodruch 
(1977) also added two mre regfans i n  Fig. 171, those nubered 1 and 3 . I n  region 1 , w i t h  the wing a t  
very high angle o f  attack and llN < 1, a local transonic condition i n  the crassflow was thought to occur s ~ h  
that a sl lal l  horizontal n o m l  shock existed above the leeward meridian just  beneath the primary vortex pair. 
Region 3 , encolpassing leading-edge separation a t  low angles o f  attack, extended the Stanbrook-Squire 
Boundary to higher values o f  Q for  the thick-wing case. The influence o f  chord Reynolds nuber on the flow 
types a d  boundaries m y  be significant (Szodruch 1978) and typical cuts a t  I+ = constant and (~n = constant 
i n  Fig. 171 are displayed i n  Figs. 172 and 173 to i l l us t ra te  the sensit iv i ty o f  f lw type to  a two-order- 
change i n  Reynolds nurrber. The cut i n  Fig. 172 has been chosen a t  - 2.5. We note that the shock-induced 
separation region 5 changes t o  region 6 with leading-edge separation (plus shock) a t  ever-decreasing 
Reynolds nuaber as q becmes very large. I f  ON i s  now maintained a t  a nominally constant v a l w  o f  28* 
(rig. 171). increasing tk Reynolds nwiber to about lo7 v i r tua l l y  destroys the separation-with-shock region I 
as we see f n Fig. 173. Thus, t o  ac-ate these substantial effects o f  Reynolds nuber on the TN - % d i r -  
graai, the boundary ma i n  Fig. 171 must deliberately k l e f t  brad. 

Uc shall m make sse o f  the - diagram plotted again i n  Fig. 174 as a suitable panorama on which 
to present some chosen e~periraental resul s o f  the di f ferent regimes o f  separated flow measured by Haltby 
(1962). Thownn (1963). Cross (1968). h n e r i e  and Yerl6 (1%8), Rao and Whitehead (1972). Szodruch (1977). 
and Narayan (1978). This display simply shows the - % range o f  test conditions o f  these investigators 
with a tab~ la t ion  of Reynolds nunbers based on aaximrrn chord of the delta wing mdels. It i s  clear that 
with the exception o f  the high Reynolds number test o f  Rao and Whitehead (1972). we are dealing with flows 
I n  which laminar-turbulent transition w i l l  play an important role. Figure 174 shows that the ranges of test  
Mach nlanber used by Monnerie and Uerl6 (1968) and by Szodruch (1977) span the Stanbwk-Squire Boundary from 
regions 1 and 2 to region 4 ; Maltby (1x2)  (and Richards 1976) worked within the rough confines o f  the 
Stanbrook-Squire Boundary. Ihe Hach 12 experiment of Cross (1968) i s  def ini tely i n  the regime o f  lm inar  
flow where expansion and shock/boundary-layer interactions are doaninant (regions 5 to 6 f .  

Let us now discuss b r ie f l y  the structure o f  the flow i n  the various regimes i l lus t rated i n  Figs. 170 
and 171, beginning with the subsonic leading-edge flows t o  the left-hand side o f  the Stanbrook-Squire Boundary. 
Figures 175 and 176 s;iow, respectively, the flow visualization results of Fknnerie and Werli (1968) at  free- 
streas Mach numbers o f  0 and 1 .% a t  the same angle o f  attack o f  25" for  identical models of 75" sweepback 
angle. The skin-fr ict ion l i n e  patterns show clear evidence o f  nearly corical flow; the daninant primary vor- 
tices fnnn the leading-edge separations may be inferred f n m  the bubble flow visualization i n  the water tunnel 
and fm the pitot-pressvre contours measured i n  the wind tunnel. Evidence o f  a secondary separation i s  also 
indicated i n  Figs. 175 and 176. I n  addition, there i s  also a th i rd  l i n e  o f  o i l  coalescence on the Mach 1.95 
skin-fr ict ion l i n e  pattern (counting also the l i n e  along the sharp leading edge) which causes one to speculate 
on perhaps yet a small ter t iary  vortex flow existing i n  addition to  the primary and secondary flows. The 
small centerline shock i n  the flow region 1 i s  that showing i n  Fig. 176 on the lee-side of the vehlcle. 
The side elevation Schl ieren photograph i n  Fig. 176 certainly indicates evidence o f  a shock very close t o  
the surface, di th  what appears t o  be the primary vortex existing we1 1 above it. The divergent attachment 
1 ine region i s  along the leeward meridian i n  both the inconpressible and compressible f low regimes. 

Wving now to the r ight  i n  Fig. 174 "into" the Stanbrook-Squire Boundary, we next view i n  Fig. 177 
the Wach 3 experimental result  o f  Thomann (1963) for his 76' swept-back delta-wing model. The test point 
shown i s  for a relat ively low angle o f  attack o f  6.5". A t  the bottom of Fig. 177, r e  observe the lcewu-d 
skin-fr ict ion l i ne  pattern that Thomann obtained; i t  provides some st r ik ing contras,s with the high angle- 
of-attack results of Honnerie and Werli (1968) I n  Fig. 176. The pattern i n  Ffg. 177 does not display an 
attachment l i ne  almg the leeward meridian, but rather indicates a noticeable region o f  divergence a t  a 
distance cif 40% of the semispan from the wing centerline. A t  th is  location, the peak Stanton number was 
measured, which i s  clear evidence o f  an attachment l lne. Betdeen th is  attachment l i n e  and the wing edge, 
there i s  a point where the recovery factor o f  the wall tempe-ature distr ibut ion i s  a t  a minimtm, thus 
indicating a l i ne  of secondary separation. Note the asymptotic behavior o f  the skin-fr ict ion l ines toward 
the separat~on l ine a t  the wing edge, and toward the secondary separation l i n e  farther inboard. The path 
of the primary vortex core w i l l  exist  above the locus o f  inflexion poirts i n  the skin-fr ict ion l i n e  pattern 
a t  about the 50% semispan position, where we observe the peak i n  suction pressure induced by the primary 
vortex. The induced suction peak from the secondary vortex i s  not observable near the wing edge, because -- 

2 2 ~  = MK. 
3Rounded edges were also investigated. 



o f  the d i f f i c u l t y  o f  i ns ta l l i ng  a large nMber o f  pressure o r i f i ces  i n  the thin-edge rt7ion. By way of 
ve r i f i ca t i on  o f  the low angle-of-attack flow f i e l d  w i th  a (very) subsonic leading edge, we present i n  
Fig. 178 some water-tunnel p ictures from Uerl6 (1958) tha t  especially i l l u s t r a t e  the para l le l  behavior 
o f  the sk in- f r ic t ion  l ines along the leeward meridian. A postulate o f  the flow f i e l d  i s  also provided 
beneath the water-tunnel photographs. 

Sane vapor-screen pictures of leading-edge separation taken by Wal tby (1 962) a t  various angles o f  at tack 
i n  a #ch 1.75 airstream wi th  a wing of 65' sweepback angle are shom next i n  Fig. 179. This range o f  angle 
o f  attack i s  seen i n  Fig. 174 to be also "withinu the confines of the Stanbrook-Squire Boundary. T k  f l i t  
p la te  del ta wing was actual ly attached t o  a body; evidence of both nose and junct ion vort ices i s  qu i te  d i s t i n c t  
a t  higher angles o f  attack. There i s  also evidence of a (weak) shock wave ex is t ing  on top o f  the primary 
vortex structure. The e f fec t  of adding leading-edge canber is ,  by reducing aN. to reduce the overa l l  height 
o f  the primary vortex core pos i t ion  above the wing and also t o  f la t ten  the vortex structure as can k &&r- 
mined by canparing Fig. 180 wi th  Fig. 179. 

Ue noted i n  Sec. 4.2.4 tha t  one o f  the several processes of t r a n s i t i m  i s  frequently characterized by 
the appearance o f  arrays o f  vort ices w i th  axes s l i g h t l y  skewed from the loca l  external f low d i rec t ion  hen  
the body i s  a t  low angle of attack. I n  Fig. 180, w i t h  the cambered slender wlng a t  lo angle o f  attack, wc 
see a row o f  near-circular, small black patches behind the inner par t  o f  the wing; w i t h  increasing angle 
o f  attack, the mw cif patches disappears. Haltby (1962) considers tha t  these patches represent a row o f  
streanwise vortices i n  the boundary layer tha t  are caused by an i n s t a b i l i t y  o f  the three-dimnsional shear 
flow i n  the region o f  the cambered. swept leading edge (see Squire e t  a l .  1963). It has also been inferred 
by k D e v i t t  and Hel lenthin (1969) tha t  these vortices ex i s t  on cones a t  high k c h  nraber; sanc o f  t h e i r  
representative resu l ts  are shown i n  Figs. 181a and 181b. Figure l 8 l a  i l l u s t r a t e s  an o i l - f i l m  study on a 
10' half-anole cone a t  5- angle o f  attack w i th  a t rans i t iona l  attached boundary layer i n r r s e d  i n  a Mach 7.4 
airstream. I n  'he laminar region o f  the f low near the cone apex and on the windward side, the del icate 
pattern o f  the sk in- f r ic t ion  l i nes  has a distinctively d i f fe rent  appearance and d i rec t ion  from that  fa r ther  
back on the lee side, an enlargement o f  which i s  sham i n  Fig. 161b. McDevitt and l le l len th in  (1969) as we l l  
as other researchers (e.g., Ginoux 1967) claim that  t h i s  regular pattern o f  leeward streak l ines  (separatirn 
1 ines?) i s  ind ica t ive  o f  the existence o f  streanuise vort ices entrained wi th in  the boundary layer. Clearly. 
the presence o f  the vortices substant ia l ly  a l te rs  the appearance and the d i r u t i o n  o f  the local  sk in - f r i c t i on  
l i n e  pattern re f l ec t i ng  the in terac t ion  betwen the vort ices and the mean crossflow. At  a higher re la t i ve  
incidence than tne experiari l t i :  I'ESU~ t o f  Mckv i  tt nnd k l l e n t h i n  j i 96~ ) .  Fig. 182 (Rao 1978: personal com- 
munication) shorn the existence o f  these vortices i n  a vapor-screen experiment i n  conjunction w i th  analogous 
oi l -streak l ines  on another cone example. Here, primary separation has developed on the cone leeside; and 
i t  i s  interest ing to  speculate wbether the pattern progresses from these arraqs of boundary-layer vort ices 
a t  low angle o f  attack to  a sllal l e r  d iscrete number o f  vortices w i th  increasing angle o f  attack, t o  merge 
f i n a l l y  w i th  the primary separation. 

Returning t o  Fig. 174, we should now l i k e  to  draw at tent ion to the Mach 6 (and 6.8) delta-wing flow 
f i e l ds  investigated by Rao and Whitehead (1972) a t  low angles o f  attack (5- and 10"). the sample experi- 
m n t a l  points f o r  which are shown t o  be i n  Zone 4 . The leeward flow i s  characterized as having attached 
flow a t  the leading edge but w i th  arrays of vort ices "embedded" w i th in  the viscous flow, colanencing some dis-  
tance downstream o f  the apex, tha t  eventually become two main vortex structures. This flow, i n  our view, i s  
once again consistent wi th the t rans i t iona l  flow containing the streanwise vortices observed by Ma1 tby (1962). 
NcDevitt and Uellenthin (1969) and by D. S. Rao (1978: personal comnunication). Rao and Whitehead (1972) pre- 
pared a composite o f  the surface pattern from t h e i r  results, coupled wi th  vapor-screen f low v isua l iza t ion  a t  
several stations down the model. I n  the range of t h e i r  tests, attached leading-edge flow was indicated as 
shown i n  Fig. 170b but i t  was considered that  there was insuff ic ient  de f in i t ion  to determine whether an inboard 
separation l i n e  existed. The locus of ident i f iab le  inf lexion points on the sk in - f r i c t i on  l ines. o f  course, 
i s  symptomatic o f  a vortex core exist ing above it. 

From Fig. 183. Rao and Whitehead (1972) postulated a closely spaced symnetric pa i r  o f  contrarotating 
vortices such that  the comnon induced flow i n  the plane o f  symnetry was directed toward the wing. A charac- 
t e r i s t i c  pattern o f  divergent sk in - f r i c t i on  l ines  (" feather- l ike" traces) was observed on the surface. Af ter  
a short run, the "feather" was observed t o  s p l i t  s y m t r i c a l l y  i n to  separate t r a i l s  (see also Fig. 170b). 
Notably, a t  increased angles o f  attack, Rao and Whitehead (1972) recorded that  the "feather pattern" was 
preserved over a re la t ive ly  longer chord length o f  the model before sp l i t t i ng .  We note that t h i s  Mach 6. 
low angle-of-attack behavior o f  the sk in- f r ic t ion  l ines  o f  the a f t  lee-side center region i s  not unl ike tha t  
found a t  the lower Mach number o f  3 i n  Fig. 177 (Thomann 1963). The spanwise leeward heating d is t r ibu t ions  
i n  the t ransi t ional  flow measured a t  low angles o f  attack by Rao and Whitehead (1972) are also not un l ike  
those that would be expected wi th  a 3D separation l i n e  ex is t ing  a t  the location where the value o f  Stanton 
number i s  lowest (Fig. 184). and wi th  an attachment l i n e  region si tuated j u s t  outboard o f  the centerline. 
where the highest value of the Stanton number i s  measured. The vortex model conceived by Rao and Whitehead 
(1972) t o  explain t he i r  flow a t  low angle o f  attack i s  presented i n  Fig. 185a. It i s  based on a "two layer" 
model o f  the hypersonic laminar boundary layer. This consists o f  an inner layer o f  low-momentum flow chang- 
ing rap id ly  to  near- inv~scid conditions i n  the outer layer. The wall layer skews very rap id ly  because o f  
the increasing (spanwise) adverse pressure gradient toward the center o f  the wing, while the outer stream- 
l ines fol low the inviscid flow through the compression (Fig. 185b). A t  the "interface" o f  the two layers. 
a la tera l  shear i s  considered t o  develop, producing an embedded sheet o f  streanwise v o r t i c i t y  that  forms an 
array of streamrise vortices near the apex and eventually r o l l s  up in to  two main vortices fur ther downstream. 
The symnetrical vortex pa i r  w i l l  then drain f l u i d  from the region o f  the leeward meridian by induction. 

As we have seen, the "embedded" array o f  vortices has been inferred a t  moderate (Mach 6) hypersonic 
Mach numbers, a t  re la t ive ly  small angles o f  attack, and a t  su f f i c i en t l y  large Reynolds numbers tha t  the 
viscous interact ion parameter i s  small (see Fio. 170b and Narayan 1978). With an increase i n  angle o f  attack 
and elevation o f  the free-stream Mach number to  10, a l l  measurements have been made a t  low Reynolds numbers 
because o f  f a c i i  i ty  1 imitations. Hence. the flow conditions have ostensibly been laminar wi th no inference 
of "embedded vortices" (Cross 1968; Narayan 1978). Narayan (1978) made measurements on an 80" swept-back 
delta wing a t  Mach 10 along the locus jo in ing the ha l f - c i r c l e  symbols Q on the aN - MN chart shown i n  





surface from the shock-on-shock i n t e r s e c t i o n  adjacent t o  the j u n c t i o n  between the cone and the wing w i l l  
probably proceed toward the  comer.  The r e s u l t a n t  ,very h igh  heat  t r a n s f e r  on the wing surface may w e l l  be 
the  reattachment l i n e  of t h i s  shear l a y e r  (see Sec. 4.5.1 and 4.6). Dunavant (1964) has a lso  prov ided heat- 
t r a n s f e r  data on a s i m i l a r  half-cone d e l t a  model and Bertram and Henderson (1969) have published a shor t  
review o f  the f l ow around such bodies. 

4.9 Shu t t le  O r b i t e r  

The aerodyna~~iic design of  the  Space Shu t t le  O r b i t e r  has been described i n  great  d e t a i l  by Bomemann and 
Surber (1318) w i t h  specia l  emphasis devoted t o  the  c r i t e r i a  used i n  es tab l i sh ing  the  external  con f igu ra t ton  
from the  requirements o f  veh ic le  t r im ,  contro l ,  performance, and aerodynaniic heating. The Shu t t le  wtno i s  
o f  double-delta planform w i t h  leading-ed e sweep angles o f  81' and 45". The upper l i m i t  o f  the sensib le 
atmosphere begins a t  about 120 km (75 mi!, and from t h e n  darn t o  about 70 km (44 mi), r a r e f i e d  gas f lows 
a re  encountered by t h e  O r b i t e r  as i t  reenters the  atmosphere. Aerodynamic design problems i n  t h i s  reg ion  
involve the  ef fect iveness o f  the  reac t ion  con t ro l  j e t s  and t h e i r  i n f luence  on the Orb i te r  f lw  f i e l d ,  i n  
add i t i on  t o  the  viscous interac.t ion effects associated w i t h  low Reynolds number. h igh  Mach number flows. 
During tc l is  reen t ry  phase, wher? l ift, drag, and p i t c h i n g  moment e s s e n t i a l l y  govern t h e  e n t r y  t ra jec to ry ,  
range and heating rates,  the  ar.gle o f  a t tack  o f  the  Orb i te r  changes from about 40" t o  30'. wh i le  a nominal 
60" angle o f  bank i s  maintained (see Fig. 192). With f u r t h e r  reduct ion i n  a l t i t u d e ,  t h e  c o n t r o l  j e t s  are 
deact ivated as the  aerodynamic c o n t r o l s  increase i n  ef fect iveness.  This t r a n s i t i o n  begins a t  about h c h  5 
and i s  completed a t  about Mach 1.5, du r ing  which t ime an add i t i ona l  change i n  angle o f  a t tack  and bank i s  
demanded (Fig. 192). The aerodynamics a t  h igh  angle of at tack are hence o f  c r u c i a l  importance i n  a l l  
regimes o f  O r b i t e r  f l i g h t  (see a lso  Marvin e t  a l .  1972). The h igh  aerodynamic heat ing r a t e s  on the l e e  s ide  
o f  the  vehic le were broached i n  Sec. 4.2 when we considered the  f low about b l u n t  cones, and the  heat inq i n t e r -  
ference e f f e c t s  due t o  shock-on-shock in te rac t ions  were debated i n  Sec. 4.6. The enormous heat ing ra tes  due 
t o  shear-layer " je t - type" impingement (e.g., on wing and f i n  leading edges) from i n t e r s e c t i n g  shock waves 
were shown i n  Figs. 157. 161, and 162 t o  be e s p e c i a l l y  h igh  dur ing  t h e  boost phase o f  t h e  ascent t r a j e c t o r y .  
The leeward f low p a t t e r n  over the wing o f  the Shu t t le  a t  high Mach number w i l l  be the shock-induced type 
(region 5 ) o r  leading-edge separat ion w i t h  shock type o f  region J (see Fig. 171). We s h a l l  now con- 
s ide r  the respect ive windward and leeward f low f i e l d s  i n  successive sections. 

4.9.1 Windward 

The heat ing and st reaml ine pat terns about the windward o f  the  Shu t t le  O r b i t e r  have been ca lcu la ted  by 
Rakich and Lanfranco ( i976 \  us ing exact i n v i s c i d  f l ow f i e l d  analys is  fo l l ow ing  Rakich dnd Park (1973). 
R izz i  and Ba i ley  (1975). and Rakich, Bai ley,  and Park (1975) together  w i t h  a 20 boundary-layer method 
(OeJarnette and Hamilton 1373. 1975) and quasi-30 theor ies  (Fannelop 1968). I t  was c l e a r  t h a t  because o f  
the  la rge  s i z e  o f  the  Shu t t le  Orb i te r  and the h igh-a l t i t ude-en t ry  t r a j e c t o r y ,  f i n i  te - ra te  ( i  .e.. nonequi l ib-  
r i u n )  chemical react ions had t o  be considered i n  f l o w - f i e l d  s imulat ions above an a l t i t u d e  o f  4G kin (25 mi). 
The Shu t t le  w i l l  experience peak heat ing s h o r t l y  a f t e r  i t  reenters the  Ear th ' s  atmosphere, where viscous 
condi t ions are laminar (see the isotherms i n  F ig.  3b). Once the  O r b i t e r  has descended t o  about 80 km 
(50 mi), under condi t ions o f  no appreciable decelerat ion (Fig. 192), we note from Fig. 193a t h a t  the re  
should be no s i g n i f i c a n t  viscous displacement e f f e c t s  on the i n v i s c i d  f l ow f i e l d .  Even though these e f f e c t s  
are small, however, the changing edge condi t ions due t o  boundary-layer growth must be taken i n t o  account, due 
t o  entrainment o f  ho t  gas t h a t  passed through the  bow shock wave (entropy swallowing). F igure 19% shows 
t h a t  t h t  windward surfaze heat ing on the  O r b i t e r  computed by Rakich and Lanfranco (1976) aqrees q u i t e  c l o s e l y  
w i t h  wind-tunnel t e s t  r e s u l t s  conducted a t  30' angle o f  at tack a t  Mach 7.3 (RL = 1.7 x 106). The reference 
heating, qo on Fig. 193b. i s  the value ca lcu la ted  f o r  a sphere equal t o  the nzse rad ius  o f  the vehic le.  
Corre lat ions f o r  30 e f f e c t s  a t  the  -gnation p o i n t  (i.2.. e f f e c t  o f  angle o f  a t tack  on l o c a t i o n )  are shown 
by Rakich and Lanfranco (1976) t o  t ,inall. F igure 193c shows the  windward cen te r l i ne  heat ing i n  f l i g h t ,  
and suggests t h a t  the ef fect  o f  f i n i t e - r a t e  chemical react ions becows n e g l i g i b l e  some dis tance downstream 
from the nose. Since the nonequi l ibr ium e f f e c t s  appeared -m11, the windward spanwise heat ing d i s t r i b u t i o n s  
are p l o t t e d  i n  Fig. 193d f o r  the  equ i l i b r ium f l i g h t  cond..~ons, but  inc lud ing  entropy-swallowing e f fec ts .  
Three a x i a l  s ta t ions  are shown w i t h  an unexplained f a l l - o f f  i n  heat ing 3s the windward meridian i s  approached. 
The calculated w i~~dward  " i n v i s c i d  surface" streamlines from the  method o f  Rakich and Lanfranco (1976) cor- 
responded q u i t e  we l l  w i t h  the  s k i n - f r i c t i o n  l i n e  pat terns obtained i n  wind-tunnel t e s t s  (Fig. 193e). 

4.9.2 Computation o f  Overal l  I n v i s c i d  Flow F i e l d  

The le f t -hand s ide  o f  Fig. 194 d isp lays,  by electron-beam i l l u m i n a t i o n ,  the  Mach 20 f low f i e l d  about a 
model o f  the Shu t t le  Orb i te r  a t  30' angle o f  attack' i a  t h e  22-in. hel ium tunnel a t  Langley Research Center 
(Wobds and Arr ington 1972). I n  the view t h a t  one has "through" the quasi-transparent shock envelopes, one 
can a lso detect  the o i i - s t r e a k  pa t te rn  on the model sur face (which i s  shcwn t o  b e t t e r  advantage on the  
r ight-hand side o f  the f i g u r e ) .  The i n t e r s e c t i o n  o f  the bow shock wave w i t h  the  wing leading-edge shock 
i s  c l e a r l y  demonstrated. 

Computing 30 i n v i s c i d  f lows about supersonic and hypersonic conf igurat ions by means o f  "shock-capturing" 
techniques was comprehensively reviewed by Ku t le r  (1974b). The "shock-capturing" technique i s  inheren t l y  
capable o f  p r e d i c t i n g  the l o c a t i o n  and s t reng th  o f  a l l  f:ow d i s c o n t i n u i t i r s  and t h e i r  i n te rac t ions  wi thout  
knowledge o f  t h e i r  presence. This method contrasts w i t h  an a l t e r n a t i v e  method o f  ca lcu la t ion ,  t h e  "sharp- 
shock" technique (Marconi and Salas 1973; Marconi. Yaeger, and Hamilton 1975) i n  which a l l  known shock waves 
are t reated as sharp d i s c o n t i n u i t i e s  by p r e d i c t i n g  t h e i r  motion and apply ing the Rankine-Hugoniot equations 
across them. The shock-capturing technique i s  easy t o  apply (Ku t le r  1974b) and gives good d e t a i l  o f  external  
shock wave shapes. The f low d i s c o n t i n u i t i e s ,  r a t h e r  than appearing as d i s c r e t e  jumps, a re  spread over several 
mesh in te rva ls ,  but  c a i  CL located p rec ise ly  w i t h i n  those regions. I n  apply ing the shock-capturing technique, 
Ku t le r  w r i t e s  the (hyp:?r, o l i l l  unsteady o r  steady Euler equations t h a t  govern i n v i s c i d  f low, i n  conservation 
form; the equations a;e then in tegrated,  us ing a f i n i  t e - d i f f e r e n r e  scheme w i t h  appropr iate boundary condi- 
t i ons  appl ied a t  the ex t remi t ies  o f  the ~ o n ~ p u t a t i o n a l  domain. We have already comnented up; the success 
o f  p red ic t ing  the i n v i s c i d  f l ow shock pat terns i n  the external  corner f lows discussed i n  Sec. 4.5.3. A com- 
parison o f  c h a r a c t e r i s t i c <  and shock captur ing methods w i t h  app l i ca t ion  t o  the Shu t t le  was made by Rakich and 
Kut ler  (1972). They conclude t h a t  o f  the two n:;hods, the  shock-capturing method was faster ,  ca lcu la ted  sec- f ondary shocks b e t t e r ,  and t r e  t e d  d i f f i c u l t  f lows more read i l y .  Notwithstanding, i t  was a lso  f e l t  (Rakich and 



Kut le r  1972) t h a t  t h e  shock-capturing technique would bene f i t  by employing "sharp shock" (i.e., the  flankine- 
Hugoniot) r e l a t i o n s  across the bow shock wave. Evldent ly ,  bo th  t h e  "shock-capture" and "sharp-shock 
approaches have t h e i r  merits; however, according t o  Chaussee, Holtz, and K u t l e r  (1975). t h e  shock-capture 
c a l c u l a t i o n  appears t o  g ive  more p laus ib le  p red ic t ions  o f  the  cross-sect ional  shock-shapes about the  Orb i te r .  
F igure 195 i l l u s t r a t e s  the  comparison between the  shock-capture ca lcu la t ions  o f  Chaussee. Hol tz ,  and Kut ler ,  
and measurements made o f  shock shape and surface pressures a t  Mach 7.3 and 30" angle o f  at tack.  The compari- 
sons a r e  remarkably c lose  consider ing the nature d f  the lee-s ide 3D viscovs f lows t h a t  we saw i n  F ig.  194. 
The differences between p e r f e c t  and r e a l  gas e f f ~ c t s  i n  mult ishocked 30 supersonic f l ow f i e l d s  have been shown 
t o  have minor in f luence  o m  shape oJ, the  enshrouding shock waves (Ku t le r ,  Reinkrrdt ,  and Warming 1975). 

4.9.3 Viscous- Inv isc id 0i%if1 ~ l W & d l d  

The s k i n - f r i c t i o n  l i n e  pa t te rns  on a nwdel o f  a conceptual del ta-wing O r b i t e r  a t  20' angle o f  a t t a c k  
and tested i n  a Mach 5, RL, = 5 x luo t low, a re  shown I n  Fig. 196 (Hefner 1972). This p a t t e r n  i s  c l o s e l y  
i d e n t i f i a b l e  i n  form w i t h  the  p a t t e r n  obtained by Woods and Ar r ing ton  a t  M, = 20 (Fig. 194). Therefore, 
the fo l low ing  d iscussion w i l l  be re levan t  t o  both Mach numbers. The f iow from the  windward attachment l i n e  
expands around t h e  b l u n t  leading edge t o  remain attached on the  leeward surface f o r  a f i n i t e  d is tance before 
leaving the  surface a t  the  3D swept separation l i n e  indllced by the inboar, embedded shock wave t h a t  we d i s -  
cussed i n  Fig. 166b. Hence, t h e  f l ow i s  one 2; the  "shock-induced type" shown i n  region 5 o f  Fig. 171, 
and r o l l s  up t o  form a substant ia l  v o r t z ~  - sect ion B-B on Fig. 196. ihere i s  an  attachment 1 i n e  reg;ion o f  
very s t rong  divergence o f  t h e  sk in -  r r i c t i o n  1 ines midway up t h e  fuselage, a- a consequence o f  the  induced 
e f f e c t  o f  t h i s  primar3 v?r te r  structure on the wing. The shear s t ress and heat t r a n s f e r  along t h i s  region 
a re  correspondingly high; the l a t t e r  i s  shown i n  F ig.  197 f o r  a = 20' and 40". At sec t ion  A-A i n  F ig.  196, 
near t h e  nose, t h e  flrw continues fa r ther  arnund t h e  body before i t  separates a t  what we may term a primary 
separation f o r  t h e  'body f low, t h a t  passes down the body through sec t ion  B-B. Again t h e  e f f e c t  o f  t h e  c o i l i n g  
d i v i d i n g  surfacc- frm t h i s  second primary separation l i n e  i s  t o  encourage a r a p i d  d ra in i - . z  outboard o f  the  
f l u i d  passins along t h e  leeward nerid!onal dttachment l i ne .  w i t 4  free-stream a i r  induced !o f l ow very c lose 
t o  t h i s  ragion. High shear stresses and conrequent h igh  heat ing a r e  again ob ta ino j .  Note the secondary 
separ~ . t ions  associated w i t h  both the wing f low and the  body (nose) f low. 

Spanwtse heat ing d i s t r i b u t i o n s  a r e  shown i n  Fig. 198, where w i t h i n  the s p a t i a l  reso lu t ion  of  the  exper i -  
mental measurements f o ~ '  the 20' a~gle-of-,ttack case ( i l l u s t r a t e d  by shaded symbols), we can associate the 
peaks and troughs w i t h  the 3D st rons reattachment and primary (wing and body) separation l i nes .  respec t i ve ly  
(see espec ia l l y  F ig.  1 9 8 ~ ) .  The heat ing along the leeward surface mer id ian i n  t h e  a x i a l  setlse at. var ious 
angles o f  a t tack  i s  shown i n  Fig. 199; there i s  an increase i n  the  number o f  peaks as angle o f  a t tack  increased 
(compare w i t h  the b lun t  cone f l o w  discussed i n  Sec. 4.2.4). A sa t i s fac to ry  and complete exp1i:lation o f  t h e  
f l u i d  mechanics along the  leeward mer id ian i s  s t i l l  awaited. The heat ing peaks i n  the nose region a p p a r e n ~ l y  
increase as Reynolds nunber i s  increased (Hefner 1972). F igure 200 shows vapor-screen p i c t u r e s  a t  various 
s ta t ions  along the body w i t h  a cW<ous "handle" e x i s t i n g  i i imedfately above the  leeward meridian. This "handle" 
may conta in the vo r t i ces  emanating from the  primary separation 1 i n e  of  the  body flow, the shear layers  feeding 
the vor t i ces  being st retched subs tan t ia l l y  (see the  postu late o f  the crossf low i n  Fig. 1966). On the  o ther  
hand, the vapor-screen p ic tu res  may be i n d i c a t i n g  an analogous f low on the body l e e  s ide  t o  t h a t  f o r  the  b l u n t  
cone d isp layed i n  Figs. 88a and 89a. where add i t i ona l  vo r t i ces  from foc i  on the  lee-s ide sur face pass down- 
stream c lose t o  the  mer id ian plane, b u t  above the  primary vo r t i ces .  Unfortunately, the d e t a i l  a v a i l a b l e  I n  
the o i l - s t r e a k  pa t te rn  i n  Fig. 196a does n o t  permi t  the choosing between the two a l t e r n a t i v e s .  

The s ide  obl ique view o f  t h e  model represent ing the present Shut t le  Orb i te r  i n  F ig.  201 shows an o i l -  
f low pa t te rn  a t  Mach 20 and an angle o f  at tack o f  :JO (Stone dnd Mul f inger  1974) very s i m i l a r  t o  t b  t 
described f o r  Hefner's model (see a lso  Fig. 194. due t o  Woods and Ar r ing ton  1972). The length Reynolds 
nurnber f o r  t h e  f l ow cond i t i on  i n  Fig. 201 i s  1 x l o6 ,  close t o  the  f u l l - s c a l e  value i n  f l i g h t  a t  Mach 20. 
For comparison, Fig. 202 d isp lays the Orb i te r  imnersed i n  a t ransonic fl,sw a t  zero angle o f  at tack,  w i t h  a 
very s t rong swept wing shocklboundary-layer i n t e r a c t i o n  ~ x i s t i n g  c lose t o  midchord pos i t i on .  

The 3D separated f lows about the Shu t t le  O r b i t e r  are c l e a r l y  very complex throughout i t s  f l i g h t  envelope. 
Reference should again be made t o  Bornemann and Surber (1978) fn- a very thorough discussion o f  the con t ro l  
aspects o f  the  veh ic le  r e s u l t i n g  from these separated f lows from Mach 20 t o  0. 

4.10 Transonic Swept-Wing Separated Flows and Their Control 

We have seen t h a t  when the  separation l i n e s  can be f i x e d  by s a l i e n t  edges (sharply  swept leading edges, 
for i n s t a n c ~ ,  Fig. l b )  we have an example o f  "con t ro l led  f low separation" (Fig. 4 ) .  Throughout the  range o f  
f l i g h t  condi t ions,  the  f low f i e l d  i s  v i r t u a l l y  i n v a r i a n t  i n  form, being dominated by the  d i v i d i n g  surfaces 
leaving the  se?aration l i n e s  t o  form well-organized and comparatively steady vor tex m t i o n s .  These leading- 
edge vor t i ces  can, i n  turn,  be c o n t r o l l e d  by add i t i ona l  a c t i v e  means, t o  induce mare l i f t :  f f r s t ,  t o  prevent 
vor tex breakdown, by blowing i n  a sprn** ise d i r e c t i o n  along the a x i s  o f  the vortex, as discussed by Dixon 
(1969, 1972) and others (Lornish 1970; Bradley and Wray 1974; Campbell 1975) (see Fig.  203); second. by 
blowing normal t o  the  leading edge, e i t h e r  t o  enhance the primary vortex (Barsby 1971; Spil lman and Goodridge 
1972). o r  t o  con t ro l  secondary separations (Alexander 1963). Clear ly .  o ther  examples o f  swept edges, such as 
strakes o r  leading-edge extensions (F ig.  6)  and vor tex generators (F ig.  204), themselves provide c s n t r o l  l e d  
flow ,eparations, b u t  i n  the l a t t e r  case, the generated vortex motions are used t o  prqmote mixinq o f  high- 
energy a i r  w i t h  r e c a l c i t r a n t  viscous f low downstreat,~ of the f low separation device (Pearcey 1961). 

On a swept wing i n  transonic flow, b u t f e t  i s  a d i r e c t  r e s u l t  o f  vortex fo rna t ion  and subsequent vor tex 
breakdown, whether from part-span free shear layers,  from forward-shock/rear-shock i n te rac t ions ,  o r  from 
leading-edge separations. A s p i r a l  focus i s  formed on the wing, leading t o  a t i g h t l y  wound vortex f i lament  
spr inging normally from the surface. B u f f e t  i n t e n s i t y  i s  low u n t i l  a s i g n i f i c a n t  area o f  the wing i s  a f fec ted  
by the focus (Benepe 1969). Under these condittons, we may speculate tha t  the l o c a t i o n  o f  a la rge  s p i r a l  
focus on a s o l i d  surface may indeed no t  ho ld  t o  one spot, so t h a t  i t s  mveren t  may be the cause o f  the f low 
unsteadiness. I n  a recent publ icat ion.  Legendre (1979) discusses the formation o f  f o c i  on swept wings ard 
t h e i r  changing pat terns w i t h  increasing angle o f  at tack.  I n  Fig. 14c. we saw a swept wing i n  b u f f e t ,  w i t h  
a large focus ev ident  on each ~ i n g  top surface, caused by s t r r n g  shock-induced separation. This f l ow i s  
unsteady. Bore (1972) shows an analogous f low i n  F ig.  205a, which when " t reated"  w i t h  vortex generators, 
succeeded i n  contro1:ing the spread o f  shock-induced separation a t  Mach 0.88 (Fig. 205b). The e f f d c t  of  



two wing fences I n  combination w i t h  the  vor tex generators impro~-d  t h e  rol l  steadiness ( F i  s. 205c and 
205d). ear+ fence e f f e c t i v e l y  b lock ing  inboard spanwise nuvement of t h e  leading-edge dir;d!ng surface by 
a c t i n g  as r p a r t i r l  r e f l e c t i o n  p la te ,  thus p rov id ing  a f a v ~ r a t ~ l e  pressure gradient  i n  t h e  outboard d i rec -  
t i o ~  l c ross  the fence (R i i chwnn 1973). S lm i la r  effects can br achieved w i t h  d iscont !nui t ies i n  the  
leading edge, such as notches o r  sudden leading-edge extensions. 

1 l a r g e  leading-edge extension o r  s t rake o f f e r s  one s i g n i f i c a n t  advantage i n  t h a t  induced l i f t  pro- 
01 the vo r t i ces  from thc sharp edges can be used to  extend the  combat mneuver lng c a p a b i l l t f e ~  o f  a 

m l l i  t a r y  a i r c r a f t ,  p a r t i c u l a r i y  i n  t ransonic f:ow. F igure 206 shows the improvement i n  1 i f t  boundary, 
steadiness i n  r o l l i n g  m n t  performance, and root-mean-square wing-root bending moment as a r e s u l t  of 
adding a s t rake  t o  a wing s i m i l a r  t o  t h a t  shown i n  Fig. 205 (Moss 1978). F igure 207 shows the  contours 
o f  constant p i t o t  pressure measured behind another straked con f igu ra t ion  and the very l a r g e  inboard in f luence  
o f  ?he s t rake  vortex as angle of  a t tack  increases. Figure 208 shows an i n t e r p r e t a t i o n  by Moss (1978) o f  o i l -  
f l ow v i s u a l i z a t i o n  pa t te rns  on the  s t rake  and swept wing wl t h  a swept separat ion I l n e  running back from t h e  
s t rake  across the wing. Kuchemann (1971) has pffiposed t h a t  the vor tex avoids the  necessi ty  f o r  the  formation 
o f  t h e  usual forward branch of the wing shock p a t t e r n  by p rov id ing  a " s o f t "  boundary f o r  the  f l ow t u r n l n g  
i n b o ~ r d  over the leading edge, instead of the  " s t i f f "  t lundary g;:.en by t h e  fuselage side. 

Figures 209 and 210 prov ide o i l - f l o w  pat terns o f  two c ther  strak?d conf igurat ions (E. R. Beeman 1977: 
personal comnunication) i n  subsonic f low. The former has fuselage boundtry-layer d ive rs ion  s l o t s  a t  the 
strake-fuselage in te rsec t ion  t h a t  mainta in a "clean" and near-zero angle-of-attack f l ow i n t o  the  i n l e t  
beneath the  st rake up t o  h igh angles of attack. Flow through the  s l o t s  i s  entra ined i n t o  the s t rake  vor t ices,  
as shown i n  Fig. 211. Note the except ional ly  well-behaved attached Flow over t h e  wing i n  Fig. 209, and tne 
vor tex breakdown i n  Fig. 211. For a con f igu ra t ion  such as t h l s ,  which u t l l i z e s  vor tex l ift, t h e  i n t e r a c t i o n  
between the  s t r a ~ e  and nose vor t i ces  and the  two v e r t i c a l  t a i l s ,  when the  a i r c r a f t  i s  yawed, sets the  l a t e r a l -  
d i r e c t i o n a l  charac te r i s t i cs .  Apparently. a s ingle,  v e r t i c a l  t a i l  i s  n o t  compatible w i t h  vor tex lift, unless 
specia l  a t t q n t i o d  i s  pa id  t o  the  nose. F igure 210 shows a f i g h  -1 a i r c r a f t  con f igu ra t ion  t h a t  has a s i n g l e  
v e r t i c a l  t a i l .  It I s  a t  h igh  angle o f  at tack.  w i t h  leading and t ra i l i ng -edge  f l a p s  deflected. Note the  
subs tan t ia l  d i f f e r e ~ ~ c e s  between Figs. 209 and 210 i n  the surface pa t te rn  downstream o f  t h e  k i n k  a t  the  wing- 
s t rdke  in te rsec t ion .  Fiddes and Smith (1979) p r e d i c t  a l a r y e  l a t e r a l  v e l o c i t y  near the  k i n k  i n  the  leading 
edge, which changes the  d i r e c t i o n  o f  t h e  l o c a l  onset v e l o c ~ t y  apd provides a h igher  e f f e c t i v e  sweep t o  the  
ou te r  w in  . Other means of  c o n t r o l l i n g  3D swept-shock-induced separations (e.g., by blowing) a r e  discussed 
i n  Peake ql9?8). 

5. CONCLUDING REMARKS 

We have described the s t ruc tu re  of 30 separated f lows about various types o f  f l i g h t  veh ic le  and aero- 
dynamic components imnersed i n  f lows equivalent  t o  f l i g h t  domains from Mach 0 t o  ?O and encompassing the  
viscous f low regimes from laminar t o  turbulent .  Typical vehic le conf igurat ions d isp layed have been slender 
shapes, such as pointed and b l u n t  cones, miss i les,  d e l t a  wings, the  "Concorde." and the  Shu t t le  Orb i te r .  
Important component f lows have been those about b l u f f  protuberances, tn a x i a l  corners, and through shock- 
on-shock in te rac t ions .  

By hold ing s t r i c t l y  t o  the not ions o f  continuous vector f i e l d s  o f  s k i n - f r i c t i o n  l i n e s  and external  
streamlir,es i n  associat ion w i t h  a r e s t r i c t e d  number o f  s ingu la r  po in ts  (nodes, saddles, and f o c i )  on t h e  
surface and i n  p a r t i c u l a r  p rc jec t ions  o f  the  f l c w  ( the  crossflow plane, f o r  example), we have a language 
t o  c l a s s i f y  r a t i o n a l l y  and unambiguously the 30 separated f low f i e l d  about any usefu l  aerodynamic conf igura-  
t i on .  Sequences o f  s t ructures o f  ascending e laborat ion o f  saddles, nodes, and f o c i  can be aL ernbled, which 
a re  then ava i lab le  t o  guide experiments when observation i s  imprecise, o r  t o  check t h e  v e r a c i t y  o f  numerical 
ca lcu lat ions.  We have shown, moreover, t h a t  i n  cross-sect ional  oro ject ions o f  d i ve rse  30 separated flows, 
the  mechanisms become fami l i a r ,  occurr ing repeatedly from f low t o  flow. As an approach w design, we may 
postu late sequences. b t a r t i n g  w i t h  the  simplest number o f  s ingular  po in ts  on the surface and i n  +he f low, 
f o r  a vehic le a t  low angle of  at tack,  and increasing i n  complexity as angle o f  at tack becomes large.  The 
phi losophy o f  design, espec ia l l y  a t  h igh angles of a t tack  when the leeward v o r t i c a l  f lows have a tendency t o  
become asymnetric, must be one o f  c o n t r o l l i n g  the  loca t ions  o f  the 3D separations on the vehic le,  such as a t  
sharp edges, o r  by a c t i v e  con t ro l  from blowing, f o r  example. The design a'ms. I n  sumnary, are t h a t  we requ i re  
steedy boundary condi t ions t o  prov ide steady f lows, and symnetric boundary condi t ions t o  y i e l d  synmetric f lows. 
We f u r t h e r  demand tha t  as f low regimes change w i t h  increasing angle o f  a t tack  there should be no discontinuous 
jumps t o  g ive uncon t ro l lab le  forces and moments. 

This glossary of d iverse 30 separated flows has demonstrated t h a t  when a 3D boundary layer  detaches 
1 1  the  surface i t  w i l l ,  almost wi thout  exception, leave along a swept separation l i n e ,  -01l ing up i n  the  
procsss i n t o  a we1 1 -organized nominally steady v o r t i c a l  motion. The under ly ing mechanism appears t o  be 
independent o f  both Rejnolds number and Mach number, although under laminar condi t ions the f low features 
are normally more exaggerated. Hence, the o v e r a l l  d e t a i l s  o f  many f lows o f  p r a c t i c a l  i n t e r e j t  can be deter-  
mined i n  a water-tunnel f a c i l i t y  i n  which a i r c r a f t  and m i s s i l e  designers can make changes t o  con f igu ra t ions  
qu ick ly  and very cheaply. Some a i rp lane  and m i s s i l e  companies are c u r r e n t l y  doing t h i s .  

I n  hypersonic flow, the consequences of  30 swept separations are enhanced heat ing ra tes  along adjacent 
reattachment 1 i ~ i e  regions o f  high shear stress. Maximum heating ra tes  are obtained, however, as a conse- 
quence o f  shock-on-shock in te r fe rence  from which, under the worst circumstances, a rhear- layer  " j e t - t y p ~ "  
f l ow may enterye t o  impinge l o c a l l y  on the vehic le skin. Under these condi t ions,  heat- t ransfer  r a t e s  more 
than 20 times the loca 1 stagnat ion-point  heat- t ransfer  r a t e  have beer! measured. Such heat ing may c l e a r l y  
lead t o  catastrophic s t r u c t u r a l  f a i l u r e  i f  inadequate a t t e n t i o n  i s  g iven t o  heat sh ie ld ing.  

Althouqh we have demonstrated a sa t i s fac to ry  understanding i n  general of t h e  s t ruc tu res  o f  3D separ- 
ated flc.:s, we Are only  able t o  compute them about a l i m i t e d  number of simple aerodynamic components. 
Numerical techniques invoking e i t h e r  i n v i s c i d  approximations t o  model the  c o t l i n g  shear layers,  o r  approx- 
imate forms o f  the Navier-Stokes equations, have been successful and should be encouraged fu r ther .  But the 
physics o f  the turbulence i n  30 separated f low regimes has not  y e t  b e ~ n  inves t iga ted  t o  any great extent, 
and an appeal t o  well-planned experiments w i t h  nonint rus ive instrumentation must be made i n  t h i s  regard. 
To r e s t r i c t  the avenues o f  possib le research, and as a su i tab le  s t a r t i n g  po in t ,  i t  might be useful t o  



coKMtrate m mawr ing  the f luctuating flw quantities i n  the v ic in i t y  o f  thc singular points to drter- 
rim i f  thwa i s  any identifiable. a d  pertups un imsa l .  turbulence f i e l d  associated with each type of 
singular point. 

Ue dca i t useful to end th is  r e v i a r  by ~ p e c f f y h g  the Issues that have been raised, fnw both rxpri- 
m t s  a d  calcu?ations, i n  the study o f  singular points. First. them i s  thc question o f  scale effects. 
Many large-scale flolr phcnarna involve a small-scale organized substructure (e-9.. arrays of longitudinr l  
vortices on the scale ?f the thickness of the transitional boundary layer o r  vortex-shedding on the scale 
of a shear - lwr  thickness). I n  sor cases. th is  orqrnfzed subjtrwture (or a part of it) i s  capable o f  
d e t m i n i q  tke out- o f  the evolution o f  the large-sale structure; i n  other cases, i t  i s  not. 1s it 
possible. thm. to fotuulrte a ~ r i n c i p l e  that s i l l  distinguish between the v i ta l  ud the unflpartant OW- 
izad trrbrtructum? CM ooc devise M averaging technique that w i l l  p m c r v e  the essential structures and 
$mar out Ue remaining on-? A clar i f icat ion of these queries should also shed light on simllar problem 
irvolved i n  turbulence rodcling. The u t i l i za t ion  o f  r s h t s  i n  f i n i te  difference calculations obviously 
provides a p ~ c c s s  o f  averaging but vn rork i s  needed to understand the r v i f i c a t i m s  o f  al terfng r s h  
fntcr*.ls. Moreover, we need to incorporate an adrquatc t r t a t m t  of the essential singular points i n  
w r r i c a l  calculation xhacs either by refining the a s h  size about the singular points 0.- by including 
sor analytical representation o f  the flow abmt the singular points wltCrn the numerical xhg. 

Second. the  la underlying the placgent, n u k r ,  and types of singular p i n t s  i n  t e r n  o f  the govern- 
ing f low p r r r c t c r s  and body -try need elaboration. This i s  part icular ly true i n  the mse region where 
n;da1 points o f  a t t M h e n t  and saddle points w i l l  tend to  mrge. 

Third, the rchan is l  by which stationary no* structures change the i r  topology fr' one level o f  com- 
plexity t o  thr next (i-e.. . s they b i f cwat t )  need t o  be exposed. For eraqle, studies are mded to provide 
the l inks betuten bifurcation phawwrt..: and the large-scale structural changes i n  the flow that are charac- 
te r i s t i c  of buffet, s ta l l .  and rorter break4oun. 
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a - alO, WHERE a - ANGLE OF ATTACK, 0 ,  - SEMI-APEX ANGLE OF CONE 

Fig. 49 Patterns o f  conical streamlines i n  fnvisctd f low inboard of bow shock wave (J. H. B. Smith 1969). 



w ELLlrnc  CONE AT MODERATE ANGLE OF AWK 
lri CIRCULAR CONE AT ANGLE OF ATTACK b > 1 

(11 ELLIPTIC CONE AT ZERO ANGLE OF ATTACK Ih) ELLIPTIC CONE AT HIGH ANGLE OF ATTACK 

6 = crl8,; 8, = SEMI.APEX ANGLE OF CONE 

~ i g .  49 Concluded. 
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(a) DIRECTlON OF CONICAL STREAMLINES 

I 
(b) LINES OF CONSTANT PITOT PRESSURE 

Fig. 50 Measurement o f  conical streamlines about ec  7.5" cone a t  moderate r e l a t i v e  incidence: G = 1.65. 
Ma = 2.94. RL_ = 7 x 106. turbulent (Nebbeling and Rannink 1976). 
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CO(I(CIL w n  NUMER REGIMES AND 
M E K  WAVES 

51 Measurement of conical steiwnlinrs about 
W, = 2.94. RL = 7 x lo6 .  

- 2  L 
MI INVl fOD FLOW FIELD CALCULATED USJNG 

A SHOCKCAmJRIffi TECIWIWE 

= 7.5' cone a t  high r e l a t i v e  incidence: 6 = 1.65. 
h ~ u l e n t  (Nebbe1 ing and llannink 1976). 



F:g. 52 Pkasurement of  conical streamlines about a ?.So cone a t  very high relative incidence: r; = 3, 
M, = 2.94. RL_ = 7 - 10". turbutent (Nebbeling and i 3nnink 1976). 



Fig. 53 Inviscid conical streaal ine pattern with transonic c w s f l a r  about ec = 20. cone a t  moderate 
r e l a t i v e  incidence: 1 = 1.5 and IC = 7 (Fletcher 1974). 

(a) PRESSURE DlSTRlBUTiONS 
ON A 15' CIRCULAR CONE 
AT M_ = 10.4. R,, = 10' 

lb) HEAT.TRANSFER COEFFICIENT 
(STANTON NUMBER) AT THE 
MOST WINDWARD GENERATOR 
gn( A 15°ClRCULAR CONE AT 
Me 10.4. Rx- = lp 

Icl HEAT.TRANSFER DlSTRl8UTlONSON A 15' (01 SURFACE FLOW DIRECTIONSON A 15' 
CIRCULAR CONE ATM- = 104. R,, - 10" CIRCULAR CONE AT Me - 10.4. R,, = 10' 

CONE LCNGTH. L ~ 4 1% 

MEASURING STATION. x!L = 0.875 
T w n ~ ~ ! T s r a ~  - 0.23 

Fig.  54 Circumferential Pressures, heat transfer and skin-fr ict ion l i n e  directions on surface o f  e, = IS0  
circular  cone a t  angle of attack i n  hypersonic flow: M_ = 10.4. R,- = 106. laminar (Cnan 1969). 















(a1 FLOWFIELO ABOUT CIRCULAR CONE 
AT RELATIVE lNCIMNCE 6 = 2.4. 

R,_= 3.6 X 10' AND M,- 7.96 
(TRACY 1W31 

Ibl.(cl PlTOT PRESSURE CONTOURS IN FLOWFIELD ABOUT CIRCULAR CONE AT RELATIVE !NCIDEMCE 
6- 2.22. ATM-=  7 lhl A,_= 4 9 X 10' AND lc) R,-= 21.6 X ~ ~ " G u F F R o Y  ET A~ .1468 l  

Fig. 62 Laminar viscous flow field about circular cone at high relative incidence. 



RELATIVE INCIDENCE, ale, 

f i g .  63 Primary separation angles on cones a t  angle o f  attack. 

AUTHOR 

RAINBIRDet.)., 1963 

GUFFROY etd.. 1968 

STETSON 1971 

RAINBIRD 1-. b 

PEAK€ at J., 1978 

NEBBELING AND 
BANNlNK 1976 

McELDERRY 1974 

Fig. 64 Normal f o rce  characteristics o f  3c = 5 "  cone a t  M, = 1.8 and 4.25: turbulent, 
RL,., = 3.4 + 6.8 x l o 7  (Rainbird 1968a.b). 
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0 - 0 12.5 27 x 

D 14.2 5.6 &Ox lo6 

0 1.80 12.5 2 5 x  10' 
A 4.25 125 5.1 x 1~' 

1.80 5.0 3.4 x 10' 
4.25 5.0 6.88~ 10' 

v 2.94 7.5 7.0 x lo6 

0 6.05 6.0 1aOx lo6 



PSURFACE - P- 
CP = SUFFIX 0 REFERSTOa- o0 

0.7 p_ M,' 

U, - DIRECTION OF SKIN.FRICTION LINES 
RELATIVE TO CONE GENERATOR 

%URC*CE' P- . DIRECTION OF SKIN-FRICTION LINES 

a) p _ ~ _ l  ' (Jg RELIT  lVE TO CONE GENERATOR 

(a) ABOUT I ? % ~ C O N E , ~ -  1.2SAND 1.62 

(bl ABOUT 5°CONE,6= 2.1 

Ic) ABOUT 5' CONE. 6 -  2.5 

Fig. 6 5  Comparison of exoerimental c i r cumfe ren t ia l  Fig. 66 Experimental c i r cumfe ren t ia l  s t a t i c  aressure 
sur face s t a t i c  pressure d i s t r i b u t i o n s  a t  x/L = 0.85 d i s t r i b u t i o n s  a t  x/L = 0.85 about ec = 5" and 12.5'  
on R c  = 5' and 12.5' c i r c u l a r  con:; a t  r e l a t i v e  c i r c u l a r  cones a t  moderate t o  h igh  r e l a t i v e  inc idence 
incidences ; - 1 w i t h  n v l c r i c a l  so lu t ions  o f  (Rainbi rd (1968a.bj. 
0. J. Jones (1969) ( f rom Rafnb i rd  1968a.b). 



i.1 IWISCIO A W  W I N . I I C T I O N  LINE DIRECTIfflS 
ffl DEVELWED SURFACE OF CONE: G - (.I 

ibl WRFACE AND EXTERNAL FLOW 
OIRECTIONS. Z - 1.82 

Fig.  67 Surface and external  f l ow d i r e c t i o n s  about 12.5' cone a t  M, * 1.8, 5 = 1.25 and 1.82 
(Rainbirde!9i8a,b). 



( d l  

CALCULATION BY SHANEBROCK & SUMNER 1971 CALCULATION BY COUSTEIX & OUEMARO 1972 

F i g .  68 Experimental and calculated 30 boundary-layer profiles about e, = 12 .5 '  cone at M, = 1.8 and 4.25. 



Fig. 69 P i t o t  pressure contours In  flaw f ie ld above 5. cone a t  t4, 1.8 aid a t  relative incidences B * 1.01. 
1.26. 2.12, and 2.52 (Rainbid 1%8a.b). 



8, = 5: M,: 4 25. R,; s 8 10' 

0 3 ,.----- 

0 4  
'20 %, 150 140 I50 4; 163 173 i6C 

CIRCCIWFEREIITI.~L F.NGLE F R O M  WINDWARD GCNERATOR. Of CREES 
&I 

Fig.  70 Pitot pressure contours in  flow f i e l d  above 5* ccmr a t  fi - 4.2s and a t  re la t ive  incidences a = 1.01 
and 2.49 (Rainbird 1368a.hl. 



Fig. 71 5ur faa  shear stress directions on so Fig. 72 Distributions o f  skin-friction coefficient 
a t  IL = 1.8 and 4.23 a t  lardcrate to high re lat ive  on 5' m e  a t  N., = 1.80 a t  l o h r a t e  to  high relative 
incidence (%inbird 1968a.b). incidence (Rainbird 1968a.b). 



7 = CIRCWIFERENTIAL mcxr 
OF RESULTANT VELOalV 

VECTOR RELATIVE TO 
FLOIFIELO PROBE 

M, = CIRCUMFERENTIAL C W -  
W E N T  Of Mn NUUBER 

M, - RADIAL QWPOlYENT OF 
U A O ( N m R  

k = DISTANCE ABOVE CONE 
SURFACE NORMALIZED 

BY LOCAL RADIUS 

Fig. 73 Ci r rmferent ia l  distr ibution o f  Mach nukr c m n t s .  = 1.8, 5 = 2.5: for  the 5' cone 
(Rainbird 1968a.b). 

Fig. 7 1  Vortex core positions a t  various relat ive incidences i n  laminar and turbulent flow. 



Fig. 75 Mstana  to return to conical (Imimr) fla canditianr on l-rd side of ec = 5.6. blunt 
(143% blmtncrs) i t  4 = 14.2. - 0.4 x 106 (Stetren 1971). 

Fig. 76 Longitudinal pressure distributions on 0 = 5.6O blunt cones at & = 14.2 and 
laminar, ii = 7.79 (Stetson 197i). 



CIRCUMFERENTIAL ANGLE. DEGREES 

Fig. 77 Circunferential pressure distributions on leeward side o f  ec = 5.6' blunt cone (10: bluntness) 
a t  \ = 14.2 and R - 0.4 x lo6: lra;'nar, and h = 1.79 (Stetson 1971). 

L. 



Fig. 78 Circunferential pressure distributions about ec = 5.6. blunt cone (#I% bluntness) a t  l4., = 14.2. 
RL, - 0.4 x lo6; laminar. up to 5 = 1.79 (Stetson 1971). 







SEE FIGURES WaJ. Wfal 

Y!lMARV S€?ARANON LlNE 

hKKN 

NOTE: STAGNATION POINT (ATTACHMEWI NODE) 
IS ON UNDERSlDE OF NOSE 

(4 PRIMARY SEPARATION ONLY 

SEE FIGURE Wlc), Id) 
SECONDARY SEPARATION LlNE 

SEPARATION LlNE 

SADDLE 

(bi PRIMARY AND SECONDARY SEPARATIONS 

SEE FIGURE 801~). (dl 
SECONDARY SEPARATION LlNE 

PRIMARY SEPARATION LlNE 

SADDLE POINTS 

1s) ALTERNATIVE FOR PRIMARY AND SECONDARY SEPARATIONS 

Fig. 81 Conjectured sk in- f r ic t ion  l i n e  patterns on leeward side of b lunt cone. 



(4) - If) CIRCUMFERENTIAL 

* Qa YL ' 
Id) 

LONGITUDINAL, ALONG (dl. WINOWARD; 
AND (e). LEEWARD GENERATORS 

Fig. 82 Heat flux distr ibut ions on 56% blunt ,  ec = 4.7'  cone a t  M, = 10. RL_ = 2.3 x 106, laminar, up to 
very high r e l a t i v e  incidence (Cir isuela,  Kretzschmer. and Rehbach 1968). 



' 0  0- SHARP. LMUNAR 

OLUNT. TURBULENT 

'- WARP. TURBULENT 

I 
h= 1.B 0 BLUNT. LMINAR 

- SHARP, LAMINAR 

30 
/ BLUNT. TURBULENT 

w: 
ZO WARP. TURBULENT 

O E N  SYMBOLS ARE SHARP CONE (SH) 
( WADE0 SYMBOLS ARE BLUNT CONE (BLI 

0 - LAMINAR, RLi2.4 X 10. 

a - TURBULENT. RL_i16 X 1d 

MNOTES ONSET TO FINISH 
OF TRANSITION ZONE 

40 O- SHARP. LAMINAR 

4 
30 - ELUNT. TURBULENT 

83 Comparison o f  skin-fr ict ion l i n e  directions a l o n ~  o a 90' for ec = 6" sharp and 10% blunt cones, 
demonstrating d i f fe rent  boundary-layer states a t  M, - 6.05 (McEldervy 1974). 





Fig. 85 t f f e c t  of Reynolds number on heatln t o  F1g. 86 Leeward meridian heatlng on Shuttle and 10' 
leeward generator o f  conceptual shut t le  !node! a t  blunted cone a t  l4- * 6 (Uhltehead. Hefner, and Rao 
I& 6 (Whitehead. Hefner. and Rao 1972). 1972). 

HEMISPHERE 
ROUGHEKED 
WITH 0.m6 IN. 
DIA. GRIT 

Fig. 87 Maasured turbulent heat t ransfer d ls t r ibu t lons  along the windward and leeward r?vs o f  0, - 3' 
blunt cone f o r  various angles o f  attack a t  M, = 10.6, RL_ = 25 x 1C6 (Widhopf 1971a). 



nlGM TOTAL 
mESIuM 

Fig. 88 Pi tot  pressure contours a t  x/L = 0.967 about 10% blunt cone and sharp cone. ec = 6' a t  = 6.05, 
q, = 15.8 x 106. turbulent and 6 = 'L (%€\berry 1979). 



W E :  FOR BOW COMES, A HALF=€ IOIUT S AL50 
EXIETS ON WlNWARD RAY. SCM OF SINWlAR 
MINTS SATISFIES mMLG3Y RULE no. 3 

Fig. 89 Postulate of f l ~ w  structures tn cmssflar plrm rbout blunt and shrp cones corresponding with 
pi tot scrslrramts of .YcE ldcrry (1974). 



















OPEN SYMBOLS ARE CALCULATIONS 
ACCORDING TO &MAN iw 
CLOSED SYMBOLS ARE EXPERIMENT 
OF PEAKE et d., 1972 

Fig. 96 Overal l  l i f t  o f  two bodies o f  r e v o l u t i o n  
(see Kuchemann 1973). 

3 

C ~ a  

Fig.  97 Deta i l s  of long, pointed slender bodies Fig. 98 Low angle-of-attack performance o f  long, 
(Peake, Rainbi rd, and A t ragh j i  1972). pointed slender bodies i n  terms o f  normal fo rce  slope 

vs semi-nose angle a t  M, = 0.5, 2.0, and 3.5 a t  
R = i x 10-0 4 x l o 6  (Peake, Rainbird, and 
~ e r a g h j i  1972). 
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O7 SEE FIG. a7 
A 0 0  A 01s 

(L - LNI 

6 r LINEAR CN. FOR y-- - 6 AND 12 

I I 1 I 1 I I I 
0 .5 1.0 1.5 2.0 2.5 3.0 3.5 

MACH NUMBER, MoO 

Fig. 99 Linear  and nonlinear l i f t  on long, pointed slender bodies a t  Ro = 1 * 106 t o  4 x 106 (Peake, 
Rainbird, and Atraghj i  1972). 

Fig. 100 Asymnetric p r i n l ~ , y  separation on cone and ogive-cylinders, a la0 ,  M, * 0.6, RL_ = j . 5  x l o 7  
(Rainbird e t  a l .  1966). 
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F ig .  101 Inf luence o f  semi-nose angle sc on side-force-normal-force po la r  f o r  af terbody length o f  12D a t  
RD = 1 x 10"o 4 x l o b  (Peake. Rainbird,  and A t ragh j i  1972) .  

F ig .  102 C r i t i c a l  angle o f  a t tack  fo r  onset o f  flow asymmetry 
(Peake, Rainbird and k t r a q h j i  1972) .  
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CONFIGURATION C512D 
(SEE FIG. 97) 

CIRCUMFERENTIAL PRESSURE 
STATIONS ON FIG. 104 

- -  
(I) ASYMMETRIC, a = 25" 

a 

110 - 
"0 1 k Ib ;2 1; :6 

XID 
(b) SYMME'iRIC, a = 7' 

Fig.  103 Asynmietric and s y m n ~ t r i c  primary separat icn angles on a 5.7' cone-cy l inder  a t  M, = 0.5 and 
RD = 1.4 x 106 (Peake, Rainbird, and A t r a j h j i  1972). 



CONF~GURATIOW cs-im 
(SEE FIG. 97) 

Fig. 104 Circ~nferential pressures on a 5.7' cone-cylinder at -' = 25' .  M, = 0.5. and Rg = 1 . 4  . 10' with 
asymnetric separation line positions. 





FINENESS RAT10 

L@ - FoREWDV 

(L - L&D - AFTERWDV 

"r WAKE-LIKE FLOW 

FROM F IGURE 102 

TINLING AND C.Q ALLEN 1962 

0 4 I 12 16 20 

TOTAL FINENESS RATIO. UD 

c ; - .  106 Boundaries for  various t y w s  o f  leeward flow separation about tanc~ent-ogive cylinders. a t  
M_ = 0.6 (Keener. G. 1. Chapman, and Kruse 1976). 

REE STREAM 

(a) SVMMETRICA 

SEPARATION 

WHICH CENTERS 
NEW ROLL UP 

ATTACHMENT 

''NEW" PRIMARY 

F i e .  107 Develonment o f  dividing s~ir face from long, f l a t  p1a:es: a f t e r  Maltbv (see ~"chemann 1972). 



Fig.  108 Postulated dewlopent  o f  "double-branching' of  pr inaw vortex. 

F ig.  109 Divcding surface behind body moving l~n i fonn ly  downwards i n  s t i l l  a i r  (Pierce 19613. 



CA -.:rT] AXIAL FORCE 

-.a <-I 

IM AXI-SYMMTRIZ BODIES-PITCHING 
LIOYENT, AXIAL FORCE AN0 NORMAL 
FORCEnANGLEOFATTACK 
I o - TRIPS OFF: a. TRIPS ON) 

FUSEIAGE AT 0' ROLL-SIDL FORC€ 
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(dl W l W F U S E U G E - U M  FORCE. 
VAWING W M E N T  AND ROLLING 
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I o . TRIPS OFF; a - TRIPS ON! 

Fig. 110 Effectiveness of helical trip in alleviating asynnetrical forcer and moments (D. 5. Rao 1978). 








































































































































