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SUMMARY 


An i n v e s t i g a t i o n  has  been conducted i n  t h e  Langley 16-foot t r a n s o n i c  
t u n n e l  t o  s t u d y  t h e  phenomenon o f  separated flow on a ser ies  o f  c i r c u l a r - a r c  
a f t e r b o d i e s .  This  i n v e s t i g a t i o n  was conducted a t  free-stream Mach numbers from 
0.40 t o  0.95 a t  an  a n g l e  o f  at tack o f  Oo. Both high-pressure a i r  and s o l i d  
c i r c u l a r  c y l i n d e r s  wi th  t h e  c y l i n d e r  diameter e q u a l  t o  t h e  nozz le -ex i t  diameter 
were used t o  s i m u l a t e  j e t  exhaus t s .  A d e t a i l e d  data base of boundary-layer 
s e p a r a t i o n  l o c a t i o n s  w a s  ob ta ined  by u s i n g  o i l - f low t echn iques .  

R e s u l t s  o f  t h i s  i n v e s t i g a t i o n  i n d i c a t e d  t h a t  boundary-layer s e p a r a t i o n  i s  
most e x t e n s i v e  on s teep b o a t t a i l s  a t  h igh  Mach numbers. Changes i n  the  j e t  
t o t a l - p r e s s u r e  r a t i o  ( j e t  t o t a l  p r e s s u r e  t o  free-stream s t a t i c  p r e s s u r e )  
affected t h e  e x t e n t  o f  s e p a r a t i o n  very l i t t l e ;  however, comparison o f  t h e  
s e p a r a t i o n  data ob ta ined  by us ing  t h e  two j e t - s i m u l a t i o n  t echn iques  i n d i c a t e d  
t h a t  en t r a inmen t  a s s o c i a t e d  w i t h  t h e  presence o f  a j e t  had a s i g n i f i c a n t  e f fec t  
on t h e  e x t e n t  o f  s e p a r a t i o n .  The p r e d i c t i o n s  o f  e i g h t  s e p a r a t i o n  c r i t e r i a  were 
eva lua ted  by u s i n g  expe r imen ta l  data. I n  g e n e r a l ,  no c r i t e r i o n  a c c u r a t e l y  pre­
d i c t e d  t h e  s e p a r a t i o n  l o c a t i o n s  on t h e  s o l i d - s i m u l a t o r  c o n f i g u r a t i o n s .  The 
b e s t  p r e d i c t i o n s ,  however, were obtained by c u r v e - f i t t i n g  a modified Reshotko-
Tucker c r i t e r i o n  w i t h  expe r imen ta l  data.  

INTRODUCTION 

The n a c e l l e  a f t e r b o d y  i s  a c r i t i c a l  area i n s o f a r  as a i r p l a n e  performance 
is  concerned. The e x t e r n a l  f low c l o s e  t o  t he  n a c e l l e  s u r f a c e  goes through an  
expansion,  t hen  a compression ( r e f .  I ) ,  and f i n a l l y  an  i n t e r a c t i o n  w i t h  t h e  j e t  
plume. T h i s  phenomenon causes  t h e  a f t e r b o d y  boundary l a y e r  t o  t h i c k e n  and,  i n  
many cases, separate.  A s  would be expec ted ,  t h e  p r e s s u r e  d i s t r i b u t i o n  and drag 
on the  a f t e r b o d y  g r e a t l y  d i f f e r  f o r  cases i n  which boundary-layer s e p a r a t i o n  
does occur  than  for cases i n  which there is  no s e p a r a t i o n  ( re f .  1 ) .  Since  t h e  
flow i n  t h i s  r e g i o n  is  so  complex, i t s  character is t ics  are hard t o  p r e d i c t .  
T h i s  fact  has  l e d  t o  much expe r imen ta l  work i n  t h e  area ( r e f s .  1 t o  9 ) ;  however, 
l i t t l e  d e t a i l e d  s e p a r a t i o n - l o c a t i o n  data are a v a i l a b l e  from which improved 
a n a l y t i c a l  t echn iques  can be developed. 

P r e s e n t l y ,  there are many t h e o r e t i c a l  and semiempir ical  methods f o r  pre­
d i c t i n g  a f t e r b o d y  f lows  ( r e f s .  9 t o  3 3 ) .  Most o f  these employ a p o t e n t i a l  f low 
c a l c u l a t i o n  coupled w i t h  a boundary-layer c a l c u l a t i o n .  Some o f  t he  boundary-
l a y e r  methods are designed t o  p r e d i c t  and c a l c u l a t e  separated f lows  i m p l i c i t l y .  
Others  approach t h e  problem by p r e d i c t i n g  the  s e p a r a t i o n  l o c a t i o n  u s i n g  s impler ,  
semiempirical t echn iques  (refs. 34 t o  52) and modeling t h e  s e p a r a t e d  r e g i o n  as 
a s o l i d  cone frustum ( r e f .  3 7 ) .  Good r e s u l t s  have been ob ta ined  f o r  unseparated 
b o a t t a i l  f lows ( r e f .  1 ) .  For separated f lows ,  however, the  d i f f i c u l t y  i n  co r ­
r e c t l y  modeling t h e  complex flow nea r  a f t e r b o d i e s  has h e r e t o f o r e  caused inaccu­
rate t h e o r e t i c a l  p r e d i c t i o n s .  



I n  o r d e r  t o  b e t t e r  understand b o a t t a i l  flow s e p a r a t i o n  and t o  determine 
t h e  b e s t  s e p a r a t i o n  cr i ter ia  f o r  u se  i n  patched i n v i s c i d / v i s c i d  i n t e r a c t i o n  
s o l u t i o n s ,  a n  o i l - f low s t u d y  was conducted i n  t h e  Langley 16-foot t r a n s o n i c  
t u n n e l  i n  which a series o f  c i r c u l a r - a r c  a f t e r b o d i e s  ( re f .  1) were used. The 
tests were conducted a t  free-stream Mach numbers from 0.40 t o  0.95 a t  a n  a n g l e  
o f  at tack o f  Oo.  A i r  was used t o  s i m u l a t e  je t  e x h a u s t s  w i t h  j e t  t o t a l - p r e s s u r e  
r a t i o s  ( j e t  t o t a l  p r e s s u r e  t o  free-stream s t a t i c  p r e s s u r e )  va ry ing  from j e t - o f f  
up t o  about  9 ,  depending upon the  c o n f i g u r a t i o n  and the  free-stream Mach number. 
S o l i d  c y l i n d e r s  were a l s o  used t o  s i m u l a t e  t h e  j e t s  a t  t h e  on-design c o n d i t i o n .  
(The flow c o n d i t i o n s  f o r  which p r e s s u r e  data were a v a i l a b l e  i n  refs .  1 t o  3 
were repeated as c l o s e l y  as  p o s s i b l e  d u r i n g  t h e  p r e s e n t  o i l - f l o w  tes t s . )  The 
primary purpose o f  t h e  i n v e s t i g a t i o n  was t o  e s t a b l i s h  a s y s t e m a t i c  data base 
from which the  dependency o f  flow s e p a r a t i o n  on such f a c t o r s  as free-stream 
Mach number, l o n g i t u d i n a l  s u r f a c e  c u r v a t u r e ,  and j e t  t o t a l - p r e s s u r e  r a t i o  
could be determined.  (S ince  a s i n g l e  model was used and s i n c e  t h e  t u n n e l  is 
atmospheric ,  i t  was p o s s i b l e  t o  t es t  over on ly  a l i m i t e d  range of Reynolds 
number. For t h i s  r e a s o n ,  t h e  effect  o f  Reynolds number was n o t  i nc luded  i n  t h e  
data base.) The expe r imen ta l  r e s u l t s  are r e p o r t e d  h e r e i n ,  and an  e v a l u a t i o n  
o f  s e v e r a l  o f  t he  semiempi r i ca l  t echn iques  f o r  p r e d i c t i n g  flow s e p a r a t i o n  i s  
a l s o  p r e s e n t e d .  

The in fo rma t ion  p resen ted  i n  t h i s  paper  was o f f e r e d  as a thes i s  i n  p a r t i a l  
f u l f i l l m e n t  o f  t he  r equ i r emen t s  f o r  t h e  Degree o f  Master o f  S c i e n c e ,  George 
Washington U n i v e r s i t y ,  Washington, D . C . ,  May 1977. 

SYMBOLS 

A c r o s s - s e c t i o n a l  area,  cm2 

a i n t e r c e p t  o f  l i n e a r  l e a s t - s q u a r e s  cu rve  

b s l o p e  o f  l i n e a r  l e a s t - s q u a r e s  cu rve  

C c o n s t a n t  i n  S t r a t f o r d  c r i t e r i o n  (see eq .  ( 6 ) )  

cf l o c a l  s k i n - f r i c t i o n  c o e f f i c i e n t ,  Tw/qR 

cP p r e s s u r e  c o e f f i c i e n t  based on free-stream c o n d i t i o n s ,  
PR - pw 

cP ,O p r e s s u r e  c o e f f i c i e n t  based on c o n d i t i o n s  a t  minimum s t a t i c  p r e s s u r e  
PR - Po 

on b o a t t a i l ,  
q0 

cP,S modified p r e s s u r e  c o e f f i c i e n t  i n  S t r a t f o r d  c r i t e r i o n ,  1 -(y 
d diameter, cm 
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momentum o f  e n t r a i n e d  mass flow i n  Presz c r i t e r i o n ,  N 

l e n g t h  o f  b o a t t a i l ,  cm 

Mach number 

e n t r a i n e d  mass flow i n  P resz  c r i t e r i o n ,  kg/sec 

Reynolds number, U,dm/Vm 

number o f  p o i n t s  i n  l i n e a r  l e a s t - s q u a r e s  cu rve  (see eq .  ( 1 1 ) )  

p r e s s u r e ,  P a  

dynamic p r e s s u r e ,  P a  

b o a t t a i l  c i r c u l a r - a r c  r a d i u s ,  cm 

r a d i a l  d i s t a n c e  from c e n t e r  l i n e  o f  model, c m  

nozz le  convergence l e n g t h ,  c m  (see f i g .  6 )  

streamwise d i s t a n c e  a long  body, c m  

t empera tu re ,  K 

nozz le  t h r o a t  l e n g t h ,  c m  

v e l o c i t y  component i n  s - d i r e c t i o n ,  m/sec 

a x i a l  d i s t a n c e  a f t  from model nose,  c m  

a x i a l  d i s t a n c e  a f t  from s t a r t  o f  b o a t t a i l ,  cm ( s e e  f i g .  6 )  

a x i a l  c o o r d i n a t e  i n  nozz le  convergence s e c t i o n ,  c m  (see f i g .  6 )  

dependent v a r i a b l e  i n  l i n e a r  l e a s t - s q u a r e s  cu rve  ( s e e  e q .  ( 1 1 ) )  

independent v a r i a b l e  i n  l i n e a r  l e a s t - s q u a r e s  cu rve  (see e q .  ( 1 1 ) )  

t e r m i n a l  b o a t t a i l  a n g l e ,  deg 

b o a t t a i l  chord a n g l e ,  deg 

s p e c i f i c - h e a t  r a t i o  
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Ax a x i a l  d i s t a n c e  from b o a t t a i l  minimum s t a t i c - p r e s s u r e  p o i n t  t o  
boundary-layer s e p a r a t i o n  p o i n t ,  Xsep - xo, cm 

6 boundary-layer t h i c k n e s s ,  c m  

6* boundary-layer displacement  t h i c k n e s s ,  c m  

0 boundary-layer momentum t h i c k n e s s ,  cm 

V kinemat ic  v i s c o s i t y ,  m2/sec 

P d e n s i t y ,  kg/m3 

T W  w a l l  shea r  stress, N/m2 

S u b s c r i p t s  : 

b base 

cav c a v i t y  

DP dew p o i n t  

e e x i t  

eff  e f f e c t i v e  

fs f i c t i t i o u s  s t a g n a t i o n  p o i n t  

j jet  

R l o c a l  

m maximum 

0 b o a t t a i l  minimum s t a t i c - p r e s s u r e  p o i n t  

P p r e d i c t e d  

PS p r e s e p a r a t i o n  

S plume s imula to r  

s e P  s e p a r a t i o n  p o i n t  

t s t a g n a t i o n  

1 boundary-layer edge, t o p  edge of c o n t r o l  volume i n  Presz  c r i t e r i o n  

a0 free stream 
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EXPERIMENTAL APPARATUS AND PROCEDURE 

Wind Tunnel 

T h i s  f low-separat ion s t u d y  was conducted i n  t h e  Langley 16-foot t r a n s o n i c  
tunne l .  The t u n n e l  is a s i n g l e - r e t u r n ,  continuous-flow, a tmospheric  t u n n e l .  
The free-stream Mach number is con t inuous ly  v a r i a b l e  from 0.20 t o  1.30. A more 
detai led d e s c r i p t i o n  o f  t h e  Langley 16-foot t r a n s o n i c  t u n n e l  can be found i n  
r e f e r e n c e s  53 t o  55. 

Model and Support  System 

The model used i n  t h i s  i n v e s t i g a t i o n  w a s  a n  i s o l a t e d ,  s ing le -eng ine  n a c e l l e  
model, t o  which v a r i o u s  c i r c u l a r - a r c  b o a t t a i l  n o z z l e s  could be attached. A 
s k e t c h  o f  a t y p i c a l  c o n f i g u r a t i o n ,  i n  which high-pressure a i r  was used t o  simu­
l a t e  t h e  j e t  exhaus t ,  is  shown i n  f i g u r e  1 .  The n a c e l l e  model had a rounded 
shou lde r  a t  t h e  j u n c t i o n  o f  t h e  c o n i c a l  nose and t h e  c y l i n d r i c a l  s e c t i o n  t o  
a l l e v i a t e  flow tu rbu lence  which would occur  w i t h  a s h a r p  co rne r .  The n o z z l e s  
were attached a t  s t a t i o n  111.76 c m .  Nozzle b o a t t a i l s  f o r  a l l  c o n f i g u r a t i o n s  
s tar ted a t  s t a t i o n  121.92 c m .  The d r y ,  high-pressure a i r  used f o r  j e t  simula­
t i o n  had a s t a g n a t i o n  t empera tu re  o f  about  274 K .  It was p iped  through t h e  
model s t i n g - s t r u t  suppor t  i n t o  t h e  high-pressure plenum. The a i r  then  flowed 
r a d i a l l y  outward ( p e r p e n d i c u l a r  t o  t h e  model a x i s )  i n t o  t h e  low-pressure plenum 
through eight  mul t iho led  s o n i c  n o z z l e s  e q u a l l y  spaced around t h e  circumference 
of t h e  high-pressure plenum. The j e t  s i m u l a t i o n  flow t h e n  accelerated rearward, 
passing through s c r e e n s  i n  the  model t a i l p i p e  t o  smooth the  flow. F i g u r e  2 is  
a photograph o f  t he  air-powered model i n s t a l l e d  i n  t h e  Langley 16-foot t r a n s o n i c  
tunne l .  

S o l i d  c y l i n d e r s  were also used t o  s i m u l a t e  j e t  e x h a u s t s .  F i g u r e  3 i l l u s ­
t ra tes  a c o n f i g u r a t i o n  t y p i c a l  o f  t hose  tes ted.  An i n t e r n a l  s t i n g  was i n s t a l l e d  
i n  t h e  s ing le -eng ine  n a c e l l e  model t o  suppor t  t h e  s o l i d  s i m u l a t o r s .  F i g u r e  4 
shows one o f  these c o n f i g u r a t i o n s  i n s t a l l e d  i n  the  Langley 16-foot t r a n s o n i c  
t u n n e l .  Only s i m u l a t o r s  w i t h  a diameter e q u a l  t o  t h e  nozz le  e x i t  diameter 
(ds/de = 1.00) were t e s t ed .  A l l  s i m u l a t o r s  were 27.94 cm long.  It was assumed 
t h i s  w a s  long enough so t h a t  base effects  o f  t h e  s i m u l a t o r  would be n e g l i g i b l e  
on t h e  b o a t t a i l s .  

The model was mounted i n  t h e  t u n n e l ' o n  a s t i n g - s t r u t  s u p p o r t  system. A s  
shown i n  f i g u r e s  1 t o  5,  t h e  nose o f  the model was attached t o  the  s t r u t  b lade .  
The b lade  was swept 4 5 O  and was 5 percen t  t h i c k  w i t h  a 50.80-cm chord.  The 
sting was 5.08 c m  by 10.16 c m  i n  c r o s s  s e c t i o n ,  w i t h  t he  t o p  and bottom capped 
wi th  h a l f - c y l i n d e r s  o f  2.54-cm r a d i u s .  The c e n t e r  l i n e  o f  t h e  s t i n g  was 
55.88 c m  below t h e  wind-tunnel c e n t e r  l i n e .  T h i s  p laced  t h e  a x i s  o f  t h e  model 
on t h e  t u n n e l  c e n t e r  l i n e ,  w i t h  the  nose o f  t h e  model a t  t u n n e l  s t a t i o n  39.93 m. 
C ross - sec t iona l  area d i s t r i b u t i o n s  o f  t h e  model and suppor t  system are shown 
i n  f i g u r e  5. The model c r o s s - s e c t i o n a l  area was 0.099 p e r c e n t  o f  the  c r o s s -
s e c t i o n a l  area o f  t he  t e s t  s e c t i o n ;  t h e  maximum c r o s s - s e c t i o n a l  area of t h e  
model and s u p p o r t  system was 0.148 p e r c e n t .  
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Afterbody Models 

A fami ly  of  e i g h t  c i r c u l a r - a r c  a f t e r b o d i e s  was t e s t e d .  F igu re  6 shows 
ske tches  and corresponding t a b l e s  of  dimensions f o r  t h e s e  nozz le  a f t e r b o d i e s .  
The i n t e r n a l  contour  of each nozz le  was b a s i c a l l y  an  ASME long- th roa t  nozz le  
( r e f .  56 ) .  Some mod i f i ca t ions  were necessa ry  because t h e  e x t e r n a l  con tour s  
set l i m i t s  w i th in  which t h e  i n t e r n a l  con tour s  had t o  c o n t r a c t  from a f i x e d  
i n t e r n a l  d iameter  t o  t h e  r e q u i r e d  e x i t  d iameter .  Also,  space  had t o  be a l l o t t e d  
f o r  tube r o u t i n g .  A l l  of t h e  nozz le s  had t h r o a t s  with c i r c u l a r  c r o s s  s e c t i o n s .  

In s t rumen ta t ion  and Test Procedure 

The e i g h t  a f t e r b o d y  models and t h e i r  s o l i d  s i m u l a t o r s  were equipped with 
s t a t i c - p r e s s u r e  o r i f i c e s .  The o r i f i c e  l o c a t i o n s  and s t a t i c - p r e s s u r e  d a t a  used  
i n  t h i s  paper were presented  i n  r e f e r e n c e  1 .  For those  c a s e s  i n  which a i r  was 
used t o  s imula t e  j e t  exhaus t s ,  j e t  t o t a l - p r e s s u r e  measurements were obta ined  
by us ing  an i n t e r n a l l y  mounted t o t a l - p r e s s u r e  rake  ( f i g .  6 ) .  The j e t  t o t a l  
p r e s s u r e s  were measured by us ing  e l e c t r i c a l  s t r a in -gage  p r e s s u r e  t r a n s d u c e r s  
c a l i b r a t e d  t o  an accuracy o f  2 0 . 5  percen t  of  t h e  gage c a p a c i t y  (689 kPa) .  

A l l  t e s t i n g  was conducted i n  t h e  Langley 16-foot t r a n s o n i c  t u n n e l  a t  free-
stream Mach numbers ranging  from 0.40 t o  0.95 and a t  a n  angle of  a t t a c k  o f  O o .  
The t u n n e l  upflow (on t h e  o r d e r  of  0 . l o  throughout  t h e  f ree-s t ream Mach number 
r ange )  and s t i n g  d e f l e c t i o n  (known t o  be extremely small) were n o t  taken  i n t o  
account .  By use  of  t h e  t echn iques  desc r ibed  i n  r e f e r e n c e s  57 and 58 ,  boundary-
l a y e r  t r a n s i t i o n  was f ixed  by a 0.254-cm s t r i p  of  No. 100 g r i t ,  l o c a t e d  2.54 c m  
from t h e  t i p  of  t h e  nose.  

High-pressure a i r  was used t o  s imula t e  j e t  exhaus t s ,  with j e t  t o t a l -
p r e s s u r e  r a t i o s  vary ing  from j e t - o f f  ( p t ,  j/P, = 1 )  up t o  9 ,  depending upon t h e  
conf igu ra t ion  and f ree-s t ream cond i t ions .  Th i s  range i n  j e t  t o t a l  p r e s s u r e  
covers  t h a t  t y p i c a l l y  used i n  subsonic  f l i g h t  by t r a n s p o r t s  and f i g h t e r s .  

S ince  the  Langley 16-foot t r a n s o n i c  tunne l  is  an atmospheric  t u n n e l ,  t h e  
t u n n e l  free-stream c o n d i t i o n s  vary  with t h e  ambient c o n d i t i o n s .  The range  o f  
free-stream cond i t ions  is shown as a f u n c t i o n  o f  free-stream Mach number i n  
f i g u r e  7 .  

For t h e  purpose o f  ob ta in ing  o i l - f low d a t a ,  t h e  a f t  p o r t i o n  of  t h e  model 
was pa in t ed  with 100-weight o i l  be fo re  each run  and was r e p a i n t e d  as o f t e n  as 
necessary  t o  i n s u r e  good o i l - f low q u a l i t y .  I n  o rde r  t o  check f o r  h y s t e r e s i s ,  
some c o n d i t i o n s  were r epea ted  dur ing  a run  (going up and coming down i n  Mach 
number). 

Data Reduction 

Sepa ra t ion  l o c a t i o n s  were obta ined  from t h e  o i l - f low photographs.  A photo­
graph o f  a g r i d  he ld  next  t o  t h e  model be fo re  a run  was used t o  s c a l e  d i s t a n c e s .  
Sepa ra t ion  d i s t a n c e s  were measured a t  the  top  of t h e  b o a t t a i l  t o  minimize t h e  
p o s s i b i l i t y  of  s u p p o r t - s t r u t  i n t e r f e r e n c e .  (Because photographs were taken  
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from above t h e  model, t h e  t o p  of  t h e  b o a t t a i l  appea r s  t o  co inc ide  wi th  t h e  
model center l i n e  in t h e  photographs o f  f igs.  8 to  10.) 

RESULTS AND D I S C U S S I O N  

Experimental  R e s u l t s  

Typ ica l  photographs obta ined  dur ing  t h i s  o i l - f low i n v e s t i g a t i o n  are pre­
sen ted  as f i g u r e s  8 ,  9 ,  and IO.  The s e p a r a t i o n  l i n e  is  i n d i c a t e d  by X s e  i n  
f i gu re  8 .  (The l i g h t  band shown i n  t h e  photographs corresponds t o  t h e  cyyin­
d r i c a l  p o r t i o n  of t h e  nozz le  upstream of  t h e  b o a t t a i l  and does n o t  i n d i c a t e  
s e p a r a t i o n . )  Gene ra l ly ,  t h e  s e p a r a t i o n  l i n e  is  curved ,  conforming t o  a ser ies  
of v o r t i c e s  spaced around t h e  body i n  t h e  sepa ra t ed  r eg ion .  I n  f i g u r e  9 ,  a 
t y p i c a l  vo r t ex  i s  shown i n  t h e  photograph a t  M, = 0.90. This  phenomenon, 
similar t o  Taylor  and G o e r t l e r  v o r t i c e s  ( r e f .  5 9 ) ,  is  c h a r a c t e r i s t i c  of  turbu­
l e n t  flow and is t r i g g e r e d  perhaps by small asymmetries i n  t h e  f low.  F igu re  8 
a l s o  shows a l i n e  i n  t h e  sepa ra t ed  r eg ion  nea r  t h e  nozz le  e x i t .  Th i s  l i n e  i n d i ­
c a t e s  t h a t  a two-cel l  v o r t e x  p a t t e r n  may e x i s t  i n  t h e  sepa ra t ed  r e g i o n ,  a t  l ea s t  
a t  h igh  j e t  t o t a l - p r e s s u r e  r a t i o s .  

Some f a c t o r s  i n f l u e n c i n g  t h e  l o c a t i o n  of  t h e  s e p a r a t i o n  p o i n t  are t h e  
f ree-s t ream Mach number, t h e  l o n g i t u d i n a l  c u r v a t u r e  of  t h e  model, and t h e  j e t  
en t ra inment  and plume blockage. The Reynolds number a l s o  affects t h e  s e p a r a t i o n  
l o c a t i o n ;  however, i t  was no t  p o s s i b l e  t o  t es t  over  a wide range of  Reynolds 
number s i n c e  t h e  t u n n e l  is  an atmospheric  t u n n e l  and only  one model was used 
i n  t h e  test. 

Effect of  Mach number.- For subsonic  flow, t h e  s e p a r a t i o n  p o i n t  moved f o r ­
ward a --given c o n f i g u r a t i o n  as the  f ree-s t ream Mach number inc reased .  (See 
f i g s .  9 and 11 .1  For t r a n s o n i c  f lows ( f ree-s t ream Mach numbers above about  0.8, 
depending upon t h e  c o n f i g u r a t i o n ) ,  p r e s s u r e  d i s t r i b u t i o n s  i n d i c a t e  t h a t  a shock 
probably e x i s t e d  on t h e  b o a t t a i l  when t h e  flow d e c e l e r a t e d  from supe r son ic  t o  
subsonic  speeds ( r e f .  1 ) .  When t h i s  happened, t h e  boundary-layer s e p a r a t i o n  
probably became shock induced.  The s e p a r a t i o n  p o i n t  moved forward on t h e  boat-
t a i l  t o  a p o i n t  i n  t h e  v i c i n i t y  of t h e  shock. It is specu la t ed  t h a t  t h e  shock-
induced sepa ra t ed  r eg ion  combined wi th  t h e  p rev ious ly  desc r ibed  sepa ra t ed  r eg ion  
t o  cause t h i s  movement, which, i n  t u r n ,  may e x p l a i n  t h e  large s h i f t s  i n  t h e  
s e p a r a t i o n  l o c a t i o n  a t  t r a n s o n i c  speeds t h a t  occurred f o r  two o f  t h e  conf igura­
t i o n s .  (See f i g .  1 1 . )  

Effect of  l o n g i t u d i n a l  curva ture . - The l o n g i t u d i n a l  c u r v a t u r e  of t h e  boat-
t a i l  a l s o  g r e a t l y  a f f e c t e d  t h e  s e p a r a t i o n  l o c a t i o n .  As expec ted ,  f o r  a g iven  
free-stream Mach number, t h e  most forward s e p a r a t i o n  l o c a t i o n  occurred  on t h e  
steepest b o a t t a i l  c o n f i g u r a t i o n .  (See f i g .  11.)  As t h e  l o n g i t u d i n a l  c u r v a t u r e  
p r o g r e s s i v e l y  decreased  from c o n f i g u r a t i o n  t o  c o n f i g u r a t i o n ,  t h e  s e p a r a t i o n  
l o c a t i o n  moved rearward.  No s e p a r a t i o n  was found on t h e  fou r  b o a t t a i l  configu­
r a t i o n s  wi th  t h e  largest  cu rva tu res  over  t h e  range o f  f ree-s t ream Mach number 
t e s t e d .  

Effect of  j e t . - The j e t  en t ra inment  and plume shape are f u n c t i o n s  o f  t h e  
jet  t o t a l - p r e s s u r e  r a t i o .  It is seen i n  f igures 10 and 12 t h a t  t h e  s e p a r a t i o n  
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l o c a t i o n  changed l i t t l e  ove r  t h e  range o f  j e t  t o t a l - p r e s s u r e  r a t i o  tes ted.  
(The l e v e l  o f  some o f  t h e  data cu rves  may be i n  e r r o r  by as much as 0.05 for 
Xsep/dm because o f  a n  excess of o i l  on t h e  model. The data i n  q u e s t i o n  are 
a t  t h e  free-stream Mach numbers o f  0.84 f o r  c o n f i g u r a t i o n  1, 0.84 and 0.40 f o r  
c o n f i g u r a t i o n  2, and 0.94 f o r  c o n f i g u r a t i o n s  4 and 6.) The f l a t n e s s  o f  t h e  
cu rves  probably i n d i c a t e s  t h a t  t h e  changes induced i n  en t r a inmen t  and plume-
blockage effects by va ry ing  t h e  j e t  t o t a l - p r e s s u r e  r a t i o  were n e a r l y  e q u a l  i n  
magnitude and o p p o s i t e  i n  e f fec t .  

Jet  entrainment . - The j e t  en t r a inmen t  t e n d s  t o  move t h e  s e p a r a t i o n  loca ­
t i o n  rearward on t h e  b o a t t a i l  by e n t r a i n i n g  mass from t h e  s e p a r a t e d  r e g i o n  
rearward i n t o  t h e  j e t .  The magnitude o f  en t r a inmen t  i s  a f u n c t i o n  o f  bo th  t h e  
v e l o c i t y  d i f f e r e n c e  and l lsurfacell  area between f lows.  The re fo re ,  f o r  a conver­
g e n t  n o z z l e  wi th  a g iven  free-stream c o n d i t i o n ,  t h e  mass e n t r a i n e d  i n t o  t h e  j e t  
would tend t o  i n c r e a s e  as t h e  j e t - e x i t  Mach number i n c r e a s e d .  T h i s  i n c r e a s e  
i n  j e t - e x i t  Mach number corresponds t o  a n  i n c r e a s e  i n  t h e  n o z z l e  t o t a l - p r e s s u r e  
r a t i o .  If t h e  j e t  v e l o c i t y  is  less than  t h e  e x t e r n a l  v e l o c i t y ,  t h e  e x t e r n a l  
f low a c t u a l l y  t e n d s  t o  e n t r a i n  mass from t h e  j e t .  Also, some mixing occur s  
s i n c e  t h e  e x t e r n a l  f low c o n t a c t s  t h e  j e t  f low a t  an  a n g l e  and must be tu rned  
by t h e  j e t  flow. When t h e  on-design c o n d i t i o n  i s  reached ,  t h e  j e t - e x i t  Mach 
number e q u a l s  1 and remains c o n s t a n t  f o r  h i g h e r  j e t  t o t a l - p r e s s u r e  r a t i o s .  
Consequently,  t h e  en t r a inmen t  t e n d s  t o  l e v e l  o f f .  The en t r a inmen t  does 
i n c r e a s e  s l i g h t l y  f o r  h i g h e r  j e t  t o t a l - p r e s s u r e  r a t i o s  though, s i n c e  t h e  flow 
i n  t h e  j e t  plume becomes supe r son ic .  

Plume blockage.- While en t r a inmen t  t e n d s  t o  move t h e  s e p a r a t i o n  l o c a t i o n  
rearward, plume-blockage e f fec ts  o f  j e t s  tend t o  i n c r e a s e  t h e  s u r f a c e  s t a t i c  
p r e s s u r e  o f  t h e  b o a t t a i l  and move the  s e p a r a t i o n  l o c a t i o n  forward. As the  j e t  
t o t a l - p r e s s u r e  r a t i o  is  i n c r e a s e d  up t o  t h e  on-design c o n d i t i o n ,  t h e  s e p a r a t i o n  
l o c a t i o n  moves rearward. As h i g h e r  t o t a l - p r e s s u r e  r a t i o s  are reached, the  
plume-blockage effects  i n c r e a s e ,  h a l t i n g  the  rearward movement o f  t h e  sepa ra ­
t i o n  l o c a t i o n  and e v e n t u a l l y  caus ing  a s l i g h t  forward movement. There appea r s  
t o  be a d i s p a r i t y  i n  some o f  t he  j e t - o f f  data which may, i n  p a r t ,  be due t o  t he  
u n s t e a d i n e s s  t h a t  can occur  i n  base flow c o n d i t i o n s .  Also, a t  t h e  h i g h e r  Mach 
numbers, t he  s e p a r a t i o n  l o c a t i o n  is more s e n s i t i v e  t o  small e r r o r s  i n  s e t t i n g  
t h e  Mach number i n  t h e  wind t u n n e l .  

Effect o f  J e t -S imula t ion  Techniques 

S i n c e  the  s e p a r a t i o n  l o c a t i o n  remains a lmos t  s t a t i o n a r y  throughout  t h e  
range o f  j e t  t o t a l - p r e s s u r e  r a t i o ,  i t  seems l i k e l y  t h a t  s o l i d - s i m u l a t o r  data 
could be used t o  estimate t h e  je t -on s e p a r a t i o n  l o c a t i o n s .  However, f i g u r e  13 
shows t h a t  a d i f f e r e n c e  between t h e  s o l i d - s i m u l a t o r  data and t h e  high-pressure 
a i r  data e x i s t s  i n  t h e  s e p a r a t i o n  l o c a t i o n s  ob ta ined  f o r  on-design c o n d i t i o n s .  
The j e t  t o t a l - p r e s s u r e  r a t i o  a t  which t h e  on-design c o n d i t i o n  o c c u r s  v a r i e s  
s l i g h t l y  f o r  d i f f e r i n g  Mach numbers and c o n f i g u r a t i o n s ,  caus ing  some of t h e  
d i f f e r e n c e .  However, s i n c e  t h e  s e p a r a t i o n  l o c a t i o n  changes l i t t l e  throughout  
t h e  range o f  j e t  t o t a l - p r e s s u r e  r a t i o ,  most o f  t h e  d i f f e r e n c e  i n  s e p a r a t i o n  
l o c a t i o n  between s o l i d - s i m u l a t o r  data and h igh -p res su re  a i r  data must be a 
r e s u l t  o f  en t r a inmen t .  For subson ic  cases, t h i s  d i f f e r e n c e  i n  s e p a r a t i o n  loca ­
t i o n s  ob ta ined  by us ing  t h e  two j e t - s i m u l a t i o n  t echn iques  appea r s  t o  be mainly 
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a f u n c t i o n  o f  t h e  t l sur face l l  area o f  t h e  s e p a r a t e d  r e g i o n  washed by t h e  j e t  ( t h e  
r e g i o n  between t h e  je t  e x i t  and t h e  r ea t t achmen t  p o i n t  on t h e  plume). The 
e x t e n t  o f  t h i s  I1surface1l area t e n d s  t o  correspond d i r e c t l y  t o  t he  e x t e n t  o f  
s e p a r a t i o n  on t h e  b o a t t a i l .  For t r a n s o n i c  cases, shock-induced s e p a r a t i o n  
probably occur s .  Within expe r imen ta l  accu racy ,  t h e  d i f f e r e n c e  i n  t h e  data 
cu rves  r educes  t o  almost z e r o .  T h i s  i n d i c a t e s  t h a t  the shock l o c a t i o n  is 
p robab ly  n o t  g r e a t l y  affected by en t r a inmen t .  

T h e o r e t i c a l  R e s u l t s  

Using t h i s  newly a c q u i r e d  data base, s e v e r a l  f low-separat ion c r i t e r i a ,  most, 
o f  which are s imple  semiempirical methods, were eva lua ted  i n  search o f  a cr i ­
t e r i o n  tha t  would g i v e  r easonab le  p r e d i c t i o n s  when i n t e g r a t e d  i n t o  a patched 
i n v i s c i d / v i s c i d  i n t e r a c t i o n  computer program. A s e p a r a t i o n  c r i t e r i o n  could be 
a p p l i e d  i n  two ways: ( 1 )  it could be a p p l i e d  on ly  d u r i n g  t h e  first i t e r a t i o n  
o f  an i n v i s c i d / v i s c i d  i n t e r a c t i o n  program with its p r e d i c t i o n s  be ing  used d u r i n g  
t h e  remaining i t e r a t i o n s  or  (2 )  it  could be a p p l i e d  d u r i n g  each i t e r a t i o n ,  
t h u s  p rov id ing  an updated s e p a r a t i o n  p r e d i c t i o n  f o r  t h e  nex t  i t e r a t i o n .  A sepa­
r a t i o n  c r i t e r i o n  a p p l i e d  on ly  du r ing  t h e  first i t e r a t i o n  should y i e l d  good pre­
d i c t i o n s  from a set  of  i n p u t  parameters  gene ra t ed  u s i n g  t h e o r e t i c a l  i n v i s c i d  
p r e s s u r e  d i s t r i b u t i o n s .  A c r i t e r i o n  a p p l i e d  d u r i n g  each i t e r a t i o n  should y i e l d  
good p r e d i c t i o n s  from a set  of parameters  gene ra t ed  u s i n g  expe r imen ta l  p r e s s u r e  
d i s t r i b u t i o n s .  For t h i s  r e a s o n ,  t h e  c r i t e r i a  were a p p l i e d  t o  two sets of param­
eters .  The sets d i f f e r e d  i n  t h a t  one used expe r imen ta l  p r e s s u r e  d i s t r i b u t i o n s  
as i n p u t  t o  a boundary-layer program whi le  t h e  o t h e r  used t h e  t h e o r e t i c a l  
i n v i s c i d  p r e s s u r e  d i s t r i b u t i o n s .  A p o t e n t i a l  f low c a l c u l a t i o n  ( r e f .  11) and 
a Reshotko-Tucker momentum-integral boundary-layer c a l c u l a t i o n  ( r e f .  12) were 
used t o  c a l c u l a t e  t he  needed boundary l a y e r  and i n v i s c i d  flow parameters .  

There were s e v e r a l  advan tages  i n  us ing  t h e  i n v i s c i d  p r e s s u r e  d i s t r i b u t i o n s .  
The i n v i s c i d  p r e s s u r e  d i s t r i b u t i o n s  do n o t  c o n t a i n  t h e  sca t te r  i n h e r e n t  i n  
expe r imen ta l  d a t a ,  and they  are e a s i l y  c a l c u l a t e d .  T h i s  expe r imen ta l  scat ter  
( e s p e c i a l l y  i n  t h e  minimum p r e s s u r e )  can cause  large d e v i a t i o n s  i n  the sepa ra ­
t i o n  p r e d i c t i o n s  o f  some c r i t e r i a .  Also,  a c r i t e r i o n  based on the  i n v i s c i d  
p r e s s u r e  d i s t r i b u t i o n  could p rov ide  a s i m p l e r ,  n o n i n t e r a c t i v e ,  and cheaper  so lu ­
t i o n .  On t h e  o t h e r  hand, a c r i t e r i o n  based on expe r imen ta l  data might be more 
u s e f u l  i n  an  i t e r a t i v e  scheme t o  s o l v e  a flow f i e l d  where the  s e p a r a t i o n  loca ­
t i o n  is c o n t i n u a l l y  being r e c a l c u l a t e d .  

Reshotko-Tucker c r i t e r i o n . - One s e p a r a t i o n  c r i t e r i o n  was the  Reshotko-
Tucker c r i t e r i o n  ( r e f .  4 9 )  

Msep-= 0.762 (1  1 
MO 


T h i s  c r i t e r i o n  ( e q .  ( 1 ) )  s t a t e s  t h a t  t h e  r a t i o  o f  t h e  Mach number a t  s e p a r a t i o n  
t o  t he  Mach number a t  t h e  minimum p r e s s u r e  p o i n t  is  a c o n s t a n t .  It is d e r i v e d  
by app ly ing  t h e  momentum and moment-of-momentum i n t e g r a l  e q u a t i o n s  w i t h  s p e c i a l
f u n c t i o n s  o f  t h e  boundary-layer shape f a c t o r .  The s h e a r - s t r e s s  terms are 
assumed n e g l i g i b l e  when compared w i t h  p r e s s u r e  terms. T h i s  c r i t e r i o n  was 

9 




- - 

modified t o  b e t t e r  f i t  t h e  p r e s e n t  exper imenta l  data by i n c o r p o r a t i n g  t h e  
effect  of  Reynolds number through t h e  s k i n - f r i c t i o n  c o e f f i c i e n t  a t  t h e  minimum 
p r e s s u r e  p o i n t  C f y o  t o  y i e l d  

Msep 
= 2.622 

I n  t h i s  modified form, equa t ion  (2 )  is h e r e i n a f t e r  r e f e r r e d  t o  s imply as t h e  
Reshotko-Tucker c r i t e r i o n .  

Page c r i t e r i o n . - Another c r i t e r i o n  eva lua ted  

was t h e  Page c r i t e r i o n  ( r e f .  34) .  This  s imple  c r i t e r i o n  s ta tes  t h a t  s e p a r a t i o n  
occurs  where t h e  p r e s s u r e  c o e f f i c i e n t  based on t h e  minimum s t a t i c  p r e s s u r e  
r eaches  0.38. 

Presz c r i t e r i o n . - A t h i r d  method eva lua ted  was t h e  Presz c r i t e r i o n  
( re f .  37).  The s e p a r a t i o n  l o c a t i o n  was determined by us ing  t h e  fo l lowing  
equa t ions :  

Psep Msep 
F =  seD 

( 4 )  

m 0(1 + : ) p o M o J n  
(I - :) 0 

G =  

-P1 6*  1 1  S 

Po 
- 1 - & ( 1 - -;) 0 Po60 

+ T w  
Po6 
-

0 

where 
-0.62 

Th, = O . O ~ ( P U ) ~s 
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and 

T h i  method u s e s  the control-volume appro ch .  The c o n t r o l  volume c o n s i s t s  o f  
a s e c t i o n  of t he  boundary l a y e r  w i t h  one end a t  t h e  minimum s t a t i c - p r e s s u r e  
l o c a t i o n  and the  o t h e r  a t  t h e  s e p a r a t i o n  l o c a t i o n .  Q u a n t i t i e s  w i t h  s u b s c r i p t  1 
are c o n d i t i o n s  a t  t h e  o u t e r  edge of t h e  c o n t r o l  volume. Equat ions ( 4 )  and ( 5 )  
are equa t ions  f o r  the  r a t i o  of  the  boundary-layer t h i c k n e s s  a t  t he  minimum 
s t a t i c - p r e s s u r e  l o c a t i o n  t o  t h a t  a t  t h e  s e p a r a t i o n  l o c a t i o n .  The r a t i o  F is 
g iven  i n  equa t ion  ( 4 )  as an i n t e g r a t e d  form of  the  c o n t i n u i t y  equa t ion ,  whereas 
t h e  r a t i o  G is g iven  i n  equat ion  ( 5 )  as an  i n t e g r a t e d  form of t h e  momentum 
equa t ion .  Flow s e p a r a t i o n  occurs  when 

F = G  

S t r a t f o r d  c r i t e r i o n . - The S t r a t f o r d  c r i t e r i o n  ( re fs .  36 and 38)  is  a wel l -
known method f o r  determining t h e  s e p a r a t i o n  l o c a t i o n .  S e v e r a l  s imilar  e x i s t i n g  
methods were combined t o  form t h i s  c r i t e r i o n .  L a h t i ' s  ve r s ion  of  S t r a t f o r d ' s  
c r i t e r i o n  ( r e f .  35)  was used  i n  t h e  e v a l u a t i o n  as fo l lows:  

where 

2 
cP ,S = 1 -(2) 

and 

The e f f e c t  of t h e  forebody p r e s s u r e  d i s t r i b u t i o n  and t h e  a c t u a l  boundary-layer 
t r a n s i t i o n  l o c a t i o n  on the  boundary-layer f low over  t h e  b o a t t a i l  is handled by 
computing sfS, t h e  e f f e c t i v e  d i s t a n c e  for a f l a t - p l a t e  t u r b u l e n t  boundary 
l a y e r  t o  develop t h e  momentum t h i c k n e s s  a t  so. Separa t ion  is i n d i c a t e d  when 
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the  va lue  of  C is between 0.5 and 0.6. The s e p a r a t i o n  l o c a t i o n  cor responds  t o  
t h e  maximum va lue  of  C in t h i s  i n t e r v a l .  The S t r a t f o r d  c r i t e r i o n  assumes t h a t  
t h e  boundary l a y e r  c o n s i s t s  o f  two d i f f e r e n t  l a y e r s .  The i n n e r  one is indepen­
dent  of  upstream c o n d i t i o n s ,  and t h e  o u t e r  l a y e r  is assumed t o  be affected by 
on ly  t h e  i n i t i a l  v e l o c i t y  p r o f i l e  and t h e  downstream p r e s s u r e  g r a d i e n t .  

Townsend c r i t e r i o n . - The Townsend c r i t e r i o n  (refs. 39 and 52)  is g iven  by 
t h e  equa t ion  

I n n  I-1-1 c+. , I  

0.5 

- ] - 2.913 ( 7 )  

Equat ion ( 7 )  is de r ived  wi th  t h e  assumption t h a t  the s e p a r a t i o n  is  dependent 
upon t h e  p r e s s u r e  g r a d i e n t .  T h i s  is  inco rpora t ed  i n t o  t h e  c r i t e r i o n  by t h e  
presence  o f  the p r e s s u r e  g r a d i e n t  upstream of  s e p a r a t i o n .  

Angle c r i t e r i o n . - Another method used and referred t o  as t h e  Angle c r i ­
t e r i o n  is g iven  by the fo l lowing  equat ion:  

MSep s i n  Bsep = -0.247 

Equat ion (8 )  assumes t h a t  t he  s e p a r a t i o n  l o c a t i o n  is  a f u n c t i o n  of  t h e  l o c a l  
b o a t t a i l  a n g l e  and Mach number. It was der ived  by f i t t i n g  a curve  t o  t he  s o l i d -
s i m u l a t o r  data of t h i s  i n v e s t i g a t i o n .  

Goldschmied c r i t e r i o n . - The Goldschmied c r i t e r i o n  (refs. 40 and 411, 
ano the r  well-known s imple  method, is  

Equat ion (9) assumes tha t  t h e  boundary l a y e r  c o n s i s t s  of  two l a y e r s ;  i t  a l s o  
assumes t h a t  a l i n e  of c o n s t a n t  t o t a l  p r e s s u r e  e x i s t s  p a r a l l e l  t o  t h e  s u r f a c e .  
T h i s  l i n e  i n t e r s e c t s  t h e  i n n e r  l a y e r  a t  t h e  beginning of t he  adverse  p r e s s u r e  
g r a d i e n t .  Sepa ra t ion  is  assumed t o  occur  when t h e  laminar  sub laye r  t h i c k e n s  
enough t o  i n t e r s e c t  t h e  l i n e  o f  c o n s t a n t  t o t a l  p r e s s u r e .  T h i s  v i scous  phenome­
non is c o r r e l a t e d  through t h e  use of  t h e  s k i n - f r i c t i o n  c o e f f i c i e n t  a t  t h e  s ta r t  
o f  the adverse  p r e s s u r e  g r a d i e n t .  
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-Wu c r i t e r i o n . - The Wu 

Psep-- O.565Mo = 

c r i t e r i o n  (ref. 511, a n o t h e r  s imple e q u a t i o n ,  is 

0.795 (IO) 

Po 

Equat ion (IO) is based on expe r imen ta l  data and assumes t h a t  s e p a r a t i o n  is a 
f u n c t i o n  o f  two parameters .  One o f  t h e s e  is t h e  Mach number a t  t h e  start of 
t h e  adve r se  p r e s s u r e  g r a d i e n t ;  t h e  o t h e r  is  t h e  r a t i o  o f  the  s e p a r a t i o n  s t a t i c  
p r e s s u r e  t o  t h e  minimum s t a t i c  p r e s s u r e .  

Comparison o f  S e p a r a t i o n  P r e d i c t i o n s  and Sol id-Simulator  Data 

The e i g h t  c r i t e r i a  were eva lua ted  by comparing t h e i r  s e p a r a t i o n  p r e d i c t i o n s  
wi th  expe r imen ta l  data .  The c o n d i t i o n s  used i n  t h e  e v a l u a t i o n  were t h o s e  f o r  
which s e p a r a t i o n  was observed on the c o n f i g u r a t i o n s  w i t h  s o l i d  s i m u l a t o r s .  Fig­
u r e s  14 and 15 show t h e  v a r i a t i o n  o f  s e p a r a t i o n  l o c a t i o n  wi th  Mach number f o r  
t h e  v a r i o u s  c r i t e r i a .  I n  f i g u r e  14, the expe r imen ta l  p r e s s u r e  d i s t r i b u t i o n s  
were used i n  t h e  c a l c u l a t i o n s ;  i n  f i g u r e  15, t h e  t h e o r e t i c a l  i n v i s c i d  p r e s s u r e  
d i s t r i b u t i o n s  were used. The scat ter  i n  t h e  expe r imen ta l  data caused much of 
t h e  scat ter  i n  f i g u r e  14. Also, because o f  t he  p r e s s u r e  p l a t e a u  i n  t h e  sepa­
rated r e g i o n ,  a small e r r o r  i n  t h e  va lue  o f  t he  p r e d i c t e d  s e p a r a t i o n  p r e s s u r e  
can r e s u l t  i n  a large e r r o r  i n  s e p a r a t i o n  l o c a t i o n  when expe r imen ta l  p r e s s u r e s  
are used .  I n  f ac t ,  t h e  Goldschmied c r i , t e r i o n  p r e d i c t e d  s e p a r a t i o n  for on ly  
f o u r  cases, and t h e  Wu c r i t e r i o n  fa i led  t o  p r e d i c t  any a t  a l l .  A s  shown i n  
f i g u r e  15, t he  p r e d i c t e d  t r e n d s  us ing  t h e  i n v i s c i d  p r e s s u r e  d i s t r i b u t i o n s  were 
much smoother,  a l t hough  they  were o f t e n  ve ry  i n a c c u r a t e .  The Wu c r i t e r i o n  was 
able t o  p r e d i c t  s e p a r a t i o n  f o r  on ly  f i v e  cases. I n  g e n e r a l  when the  i n v i s c i d  
p r e s s u r e  d i s t r i b u t i o n  was used ,  t h e  Goldschmied c r i t e r i o n  p r e d i c t e d  t h e  most 
rearward s e p a r a t i o n  l o c a t i o n s .  It was followed i n  o r d e r  by the  p r e d i c t i o n s  Of 
Page, Reshotko-Tucker, Townsend, P r e s z ,  and S t r a t f o r d .  The bes t  o v e r a l l  pre­
d i c t i o n s  were made by u s i n g  the Angle c r i t e r i o n  based on expe r imen ta l  p r e s s u r e  
d i s t r i b u t i o n s .  (See f ig .  14.) T h i s  w a s  n o t  s u r p r i s i n g  s i n c e  t h e  same data 
were used t o  d e r i v e  t h e  Angle c r i t e r i o n .  However, none o f  t he  c r i t e r i a  appeared 
t o  p rov ide  ve ry  a c c u r a t e  r e s u l t s .  

The inaccuracy  o f  t h e  p r e d i c t i o n s  is  be t te r  seen  i n  f i g u r e s  16 and 17. 
I n  f i g u r e  16, t h e  p r e d i c t e d  s e p a r a t i o n  l o c a t i o n s  based on t h e  expe r imen ta l  
p r e s s u r e  d i s t r i b u t i o n s  are p l o t t e d  as a f u n c t i o n  o f  t h e  expe r imen ta l  s e p a r a t i o n  
l o c a t i o n s .  The p r e d i c t i o n s  based on t h e  i n v i s c i d  p r e s s u r e  d i s t r i b u t i o n s  are 
p l o t t e d  i n  f i g u r e  17. (The l i m i t e d  r e s u l t s  o f  t h e  Wu c r i t e r i o n  and t h e  
Goldschmied c r i t e r i o n  based on t h e  expe r imen ta l  p r e s s u r e  d i s t r i b u t i o n s  are n o t  
p r e s e n t e d . )  The minimum s t a t i c  p r e s s u r e s  and their l o c a t i o n s  are l isted i n  
t a b l e  I. The e x t e n t  t o  which t h e  p r e d i c t i o n s  d e v i a t e  can be seen  f o r  a l l  c r i ­
te r ia .  It should be no ted ,  however, t h a t  some o f  t h e  scat ter  seen  i n  bo th  f ig­
u r e s  16 and 17 is due t o  t h e  expe r imen ta l  e r r o r  i n  t h e  o i l - f low data i t s e l f .  
By comparing t h e  s t a n d a r d  e r r o r  of estimate 
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n - 2  
(11)  

I l k 1  

f o r  each c r i t e r i o n ,  t h e  Angle c r i t e r i o n  based on t h e  exper imenta l  p r e s s u r e  
d i s t r i b u t i o n s  was found t o  y i e l d  t h e  b e s t  r e s u l t s  ( E  = 0.073) .  The nex t  best  
r e s u l t s  were obta ined  by us ing  t h e  Reshotko-Tucker c r i t e r i o n  based on t h e  
i n v i s c i d  p r e s s u r e  d i s t r i b u t i o n s .  

It is a l s o  seen i n  figures 16 and 17 t h a t  t h e  r e s u l t s  based on t h e  i n v i s c i d  
p r e s s u r e  d i s t r i b u t i o n s  are more l i n e a r .  By f i t t i n g  a l e a s t - s q u a r e s  cu rve ,  t h a t  
is ,  by t r e a t i n g  t h e  p r e d i c t i o n s  as a l i n e a r  f u n c t i o n  of  t h e  exper imenta l  data,  
an  improved p r e d i c t i o n  can be obta ined  e m p i r i c a l l y .  The s t anda rd  e r r o r s  of  
estimate ( e q .  ( 1 1 ) )  of t h e  r e s u l t i n g  curve f i ts  are as fo l lows:  

C r i t e r i o n  E 

Reshotko-Tucker . . . . . . . . . . . . . .  0.038 
Page . . . . . . . . . . . . . . . . . . .  0.041 
Presz  . . . . . . . . . . . . . . . . . . .  0.047 
S t r a t f o r d  . . . . . . . . . . . . . . . . .  0.048 
Townsend . . . . . . . . . . . . . . . . .  0.051 
Angle . . . . . . . . . . . . . . . . . . .  0.058 
Goldschmied . . . . . . . . . . . . . . . .  0.062 

The improved r e s u l t s  ob ta ined  by apply ing  t h e  curve f i t  t o  t h e  Reshotko-Tucker 
c r i t e r i o n  are compared wi th  t h e  o i l - f low data i n  f i g u r e  18. The l e a s t - s q u a r e s  
equa t ion  f o r  t h i s  c r i t e r i o n  is 

XO- 0.388 + - (12)  
dm 

where Xo/dm is t h e  minimum p r e s s u r e  l o c a t i o n ,  


d i c t e d  s e p a r a t i o n  l o c a t i o n ,  and Xsep/dm is t h e  improved p r e d i c t i o n .  It is 

(Ax/dm) P 

is  t h e  o r i g i n a l  pre­

seen  t h a t  t h e  accuracy can s i g n i f i c a n t l y  be improved by us ing  t h i s  technique .  
Although equat ion  (12)  p r e d i c t s  w e l l  t h e  s e p a r a t i o n  l o c a t i o n s  of  t h i s  data base ,  
i t s  p r e d i c t i o n s  f o r  o t h e r  c o n f i g u r a t i o n s  and Reynolds numbers may n o t  be 
accurate. 

The r e s u l t s  of  apply ing  t h i s  c u r v e - f i t t i n g  technique  i n  t h e  p r e d i c t i o n  of  
p r e s s u r e  d i s t r i b u t i o n s  are shown i n  f igure 19. I n v i s c i d  theory  p r e d i c t s  a 
greater expansion a t  t h e  minimum pres su re  p o i n t  and p l a c e s  a s t a g n a t i o n  p o i n t  
a t  t h e  end of  t he  b o a t t a i l .  When a boundary-layer c a l c u l a t i o n  is added i n  
which t h e  P resz  cone-frustum model is  used t o  r e p r e s e n t  t h e  sepa ra t ed  r e g i o n ,  
t h e  p r e d i c t e d  d i s t r i b u t i o n  more c l o s e l y  fo l lows  t h e  exper imenta l  data. There 
are st i l l  s i g n i f i c a n t  errors nea r  t h e  minimum pres su re  p o i n t  and nea r  t h e  
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rea t tachment  p o i n t  on the  s o l i d  s imula to r .  The p r e d i c t i o n  nea r  t he  minimum 
p r e s s u r e  p o i n t  can be improved by so lv ing  t h e  f u l l  p o t e n t i a l  f low equa t ions  
(ref. 60) as t h e  i n v i s c i d  p a r t  o f  an i n v i s c i d / v i s c i d  i n t e r a c t i o n  program. The 
p r e d i c t i o n  nea r  the rea t tachment  p o i n t  r e q u i r e s  t h e  development of  a bet ter  
model of t h e  sepa ra t ed  flow. 

CONCLUDING REMARKS 

An i n v e s t i g a t i o n  has been conducted i n  the  Langley 16-foot t r a n s o n i c  tun­
n e l  a t  an ang le  o f  attack o f  Oo and free-stream Mach numbers from 0.40 t o  0.95 
t o  s tudy  t h e  phenomenon of  s epa ra t ed  flow on a ser ies  of  c i r c u l a r - a r c  after-
bodies .  Both h igh-pressure  a i r  and s o l i d  c i r c u l a r  c y l i n d e r s  wi th  the  c y l i n d e r  
diameter equa l  t o  the  nozz le-ex i t  diameter were used t o  s imula t e  je t  exhaus t s .  
The r e s u l t s  i n d i c a t e d  f i v e  primary concluding remarks: 

1 .  The s e p a r a t i o n  l o c a t i o n  moved forward w i t h  i n c r e a s i n g  l o n g i t u d i n a l  
c u r v a t u r e  . 

2 .  The s e p a r a t i o n  l o c a t i o n  moved forward w i t h  i n c r e a s i n g  free-stream Mach 
number. A t  t r a n s o n i c  speeds ,  shock-induced s e p a r a t i o n  probably occur red ,  
caus ing  t h e  s e p a r a t i o n  l o c a t i o n  t o  move forward t o  t h e  v i c i n i t y  o f  t h e  shock 
l o c a t i o n .  

3 .  The s e p a r a t i o n  l o c a t i o n  moved l i t t l e  over  t h e  range o f  j e t  t o t a l -
p r e s s u r e  r a t i o  from j e t - o f f  up t o  9 ;  however, there was a s i g n i f i c a n t  va r i ance  
a t  subsonic  Mach numbers wi th  the so l id - s imula to r  data because o f  en t ra inment .  

4 .  I n  g e n e r a l ,  none of  t he  c r i te r ia  eva lua ted  produced a c c u r a t e  pred ic­
t i o n s .  When t h e  p r e d i c t i o n s  were c u r v e - f i t t e d  w i t h  exper imenta l  da ta ,  however, 
r e s u l t s  were much bet ter .  Combining t h i s  c u r v e - f i t t i n g  technique  w i t h  t h e  
Reshotko-Tucker c r i t e r i o n  gave t h e  best p r e d i c t i o n s .  

5 .  P red ic t ed  p r e s s u r e - c o e f f i c i e n t  d i s t r i b u t i o n s  were much improved when 
t h e  c u r v e - f i t t i n g  technique  was used t o  p r e d i c t  t h e  s e p a r a t i o n  l o c a t i o n .  How­
e v e r ,  much bet ter  agreement w i t h  exper imenta l  data should be p o s s i b l e  w i t h  the  
development of an improved separated-f low model. 

Langley Research Center  

Nat iona l  Aeronaut ics  and Space Adminis t ra t ion  

Hampton, VA 23665 

June 22,  1978 
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TABLE I.- MINIMUM STATIC PRESSURES AND LOCATIONS 


Experimental  I n v i s c i d  
M, 

xo/dm 
I 

xo/dm 1 cP,o 

-

0.40 0.1776 -0.313 0.1752 -0.345 

.60 
.70 
.75 

.I749 - .347 

.I717 -.374 

.I776 -.394 

.I773 -.393 


.I789 - .436 


.I799 - .470 

.80 .I742 - .423 .I813 -.517 

.85 .I606 -.514 .1827 -.578 

.90 .I601 -.614 .1844 - .678 

.92 -1613 - .584 -1851 - .739 

.94 .I675 - .547 .I858 - .828 


- ~ 

0.60 0.2020 -0.271 0.2126 -0.299 

.70 .2003 -.294 .214l - .328 

.75 .2003 -.310 .2151 -.351 

.80 .I978 - * 334 ,2161 -.381 

.85 - 1947 - -372 .2172 - .423 

.90 .2157 -.484 .2182 -.492 

.92 .2615 - .489 .2184 - -527 

.94 -2909 -.496 ,2184 - .584 


0 .TO 0.2276 -0.257 0.2208 -0.268 

.75 .2230 - .272 .2218 - .286 

.80 .2218 - .292 .2229 - 309 

.85 .2197 - .322 .2242 - .342 

90 

.92 

.94 

.2230 

.2994 

.3520 

-.435 
-.441 - .420 

.2253 

.2256 

.2256 

-.395
- .425 
-.470 


0 .go 0.2396 -0.296 0.2335 -0.296 

.92 .2314 - .355 .2340 -.319 

.94 .3567 -.391 .2342 -.351 
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Low pressure plenum 
reens with 0.635 mesh of 0.0635 

High pressure plenum ire and support vanes 

nnel 
%­

5-percent-thickness ratio parallel 
to model center line 
50.60-cm chord at model 
center line 

Figure 1.- Air-powered cone-cylinder model wi th  t y p i c a l  c i r cu la r - a rc  convergent 
nozzle i n s t a l l e d .  All dimensions are i n  cent imeters  un less  otherwise noted. 





Sta. 0 Sto. 52.07 
I Sla. 111.76 Sto. 121.92 

Figure  3.- Cone-cylinder n a c e l l e  model showing i n t e r n a l  sting arrangement 
for  support  of  s imula to r s .  



Figure  4 .- Nacelle model w i th  t y p i c a l  c i r c u l a r - a r c  a f t e r b o d y  and ds/de = 1 .OO s i m u l a t o r  
a t t a c h e d ,  i n s t a l l e d  i n  Langley 16-foot t r a n s o n i c  t u n n e l .  



nnel 
G-- T 

55.88 cm 

I 
39.93 m 1 ! 

A, cm2 
'ion 8­

/ 

-

0 20 40 60 80 100 120 140 160 180 200 220 240 260 
X, cm 

Figure 5.- Model and support system with corresponding 

cross-sectional area distributions. 
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- -  
- -  

-- 

14.814 7.437 

Sta. 106.68 Sta. 111.76 Sta. 121.92 Ix.01 

Sta. 105.41 

I I 
Total - temperalure probe ~­

,318 * 
12.863 5 ­

dm' 15.24I ' &-
Total -pressure rakeI 5.47 1 < 1 110.152 0. d. lubes1 

6.091 I 4.524 I I I 
I I --Iw I R I II ' +BL 


Internal mrdinates 
I. 

r for configuration - r for configuration -
I 

"I l a n d 2  3 4 5 ~ 6 . 7 . a n d 8  " i / l a n d 2  3 4 5 '6.7.and8 

0 3.810 3.810 4.572 4.572 5.334 4.31814.696 4.696 5.458 5.052 5.618 
,254 3.813 3.813 4.575 4.575 5.337 4.445 4.755 4.755 5.517 - ­
,548 3.820 3.820 4.582 4.571 5.339 4.572 4.816 4.816 5.578 5.123 5.659 
,762 3.835 3.835 4.597 4.585 5.342 4 . 6 ~4 . m  4.882 5.644 - 1  ­

1.016 3.8% 3.8% 4.618 4.595 5.349 4.826 4.948 4.948 5.710 5.202 5.705-1.270 3.881 3.881 4.643 4.953 5.019 5.019 5.781 5.245 

1.524 3.912 3.912 4.674 5.080 5.M 5.0% 5.852 5.291 5.758 

1.778 3.954 3.954 4.712 5.207 5.169 5.169 5.931 5.339 5.786 Geometric parameters 

2.032 3.993 3. 993 4.755 5.3341 5.248 5.248 6,010 5.392 5.819 

2.286 4.041 4.041 4.803 85.4611 5.334 5.334 6.0% 5.448 5.852 Configuration -­
2.540 4.w7 4.w7 4.859 5.420 6.144 5.512 5.888 

2.794 d.161 4.161 4.923 5.715 5.514 5.514 6.195 5.578 5.928 0.W 0.W 0.51 I.Q9 0.m 0.533 34.054 17.m7 

3.048 5.842 5.611 5.611 6.238 5.654 5.972 1.W .5W .51 2.163 .W ,533 27.533 13.766 

3.302 4.836 5.489 5.969 5.715 5.715 6.279'5.738 6.022 1.768 .5w .51 6.500 .5w ,458 15.781 7.891 

3.5% 4.882 5.517 6.096, 5.822 5.822 6.314'5.839 6.081 1.W .MxI .61 2.662 .5w . 4 2  22.068 11.034 

3.810 4.933 5.547 - 6.342 '5.961 6.154 1.500 .6w .61 5.857 ,592 ,536 

3.937 6.259 1.W .7W ' 71 3.521 16.547 8.250 

4.064 4.991 5.580 6.431 6.431 1.W 7W 71 7.831 11.043 5.521 

4.191 4.641 I 4.641 I 5.403 I - 8 2.W 1 :7W I 171 13. E46 8.293 1 4.147
-

Figure 6.- Detailed s k e t c h  o f  t y p i c a l  configurat ion and tables o f  geometric 
parameters and i n t e r n a l  coordinates .  All dimensions are i n  cent imeters  
un le s s  otherwise noted. 
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F igure  7.- Range o f  free-stream cond i t ions  encountered dur ing  t h i s  i n v e s t i g a t i o n .  



Two-cell 
separated region 

IJet plum boundary 

Je t  exhaust prof i 1e 

(a)Two-cell vor tex  model. 

F igure  8.- Example of two-cell  vor tex  sepa ra t ion .  



M,=0.40 

M, = 0.60 

M, = 0.79 

M, = 0.90 

M, = 0.94 

L-78-109 

Figure  	9.- Oil-flow photographs showing effect o f  Mach number on 

s e p a r a t i o n  l o c a t i o n .  2/dm = 0.80; de/dm = 0.50. 



Set off 

p ./pm = 2.03t, I 

Pt, j/P, = 2.99 

p
tl I

./p-=4.04 

F i g u r e  10.- Oil-f low photographs showing effect o f  j e t  t o t a l - p r e s s u r e  
r a t i o  on s e p a r a t i o n  l o c a t i o n .  M, = 0.90; Z/dm = 1.00; 
d,/dm = 0.50. 
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Figure  11.- S e p a r a t i o n  l o c a t i o n s  f o r  c o n f i g u r a t i o n s  u s i n g  a s o l i d  
c i r c u l a r  c y l i n d e r  t o  s i m u l a t e  j e t  exhaus t s .  
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(a )  Configuration 1 (2/dm 0.80; de/dm = 0.50)-

Figure 12.- Separat ion loca t ions  f o r  conf igura t ions  using high-pressure 
a i r  t o  s imulate  jet exhausts .  
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( b )  Configurat ion 2 (I/dm = 1.00; de/dm 0.50).  
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Figure  14.- Continued. 
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Figure  14.- Concluded. 
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Figure 17.- Predicted separation locations based on theoretical inviscid 
pressure distributions as function of solid-simulator separation data. 
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F i g u r e  18.- Comparison of so l id - s imula to r  s e p a r a t i o n  data and p r e d i c t e d  
s e p a r a t i o n  l o c a t i o n s  made by app ly ing  l e a s t - s q u a r e s  curve f i t  t o  
Reshotko-Tucker c r i t e r i o n .  
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