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. D e t a i l e d  Near-Wake F lowf ie ld  Surveys wi th  Comparison t o  a n  

E u l e r  Method of  an Aspect R a t i o  4 Rec tangu la r  Wing 

ABSTRACT 

An e x p e r i m e n t a l  i n v e s t i g a t i o n  of t h e  f l o w f i e l d  i n  t h e  near-wake of a n  

a s p e c t  r a t i o  4 r e c t a n g u l a r  wing was conducted. T h i s  i n v e s t i g a t i o n  p r o v i d e s  a 

complete  d e t a i l e d  set  of d a t a  fo r  u s e  i n  t h e  v a l i d a t i o n  of computa t iona l  

methods. 

3 . 9 1 ~ 1 0 ~  , were i n v e s t i g a t e d  u s i n g  p i t o t  and s i x - h o l e  probes.  

two t y p e s  of f l o w  v i s u a l i z a t i o n  were employed. The d a t a  p r e s e n t e d  i n c l u d e s  

c o n t o u r s  of t o t a l  p r e s s u r e ,  mean v e l o c i t y ,  f l o w  a n g u l a r i t y ,  and v o r t i c i t y  

d i s t r i b u t i o n  d a t a  a t  f i v e  chordwise s t a t i o n s  of t h e  near-wake r ang ing  from 

0.167 t o  5.00 chord l e n g t h s  a f t  of t h e  t r a i l i n g  edge. The e x p e r i m e n t a l  

r e s u l t s  were compared t o  t h e  p r e d i c t e d  r e s u l t s  of a 2-D E u l e r  numer i ca l  

m e t  hod. 

An a n g l e  of a t t a c k  of , B o  and two Reynolds numbers , 5 . 3 0 ~ 1 0 5  and 

I n  a d d i t i o n ,  

The r e s u l t s  p r e d i c t e d  by an E u l e r  method f a i l e d  t o  a c c u r a t e l y  d e f i n e  t h e  

f l o w f i e l d  i n  t h e  r e g i o n  s t u d i e d  i n  t h i s  i n v e s t i g a t i o n .  T a n g e n t i a l  v e l o c i t i e s  

remained r e l a t i v e l y  c o n s t a n t  ove r  the range of X / C  c o n s i d e r e d  though i n c r e a s e s  

i n  a n g l e  of a t t a c k  and Reynolds number d i d  b r i n g  about  c o r r e s p o n d i n g  

i n c r e a s e s .  Axial  v e l o c i t i e s  a l s o  i n c r e a s e d  wi th  a n g l e  of a t t a c k  and Reynolds 

number but showed g r e a t e r  s e n s i t i v i t y  t o  i n c r e a s e s  i n  X/C. Graphic  d i s p l a y s  

and c o n t o u r s  of t h e  t o t a l  p r e s s u r e  d a t a  i n d i c a t e  t h a t  r o l l - u p  of t h e  wing t i p  

v o r t e x  i s  e s s e n t i a l l y  complete  one and one h a l f  chords  downstream of t h e  

t r a i l i n g  edge. 
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INTRODUCTION 

The advent  of large t r a n s p o r t  a i r c r a f t  i n  t h e  l a t e  1960's and e a r l y  

1970's i n t r o d u c e d  a s a f e t y  r i s k  known as t h e  wake v o r t e x  hazard.  T h i s  haza rd  

h a s  l e d  t o  F e d e r a l  A v i a t i o n  A d m i n i s t r a t i o n  (FAA) r e g u l a t i o n s  r e q u i r i n g  up t o  

s i x  n a u t i c a l  miles s e p a r a t i o n  d i s t a n c e  between l a n d i n g  a i r c r a f t  which s i g n i f  i- 

c a n t l y  reduces a i r p o r t  o p e r a t i n g  capacities and imposes c o s t l y  d e l a y s  a f f e c t -  

i n g  b o t h  a i r l i n e s  and t h e  g e n e r a l  pub1ic.l  

e l i m i n a t e ,  t h i s  r i s k  t o  s a f e t y  and i t s  subsequen t  e f f e c t  on a i r  t e r m i n a l  

e f f i c i e n c y ,  a complete  unde r s t and ing  of t h e  complex dynamics of t h e  wake flow- 

f i e l d  i s  necessa ry .  A n a l y s i s  of the near-wake i s  an i n h e r e n t  f i r s t  s t e p  

towards  t h i s  u n d e r s t a n d i n g .  For a more d e t a i l e d  r ev iew,  a n  e x c e l l e n t  account  

i s  p r e s e n t e d  by Donaldson and Bilanin.2 

I n  o r d e r  t o  r e d u c e ,  i f  not 

The f o c u s  of t h i s  r e s e a r c h  i s  on t h e  near-wake o r  r o l l - u p  r eg ion .  Com- 

p u t a t i o n a l  methods are p r o g r e s s i n g  toward t h e  p r e d i c t i o n  of t h e  i n i t i a l  r o l l -  

up i n  t h e  near-wake r eg ion .  References 3 t h rough  6 o f f e r  examples of t h e  

t e c h n i q u e s  employed t o  n u m e r i c a l l y  c a l c u l a t e  v o r t e x  wakes. The methods 

t y p i c a l l y  i n v o l v e  t h e  s o l u t i o n  of the E u l e r  o r  Navier-Stokes e q u a t i o n s  u s i n g  

v a r i o u s  a s sumpt ions  conce rn ing  the phys ic s  of t h e  f l o w f i e l d  t o  make t h e  s o l u -  

t i o n  more t r a c t a b l e .  Computat ional  methods r e q u i r e  a l a r g e  number of g r i d  

p o i n t s  t o  a d e q u a t e l y  model t h e  f l o w  whi l e  p roduc ing  large q u a n t i t i e s  of i n f o r -  

mation. Consequen t ly ,  t h e s e  methods a l s o  r e q u i r e  great amounts of e x p e r i -  

men ta l  d a t a  with h i g h  r e s o l u t i o n  t o  compare w i t h  t h e  p r e d i c t e d  r e s u l t s  and 

v a l i d a t e  any a s sumpt ions  employed i n  t h e  method. 

There are few sets of data f u r n i s h i n g  d e t a i l e d  i n f o r m a t i o n  i n  t h e  nea r -  

wake r e g i o n  of a s i m p l e  wing geometry. Examples of t h e s e  are r e p o r t e d  i n  

r e f e r e n c e s  6 t h rough  10. T h i s  i n v e s t i g a t i o n  p r o v i d e s  one complete  d e t a i l e d  

se t  of d a t a  f o r  u s e  i n  t h e  v a l i d a t i o n  of computa t iona l  methods. The d a t a  
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p r e s e n t e d .  i n c l u d e s  c o n t o u r s  of t o t a l  p r e s s u r e  d e f i c i t  , t o t a l  p r e s s u r e ,  mean 

v e l o c i t y ,  and v o r t i c i t y  d i s t r i b u t i o n  d a t a  a t  f i v e  chordwise s t a t i o n s  of t h e  

near-wake i n  p l a n e s  normal t o  t h e  f r e e s t r e a m .  The e x p e r i m e n t a l  r e s u l t s  are 

compared t o  t h e  r e s u l t s  p r e d i c t e d  by the E u l e r  scheme d e s c r i b e d  i n  r e f e r e n c e  

5. 

The model u sed  f o r  t h e  s t u d y  was a r e c t a n g u l a r  wing a s p e c t  r a t i o  of f o u r  

w i t h  a n  NACA 0012 wing s e c t i o n  wi th  s q u a r e  t i p s .  The span  and chord were 24 

and 6 i n c h e s  r e s p e c t i v e l y .  The wing w a s  t e s t e d  a t  c o n s t a n t  v e l o c i t i e s  of 

166.6 f t / s e c  and 123.1 f t / s e c ,  co r re spond ing  t o  Reynolds numbers of 5 . 3 0 ~ 1 0 5  

and 3 . 9 1 ~ 1 0 5  r e s p e c t i v e l y  a t  8" angle  of a t t a c k .  

of ax ia l  d i s t a n c e  up t o  5 chord l e n g t h s  downstream of t h e  model 's  t r a i l i n g  

e d g e ,  as w e l l  as t h e  v a r i a t i o n  of Reynolds number were i n v e s t i g a t e d .  

The e f f e c t s  of t h e  v a r i a t i o n  

TEST FACILITY 

The NACA 0012 wing w a s  t e s t e d  i n  t h e  NASA-Langley Basic Aerodynamics 

Research Tunnel (BART). T h i s  f a c i l i t y ,  is  an open r e t u r n  wind t u n n e l  w i th  a 

tes t  s e c t i o n  28 i n c h e s  h i g h ,  40 i nches  wide,  and 10 f e e t  long.  

tes t  s e c t i o n  v e l o c i t y  is 220 f t / s e c  which y i e l d s  a Reynolds number p e r  f o o t  of 

1.4 m i l l i o n .  The a i r f l o w  e n t e r i n g  t h e  t e s t  s e c t i o n  i s  c o n d i t i o n e d  by a 

honeycomb, 4 a n t i - t u r b u l e n c e  screens, and a n  11 :1 c o n t r a c t i o n  r a t i o .  These 

f l o w  m a n i p u l a t o r s ,  coupled wi th  an e x c e l l e n t  speed c o n t r o l l e r ,  p r o v i d e  a 

low- tu rbu lence ,  uniform f l o w  i n  t h e  t e s t  s e c t i o n .  The l o n g i t u d i n a l  component 

of t u r b u l e n c e  i n t e n s i t y  was less than 0.08% o v e r  t h e  e n t i r e  range of t u n n e l  

speeds .  

The maximum 

The BART Data A c q u i s i t i o n  and C o n t r o l  System (DACS) c o n s i s t s  of a H e w l e t t -  

Packard 9836 d e s k t o p  computer system which mon i to r s  and c o n t r o l s  a l l  t e s t  

i n s t r u m e n t a t i o n .  Data a c q u i s i t i o n  s o f t w a r e  a l l o w s  e n t i r e l y  automated s u r v e y s  
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of t h e  f l o w f i e l d s  behind models of a r b i t r a r y  g e o m e t r i c a l  shape .  Color  

d i s p l a y s  of t h e  surveyed  d a t a  are produced by t h e  DACS t o  a l l o w  real-time 

i n t e r p r e t a t i o n  of t h e  f l o w f i e l d .  

EXPERIMENTAL TECHNIQUE 

Two f l o w  v i s u a l i z a t i o n  t e c h n i q u e s ,  i n  a d d i t i o n  t o  p i t o t  p r e s s u r e  and six- 

h o l e  p r e s s u r e  probe  measurements ,  were employed i n  t h i s  s t u d y  t o  p rov ide  

redundant  d a t a  of s p e c i f i c  p h y s i c a l  a s p e c t s  of t h e  near-wake reg ion .  

Flow V i s u a l i z a t i o n :  

The f i r s t  t e c h n i q u e ,  an o i l - type  f l o w  v i s u a l i z a t i o n  u s i n g  t i t a n i u m  

d i o x i d e  suspended i n  k e r o s e n e ,  w a s  employed t o  de t e rmine  t h e  e x i s t e n c e  of any 

r e g i o n s  of s e p a r a t e d  flow. The second t echn ique  invo lved  u s i n g  a laser l i g h t  

s h e e t  t o  de t e rmine  whether  t h e  wing t i p  v o r t i c e s  shed from t h e  model were i n  

any way e f f e c t e d  by t h e  p re sence  of t h e  p i t o t  o r  s ix -ho le  p r e s s u r e  probes.  

R e s u l t s  f rom 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  t h e  p robes  i n f l i c t e d  no s i g n i f -  

i c a n t  d i s t u r b a n c e s  on t h e  v o r t e x  f l o w f i e l d .  

T o t a l  P r e s s u r e  Surveys :  

Two-dimensional p i t o t  p r e s s u r e  s u r v e y s  were made i n  p l a n e s  normal t o  t h e  

f r e e s t r e a m  d i r e c t i o n  a t  f i v e  l o n g i t u d i n a l  s t a t i o n s  wi th  X/C = 1.167, 1.500, 

2.000, 2.500, and 6.000, with  respec t  t o  t h e  l e a d i n g  edge of t h e  model. The 

s u r v e y s  were o b t a i n e d  a ha l f - span  at  a time due t o  t h e  l i m i t a t i o n s  of t h e  

t r a v e r s i n g  mechanism. A boundary l a y e r  p i t o t  t u b e  was used i n  t h i s  i n v e s t i -  

g a t i o n  t o  o b t a i n  t h e  t o t a l  p r e s s u r e s  i n  t h e  near-wake. The t i p  of t h e  probe 

was roughly e l l i p t i c a l  wi th  a h o r i z o n t a l  width of 0.024 i n c h  and a v e r t i c a l  

h e i g h t  of 0.013 inch.  The w a l l  t h i c k n e s s  of t h e  probe w a s  app rox ima te ly  0.005 

inch .  The probe  was always a l i g n e d  t o  t h e  f r e e s t r e a m .  
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A t y p i c a l  f l o w f i e l d  survey c o n s i s t e d  of approx ima te ly  33 p o i n t s  

h o r i z o n t a l l y  by 17 p o i n t s  v e r t i c a l l y  w i t h  a g r i d  p o i n t  s p a c i n g  of 0.50 inches .  

The d a t a  a c q u i s i t i o n  s o f t w a r e  a l s o  a l lowed  f o r  t h e  r e s e a r c h e r  t o  s p e c i f y  an 

"embedded" s u r v e y  g r i d  i n  the survey j u s t  t aken .  In t h i s  i n v e s t i g a t i o n ,  t h e  

embedded g r i d  o p t i o n  was used f o r  more d e t a i l e d  t o t a l  p r e s s u r e  s u r v e y s  of t h e  

wing t i p  v o r t i c e s .  , These g r i d s  u s u a l l y  c o n t a i n e d  3500 d a t a  p o i n t s  w i th  a g r i d  

p o i n t  s p a c i n g  of 0.05 inches .  

The p i t o t  p r e s s u r e  w a s  measured u s i n g  a n  elect  ron ic - scann ing  p r e s s u r e  

s y s t e m  equipped wi th  a 1 p s i d  t r ansduce r .  The t r a n s d u c e r  w a s  a c c u r a t e  t o  

+0.001 ps id .  T h i s  accu racy  was t empera tu re  dependent (+0.0005 p s i d / F ) ;  t h e r e -  

f o r e ,  t h e  d a t a  sys t em c o n t i n u o u s l y  monitored t h e  upstream a i r  t e m p e r a t u r e  and 

a u t o m a t i c a l l y  performed r e c a l i b r a t i o n  when t h e  t e m p e r a t u r e  changed 2F. A f t e r  

s t e p p i n g  t o  each  measurement l o c a t i o n  and p a u s i n g  0.5 s e c o n d s ,  t h e  p i t o t  

p r e s s u r e  was de te rmined  by ave rag ing  255 samples  over  a one second pe r iod .  

The t r a n s d u c e r  was r e f e r e n c e d  t o  t h e  t o t a l  p r e s s u r e  j u s t  downstream of t h e  

l as t  a n t i - t u r b u l e n c e  sc reen .  Hence, t h e  r e a d i n g s  p r o v i d e  a measurement of the 

t o t a l  p r e s s u r e  d e f i c i t  found i n  the  near-wake f l o w f i e l d .  T h i s  d e f i c i t  w i l l  be 

l a r g e  i n  t h e  c o r e s  of t h e  wing t i p  v o r t i c e s  and n e a r  z e r o  i n  t h e  f r e e s t r e a m .  

R e a l - t i m e  c o l o r  d i s p l a y s  of t h e  f l o w f i e l d  d a t a  ensu red  t h e  absence of l e a d l l a g  

e r r o r s  induced by t h e  movement of  the probe th rough  t h e  f l o w  i n  a d d i t i o n  t o  

e r r o r s  r e s u l t i n g  from jams i n  the t r a v e r s i n g  mechanism. 

Six-Hole Probe Surveys:  

Two-dimensional s ix -ho le  probe s u r v e y s  were made a t  the same f i v e  

l o n g i t u d i n a l  s t a t i o n s  mentioned p rev ious ly .  These s u r v e y s  p rov ided  t h e  t h r e e  

components of mean v e l o c i t y ,  f l ow a n g u l a r i t y ,  and t h e  v o r t i c i t y  d i s t r i b u t i o n s  

of  t h e  f l o w f i e l d .  The probe was 0.125 i n c h  i n  d i a m e t e r  w i t h  a t o t a l  p r e s s u r e  

p o r t  l o c a t e d  a t  t h e  foremost  p o i n t  of a h e m i s p h e r i c a l  t i p  and a r i n g  of s i x  
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i n t e r c o n n e c t e d  s t a t i c  p r e s s u r e  ports l o c a t e d  1.25 i n c h e s  a f t  of t h e  t i p .  I n  

o r d e r  t o  measure t h e  mean v e l o c i t i e s  and the f l o w  a n g u l a r i t y ,  f o u r  a d d i t i o n a l  

p r e s s u r e  p o r t s  are l o c a t e d  approximately 45" t o  t h e  t o t a l  p o r t  i n  d i r e c t i o n s  

of  p i t c h  and yawl2. 

and c a l i b r a t i o n  of t h e  s i x - h o l e  probe. 

Re fe rence  14 provides  a d e t a i l e d  r ev iew of t h e  mechanics 

I n  o r d e r  t o  e n s u r e  t h e  g r e a t e s t  p o s s i b l e  a c c u r a c y ,  t h e  p robe  w a s  mounted 

and a l i g n e d  on t h e  t r a v e r s i n g  s t r u t  u s i n g  a ca tho tomete r ;  a t e l e s c o p e  wi th  

p e r p e n d i c u l a r  c r o s s - h a i r s  which could be r o t a t e d  t o  examine r o l l  a n g l e ,  

a c c u r a t e  t o  2 3  minutes .  I n  t h i s  w a y ,  t h e  probe p i t c h  and yaw p o r t s  were 

w i t h i n  0.05" of v e r t i c a l  and h o r i z o n t a l  r e s p e c t i v e l y .  Six-hole  probe s u r v e y s  

c o n t a i n e d  3402 p o i n t s  i n  a n  81 point  by 42 p o i n t  g r i d  u s i n g  a g r i d  s p a c i n g  of 

0.20 inches .  Embedded s u r v e y s  were no t  employed u s i n g  t h e  s i x - h o l e  probe. 

The s ix -ho le  probe p r e s s u r e s  were measured u s i n g  t h e  same elect ron ic - scann ing  

system p r e v i o u s l y  mentioned. 

A t  t h e  c o n c l u s i o n  of each s ix -ho le  probe s u r v e y ,  two f r e e s t r e a m  p o i n t s  

were a c q u i r e d  so t h a t  t h e  probe alignment e r r o r  f o r  each su rvey  cou ld  be 

determined.  Reference 14 o f f e r s  a review of t h e  p rocedure  r e q u i r e d  t o  ca l cu -  

l a t e  t h e  probe al ignment  e r r o r .  Using s e l e c t e d  sets of c a l i b r a t i o n  d a t a  run 

th rough  t h e  d a t a  r e d u c t i o n  p r o c e s s ,  t h e  a c c u r a c y  of t h e  probe was de te rmined  

t o  be k1.0" i n  b e t a  and 22.0" i n  alpha. 

RESULTS AND DISCUSSION 

The r e s u l t s  o b t a i n e d  from the e x p e r i m e n t a l  d a t a  w i l l  be d i s c u s s e d  f i r s t  

fo l lowed  by d i s c u s s i o n  conce rn ing  t h e  comparison of t h i s  d a t a  t o  t h e  E u l e r  

method of Mitcheltree,  et a l .  ( r e f .  5). A comprehensive set of d a t a  i s  

p r e s e n t e d  f o r  a n  a n g l e  of a t t a c k  of 8". 
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F l o w - V i s u a l i z a t i o n  

A s  a l r e a d y  men t ioned ,  two f low v i s u a l i z a t i o n  methods were employed; t h e  

f i r s t ,  a s u r f a c e  f l o w  t e c h n i q u e ,  and t h e  s e c o n d ,  a laser l i g h t  s h e e t .  The 

i m p o r t a n t  c o n c l u s i o n s  r eached  from these i n v e s t i g a t i o n s  were tha t  a t  a n  a n g l e  

o f  a t t a c k  of 8' t h e  f l o w  was  e s s e n t i a l l y  f u l l y  a t t a c h e d  t o  t h e  wing and t h a t  

t h e  p r e s e n c e  of t h e  p robes  i n f l i c t e d  no s i g n i f i c a n t '  d i s t u r b a n c e s  on the 

p h y s i c a l  n a t u r e  of t h e  wake. 

T o t a l  P r e s s u r e  Surveys:  

It shou ld  be  no ted  t h a t  whenever a probe i s  i n t r o d u c e d  i n t o  a complex 

f l o w f i e l d ,  not  on ly  are t h e  p robe ' s  measuring c h a r a c t e r i s t i c s  i m p o r t a n t ,  but  

t h e  e f f e c t  of t h e  probe on t h e  f l o w f i e l d  i s  e q u a l l y  i m p o r t a n t  and must be 

c o n s i d e r e d .  Through t h e  laser l i g h t  s h e e t  f l o w  v i s u a l i z a t i o n  i t  was d e t e r -  

mined t h a t  t h e  p r e s e n c e  of t h e  probe d i d  not c a u s e  any p e r c e p t i b l e  d i s t u r b a n c e  

t o  t h e  v o r t e x  system. The p i t o t  probe used i n  t h i s  i n v e s t i g a t i o n  was chosen 

f o r  i t s  s i z e  which a l lowed  f o r  an extremely f i n e  g r i d  p a t t e r n  as w e l l  as 

o f f e r i n g  as l i t t l e  p o t e n t i a l  d i s t u r b a n c e  t o  t h e  f l o w f i e l d  as p o s s i b l e .  From 

the b e g i n n i n g  of t h e  s t u d y ,  i t  w a s  unde r s tood  t h a t  the probe would b e  i n c a p a b l e  

of  measuring t h e  t r u e  t o t a l  p r e s s u r e  a t  a l l  l o c a t i o n s  of t h e  f i e l d  s i n c e  i t  

would be a l i g n e d  t o  t h e  f r e e s t r e a m .  Measurements of t h e  t o t a l  p r e s s u r e  as 

s e n s e d  by t h e  probe v e r s u s  yaw angle  i n d i c a t e  t h a t  t h e  probe i s  i n s e n s i t i v e  t o  

yaw o v e r  a t7" r e g i o n  w i t h  i t s  performance f a l l i n g  o f f  s h a r p l y  o u t s i d e  t h i s  

range. The probe had t h e  same s e n s i t i v i t y  i n  p i t c h  as i t  d i d  i n  yaw. 

F i g u r e s  1 through 5 p r e s e n t  p r e s s u r e  c o n t o u r s  a c q u i r e d  from t h e  t o t a l  

p r e s s u r e  measurements a t  t h e  f i v e  downstream X/C l o c a t i o n s  a t  8 O .  T h i s  series 

of p l o t s  show t h e  development of the wing t i p  v o r t e x  as i t  t r a v e l s  downstream 

i n  t h e  r e g i o n  1 / 6 t h  s p a n  t o  either s i d e  of t h e  wing t i p .  The l o c a t i o n  of t h e  

wing t i p  i s  r e p r e s e n t e d  by (+) i n  t h e  f i g u r e s .  V e r y  c l o s e  t o  t h e  wing 's  
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t r a i l i n g  e d g e ,  t h e  a c t u a l  c o r e  of t h e  v o r t e x  is  s t i l l  i n  i t s  developmental  

stages as t h e  p o c k e t s  of h i g h  p r e s s u r e  d e f i c i t  s u r r o u n d i n g  a r e g i o n  of low 

d e f i c i t  i n d i c a t e  i n  f i g u r e  1. Fur the rmore ,  t h i s  f i g u r e  shows t h e  h i g h  

p r e s s u r e  g r a d i e n t s  t h a t  exist i n  t h e  c o r e  c l o s e  t o  t h e  wing. The r e g i o n  of 

low d e f i c i t  l o c a t e d  s l i g h t l y  l e f t  of c e n t e r  i n  the c o r e  h a s  measured t o t a l  

p r e s s u r e s  very n e a r  t o  t h a t  of the freestream. T h i s  s u g g e s t s  t h a t ,  d u r i n g  t h e  

i n i t i a l  s t a g e s  of t h e  r o l l - u p  p r o c e s s ,  p o r t i o n s  of t h e  f reestream become 

e n t r a i n e d  t o  t h e  wing t i p  v o r t e x  and are t r a p p e d  i n s i d e  t h e  deve lop ing  core.  

It is  i n t e r e s t i n g  t h a t  t h i s  phenomenon was not  v i s i b l e  i n  t h e  smoke p a t t e r n s  

of t h e  laser l i g h t  s h e e t .  A s  t h e  cor2 m a t u r e s ,  t h e  pocke t s  of h igh  energy 

conglomerate  and consume t h e  low energy r e g i o n  as shown i n  f i g u r e  2 through 

5 .  In a d d i t i o n ,  t h e s e  f i g u r e s  show that t h e  p r e s s u r e  g r a d i e n t s  d i m i n i s h  as 

X/C i n c r e a s e s  downstream. 

T y p i c a l  Lexi-data  c o l o r  g r a p h i c  d i s p l a y s  of t h e  8" case,  shown h e r e  i n  

b l a c k  and w h i t e ,  are p r e s e n t e d  i n  f i g u r e s  6 and 7. The t o t a l  p r e s s u r e  d a t a  

was d i v i d e d  i n t o  twenty bands of c o l o r  and s c a l e d  t o  enhance t h e  r e g i o n s  of 

h i g h e r  p r e s s u r e  d e f i c i t  . T h i s  r e p r e s e n t a t i o n  of t h e  p r e s s u r e  l o s s e s  c l e a r l y  

v i s u a l i z e s  t h e  s t r u c t u r e  of t h e  v o r t e x  c o r e  and conf i rms  t h e  p r e s e n c e  of low 

d e f i c i t  r e g i o n s  t r a p p e d  w i t h i n  t h e  core .  

The t o t a l  p r e s s u r e  d e f i c i t  d a t a  w a s  a l s o  employed t o  h e l p  v i s u a l i z e  t h e  

a x i a l  component of t h e  v o r t e x  s t r u c t u r e .  F i g u r e s  8 th rough  12 are p l o t s  of 

t h e  t o t a l  p r e s s u r e  d e f i c i t  v e r s u s  Z/b t a k e n  th rough  t h e  p o i n t  of maximum 

d e f i c i t .  F i g u r e  8 a g a i n  shows evidence of an undeveloped co re .  I n s t e a d  of a 

s i n g l e  n e a r l y  s y m m e t r i c  p e a k ,  t h e r e  e x i s t s  two r e g i o n s  of a lmost  e q u a l  

s t r e n g t h .  T h i s  is c o n s i s t e n t  with t h e  f a c t  t h a t  d i s c r e t e  p o c k e t s  of h igh  and 

low p r e s s u r e  d e f i c i t  are p r e s e n t  i n  t h e  co re .  The sudden d rop  i n  d e f i c i t  

co r re sponds  t o  t h e  low energy region i n d i c a t e d  by f i g u r e  1. The maximum 
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d e f i c i t  a t  t h i s  f i r s t  X/C s t a t i o n  i s  -1.00 with a secondary peak a t  -0.87. 

Downstream, t h e  c o r e  deve lops  i n t o  a n e a r l y  ax i symmet r i c  j e t  with a peak 

d e f i c i t  of o n l y  -0.85 as shown i n  f i g u r e  12. The small  d i p  i n  t h e  d e f i c i t  

v a l u e s  s e e n  below t h e  c o r e  i s  t h e  i n f l u e n c e  of t h e  s h e e t  of v o r t i c i t y  shed 

from the wing s t i l l  wrapping up i n t o  the t i p  v o r t e x .  F i v e  chords  a f t  of t h e  

t r a i l i n g  e d g e ,  i t s  i n f l u e n c e  i s  ba re ly  v i s i b l e .  

Six-Hole Probe Surveys : 

The s i x - h o l e  probe o r  yaw-pitch p robe  was used t o  a c q u i r e  f l o w  a n g u l a r i t y  

and t h e  mean v e l o c i t i e s  u ,  v ,  and w. 

t h e  p l a n e  normal t o  t h e  f r e e s t r e a m  was o b t a i n e d  employing t h e  d e f i n i t i o n  

From t h e  mean v e l o c i t i e s ,  v o r t i c i t y  i n  

dw d v  C = d y - z  

and a second o r d e r  a c c u r a t e  c e n t r a l  d i f f e r e n c i n g  numer i ca l  scheme. V o r t i c i t y  

c o n t o u r s  were a c q u i r e d  i n  a d d i t i o n  t o  p l o t s  of d i m e n s i o n l e s s  t a n g e n t i a l  and 

a x i a l  v e l o c i t i e s  v e r s u s  Z/b. 

F i g u r e s  13 th rough  17 show t h e  v a r i a t i o n  i n  d i m e n s i o n l e s s  t a n g e n t i a l  

v e l o c i t y  wi th  d i s t a n c e  Z/b. The maximum r o t a t i o n a l  v e l o c i t y  ach ieved  f o r  

a=S0 w a s  0.55 a t  X/C=2.0. I n s i d e  one chord l e n g t h  of t h e  t r a i l i n g  e d g e ,  t h e  

peak v a l u e s  remained f a i r l y  cons t an t  a t  roughly 0.53 b e f o r e  d e c r e a s i n g  

s l i g h t l y  ove r  t h e  next  f o u r  chord l e n g t h s .  These maximums may v a r y ,  however,  

as t h e  r e s o l u t i o n  of t h e  g r i d  was i n s u f f i c i e n t  t o  g u a r a n t e e  t h a t  a l l  maximums 

were o b t a i n e d .  F i g u r e  13 r e p r e s e n t s  a case where a peak may have gone 

u n d e t e c t e d .  

Non-dimensional ax i a l  v e l o c i t y  i s  p l o t t e d  i n  f i g u r e s  18 th rough  22. T h i s  

d a t a  i s  c o n s i s t e n t  w i t h  t h e  t o t a l  p r e s s u r e  d a t a  o b t a i n e d  i n  t h a t  a x i a l  

v e l o c i t i e s  w i t h i n  t h e  c o r e  are maximum i n s i d e  of one chord from t h e  t r a i l i n g  

edge. F i g u r e s  18 and 20 p l a i n l y  show t h e  ax ia l  j e t  formed by t h e  vo r t ex .  In 
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t h e  c o r e , . n e a r l y  a l l  v e l o c i t y  exis ts  i n  t h e  ax ia l  d i r e c t i o n .  J u s t  o u t s i d e  t h e  

c o r e ,  r o t a t i o n a l  v e l o c i t i e s  are g r e a t e s t  and a co r re spond ing  d e c r e a s e  i n  axial  

v e l o c i t y  can be s e e n  t o  e i t h e r  s i d e  of t h e  peak ax ia l  component i n  t h e  two 

p l o t s  j u s t  mentioned. F a r t h e r  downstream ( f i g s .  21 and 22) as v i s c o u s  e f f e c t s  

s a p  the s t r e n g t h  of t h e  j e t ,  t h e  i n c r e a s e  i n  Ux/U, i s  f a r  less pronounced. 

Here t o o ,  t h e  g r i d  p o i n t  spacing 'was i n s u f f i c i e n t  t o  d e t e c t  a l l  t h e  peak axial  

v e l o c i t i e s .  

f u r n i s h  a b e t t e r  view of t h e  a x i a l  s t r u c t u r e  of t h e  v o r t e x  c o r e  a t  t h e s e  

downstream l o c a t i o n s .  It shou ld  a l s o  be no ted  t h a t  the nondimensional  a x i a l  

v e l o c i t y  i s  not u n i t y  o u t s i d e  t h e  core. T h i s  may be a t t r i b u t e d  t o  t h e  f a c t  

t h a t  t h e s e  q u a n t i t i e s  were r e f e r e n c e d  t o  t h e  t u n n e l  i n l e t  v e l o c i t y .  The same 

i s  t r u e  f o r  t h e  d i m e n s i o n l e s s  t a n g e n t i a l  v e l o c i t y .  

A s  a r e s u l t ,  t h e  h ighe r  r e s o l u t i o n  of t h e  t o t a l  p r e s s u r e  s u r v e y s  

From t h e  g raphs  of non-dimensional t a n g e n t i a l  and a x i a l  v e l o c i t y ,  i t  can 

be s e e n  a t  once t h a t  a t  t h e  c e n t e r  of t h e  c o r e  t h e  r o t a t i o n a l  v e l o c i t y  i s  z e r o  

which co r re sponds  c l o s e l y  t o  t h e  maximum axial  v e l o c i t y .  F u r t h e r m o r e ,  t h e  

d e p r e s s i o n s  t h a t  f l a n k  t h e  peak a x i a l  veloci t ies  appea r  t o  be r e l a t e d  t o  t h e  

extremes i n  t a n g e n t i a l  v e l o c i t y .  To i l l u s t r a t e  t h i s  p o i n t ,  f i g u r e  23 p r e s e n t s  

t h e  t a n g e n t i a l  v e l o c i t y  a t  X/C=1.1667 wi th  t h e  d i f f e r e n t i a l  from f r e e s t r e a m  i n  

ax ia l  v e l o c i t y  o v e r l a i d .  It i s  c l e a r  t h a t  some r e l a t i o n s h i p  ex is t s  between 

t h e  magnitudes of r o t a t i o n a l  and a x i a l  v e l o c i t y .  

The e f f e c t  of v a r i e d  Reynolds number was cons ide red .  The model w a s  

t e s t e d  a t  Re=3 .91~105 ,  co r re spond ing  t o  a r e l a t i v e l y  small 26% d r o p  i n  

Reynolds nunber. 

app rox ima te ly  20.48 a t  both X/C=1.167 and 2.0,  which r e p r e s e n t e d  a 5.9% 

d e c r e a s e .  The v a l u e s  of d imens ion le s s  UXmax were roughly 1.1 at X/C=1.167 and 

1.15 at an X / C  of 2.0 which correspond t o  d rops  of 54.5% and 16.7%, r e s p e c -  

t i v e l y .  While t h e  t a n g e n t i a l  v e l o c i t y  d r o p s  were c o n s i s t e n t ,  t h e y  d i d  not 

The v a l u e  f o r  non-dimensional Uemax a t  Re=3.91x105 w a s  
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a p p e a r  t o . b e  s i g n i f i c a n t  w i t h i n  t h e  range of t h e  e r r o r  of t h i s  experiment .  

Though ax ia l  v e l o c i t y  l o s s e s  were more e x t e n s i v e ,  the l i m i t a t i o n s  conce rn ing  

t h e  r e s o l u t i o n  of t h e  g r i d  must be cons ide red  as peaks of axial  v e l o c i t y  have 

p r o b a b l y  gone u n d e t e c t e d .  Consequent ly ,  i t  i s  i n c o n c l u s i v e  as t o  whether o r  

no t  t h e  r o l l - u p  p r o c e s s  i s  indeed  Reynolds number dependent.  

These r e s u l t s  d i d  n o t  compare well w i t h  t h o s e  of C h i g i e r  and C o r s i g l i a  

( r e f .  7) .  S e v e r a l  d i f f e r e n c e s  exist between t h e  t w o  s t u d i e s  which may accoun t  

f o r  t h e  d i s c r e p a n c i e s .  The model used i n  r e f e r e n c e  7 was an NACA 0015 

r e c t a n g u l a r  wing w i t h  AR=5.33. The tes t  s e c t i o n  Reynolds number and 

t u r b u l e n c e  i n t e n s i t y  were not stated i n  t h e  r e p o r t  bu t  were p robab ly  h i g h e r  

t h a n  t h a t  of t h i s  i n v e s t i g a t i o n .  F i n a l l y ,  t h e  tests i n  r e f e r e n c e  7 were 

a c q u i r e d  wi th  a th ree -wi re  anemometer w i th  t h e  c l o s e s t  X/C s t a t i o n  a t  10 

chords  a f t  of t h e  l e a d i n g  e d g e ,  4 chords more t h a n  t h i s  s t u d y ' s  l a s t  s t a t i o n .  

A t r u e  comparison between t h e s e  results and t h o s e  of r e f e r e n c e s  6 and 8 w a s  

not  o b t a i n a b l e  as large d i f f e r e n c e s  e x i s t e d  i n  t h e  planforms of t h e  models. 

Comparison of Exper imen ta l  R e s u l t s  with E u l e r  Method of M i t c h e l t r e e ,  et  al.: 

The e x p e r i m e n t a l  r e s u l t s  of t h i s  i n v e s t i g a t i o n  were compared t o  t h e  

p r e d i c t e d  r e s u l t s  of t h e  2-D E u l e r  method developed by M i t c h e l t r e e ,  et a l .  

( r e f .  5). The code w a s  run  u s i n g  t h e  same wing geometry wh i l e  t h e  a n g l e  of 

a t t a c k  was set t o  8. F i g u r e s  24 through 28 show t h e  v o r t i c i t y  p l o t s  a c q u i r e d  

from t h e  e x p e r i m e n t a l  and numerical  d a t a .  It i s  e v i d e n t  t h a t  t h e  two,  while  

s imilar ,  are f a r  from i d e n t i c a l .  The peak v o r t i c i t i e s  c a l c u l a t e d  by t h e  E u l e r  

code are much larger t h a n  t h o s e  c a l c u l a t e d  from t h e  e x p e r i m e n t a l  d a t a  ( t a b l e  

1). While t h e  e x p e r i m e n t a l  peaks i n  v o r t i c i t y  remained f a i r l y  c o n s t a n t  a t  

about  2 .0 ,  t h e  E u l e r  peaks ranged from 5.6 a t  X/C=-1.167 t o  1.6 a t  X/C=6.0. 

It s h o u l d  be n o t e d ,  however, t h a t  t h e  scale of t h e  n u m e r i c a l l y  d e r i v e d  

v o r t i c i t y  p l o t  was d i f f e r e n t  i n  order t o  accommodate t h e  h i g h e r  v o r t i c i t y .  
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Comparing t h e  t a n g e n t i a l  v e l o c i t i e s  r e v e a l e d  a d i s c r e p a n c y  of much greater 

s i g n i f i c a n c e .  

p r e d i c t  t a n g e n t i a l  v e l o c i t i e s  c r e a t e d  by t h e  r o l l - u p  p rocess .  F u r t h e r m o r e ,  

t h e  v o r t i c i t y  c o n t o u r s  p r e d i c t e d  by t h e  E u l e r  code o v e r e s t i m a t e  t h e  magnitude 

of v o r t i c i t y .  And f i n a l l y ,  obv ious  problems ex is t  i n  p r e d i c t i n g  the l o c a t i o n  

o f  t h e  r o l l - u p  c l o s e  t o  the wing and p r e d i c t i n g  t h e  a c t u a l  s i z e  of t h e  v o r t e x  

A s  shown i n  f i g u r e s  29-33, the  E u l e r  method f a i l s  t o  a c c u r a t e l y  

An e x p e r i m e n t a l  i n v e s t i g a t i o n  of t h e  f l o w f i e l d  -n t h e  near-wake of a n  

a s p e c t  r a t i o  4 r e c t a n g u l a r  wing has been conducted. T h i s  i n v e s t i g a t i o n  h a s  

f u r n i s h e d  a complete  set of d a t a  t o  be used i n  the v a l i d a t i o n  of f u t u r e  

computa t iona l  e f f o r t s  toward t h e  p r e d i c t i o n  of t h e  near-wake r eg ion .  The d a t a  

i n c l u d e d  p i t o t  p r e s s u r e  and s ix-hole  p robe  s u r v e y s  as w e l l  as two t y p e s  of 

f l o w  v i s u a l i z a t i o n .  

A comprehensive set  of d a t a  was a c q u i r e d  a t  Re=5 .30~10  and a=8'. The 

s u r v e y s  were made a t  f i v e  l o n g i t u d i n a l  s t a t i o n s ;  X/C=1.1667, 1.50, 2.00, 2.50, 

and 6.00. 

Highly d e t a i l e d  f l o w f i e l d  su rveys  were o b t a i n e d  i n  p l a n e s  normal t o  t h e  

f r e e s t r e a m  d i r e c t i o n .  The t o t a l  p r e s s u r e  and s i x - h o l e  probe s u r v e y s  t y p i c a l l y  

i n c l u d e d  3400 d a t a  p o i n t s .  The s e n s i t i v i t y  of t h e  p i t o t  probe w a s  documented 

as w a s  t h e  a c c u r a c y  of t h e  s ix -ho le  probe. The expe r imen ta l  r e s u l t s  were 

compared t o  t h e  p r e d i c t e d  r e s u l t s  of a 2-D E u l e r  method. 

The r e s u l t s  i n d i c a t e  t h a t  both d i m e n s i o n l e s s  t a n g e n t i a l  and ax ia l  

v e l o c i t y  are dependent  on X/C l o c a t i o n .  It was a l s o  determined t h a t  f o r  con- 

d i t i o n s  of t h i s  s t u d y ,  t h e  c o r e  was not  f u l l y  developed w i t h i n  1.5 chord 

l e n g t h s  of t h e  t r a i l i n g  edge. I n  a d d i t i o n ,  i t  was concluded t h a t  d u r i n g  t h e  
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i n i t i a l  s t a g e s  of t h e  ro l l -up  p rocess ,  p o r t i o n s  of t h e  f r e e s t r e a m  became 

e n t r a i n e d  t o  t h e  wing t i p  v o r t e x  and were t r apped  i n s i d e  t h e  deve lop ing  core .  

The comparison t o  t h e  p r e d i c t e d  r e s u l t s  of an  E u l e r  method i n d i c a t e  t h a t  

obvious  d i f f i c u l t i e s  e x i s t  i n  immediate v i c i n i t y  of t h e  wing. A s  a r e s u l t  i t  

seems l i k e l y  t h a t  a Navier-Stokes s o l v e r  would be  b e t t e r  equipped t o  handle  

t h e  problems encountered  i n  t h e  p r e d i c t i o n  of t h e  near-wake. 
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Figure  7 Lexi-data graphic  d i s p l a y  f o r  t o t a l  
p r e s s u r e  d a t a  a t  c1 = a " ,  X / C  = 1.5, 
and R e  = 5.30 x 105 
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F i g u r e  8 T o t a l  p r e s s u r e  d e f i c i t  ax ia l  
v e l o c i t y  p r o f i l e ,  a = 8 O ,  X / C  = 
1.167, Re = 5.30 x 105 
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F i g u r e  9 T o t a l  p r e s s u r e  d e f i c i t  a x i a l  v e l o c i t y  
p r o f i l e ,  a = 8O, X / C  = 1.5, R e  = 
5.30 105 
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F i g u r e  10 T o t a l  p r e s s u r e o d e f i c i t  ax i a l  v e l o c i t y  
p r o f i l e ,  a = 8 XIC = 2.0, 
Re = 5.30 x 10 5’ 

F i g u r e  11 T o t a l  p r e s s u r e o d e f i c i t  a x i a l  v e l o c i t y  
p r o f i l e ,  a = 8 X/C = 2.5, Re = 5.30 x 10 5’ 
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F igure ’  12 Tota l  pressure  d e f i c i t  a x i a l  v e l o c i t y  
p r o f i l e ,  a = 8 0 X / C  = 6 . 0 ,  Re = 5 .30  x 10 5 ’  

Figure 13 Tangent ia l  v e l o c i t y  p r o f i l e  a = 8 0 , 
3 X/C = 1 . 1 6 7 ,  R e  f 3 . 9 1  x 10 
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F i g u r e  14 T a n g e n t i a l  v e l o c i t y  p r o f i l e ,  
a = 8 O ,  X / C  = 1.5 ,  
R e  = 5.30 x lo5 
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Re = 5.30 x 10 



22 

Z/b 

F i g u r e  16 Tangen t i a l  v e l o c i t y  p r o f i l e ,  
ct = 8 O ,  X/C = 2.5, 
R e  = 5.30 x l o 5  
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F i g u r e  1 7  Tangen t i a l  v e l o c i t y  p r o f i l e ,  
a = 8 O ,  X/C =‘6.0, 
R e  = 5.30 x l o 5  
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a = 8', X / C  = 1 . 1 6 7 ,  
Re = 5,30 x lo5 

Figure 18 Axial velocity prof i le ,  

a 

Figure 1 9  Axial velocity p r o f i l e ,  a = 8 0 , X/C = 1.5, 
Re = 5.30 x l o 5  
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Figure 21 Axial velocity prof i le ,  
a = 8O,  X/C = 2.5, 
Re = 5 . 3 0  x lo5  
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Figure 20 Axial ve loc i ty  prof i le ,  
a = 8 O ,  X / C  = 8.0, 
Re = 5 .30  x 10 
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Figure  22 Axia love ioc i ty  p r o f i l e ,  
a 
R e  = 5.30 x lo5 
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Figure  23 Comparison of a x i a l  v e l o c i t y  d i f f e r e n t i a l  
t o  t a n g e n t i a l  v e l o c i t y  p r o f i l e ,  a = go, 
X / C  = 1.167, R e  = 5.30 x lo5 
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Figure 24 Comparison of v o r t i c i t y  contours to 2-D Euler Method 
(a - 8", Re - 5.30 x l o5>  
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Figure 25 Comparison of vort ic i ty  contours t o  2-D Euler Method 
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