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SUMMARY 

Systematic wind tunnel investigations of vortex break- 

down have been conducted on sharp-edged delta and modified 

delta wings with sweep angaes from 4 5 O  to 85O at Reynolds 

numbers of about 1 x lo6, utilizing a schlieren system for 

flow visualization. Vortex breakdown positions are presented 

as a function of angle of attack and sweep. Results agree 

well with the limited amqunt of previously published data. 

For the very slender wings (75O to 85O sweep), initial. 

breakdown was nearly independent of sweep, a result not 

anticipated by extrapolation of previous data. 

Lift measurements show that Pohlhamus' leading-edge 

suction analogy provides an excellent means for predicting 

lift for wings with sweep angles between 65' and 80°, at 

angles of attack below vortex breakdown. For very low sweep 

(< 65O) and very high sweep (> 80') less than theoretical 

lift is achieved. The reasons for these discrepancies are 

discussed in some detail in the paper. 

Drag due to lift is predicted quite satisfactorily as 

, the streamwise component of a normal force for ai1 models 
tested. Although no satisfactory method for predicting 

'pitching moments is available, experimental effects of vortex 

breakdown on pitching characteristics are presented. 
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Resul t s  of tests of t h e  modified d e l t a  wings show t h a t  

vo r t ex  breakdown is inf luenced much more s t rong ly  by plan- 

f o r m  changes near  t h e  apex than changes near  t h e  t r a i l i n g  

edge. Cropping t h e  wing t i p s  or  changing t r a i l i ng -edge  sweep 

had p rack iqa l ly  n e g l i g i b l e  e f f e c t s  on vo r t ex  breakdown. The 

a d d i t i o n  of strakes (double-delta and ogee wings) may g r e a t l y  

delay i n i t i a l  breakdown. It  is  shown t h a t  vo r t ex  breakdown 

and fo rce  meagurements from t h e  p re sen t  tests of an ogee wing 

agree  q u i t e  favorably w i t h  NASA f l i g h t  test r e s u l t s  a t  a 

twenty t i m e s  l a r g e r  Reynolds nvmber. 

x i  



CHAPTER I 

INTRODUCTION 

Vortex flow has  long been recognized as a phenomenon 

a s soc ia t ed  wi th  wing t i p s .  For t h e  high a spec t  r a t i o  wings 

which have been popular s i n c e  t h e  o r i g i n  of a v i a t i o n  because 

of t h e i r  high e f f i c i e n c y  a t  1Qw speeds,  t h i s  t i p  f l o w  does 

n o t  play a predominant rQle i n  determining o v e r a l l  wing l i f t .  

For t h i s  reason,  t h e  edge vor tex  effect  w a s  neglec ted  i n  

t r a d i t i o n a l  aerodynamic theory as developed by P r a n d t l  ( l i f t -  

i ng  l i n e  t h e o r y ) ;  and it has also been neglected i n  t h e  

a t t ached  f l a w  l i f t i n g  Surface t h e o r i e s  more app l i cab le  t o  

l o w  a spec t  r a t io  wings, e.g., Multhopp (1). These a t tached  

flow t h e o r i e s  are q u i t e  adequate even f o r  s l ende r  wings a t  

small angles  of at tack, b u t  are n o t  adequate for  p r e d i c t i n g  

t h e  forces developed a t  h igher  angles  of attack requi red  f o r  

landing and takeoff .  

A t  t h e  h igher  angles ,  leading edge sepa ra t ion  occurs ,  

r e s u l t i n g  i n  vo r t ex  s h e e t s  which r o l l  up along t h e  upper 

su r face  of t h e  wing t o  form s t r o n g  l i n e  vo r t i ce s . s t r eaming  

a f t  along each edge. The low pressure  f i e l d s  induced by 

these  vortices act  t o  provide a d d i t i o n a l  l i f t ,  r e f e r r e d  t o  as 

"vortex l i f t . "  The propor t ion  of  vor tex  l i f t  t o  t o t a l  l i f t  

i nc reases  wi th  angle  of a t t a c k  and sweep angle.  For example, 

1 



vor t ex  l i f t  amounts t;a 50% of t o t a l  l i f t  fo r  a 75" delta 

wing a t  a t o t a l  lift c o e f f i c i e n t  of 1.0.  

Various au thors  have undertaken t h e o r e t i c a l  analyses  t o  

p r e d i c t  vo r t ex  l i f t .  An inhe ren t  shortcoming of a l l  t h e  

t h e o r e t i c a l  methods, however, i s  t h a t  they do no t  account fo r  

the "breakdown" or "burs t ing"  of the  leading  edge vor t ex  

cores which occurs  a+ high  angles  of attack. Thus, knowledge 

of the l i m i t a t i o n s  of vo r t ex  f l o w  ( i .e. ,  vor tex  breakdown) is  

o f  g r e a t  p r a c t i c a l  importance t o  the  des igner  who uses  the 

s l e n d e r  sharp-edged l i f t i n g  surfaces which are r equ i r ed  t o  

o b t a i n  high performance a t  supersonic  speeds. 

Analyses of t h e  i n s t a b i l i t i e s  of a simple f l u i d  vor tex  

which l ead  t o  breakdown have been undertaken by var ious  

i n v e s t i g a t o r s  ( for  example, References 2 and 3 )  using f l u i d  

dynamic theory.  Such theoretical  cons idera t ions  have n o t  

y e t  reached a skate of s o p h i s t i c a t i o n  which would permit  

their app l i cg t ion  t o  the  genera l  case of p r e d i c t i n g  breakdown 

of wing leading  edge v o r t i c e s .  For the  p re sen t  it seems t h a t  

one must r e l y  on experimental  measurements f o r  determining 

t h e  onse t  of breakdown on wings. 

Several i n v e s t i g a t o r s  have provided vor tex  breakdown 

information f o r  p a r t i c u l a r  wings, using dye i n  w a t e r  o r  smoke 

i n  a i r  t o  mark the vor tex  cores and, hence, t o  i n d i c a t e  t h e  

breakdown. 

of i p s i g h t  i n t o  the effects .of leading  edge sweep, p re s su re  

g rad ien t s ,  etc., on t h e  breakdown. 

Such i n v e s t i g a t i o n s  have provided a g r e a t  deal 
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Systematic i n v e s t i g a t i o n s  on a family of de l ta  wings 

w e r e  conducted by Earnshaw and Lawfordl ( 4 )  f o r  wings wi th  

leading-edge sweep angles  ranging from 55' t o  76O. I n  these 

tests vor tex  breakdown observa t ions  w e r e  conducted u t i l i z i n g  

a s m a l l  t u f t  on a probe. T e s t s  repor ted  by Werle (5,  6 )  

show t h a t  a blockage i n  the  flow f i e l d  may in f luence  vo r t ex  

breakdown. Thus, t h e r e  w a s  some ques t ion  as t o  whether the  

probe inf luenced  t h e  breakdown measurement6 of Earnshaw and 

Lawf ord . 
Poisson-Quinton avd h i s  associates a t  ONERA ( 7 )  have 

c o r r e l a t e d  vo r t ex  breakdown observa t ions  f r o m  hydrodynamic 

f l o w  v i s u a l i z a t i o n  s t u d i e s  w i t h  measured vor tex  l i f t  f r o m  

wind tunnel  tests. The published c o r r e l a t i o n s  are l i m i t e d  

t o  a few conf igura t ions .  I n  addi t ion,  they are based upon 

tests a t  d i f f e r i n g  Reynolds numbers wi th  d i f f e r e n t  models, 

d i f f e r e n t  mounting systems, etc. 

The purpose of t h e  p r e s e n t  research w a s  t o  provide a 

rather complete parametr ic  i n v e s t i g a t i o n  of vor tex  breakdown 

for  sharp-edged delta Wings, and t o  o b t a i n  f o r c e  measurements 

from these same,  mogels i n  the same tes t  f a c i l i t y  i n  o rde r  t o  

correlate force and f l o w  f i e l d  c h a r a c t e r i s t i c s  i n  t he  most 

direct manner possible. 



CHAPTER I1 

VORTEX BREAKDOWN 

Prior Experimental Observations 

The phenomenon of vo r t ex  core "breakdown," vo r t ex  

"burs t ing"  or  "explosion, has been observed by numerous 

i n v e s t i g a t o r s ,  and i s  indeed v i s i b l e  t o  the c a s u a l  observer  

i n  c e r t a i n  in s t ances .  Vortex breakdown i s  an abrupt  i nc rease  

i n  t h e  e f f e c t i v e  diameter of the  r o t a t i o n a l  core  a s soc ia t ed  

wi th  t h e  vortex.  The high v e l o c i t i e s  and corresponding low 

p res su res  a s soc ia t ed  wi th  t h e  core of a real f l u i d  vor tex ,  

p r i o r  t o  breakdown, f r equen t ly  make it v i s i b l e  t o  t he  naked 

eye. I n  a i r  t h i s  may occur under condi t ions  of high r e l a t i v e  

humidity, l ead ing  t o  condensation of t h e  water vapor wi th in  

the  vor tex  core.  These condensation v o r t i c e s  a r e  occas iona l ly  

v i s i b l e  on d e l t a  wing aircraft .  When t h i s  occurs ,  t h e  break- 

down of t h e  wing v o r t i c e s  appears as a f l a r i n g  of t h e  core 

i n t o  a t rumpet- l ike shape a t  which p o i n t  t h e  vor tex  seems t o  

disappear ,  due t o  t u r b u l e n t  mixing of the  water vapor. 

D e l t a  wing v o r t i c e s  may a l s o  become v i s i b l e  as c a v i t a t i o n  

reg ions  i n  w a t e r  a t  moderate pressures .  Breakdown is  d i s -  

c e r n i b l e  as t h e  te rmina t ion  of a c a v i t a t i o n  f i lament  i n  t h i s  

case. This technique i s  simple and, t o  t h e  a u t h o r ' s  knowledge 

4 
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has n o t  been used ex tens ive ly  for  i n v e s t i g a t i o n s  of vo r t ex  

breakdown. 

I n v e s t i g a t o r s  a t  ONERA i n  France (Poisson-Quinton, 

e t  a l . )  have developed a w a t e r  tank f a c i l i t y  t o  a high degree 

using colored dyes as tracers f o r  vor tex  breakdown s t u d i e s .  

(See for example, Reference 7 ) .  The i r  i n v e s t i g a t i o n s  u t i -  

l i z e  models of small propor t ions  (Reynolds numbers = 1 0  ) .  

However, t he  r e s u l t s  of these f l o w  v i s u a l i z a t i o n s  have been 

correlated wi th  wind tunnel  force tests conduc$ed a t  h igher  

Reynolds numbers w i t h  impressive r e s u l t s  (Reference 8 )  . 

4 

Earnshaw ( 9 )  repor ted  i n  1 9 6 4  on the  use of a s c h l i e r e n  

system i n  a subsonic  wind tunnel  t o  observe vor tex  breakdown. 

T h i s  work cons i s t ed  of t e s t i n g  of 65' and 70' delta wings 

and some modified de l ta  wings, and c o r r e l g t i o n s  of vor tex  

breakdown r e s u l t s  obtained f r o m  water tank tests. H e  pre- 

sen ted  data showing the  progressive forward movement of the  

breakdown w i t h  ang le  of attack, and discussed the importance 

of us ing  t r i p  s t r i p s  t o  s t a b i l i z e  t h e  secondary sepa ra t ion  

a t  l o w  Reynolds numbers. 

Theoretical Considerat ions 

Various i n v e s t i g a t o r s  have attacked t h e  problem of 

vor tex  breakdown from a theoretical s t andpo in t ,  u t i l i z i n g  

viscous flow theory.  These analyses  have been restricted 

t o  t h e  problem of a simple isolated l i n e  vo r t ex  of cons t an t  

s t r e n g t h ,  and have n o t  included the effects of a wing o r  a 

v a r i a b l e  s t r e n g t h  vo r t ex  (Such as i s  associated w i t h  a wing 
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l ead ing  edge) . 
Kwan Lo So (10) has shown experimental ly  t h a t  as many 

as f ive  d i f f e r e n t  vortex flow regimes are p o s s i b l e  i n  a 

simple con ica l  d i f f u s e r ,  i n d i c a t i n g  t h e  complexity of  t h e  

vo r t ex  breakdown problem. Bossel and o t h e r s  ( 2 )  have shown 

t h e o r e t i c a l l y  t h a t  t h e  maximum h e l i x  angle  for  s t a b i l i t y  of 

a vor tex  wi th  an a x i a l  v e l o c i t y  is  about 50°. Unfoytunately, 

n e i t h e r  t h e  core r ad ius  nor t h e  vo r t ex  s t r e n g t h  ( c i r c u l a t i o n )  

is known i n  advance fo r  wings. Thus, t h e r e  i s  no method 

a t  p r e s e n t  f o r  applying t h i s  t h e o r e t i c a l  vor tex  s t a b i l i t y  

c r i t e r i o n  t o  a wing. 



CHAPTER I11 

SLENDER WING THEORY AND VORTEX LIFT 

L i f t  - 
Slender  wing theory w a s  developed i n  1 9 4 6  by R. T. Jones 

(ll), who adopted Munk's s l ende r  body theory t o  t h e  problem. 

For very s l ende r  wings (A < <  1) and s m a l l  angles  of a t t a c k ,  

Jones '  theory p r e d i c t s :  

More s o p h i s t i c a t e d  a t t ached  f l o w  1 f t i n g  t h e o r i e s  have been 

developed by Multhopp (1) and have been modified by o t h e r s ,  

such as Lamar  ( 1 2 ) .  These t h e o r i e s  are app l i cab le  t o  a 

wide range of a spec t  r a t i o s  and, i n  f a c t ,  may be used t o  

br idge  t h e  gap from very low t o  high a spec t  r a t i o  wings 

(between Jones '  s l ende r  wing theory and P r a n d t l ' s  l i f t i n g  

l i n e  theo ry ) .  These theor ieq  do n o t  inc lude  t h e  e f f e c t s  of 

leading-edge v o r t i c e s ,  however. 

I n  1955 Brown and Michael (13) developed a mathematical 

model f o r  p r e d i c t i n g  l i f t  of s l ende r  d e l t a  wings, which 

inc ludes  t h e  effect  of upper su r face  vortices. Unfortunately,  

t h e i r  model p r e d i c t s  s i g n i f i c a n t l y  more l i f t  than i s  achieved 

7 
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experimental ly .  Bar t le t t  and Vidal ( 1 4 )  used a simple cross- 

flow theory t o  provide more accura te  va lues  of vortex l i f t .  

Thei r  method relies, however, on experimental ly  determined 

c o e f f i c i e n t s .  

Mangler and Smith (15) attempted t o  p r e d i c t  t h e  shape 

of t h e  c o i l e d  vo r t ex  s h e e t  f o r  a l i m i t e d  number of cases, i n  

o rde r  t o  o b t a i n  a b e t t e r  estimate of l i f t .  Thei r  r e s u l t s  

p r e d i c t  less lift than  Brown and Michael, b u t  s t i l l  more than 

experimental ly  obtained.  More r e c e n t  work by Smith ( 1 6 )  

shows cons iderable  refinement i n  the  c a l c u l a t i o n  technique, 

and corresponding improvements i n  agreement between theo- 

retical  and experimental  p ressure  d i s t r i b u t i o n s  are 

i l l u s t r a t e d .  The r e s u l t s  a r e  s t i l l  r e s t r i c t e d  eo con ica l  

flows, however. 

Others ( f o r  example, Gersten (17)) have attempted t o  

c a l c u l a t e  the  non-linear lift by assuming t h a t  t h e  t r a i l i n g  

vo r t ex  system is i n c l i n e d  t o  t h e  wing planform. Although 

t h i s  technique relies on an a r b i t r a r y  assumption concerning 

t h e  i n c l i n a t i o n  of t h e  t r a i l i n g  v o r t i c i t y ,  it has proven 

f a i r l y  success fu l  for  p r e d i c t i n g  l i f t  for  a v a r i e t y  of 

planforms. 

Sacks, Lundberg, and Hanson (18) have developed a 

d i g i t a l  computer technique f o r  p r e d i c t i n g  t h e  t r a j e c t o r i e s  

of a family of d i s c r e t e  leading-edge vo r t ex  f i laments ,  and 

u t i l i z i n g  t h e  r e s u l t a n t  v o r t i c i t y  d i s t r i b u t i o n s  t o  ob ta in  

lift. Such a technique, while  very ted ious ,  i s  adaptable  t o  

wings of r a t h e r  a r b i t r a r y  planform, inc luding  those with 
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discont inuous l ead ing  edge sweep, i.e., double d e l t a s ,  etc. 

More r e c e n t l y ,  Polhamus (19)  published a method f o r  

c a l c u l a t i n g  vortex l i f t  f o r  s l ende r  d e l t a s  based upon a 

"leading-edge s u c t i o n  analogy." Polhamus f i rs t  co r rec t ed  

t h e  a t t ached  flow l i f t  (u sua l ly  r e f e r r e d  t o  as " l i n e a r  l i f t " )  

f o r  non-l inear  e f f e c t s  due t o  l a r g e  angles  of a t t a c k ,  and 

f o r  lead ing  edge sepa ra t ion .  The r e s u l t i n g  t e r m  is  c a l l e d  

" p o t e n t i a l  flow l i f t . "  Vortex l i f t  is then ca l cu la t ed ,  based 

upon t h e  assumption t h a t  t h e  e f f e c t  of a sharp  leading  edge 

i s  t o  rotate t h e  leading-edge suc t ion  force vec tor  90°, f r o m  

t h e  chordwise d i r e c t i o n  t o  a normal force d i r e c t i o n .  I n  h i s  

r e p o r t ,  Polhamus shows comparisons of h i s  t h e o r e t i c a l  method 

with experimenkal d a t a  f o r  de l ta  wings having leading-edge 

sweep ranging f r o m  63.4' t o  83', with good agreement. The 

r e s u l t  of Polhamus' a n a l y s i s  i s  an equat ion fo r  lift of t he  

form: 

n n 

cL = K Sina cosLa + K~ cosa SinLa . 
P 

Polhamus a l s o  shows t h a t  t h e  K and Kv f a c t o r s  may be P 
obtained from conventional l i f t i n g  su r face  theo r i e s .  K i s  P 

the famil iar  s m a l l  angle  l i f t - c u r v e  s lope ;  and Kv (2) a = o  

is  r e l a t e d  i n  

drag  factor. 

t h e  p o t e n t i a l  

t i o n )  and t h e  

acD 
a simple way t o  K and - , the  induced P acL2 

The f i r s t  t e r m  i n  t h e  CL equat ion r ep resen t s  

flow l i f t  ( co r rec t ed  f o r  leading-edge separa- 

second t e r m  r ep resen t s  t h e  vor tex  l i f t .  - 
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Because of t h e  success  of t h e  Polhamus method i n  

p r e d i c t i n g  vortex l i f t  and induoed drag f o r  simple d e l t a s ,  

it has been used as a b a s i s  f o r  p r e d i c t i n g  l i f t  and drag  for  

t h e  models of t h e  p re sen t  i nves t iga t ion .  Some of t h e  l i m i t a -  

t i o n s  of t h e  method are discussed i n  more d e t a i l  i n  later 

s e c t i o n s  of t h i s  d i s s e r t a t i o n .  

P i t ch ing  Moment 

It should be noted t h a t  t h e  Polhamus method, i n  i t s  

p r e s e n t  f o r m ,  y i e l d s  no information as t o  the d i s t r i b u t i o n  of 

l i f t ,  i .e*,  p i t c h i n g  moments, a s soc ia t ed  with t h e  vor tex  f l o w .  

Wagner ( 2 0 )  has  developed a p o t e n t i a l  flow l i n e a r  

l i f t i n g  s u r f a c e  theory which y i e l d s  information as t o  t h e  

d i s t r i b u t i o n  of leading-edge spc t ion .  I t  i s  poss ib l e  t h a t  

t h i s  technique, o r  some similar method, may be combined wi th  

t h e  Polhamus theory t o  permit  t h e o r e t i c a l  c a l c u l a t i o n  of 

p i t c h i n g  moment information f o r  conf igura t ions  with vor tex  

l i f t .  For t he  p re sen t ,  however, no r e a l l y  s a t i s f a c t o r y  

t h e o r e t i c a l  technique i s  a v a i l a b l e  f o r  p r e d i c t i n g  p i t c h i n g  

moments f o r  cases involving vo r t ex  lift. 

Drag 

For t h i n  wings with sharp  leading  edges, t h e - d r a g  due 

t o  l i f t  should be given by CD - C,, = CL t a n  a, t h e  familiar 
0 

r e l a t i o n  f o r  wings developing a pure normal force.  Thus, 

t h e  induced drag  i s  determined e n t i r e l y  by t h e  CL vs.  a 

r e l a t i o n s h i p .  A r e c e n t  pub l i ca t ion  by Polhamus ( 2 1 )  u t i l i z e s  
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this technique in conjunction with the leading-edge suction 

analogy to theoretically predict induced drag for a number of 

configurations. Since the leading-edge suction analogy pro- 

vides a much better estimate of CL than previous techniques, 

the induced drag is also predicted with much better accuracy. 



CHAPTER I V  

THE EXPERIPENTAL INVESTIGATION 

T e s t  F a c i l i t y  - 
A l l  tests w e r e  conduc.t;ed i n  t h e  Univers i ty  of Kansas 

low-speed wind tunnel ,  a c l w e d - r e t u r n  tunnel  w i t h  a three- 

by four-foot  test  sec t ion .  The f a c i l i t y  i s  equipped w i t h  

large (three- by f o u r r f o o t )  P l e x i g l a s  windows i n  the test  

s e c t i o n  s idewal l s ,  which give a wide f i e l d  of view for  f l o w  

v i s u a l i z a t i o n .  T h e  test  s e c t i o n  opera tes  a t  atmospheric 

pressure .  The tunne l  i s  equipped w i t h  a six-component 

pyramidal balance f o r  force measurements. 

T e s t  Conditions - 
M o s t  of t h e  t e s t i n g  w a s  conduated a t  a dynamic pressure  

6 of 30 p s f ,  which corresponds t o  a Reynolds number of 1 . 0  x 1 0  

pe r  foot .  Ear ly  i n  the program, measurements of vo r t ex  

breakdown w e r e  conducted a t  dynamic p res su res  ranging f r o m  15 

t o  45 psf i n  o rde r  t o  i n v e s t i g a t e  p o s s i b l e  effects of Reynolds 

number changes. These tests showed t h a t  vo r t ex  breakdown w a s  

i n s e n s i t i v e  t o  t h e  changes i n  Reynolds number, confirming t h e  

observa t ions  established by previous i n v e s t i g a t o r s .  

1 2  
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Model Geometry Wings 

I n  o r d e r  t o  i n v e s t i g a t e  r a t h e r  completely t h e  e f f e c t s  of 

geometry v a r i a t i o n s  on vor tex  breakdown, a family of t h i r t e e n  

delta wing models w a s  f ab r i ca t ed ,  w i th  l ead ing  edge sweep 

angles  f r o m  45' t o  85'. These models w e r e  cons t ruc ted  f r o m  

0.10-inch aluminum s h e e t s  wi th  lead ing  edges mi l l ed  t o  a 15' 

wedge-shape wi th  a 0.010-inch b l u n t  edge. The very s l i g h t  

b l u n t  edge w a s  r e t a i n e d  t o  i n s u r e  s t r a i g h t  lead ing  edges 

(Figure 2 . 1 ) .  Since vortex core breakdown i s  as soc ia t ed  w i t h  

angles  of attack greater than  lo', it w a s  g e l t  t h a t  planform 

geometry w a s  of  primary importance. For t h i s  reason, only 

uncambered, untwisted wings w e r e  tested. Since s l ende r  wing 

theory p r e d i c t s  t h a t  l i f t  depends only on span and is  inde- 

pendent of area, model span w a s  he ld  cons t an t  a t  a value of 

t e n  inches for  t h e  models having sweep angles  from 45' t o  

72.5'. 

For t h e  h igher  sweep angles ,  t h e  length  of t h e  maximum 

chord inc reases  r a p i d l y  with inc reas ing  sweep. For example, 

an 85' sweep wing wi th  a ten-inch span would have a maximum 

chord length  of  57.3 inches.  Since t h e  test  s e c t i o n  h e i g h t  

w a s  only 36 inches ,  and t h e  models w e r e  t o  be  t e s t e d  up t o  

60' angle  of a t t a c k ,  a maximum c e n t e r l i n e  chord dimension of 

e ighteen  inches w a s  e s t ab l i shed ,  The models wi th  sweep angles  

from 75' t o  85' f a l l  i n t o  t h i s  category,  

Models w e r e  mounted on a two-point s t r u t  system, with a 

p i v o t  p o i n t  near  t h e  t r a i l i n g  edge and a p i t c h  s t r u t  loca ted  

forward (Figure 3.1).  Th i s  mounting system w a s  s e l e c t e d  over  
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a s t i n g  mount because t h e  forward p i t c h  s t r u t  provided a 

simple means f o r  c o n t r o l l i n g  model d e f l e c t i o n s  without  t h e  

necess i ty  fo r  adding a s t i n g ,  which would cover a l a r g e  

po r t ion  of t h e  more s l ende r  models. 

During t h e  course of t h e  t e s t i n g ,  some ques t ions  a rose  

concerning t h e  p o s s i b i l i t y  of adverse e f f e c t s  of t h e  wind 

tunne l  boundaries on t h e  very long (eighteen-inch chord) 

models. I n  o rde r  t o  examine t h i s  p o s s i b i l i t y ,  a series of 

nine-inch chord models w a s  f a b r i c a t e d  wi th  sweep angles  of 

75", 80°, and 85'. The nlne-inch chord 75" and 80" models 

w e r e  cons t ruc ted  by shear ing  0.030-inch aluminum s h e e t  s tock  

t o  t h e  d e s i r e d  planform. The nine-inch chord 85" model w a s  

made from .125-inch steel  f o r  increased  s t i f f n e s s .  These 

three models had square unbevqled edges;. 

During t e s t i n g  of t h e  very s l ende r  (82.5 and 85") 

eighteen-inch chord models, i t  became apparent  t h a t  l a r g e  

model d e f l e c t i o n s  w e r e  t ak ing  p lace  near  t h e  apex. The 

wedge-shaped leading-edge design had r e s u l t e d  i n  a very t h i n  

cross s e c t i o n  nea r  t h e  apex. A s  t h e  load c a r r i e d  by t h i s  

s e c t i o n  increased ,  l a r g e  bending moments w e r e  appl ied  t o  t h i s  

t h i n  sec t ion .  Consequently, t h e  wings took on a "negat ive  

camber" which s o m e t i m e s  r e s u l t e d  i n  premature vo r t ex  break- 

down, s i n c e  t h e  apex s e c t i o n  wqs then a t  t h r e e  or. four  degrees 

g r e a t e r  angle  of a t t a c k  than t h e  main wing. Tes t ing  a t  

reduced dynamic p res su re  (15 p s f )  reduced t h e s e  d e f l e c t i o n s  

t o  acceptab le  levels. 
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On t h e  l a r g e  85O d e l t a  model, a very l o w  frequency 

" f l u t t e r "  of s o r t s  occurred. As t h e  angle  of a t t a c k  fo r  

complete vo r t ex  breakdown t o  t h e  apex w a s  approached, t h e  

apex would d e f l e c t  as descr ibed above, and breakdown would 

move forward t o  t h e  apex. Then t h e  loading  w a s  reduced, t h e  

d e f l e c t i o n  decreased, and t h e  v o r t i c e s  reappeared. I n  such 

in s t ances ,  t h e  breakdown pos i t i on  could w c i l l a t e  more than 

50% of t h e  chord a t  a f ixed  angle  of attack. The frequency 

of t hese  o s c i l l a t i o n s  w a s  of t h e  o rde r  of one cyc le  pe r  

second. Tes t ing  a t  reduced dynamic p res su re  as noted above 

e l imina ted  t h i s  e f f e c t .  Thus, although t h e  t e s t i n g  w a s  

in tended t o  be concerned wi th  r i g i d  models, a e r o e l a s t i c  

effects w e r e  occas iona l ly  present .  

The nine-inch chord models with square lead ing  edges 

d i d  no t  s u f f e r  from t h i s  acu te  loss of s t i f f n e s s  near  t h e  

apex, and consequently w e r e  no t  suscep t ib l e  t o  t h e  aero- 

e las t ic  effects descr ibed  above. I n  o rde r  t o  e s t a b l i s h  more 

c l e a r l y  t h a t  a square-edged model w a s  equ iva len t  t o  a sharp- 

edged model f o r  purposes of i n v e s t i g a t i n g  vor tex  breakdown 

(except  f o r  elastic e f f e c t s ) ,  a square-edged 60' del ta  model 

w a s  cons t ruc ted  f o r  d i r e c t  comparison w i t h  a sharp-edged 60° 

d e l t a  of t h e  same s i z e .  Although t h e  r e s u l t s  of vo r t ex  

breakdown measurements i n d i c a t e  a s h i f t  of a b w t  2 O  i n  

i n i t i a l  breakdown angle ,  t h e  progress ion  t rends  are q u i t e  

s i m i l a r  (Figure 4 . 2 ) .  L i f t ,  drag,  and p i t ch ing  moment a l s o  

compare favorably (Figures  5.20.1 and 5 .20 .2) .  It w a s  f e l t  

t h a t  these r e s u l t s  w e r e  s u f f i c i e n t l y  comparable t o  j u s t i f y  
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t h e  t e s t i n g  of square-edged models, and the  modified d e l t a s  

descr ibed  i n  t h e  next  s e c t i o n  w e r e  cons t ruc ted  wi th  square  

edges. 

Model Geometry - Modified D e l t a  Wings 

I n  o rde r  t o  a s c e r t a i n  more f u l l y  t h e  e f f e c t s  of planform 

v a r i a t i o n s  on vor tex  breakdown, a series of modified d e l t a  

models w a s  designed. From tests of  simple d e l t a s ,  an 

apparent  r e l a t i o n s h i p  between breakdown angle  and sweep angle  

has been e s t ab l i shed .  However, a s  Earnshaw ( 4 )  has pointed 

ou t ,  if l o c a l  sweep angle  and angle o f  a t t a c k  w e r e  t h e  sole 

parameters involved, i .e.,  con ica l  flow, simultaneous break- 

down f r o m  t r a i l i n g  edge t o  apex would occur. This  is ,  of 

course,  i n  con t r ad ic t ion  t o  experimental  observat ions.  Since 

t h e  upper s u r f a c e  s u c t i o n  must go t o  zero a t  t h e  t r a i l i n g  

edge, a p o s i t i v e  p re s su re  g rad ien t  e x i s t s  along the a x i s  of 

t h e  vortex.  I f  breakdown is r e l a t e d  t o  t h i s  pressure  grad i -  

e n t ,  perhaps t r a i l i n g  edge geometry i s  of g r e a t  importance. 

To test t h i s  hypothesis ,  s e v e r a l  modif icat ions w e r e  made t o  

d e l t a  wings. A cropped 60' d e l t a  w a s  designed t o  t e s t  the  

e f f e c t s  of wing t i p  geometry v a r i a t i o n s  near  t h e  t r a i l i n g  

edge. A diamond and an arrow wing w e r e  designed w i t h  a 

common 70' l ead ing  edge sweep and a spec t  ra t ios  of 1 .0  and 

2.0 r e spec t ive ly .  These values  w e r e  s e l e c t e d  t o  "bracket"  

the b a s i c  70° d e l t a ,  which has  an a s p e c t  r a t io  of 1 .46 .  

Because of t h e  i n t e r e s t  i n  r e c e n t  yea r s  i n  double-del ta  

planforms for  supersonic  and hypersonic a i r p l a n e  designs,  
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t w o  double-delta models w e r e  designed. These models have 

forward panel  leading-edge sweep angles  of  75' and 80° 

r e spec t ive ly ,  and a common a f t  panel  sweep of 65'. These 

models w e r e  designed t o  have t h e  same aepec t  ra t io  (1.60) i n  

o rde r  t o  i n v e s t i g a t e  whether a spec t  r a t io  is  m m e  important 

than sweep i n  determining vor tex  breakdown. 

The forward panel  sweep angles of t h e s e  models w e r e  

s e l e c t e d  t o  eva lua te  a s t e p ,  or kink,  which had appeared i n  

the  CL versus  a r e l a t i o n s h i p  of some s i m i l a r  models t e s t e d  

previous ly  by t h e  au thor  (22). I n  t h e  earlier tests, it 

appeared t h a t  an 8Oo/62O double-delta sweep combination 

r e s u l t e d  i n  an abrupt  breakdown of t h e  a f t  panel  vor tex ,  

whereas a 7So/62O sweep combination r e s u l t e d  i n  a progres- 

sive continuous breakdown. 

Because of t h e  r e c e n t  i n t e r e s t  i n  ogee planforms, such 

as t h e  Anglo-French Concorde supersonic  t r a n s p o r t ,  an ogee 

model w a s  t e s t e d .  The planform f o r  t h i s  model w a s  s e l e c t e d  

t o  match t h e  outboard panel  of a modified F5D t e s t e d  by the  

NASA Ames Research Center (Reference 23). This  planform has 

also been t h e  s u b j e c t  of ex tens ive  flow v i s u a l i z a t i o n  s t u d i e s  

(References 7 ,  2 4 ) .  I t  w a s  hoped t h a t  f o r c e  and flow v i s u a l i -  

za t ion  d a t a  from t h i s  model could be c o r r e l a t e d  wi th  data 

f r o m  other sources .  

A complete t a b l e  of model geometry i s  given i n  Figure 1. 

Model drawings are given i n  Figures  2.1 through 2.7. 
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F l o w  - Visual i ' za t ion  Technique 

The f l o w  v i s u a l i z a t i o n  technique selected f o r  t h e s e  tests 

w a s  a convent ional  s c h l i e r e n  system u t i l i z i n g  eight- inch 

diameter pa rabo l i c  mir rors  of seventy-two-inch focal length.  

A 375 w a t t  incandescent  lamp f i t t e d  w i t h  a knife-edge w a s  

used as a l i g h t  source,  and photos w e r e  obtained us ing  t h e  

back of a 35 mm s ingle- lens  r e f l e x  camera w i t h  focal plane 

s h u t t e r  system. U s e  of a f o c a l  p l ane  s h u t t e r  camera per- 

m i t t e d  mounting t h e  l e n s  system on a simple open o p t i c a l  

bench, without  the necess i ty  of cons t ruc t ing  a lengthy l i g h t -  

t i g h t  box between l e n s  and camera. Since the image area t o  

be photographed w a s  r e l a t i v e l y  s m a l l ,  t h e  375 w a t t  lamp 

provided s u f f i c i e n t  i l l umina t ion  for  use w i t h  black and 

w h i t e  ASA 1200 f i l m .  

T h e  system w a s  arranged t o  pass  the  collimated beam 

h o r i z o n t a l l y  through the  t e s t  s e c t i o n  windows which are one- 

inch t h i c k  P l e x i g l a s ,  three- x four-foot.  The b e a m  was 

angled v e r t i c a l l y  a f e w  degrees t o  d i s t i n g u i s h  r i g h t  and 

l e f t  panel  vortices, fol lowing t h e  method suggested by 

Earnshaw ( 9 ) .  Provis ions  w e r e  m a d e  for moving the s c h l i e r e n  

system fore and a f t ,  as w e l l  as v e r t i c a l l y ,  i n  o rde r  t o  

cover the requi red  f i e l d  of v i e w  f r o m  s e v e r a l  inches a f t  of 

the t r a i l i n g  edge up t o  the  apex. 

V i sua l i z ing  v o r t i c e s  i n  a l o w  speed f l o w  turned o u t  t o  

be much easier than  the au thor  had an t i c ipa t ed .  Vor t ices  

w e r e  seen on the very f i r s t  test run, and although the tunnel  

windows contained numerous flaws and sc ra t ches ,  vo r t ex  
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breakdown is rather distinct as seen in the photographs 

(Figure 3 ) .  Furthermore, extremely high airspeeds were not 

required to make the vortices visible. For example, using 

a 75O wing, the vortices produced sufficient density gradi- 

ents to remain visible at tunnel speeds as low as forty miles 

per hour. 

The schlieren technique proved so satisfactory during 

initial trials that it was quickly adopted as the primary 

flow visualization method, because of its obvious advantages 

over methods which require placing instruments into the flow 

field. 

Force Measurements 

Force measurements were made using the wind tunnel main 

balance, a pyramidal strain gage balance system with manual 

readout. Since yawed configurations were not tested, only 

lift, drag and pitching moment data were recorded. 

Corrections 

The question of wind tunnel boundary corrections is 

always problematical, since accurate prediction of the cor- 

rections requires a prior knowledge of chordwise and spanwise 

loading distributions. It is always desirable to test the 

largest possible models from the standpoint of measurement 

ease and obtaining the highest possible Reynolds number. On 

the other hand, boundary corrections are minimized by utiliz- 

ing the smallest possible models. In the present tests, it 
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w a s  f e l t  v i t a l  t o  make t h e  models r a t h e r  s m a l l ,  s i n c e  n e i t h e r  

t h e  load d i s t r i b u t i o n s  nor  t h e  p o s s i b l e  viscous w a l l  e f f e c t s  

on t h e  wing vortices w e r e  known i n  advance. 

The f o r c e  d a t a  obtained w e r e  co r rec t ed  f o r  wing induced 

downwash and blockage e f f e c t s  using the  t h e o r e t i c a l  methods 

given by Pope ( 2 5 ) .  These co r rec t ions  w e r e  r e l a t i v e l y  s m a l l ,  

amounting t o  0 . 7 O  maximum downwash c o r r e c t i o n  t o  the  angle  of 

a t t a c k  and 0.7% maximum blockage c o r r e c t i o n  t o  v e l o c i t y ,  The 

blockage c o r r e c t i o n  w a s  p r imar i ly  due t o  wake blockage, a 

r e s u l t  of t h e  high drag  c h a r a c t e r i s t i c s  o f  t h e  wings t e s t e d .  

I n  a d d i t i o n ,  t h e  r e s u l t s  were co r rec t ed  f o r  mounting 

support  i n t e r f e r e n c e  e f f e c t s  based upon image runs. These 

c o r r e c t i o n s  w e r e  uncomfortably l a r g e ,  amounting t o  a m a x i m u m  

A CL of  0 .05  t o  0 .06 ,  w i th  corresponding drag  and p i t c h i n g  

moment c o r r e c t i o n s .  Deta i led  build-up runs e s t a b l i s h e d  t h a t  

t h e  p r i n c i p a l  i n t e r f e r e n c e  e f f e c t s  w e r e  due t o  we mounting 

lugs  which a t t ached  t h e  wing t o  the  support  s t r u t s .  Further-  

more, because of t h e  symmetry of t h e  models tested, inve r t ed  

runs could be u t i l i z e d  t o  check t h e  image co r rec t ions .  These 

c o r r e l a t i o n s  confirmed t h e  A CL cor rec t ions  wi th in  +,005. 

Apparently the forward mounting lug  c r e a t e d  a wake which 

s i g n i f i c a n t l y  reduced t h e  lower s u r f a c e  lift. As might be 

expected, t h e s e  c o r r e c t i o n s  w e r e  largest for  t h e  m o s t  s l ende r  

models . 
Since a l l  wings tested w e r e  symmetrical, zero CL and CM 

should correspond t o  zero  angle  of  a t t a c k .  Therefore,  t o  

account f o r  t unne l  upwash, a l l  d a t a  have been co r rec t ed  t o  
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zero angle of attack at zero lift, This correction did not 

result in zero CM for all models at zero angle of attack, 

however. A residual CM implies a curvature in the tunnel 

flow field at zero angle of attack. 

at low angles contained anomalous non-linearities which were 

apparently induced by a slight leakage around the support 

strut windshield. 

Furthermore, the CM data 

Since the primary interest of these investigations was 

in characteristics near the angles for vortex breakdown, the 

questionable CM data at low angles of attack have been 

discarded, and only data corresponding to angles of attack 

greater than loo are presented. 



CHAPTER V 

RESULTS OF THE EXPERIMENTAL INVESTIGATIONS 

Vortex Breakdown a t  t h e  T r a i l i n g  Edge f o r  D e l t a  Wings -- - 
During t h e  i n i t i a l  t e s t i n g  per iod,  an at tempt  w a s  made 

to  determine t h e  importance of upper su r face  boundary l a y e r  

t r i p  s t r i p s  i n  s t a b i l i z i n g  the  secondary sepa ra t ion  as 

suggested by Earnshaw ( 9 )  and, hence, poss ib ly  s t a b i l i z i n g  

t h e  vo r t ex  breakdown pos i t i on .  To i n v e s t i g a t e  t h i s  e f f e c t ,  

the 72.5O sweep model w a s  t e s t e d  without  roughness, and with 

medium, and then coarse g r i t  sandpaper glued t o  t h e  upper 

surface.  

a t  t h e  t r a i l i n g  edge, b u t  it d i d  s e e m  t o  s t a b i l i z e  somewhat 

t he  breakdown p o s i t i o n  on the wing upper sur face .  Since 

both grades of sandpaper provided the  s t a b i l i z i n g  effect ,  

the  f i n e r  grade w a s  s e l e c t e d  (120 g r i t ) .  A l l  subsequent 

t e s t i n g  w a s  conducted with wings f i t t e d  w i t h  sandpaper of 

t h i s  g r i t .  The sandpaper covered t h e  e n t i r e  upper su r face ,  

except f o r  a 0.15-inch margin allowed a t  a l l  edges t o  i n s u r e  

The roughness d i d  n o t  - effect t h e  i n i t i a l  breakdown 

t h a t  t h e  c l ean  edge geometry would n o t  be dis turbed.  

Even though t h e  angle  of a t t a c k  f o r  i n i t i a l  breakdown 

d i d  n o t  change, comparisons of s c h l i e r e n  photos from t h e  

72.5O del ta  wing with and without  t h e  f i n e  grade roughness 

reveal a d i s t i n c t  d i f f e r e n c e  i n  flow c h a r a c t e r i s t i c s  

22 
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(Figure 3.2). The vor t ex  co re  p a t t e r n s  wi thout  roughness 

show d e f i n i t e  evidence of longikudinal  waves p r i o r  t o  break- 

down, and as shown, t h e  a c t u a l  breakdown process  appears t o  

be a r ap id  c o i l i n g  of t h e  vo r t ex  f i lament .  I n i t i a l  breakdown 

on t h e  run w i t h  roughness, on the  o t h e r  hand, i s  no t  preceded 

by the appearance of t h e  waves. Furthermore, t h e  breakdown 

p a t t e r n s  appear as completely tu rbu len t  wakes,  wi thout  

evidence of t h e  h e l i c a l  c o i l i n g  descr ibed  above. During 

subsequent t e s t i n g ,  more than 500 photos w e r e  recorded of 

v o r t i c e s  on wings wi th  roughness, and n o t  a s i n g l e  one of 

t hese  photos showed t h e  c o i l i n g  pa t t e rn .  

- 

The t e r m s  "breakdown a t  t h e  t r a i l i n g  edge" or " i n i t i a l  

breakdown" r equ i r e  r a t h e r  c a r e f u l  d e f i n i t i o n ,  s i n c e  the  break- 

down po in t  w a s  never s t a b l e  a t  the  t r a i l i n g  edge. Rather,  

the  t e r m s  refer t o  t h e  l o w e s t  angle  of a t t a c k  a t  which break- 

down c rosses  t h e  t r a i l i n g  edge. The i n i t i a l  breakdown data 

obtained i n  t h e  p re sen t  tests f o r  d e l t a  wings wi th  sweep 

angles  less than 75' are gene ra l ly  i n  agreement wi th  t h e  

r e s u l t s  given by Poisson-Quinton and Ehr l i ch  ( 8 ) .  I t  is  

noted t h a t  f o r  sweep angles  g r e a t e r  than 75O, breakdown 

angle  is  nea r ly  cons tan t ,  a f a c t  no t  ev iden t  i n  earlier da ta .  

S ince  these r e s u l t s  i nd ica t ed  a change i n  the t r end  f r o m  

prev ious ly  publ ished da ta ,  some a d d i t i o n a l  tests w e r e  con- 

ducted t o  e s t a b l i s h  t h e  r e s u l t s  more f i rmly .  F i r s t ,  a 

ques t ion  a rose  as t o  whether the forward suppor t  s t r u t  

mounting lug  used on the models might t r i g g e r  breakdown 

prematurely. To check t h i s  p o s s i b i l i t y  a second dumy 
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mounting lug  w a s  a t tached  j u s t  forward of t h e  s tandard  lug,  and 

hence closer t o  the leading  edge. Runs wi th  and without  t h e  

dummy lug  showed no change i n  i n i t i a l  breakdown angle  of 

a t t ack .  

Second, t h e  p o s s i b i l i t y  of wind tunnel  w a l l  i n t e r a c t i o n s  

on vor tex  breakdown w a s  examined. The t h r e e  nine-inch chord 

d e l t a  models descr ibed earlier i n  t h i s  t h e s i s  w e r e  designed 

for  t h i s  purpose. The r e s u l t s  of tests with the  s m a l l  models 

show e x c e l l e n t  agreement with t h e  l a r g e r  scale r e s u l t s  

(Figure 6 ) .  

This c o r r e l a t i o n  demonstrates t h a t  t h e  r e s u l t s  obtained 

w e r e  n o t  in f luenced  s i g n i f i c a n t l y  by t h e  wind tunne l  bound- 

aries. Furthermore, t h e  s m a l l  85' d e l t a  wing w a s  s t i n g  

mounted. Therefore,  agreement between t h e  d a t a  obtained 

f r o m  t h i s  model and the l a r g e r  85' d e l t a  wing is  f u r t h e r  

i n d i c a t i o n  t h a t  t h e  vor tex  breakdown r e s u l t s  w e r e  n o t  i n f l u -  

enced adversely by model mounting s t r u t s .  

Lowson ( 2 6 )  published a very i n t e r e s t i n g  paper i n  1 9 6 4  

i n  which t h e  mechanism of breakdown on an 80' d e l t a  i s  

l u c i d l y  discussed. H e  found t h a t  t h e  breakdown on t h i s  wing 

w a s  s u b j e c t  t o  a h y s t e r e s i s  effect i n  t h e  range of 35O t o  40° 

angle  of a t t a c k .  I n  t h e  p re sen t  i n v e s t i g a t i o n s ,  numerous 

at tempts  w e r e  made t o  produce such a h y s t e r e s i s  i n  vor tex  

breakdown on var ious  models, with e n t i r e l y  nega t ive  r e s u l t s .  

It should be noted again,  a t  this po in t ,  t h a t  t h e  models o f  

t h e  p re sen t  i n v e s t i g a t i o n  w e r e  f i t t e d  wi th  roughness on t h e  

upper su r faces ,  while  Lowson's model w a s  apparent ly  smooth. 
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Unfortunately,  t h e  h y s t e r e s i s  checks of  t he  p re sen t  tests 

w e r e  no t  c a r r i e d  o u t  using a smooth model i n  order  t o  

c l a r i f y  t h e  o r i g i n  of t h i s  discrepancy, A t  least  t h e  range 

of angles  f o r  i n i t i a l  breakdown from Lowson's tests (36" t o  

4 1 O )  i s  i n  agreement wi th  t h e  present  r e s u l t s  f o r  an 80° 

wing (38O t o  38.5O). Ext rapola t ion  of t h e  d a t a  given by 

Poisson-Quinton and E r l i c h  (8)  would lead  one t o  p r e d i c t  an 

i n i t i a l  breakdown angle  of a t  least 45O f o r  the  80° sweep 

wing, a s i g n i f i c a n t l y  h igher  value.  

The  abrupt  change i n  t r end  of vor tex  breakdown versus 

sweep f o r  sweep angles  g r e a t e r  than 75O suggests  t h e  e x i s t -  

ence of a d i f f e r e n t  l i m i t i n g  mechanism f o r  breakdown of 

these very s l ende r  wings. It  w a s  observed t h a t  vor tex  

breakdown on these  wings w a s  q u i t e  s e n s i t i v e  t o  yaw. There 

w a s  a d e f i n i t e  tendency f o r  t h e  vor tex  from one wing panel  

t o  become d isp laced  v e r t i c a l l y  above t h e  o the r ,  and subse- 

quent ly  f o r  vor tex  breakdown t o  t a k e  p l ace  on the  d isp laced  

vor tex  a t  an angle  of attack as much as l o o  below t h e  angle  

of attack for breakdown on t h e  second s ide .  When t h i s  

occurred,  a s m a l l  yaw adjustment of t h e  model w a s  made t o  

r e s t o r e  t h e  symmetry of t h e  vo r t i ce s .  Often a yaw ad jus t -  

ment of 0 . l o  or  0.2O w a s  s u f f i c i e n t  t o  r e s t o r e  t h e  symmetry, 

and, subsequently,  t h e  right-and lef t -hand panel  vortices 

experienced breakdown a t  angles  of a t t a c k  d i f f e r i n g  by 2 O  

or  less. I n  these  cases, t h e  average of t h e  two angles  of  

a t t a c k  has been des igna ted  as t h e  i n i t i a l  breakdown angle  

for  t h e  p a r t i c u l a r  wing being t e s t e d .  
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Chordwise' Progression of Vortex Breakdown - Delta Wings - 

During initial testing, specific attempts were made to 

establish vortex breakdown points - aft of the trailing edge 

as a function of angle of attack. These attempts were 

entirely unsuccessful. 

down first appeared, it moved rapidly from a position aft 

of the field of view (20% to 30% of Co behind the trailing 

edge) to a position approximately 20% forward of the trailing 

edge. This is reflected in the flat portion of the curves 

(Figure 4.1). As the angle of attack was further increased, 

the perturbations of the breakdown point at a given angle of 

attack became much smaller. For example, at the angle of 

the attack for initial breakdown at the trailing edge, per- 

turbations in breakdown position were as much as 20% to 50% 

Co, while the perturbations in breakdown position near the 

apex were of the order of only 1% Co. 

lower sweep angles, the perturbations were much less than 

with the highly swept configurations. 

As mentioned previously, when break- 

For wings having 

The character of progression indicated above may be 

implied from considerations of the relationship between 

pressure gradient along the axis of the vortex core and the 

stability of an isolated vortex. That is, a pressure 

increasing in the direction of flow along the axis i s  

destabilizing and convereely, a pressure decreasing along 

the axis is stabilizing (See Bossel (2) or Werle (5, 6)). 

Since the adverse pressure gradient, dp/dx, is maximum 

near the trailing edge of the wing, the vortices first become 
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i n  magnitude, r e s u l t i n g  i n  more s t a b l e  vo r t i ce s .  Further-  

more, t h e  very s l o w  movement of breakdown p o s i t i o n  near  the 

apex is  a r e s u l t  of the  presence of a nea r ly  con ica l  flow 

f ie ld  i n  t h i s  reg ion  (dp/dx approaching zero) .  

For the wings of lower sweep (45O, 50°, 55O), v o r t i c e s  

a t  t h e  t r a i l i n g  edges w e r e  n o t  observed. These v o r t i c e s  

apparent ly  produced such low dens i ty  g rad ien t s  a t  the angles  

f o r  breakdown, t h a t  they w e r e  no t  c l e a r l y  v i s i b l e  w i t h  the  

s c h l i e r e n  system. A t  h ighe r  angles ,  however, t h e  v o r t i c e s  

became v i s i b l e  on t h e  50° and 55O wings, and the  breakdown 

pos i t i ons  could be i d e n t i f i e d .  Vor t ices  w e r e  never observed 

on the  45O delta wing, even though the tunnel  dynamic pres- 

s u r e  w a s  doubled for  one run i n  an a t tempt  t o  inc rease  the  

dens i ty  g rad ien t s  t o  a l e v e l  which would make the  v o r t i c e s ,  

i f  p re sen t ,  more e a s i l y  v i s i b l e .  The vo r t ex  l i f t  produced by 

the 45O, 50°, and 55O wings i s  so s m a l l  t h a t  knowledge of 

i n i t i a l  breakdown is  probably no t  of g r e a t  p r a c t i c a l  impor- 

tance  . 
Comparisons of vo r t ex  breakdown pos i t i ons  from the  

p resen t  tests w i t h  the  r e s u l t s  of o t h e r  i nves t iga t ions  

gene ra l ly  s h o w  q u i t e  s i m i l a r  t r ends  as t o  the  forward pro- 

g re s s ion  of vo r t ex  breakdown (Figures  4.1.2 and 4.1.3). 

There are, however, d i s t i n c t  s h i f t s  i n  t h e  angles  f o r  i n i t i a l  

breakdown. It should be noted tha t  s o m e  of t he  r e s u l t s  f r o m  

o t h e r  sources  w e r e  obtained us ing  models which w e r e  beveled 

on only  one su r face .  Such models are n o t  q u i t e  symmetric, 
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having a s l i g h t  camber which inf luepces  the angle  for  zero 

lift. The d i sc repanc ie s  i n  angle  for  i n i t i a l  breakdown are 

about 2 O  or  3 O  a t  most, which i s  t h e  o r d e r  of magnitude of 

such camber e f f e c t s  on angles  of zero l i f t .  

Chordwise Progress ion  of - Vortex Breakdown - Modified 

D e l t a  Winqs 

A s p e c i a l  remark needs t o  be  ma& concerning t h e  

d e f i n i t i o n  of vortex breakdown af t h e  " t r a i l i n g  edge" f o r  

wings wi th  swept t r a i l i n g  edges (diamwd, arrqw, and ogee 

wing). For t h e s e  wings, t h e  t r a i l i n g  edge i s  def ined  h e r e i n  

as m o s t  a f t  p o r t i o n  o f  the wing. 

spanwise p o s i t i o n  of  t h e  vortex cores were no* made, it i s  

Since measprements of 
7- 

n o t  p o s s i b l e  t o  s ta te  unequivocally when a given breakdown 

p o i n t  is a t  t h e  l o c a l  t r a i l i n g  edge. Examination of  t he  

breakdown p o s i t i o n  p l o t s  (Figures 4 , 4  and 4.7) shows t h a t  

upon i n i t i a l  breakdown, t h e  breakdown p o i n t  moves t o  a 

p o s i t i o n  approximately 20% Go forward of the  t r a i l i n g  edge 

( t h e  f l a t  region of  the curves from 0 to  20% Co as d iscussed  

previously for  d e l t a  wings) .  Therefore, t h e  breakdown p o i n t  

crosses even the swept t r a i l i n g  edges a t  approximately t h e  

I 

angle  of a t t a c k  f o r  i n i t i a l  breakdown. 

Cropped D e l t a  Wing - 
The 12 .4% t i p  cropping of a 60' d e l t a  wing has  a nea r ly  

n e g l i g i b l e  e f f e c t  on vo r t ex  breakdown (Figure 4 , 3 ) .  I n  fact ,  

t h e  e f f e c t  of  cropping w a s  less than t h e  e f f e c t  of changing 
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t h e  edge shape f r o m  beveled t o  square. 

Diamond and A r r o w  Wings -_. 

Varia t ions  i n  t r a i l i n g  edge geometry have a s u r p r i s i n g l y  

s m a l l  e f f e c t  on i n i t i a l  breakdown (Figure 4 . 4 ) .  Since vor tex  

breakdown is related t o  p re s su re  g rad ien t ,  one might expect  

t h a t  a parameter such as a spec t  ra t io  would be appropr i a t e  

for c o r r e l a t i n g  breakdown behqvior. The d a t a  below, however, 

convincingly i l l u s t r a t e s  the face t h a t  lead ing  edge sweep is  

much m o r e  important than t r a i l i n g  edge sweep or  a spec t  ra t io  

i n  the determinat ion of i n i t i a l  breakdown. 

EFFECT OF ASPECT RATIO ON VORTEX BREAKDOWN 

I n i t i a l  
Breakdown 

Aspect Angle of 
Wing R a t i o  A t t a c k  

70' Diamond 1 .0  27.0' 

70' D e l t a  1.46 29.0' 

70' Arrow 2.0 28.0' 

Breakdown 
Angle f o r  

Equivalent Equivalent 
D e l t a  Sweep D e l t a  

(76') 37.5' 

(63.4') 16.5O 

D o u b l e - D e l t a  Wings 

Breakdown c h a r a c t e r i s t i c s  f o r  t h e  double-delta wings 

are q u i t e  d i f f e r e n t  than  f o r  simple d e l t a s  (Figures 4.5 and 

4 .6 ) .  The s c h l i e r e n  photos for  these conf igura t ions  are 

p a r t i c u l a r l y  i n t e r e s t i n g  s i n c e  they show t h e  i n t e r a c t i o n  

between t w o  d i s t i p c t  vo r t ex  cores.  The a f t  panel  vor tex  
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core, having less s t r e n g t h ,  c o i l s  i n  a h e l i c a l  fash ion  about 

t h e  apex panel  vo r t ex  (Figure 3 . 3 ) .  S i m i l a r  wind tunnel  

observa t ions  have been made wi th  t h e  w a t e r  vapor condensa- 

t i o n  vortices repor ted  by Sacks, Lundberg and Hanson (18). 

A t  h igher  angles  o f  attack t h e  a f t  panel  vo r t ex  d isappears ,  

apparent ly  as a r e s u l t  of breakdown. The forward panel  

vo r t ex  remaing v i s i b l e ,  without  breakdown, f o r  another  4 O  

t o  6O. 

Previous i n v e s t i g a t i o n s  by t h e  au tho r  ( 2 2 )  which 

cons i s t ed  of v e l o c i t y  measurements i n  t h e  vo r t ex  f i e l d s  of 

double-delta wings d i d  - n o t  reveal t h e  c o i l i n g  of the  a f t  

panel  vortex core  which i s  shown by t h e  w a t e r  vapor and 

s c h l i e r e n  photographs. Ce r t a in ly  t h e  s t r e n g t h  of t he  a f t  

panel vo r t ex  i s  much less than t h a t  of t h e  s t r a k e  vortex.  

Therefore t h e  v e l o c i t i e s  induced by t h e  a f t  panel  vo r t ex  

would be much smaller and thus  more d i f f i c u l t  t o  measure. 

On t h e  o t h e r  hand, t h e  probe u t i l i z e d  i n  t h e  p r i o r  i n v e s t i -  

ga t ions  w a s  s e n s i t i v e  enough t o  d e t e c t  even the s m a l l  

secondary coun te r - ro t a t ing  v o r t i c e s  located nea r  t h e  lead ing  

edge. A m o r e  p l a u s i b l e  explana t ion  i s  t h a t  the  p o s i t i o n  of 

the  c o i l e d  a f t  panel  vo r t ex  core w a s  affected by t h e  presence 

of t he  v e l o c i t y  probe. 

As noted above, i n i t i a l  breakdown f o r  both ‘double-delta 

wings is delayed considerably by t h e  a d d i t i o n  of t h e  strake,  

as shown below: 
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EFFECT OF STRAKES ON BREAKDOWN.. . . . 

Wing 
Angle of Attack for  

I n i t i a l  Breakdown 
Af t  Panel Vortex S t r ake  Vortex 

65' D e l t a  19.3' 

7 5 '/6 5' Double-Del t a  

80°/65 ' Double-Delta 

29.5' 35.1' 

31.5' 35.5' 

Thus, t h e  s t r a k e  vortex has a d e f i n i t e  s t a b i l i z i n g  in f luence  

on t h e  a f t  pane l  vortex.  This  observa t ion  concurs wi th  t h e  

conclusion reached by Earnshaw ( 9 )  t h a t  apex sweep is  more 

important  than sweep near  t h e  t r a i l i n g  edge i n  i n f luenc ing  

breakdown. 

Ogee Wing -- 

W i t h  t h i s  planform a s i n g l e  cont inuously curved vor tex  

i s  formed on each s i d e .  The vor tex  breakdown p o s i t i o n  

r e s u l t s  as a func t ion  of angle  of attack f o r  the  ogee wing 

show a number of i n t e r e s t i n g  c h a r a c t e r i s t i c s  a s soc ia t ed  wi th  

the  ogee planform (Figure 4 . 7 ) .  F i r s t ,  the i n i t i a l  breakdown 

occurs  a t  18', a much h igher  angle  of  attack than  would be 

a n t i c i p a t e d  f o r  t h e  a f t  pane l  alone. The b a s i c  a f t  panel  

has  a leading-edge sweep of 55O, which would r e s u l t  i n  an 

i n i t i a l  breakdown angle  of a t t a c k  of 10' based upon t h e  

delta wing r e s u l t s  (Figure 6 ) .  
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a t  a 

Second, t h e  forward progress ion  of vor t ex  breakdown is  

much lower rate than f o r  d e l t a  wings. W i l e  t h e  d e l t a  

wings r equ i r ed  an angle  of a t t a c k  change of 18' t o  20' f o r  

vo r t ex  breakdown t o  move from t r a i l i n g  edge t o  apey, t h e  

ogee wing r equ i r e s  33'. This  is n o t  s u r p r i s i n g  when one 

realizes t h a t  t h e  ogee wing sweep inc reases  as t h e  apex i s  

approached. Thus, t h e  v o r t i c e s  become much more s t a b l e  near  

t h e  apex. The angle  of a t t a c k  of 51' f o r  breakdown a t  t h e  

apex corresponds roughly t o  an apex breakdown angle  of 58' 

f o r  a d e l t a  wing having t h e  same apex sweep (77' sweep), 

The breakdown curve algo shows a d e f i n i t e  tendency for  

t h e  breakdown p o i n t  t o  remain a t  t h e  81% chord pos i t i on ,  

This  kink apparent ly  i s  a s soc ia t ed  wi th  t h e  i n f l e c t i o n  i n  

t h e  l ead ing  edge. 

CIiscussion - of Force C h a r a c t e r i s t i c s  

L i f t  - and - Pi t ch ing  C h a r a c t e r i s t i c s  D e l t a  ,Wings 

Using t h e  Polhamus leading-edge suc t ion  analogy d iscussed  

earlier, t h e o r e t i c a l  p o t e n t i a l  l i f t  and t o t a l  l i f t  r e l a t i o n -  

sh ips  f o r  each d e l t a  wing have been ca l cu la t ed  f o r  comparison 

wi th  t h e  experimental  r e s u l t s .  For t h e  4 5 O  and 50' d e l t a  

wings (Figures  5.1.1 and 5.2.1), very l i t t l e  vor tex  lift i s  

produced. The 55' t o  67.5' wings show t h a t  an inc reas ing  

percentage of t h e o r e t i c a l  vo r t ex  l i f t  i s  produced (Figures  

5.3.1 t o  5.6.1). Mr. Polhamus has  poin ted  o u t  t o  t h e  au thor  

t h a t  t h e  leading-edge suc t ion  analogy is a p t  t o  over-predict  

vo r t ex  lift f o r  wings of moderate sweep, s i n c e  t h e  v o r t i c e s  
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produced 

t r a i l i n g  

by such wings do not stream perpendicular  t o  t h e  

edge and cannot, t he re fo re ,  produce f u l l  suc t ion  

l i f t .  I f  t h e  wing planfarm t r a i l i n g  edge w e r e  perpendicular  

t o  t h e  vo r t ex  core, the f u l l  vor tex  l i f t  could be effective. 

As i l l u s t r a t e d  i n  tbe sketch b e l o w ,  fo r  h ighly  swept del tas ,  

t h e  a d d i t i o n a l  area requi red  becomes vanish ingly  s m a l l .  

F u l l  Vortex L i f t -  

Low Sweep High Sweep 

Limitat ions of Vortex L i f t  Theory 

Thus the  theory should be more accurate for  the  more h ighly  

swept wings. 

I n  the range of sweep angles  f r o m  70' t o  77.5O, the  

experimental  r e s u l t s  show e x c e l l e n t  agreement w i t h  t h e  

Polhamus theory.  Furthermore, t h e  i n i t i a l  vo r t ex  breakdwon 

measurements, as i n d i c a t e d  on the  graphs,  mark c l e a r l y  t h e  

onse t  of d e v i a t i o n  f r o m  t h e  theory.  Thus the  vo r t ex  break- 

down measurements, i n  conjunct ion w i t h  the  Polhamus theory,  

provide an e x c e l l e n t  means fo r  p r e d i c t i n g  l i f t  for these 

conf igura t ions .  

For wings wi th  sweep angles  f r o m  8 0 °  t a  8 5 O ,  a progres- 

sive d e v i a t i o n  of  experimental  r e s u l t s  f r s m  theory is  noted 
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p r i o r  t o  i n i t i a l  breakdown (Figures 5.11.1 t o  5.13.1). This  

range of leading-edge sweep angles  corresponds approximately 

t o  the range of sweep angles  fo r  which vo r t ex  breakdown i s  

independent of sweep, as discussed i n  t h e  earlier s e c t i o n  

concerning vo r t ex  breakdown. 

Maltby and Peckham ( 2 7 )  have shown t h a t  f o r  very s l ende r  

wings a cond i t iqn  can be reached wherein t h e  v o r t e x  sheets 

f r o m  the  t w o  s i d e s  m e e t  a t  the c e n t e r l i n e ,  e l imina t ing  t h e  

reg ion  of r ea t t ached  streamwise flow usua l ly  found i n  t h e  

c e n t e r  reg ion  of t h e  wing upper sur face .  T h i s  e f f e c t  i s  

i n d i c a t e d  i n  t h e  sketches of cross-flow vor t ex  sheets below: 

Moderate Sweep Very High Sweep 

( N o  Contact)  (Vortex Shee ts  i n  Contact)  

Limitat ions of Vortex Lift Theory 

A t  angles  of attack above i n i t i a l  con tac t ,  the  vo r t ex  sheets 

e longate  v e r t i c a l l y  and t h e  vor tex  cores are forced t o  move 

upward. 

i n  vor tex  l i f t ,  

Such displacement would be accompanied by a reduct ion  

I n  extreme cases (very s l ende r  wings) t h e  vo r t ex  sheets 

may "tear" and f o r m  mul t ip l e  rolled up cores f r o m  each side. 

The t e a r i n g  mechanism is n o t  u sua l ly  symmetric and o f t e n  
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r e s u l t s  i n  one 

above another .  

vo r t ex  core becoming v e r t i c a l l y  d i sp l aced  

From a p r a c t i c a l  s tandpoin t ,  t h e  onse t  of 

vor tex  s h e e t  t e a r i n g  probably l i m i t s  t h e  usable  angle  of 

attack range f o r  such wings because of t h e  r o l l i n g  moments 

a s soc ia t ed  w i t h  t h e  unsymmetrical flow fields. 

The l i f t  loss r e s u l t i n g  from p a r a l l e l  vo r t ex  d isp lace-  

ment would presumably no t  be abrupt ,  b u t  r a t h e r  a gradual  

reduct ion  i n  t h e  propor t ion  of vor tex  lift: a c t u a l l y  achieved 

r e l a t i v e  t o  t h e  t h e o r e t i c a l  amount. Although meagurements 

of vo r t ex  s h e e t  trajectories w e r e  no t  conducted i n  the 

p resen t  i n v e s t i g a t i o n ,  it seems reasonable  t o  assume t h a t  

the  dev ia t ions  noted from t h e  t h e o r e t i c a l  lift f o r  very 

s l ende r  ( >  80') wings are due t o  t h i s  displacement phenome- 

non. When vor t ex  breakdown occurs  on these wings, it 

precipitates a r a t h e r  abrupt  loss i n  l i f t ,  as w i t h  t he  wings 

of somewhat l o w e r  sweep. 

As previous ly  d iscussed ,  no theory e x i s t s  p re sen t ly  f o r  

adequately p r e d i c t i n g  p i t ch ing  moment characteristics of 

wings w i t h  vo r t ex  l i f t .  T h e  experimental  p i t ch ing  moment 

characteristics a s soc ia t ed  w i t h  t h e  45O t o  67.5' d e l t a  

wings (Figures  5.1.1 t o  5.6.1) show a pitch-down tendency a t  

maximum CL (which corresponds approximately t o  vo r t ex  break- 

down a t  t h e  apex) .  I n i t i a l  vo r t ex  breakdown seems t o  have 

l i t t l e  effect on t h e  fo rce  characteristics of these configu- 

r a t ions .  

For t h e  wings w i t h  sweep angles  from 70' t o  85' , t he  

maximum CL corresponds approximately t o  vo r t ex  breakdown a t  
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t h e  t r a i l i n g  edge, and a l s o  t o  a marked pitch-up tendency 

(Figures  5.7.1 t o  5.13.1) . As t h e  breakdown approaches t h e  

apex, the pitch-up tendency is reduced, and i n  some cases i s  

rep laced  by a pitch-down. Af t e r  complete breakdown t o  t h e  

apex, a l e v e l  of s t a b i l i t y  i s  r e s to red  which i s  approximately 

equal  t o  t h a t  which e x i s t e d  p r i o r  t o  i n i t i a l  breakdown, Thus 

i n i t i a l  breakdown is  accompanied by a loss i n  lift over  t h e  

a f t  po r t ion  of  t h e  wings, causing pitch-up. As t h e  breakdown 

p o i n t  moves forward, t h e  loss of l i f t  becomes d i s t r i b u t e d  

over  t h e  e n t i r e  su r face ,  and t h e  pitch-up tendency vanishes .  

L i f t  -- and P i t ch inq  C h a r a c t e r i s t i c s  - Modified D e l t a  Wings 

Cropped D e l t a  Wing - Theore t i ca l  l i f t ,  based upon the  

leading-edge suc t ion  analogy f o r  t h i s  wing, has been calcu- 

l a t e d  by two methods: 

a d e l t a  wing of t h e  same aspec t  r a t i o ;  and second, by 

u t i l i z i n g  Wagner's method ( 2 0 )  which i s  appropr i a t e  t o  t h e  

non-delta planform. 

methods are l abe led  "POLHAMUS-Delta" and "POLHANUS-Cropped 

D e l t a , "  r e spec t ive ly ,  on t h e  graph (Figure 5,14,1) It  

should be poin ted  o u t  he re  t h a t  Polhamus (19)  s p e c i f i c a l l y  

warns a g a i n s t  us ing  t h e  d e l t a  wing r e s u l t s  f o r  non-delta 

planforms. Nevertheless ,  t h e  t w o  t h e o r e t i c a l  curves are 

reasonably c lose .  Comparison of t h e  t w o  t h e o r e t i c a l  curves 

r evea l s  t h a t  t h e  "exact" (Wagner) method p r e d i c t s  more 

p o t e n t i a l  l i f t  and less vor t ex  l i f t  than t h e  equ iva len t  

d e l t a ,  as one might suppose. The experimental  lift d a t a  

f i r s t ,  us ing  t h e  K and Kv va lues  f o r  
P 

The CL values  ca l cu la t ed  by these  
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for  t h i s  conf igu ra t ion  show l i t t l e  d i f f e r e n c e  from t h e  b a s i c  

60°  d e l t a .  The p i t ch ing  moment d a t a  for the  cropped d e l t a  

show s l i g h t l y  less pitch-down tendency a f t e r  maximum CL than 

t h e  b a s i c  delta, apparent ly  as a r e s u l t  of removing the  area 

near  the  t r a i l i n g  edge. 

Diamond and Arrow Wings.- The  effects of adding and 

removing a rea  near  the t r a i l i n g  edge are i l l u s t r a t e d  by com- 

par ing  the 70° d e l t a  r e s u l t s  w i t h  those from t h e  diamond and 

arrow wings (Figures  5.7.1, 5.15.1 and 5.16.1). For t he  

diamond and arrow wings, t h e o r e t i c a l  va lues  have been 

determined us ing  the  K 

forms ( ca l cu la t ed  us ing  the  methods of Reference 201, and 

also us ing  K 

r e spec t ive  a spec t  r a t i o s .  Although the two methods g ive  

q u i t e  d i f f e r e n t  amounts of p o t e n t i a l  l i f t  and vo r t ex  lift, 

t h e  t o t a l  theoretical l i f t s  ca l cu la t ed  are s u r p r i s i n g l y  

close. The experimental  data f o r  t h e  arrow wing show less 

lift than either t h e o r e t i c a l  curve,  b u t  i n  fact  almost the  

s a m e  l i f t  c o e f f i c i e n t s  as t h e  basic 70° del ta ,  p r i o r  t o  

i n i t i a l  breakdown. A f t e r  i n i t i a l  breakdown, t he  arrow wing 

- 

and Rv va lues  f o r  t h e  a c t u a l  plan- 
P 

and Kv values  for  de l ta  wings of t he  same 
P 

l i f t  decreases much less rap id ly  than t h e  d e l t a .  

The diamond wing t h e o r e t i c a l  curves  i l l u s t r a t e  t h a t  the 

p o t e n t i a l  l i f t  is  p r a c t i c a l l y  unef fec ted  by t h e  r e -d i s t r ibu -  

t i o n  of area, w h i l e  the  vo r t ex  l i f t  is reduced s i g n i f i c a n t l y  

for t h e  diamond. The experimental  d a t a  f o r  t h e  diamond show 

even more l i f t  than p red ic t ed  f o r  t h e  equ iva len t  delta. This 
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is a t t r i b u t e d  t o  add i t iona l  vor tex  l i f t  generated by the  

inf luence  of the v o r t i c e s  a c t i n g  on the area a f t  of t h e  

maximum span poin t .  A s  d i scussed  i n  an earlier sec t ion ,  t h e  

Polhamus theory does no t  account for ga ins  o r  lo s ses  i n  

vortex lift due t o  such area changes. 

Comparisons of t he  p i t ch ing  c h a r a c t e r i s t i c s  of the 

arrow, diamond, and delta wings i l l u s t r a t e  t he  effects of 

area near  t h e  t r a i l i n g  edge. F i r s t ,  it i s  noted t h a t  a l l  

three wings e x h i b i t  a pitch-up tendency a t  a lift c o e f f i -  

c i e n t  of about 0.8, p r i o r  t o  i n i t i a l  vor tex  breakdown. A s  

area a t  the t r a i l i n g  edge i s  added (progressing from arrow 

t o  de l ta  t o  diamond), the post-breakdown behavior i s  a 

progressive pitch-down tendency. Thus, t he  add i t ion  of area 

a t  the t r a i l i n g  edge i s  e f f e c t i v e  i n  c o n t r o l l i n g  pitch-up; 

b u t  the e f f ec t iveness  of t h i s  area add i t ion  seems t o  be 

g r e a t e s t  after i n i t i a l  vor tex  breakdown. 

Double-Delta Wings - A t  t he  t i m e  of t h i s  wr i t i ng ,  the 

problem of obta in ing  s a t i s f a c t o r y  leading-edge suc t ion  values  

for double-delta wings has no t  been resolved,  Therefore ,  

"exact" values  for  K and Kv f o r  use i n  Polhamus' equa t ion  

cannot be ca l cu la t ed .  I n  p r i n c i p l e ,  it should be poss ib l e  

t o  ob ta in  these values  us ing  the p o t e n t i a l  f l o w  l i f t i n g  

su r face  method of Wagner, and the author  understands t h a t  

w o r k  on this problem i s  be ing  conducted by researchers a t  

P 

NASA Langley Research Center.  

wi th in  a few months t h i s  problem w i l l  be resolved.  For t he  

I t  is  q u i t e  poss ib l e  t h a t  
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p resen t ,  however, it w a s  necessary t o  use t h e  approximate 

method f o r  determining R and Kv based upon a simple "equiva- 

l e n t "  d e l t a  wing of t h e  same aspec t  ra t io  as t h e  double-delta 

wings. Since t h e  t w o  double-delta wings t e s t e d  w e r e  designed 

P 

t o  have the  same aspec t  r a t i o ,  t h e  t h e o r e t i c a l  equiva len t  

delta CL values  are equal  f o r  t h e  t w o  wings, I n  s p i t e  of 

i t s  l i m i t a t i o n s ,  t h e  t h e o r e t i c a l  equiva len t  delta CL curve 

compares favorably with the experimental  r e s u l t s  (Figures 

5.17.1 and 5.18.1). 

Ogee Wing - Wind Tunnel Resul ts  - The t h e o r e t i c a l  K and 
P - 

K va lues  for use i n  Polhamus' equat ion are based upon a 

d e l t a  wing of the same aspec t  r a t i o ,  f o r  the same reasons as 

noted above. Again, t h e  equiva len t  del ta  provides a f a i r  

V 

t h e o r e t i c a l  approximation t o  the experimental  r e s u l t s  (Figure 

5.19.1) .  I n  t h i s  case however, t he  experimental  l i f t  s l i g h t l y  

exceeded the theory i n  t h e  angle of attack range p r i o r  t o  

i n i t i a l  breakdown. 

A t  i n i t i a l  breakdown, both t h e  l i f t  and p i t c h i n g  moment 

curves show a s l i g h t  kink, A s  t h e  angle  of attack i s  increased 

f u r t h e r ,  the  lift curve shows a progress ive  l o s s  i n  vor tex  lift 

as the breakdown p o i n t  moves forward. The loss i n  lift f o r  

angles  beyond maximum CL is  rather gradual  compared t o  the 

d e l t a  wings. 

The p i t c h i n g  moment curve shows a s l i g h t  pitch-up kink 

a t  i n i t i a l  breakdown, b u t  then recovers  f u l l y  and even 

r e f l e c t s  a pitch-down beyond maximum CL. It appears t h a t  
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t h e  ogee leading  edge, wi th  i t s  slow progression of vor tex  

breakdown, provides very d e s i r a b l e  s t a b i l i t y  characteristics 

beyond i n i t i a l  breakdown. 

Ogee Wing - Comparisons with F l i g h t  T e s t  - - A comparison - 
between t h i s  model and f l i g h t  test  i s  afforded by the  r e s u l t s  

obtained by NASA Ames Research Center w i t h  a modified F5D 

a i r p l a n e  as repor ted  by R o l l s ,  Koenig, and Drinkwater ( 2 3 ) .  

The ogee wing of the p resen t  tests w a s  designed t o  match t h e  

outboard panel  of t h i s  aircraft .  The  l i f t  and drag r e s u l t s  

f r o m  f l i g h t  tests compare q u i t e  favorably w i t h  the  p re sen t  

ogee wing r e s u l t s  (Figure 5 . 2 1 ) .  

Based upon t u f t  observat ions and s ta tements  made i n  t h e  

re ference  concerning b u f f e t i n g  of t h e  a i r p l a n e ,  it appears 

t h a t  i n i t i a l  vor tex  breakdown occurred on the  a i r p l a n e  a t  an 

angle  of attack between 15' and 1 8 O .  T h i s  corresponds w i t h  

t he  occurrence of a no t i ceab le  change i n  s lope  of the  f l i g h t  

test CL - a curves,  another  i n d i c a t i o n  of the  e f f e c t s  of 

breakdown. Furthermore, it is  noted t h a t  no f l i g h t  tes t  data 

p o i n t s  w e r e  obtained i n  t h e  range of angles  of attack f r o m  

1 8 O  t o  2 0 ° .  Based upon the p resen t  wind tunnel  r e s u l t s ,  

i n i t i a l  vor tex  breakdown should be accompanied by a loss of 

s t a b i l i t y  which would be recovered a t  h igher  angles  of attack. 

It  would be very d i f f i c u l t ,  however, t o  ob ta in  s tab i l ized  

f l i g h t  a t  t h e  p a r t i c u l a r  angle  of attack f o r  vor tex  breakdown. 

These observa t ions  add a d d i t i o n a l  support  t o  t h e  conclusion 

t h a t  breakdown on the aircraft  occurred between 15O and 18'. 
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The p resen t  wind tunnel  r e s u l t s  (Figure 4 .7 )  show i n i t i a l  

breakdown a t  about 17.5O. 

The f l i g h t  test  r e s u l t s  show a somewhat g r e a t e r  loss i n  

l i f t  a f t e r  i n i t i a l  breakdown than t h e  p re sen t  r e s u l t s ,  i n d i -  

c a t i n g  a more r ap id  movement forward of the  vor tex  breakdown 

pos i t i on .  

It should be noted 

presented are t o t a l  CD, 

poss ib l e ,  of course, t o  

t h a t  the  f l i g h t  tes t  drag  d a t a  

. It w a s  n o t  
cDO 

r a t h e r  than CD - 
determine C f r o m  the  f l i g h t  tes t  

DO 
r e s u l t s .  I n  s p i t e  of t h i s ,  t he  f l i g h t  test  drag  r e s u l t s  

show t h a t  t he  shape of the  p o l a r  corresponds q u i t e  c l o s e l y  

w i t h  the p resen t  r e s u l t s ,  i n d i c a t i n g  good c o r r e l a t i o n  of 

drag due t o  l i f t .  

Since t h e  ogee model of the  p re sen t  tests w a s  n o t  f i t t e d  

w i t h  c o n t r o l  su r f aces ,  it w a s  n o t  poss ib l e  t o  compare p i tch-  

i n g  moment r e s u l t s  f r o m  t h e  p re sen t  tests w i t h  the trimmed 

f l i g h t  t es t  condi t ions.  From t h e  comparisons of l i f t  and 

drag r e s u l t s ,  however, as w e l l  as breakdown observat ions,  it 

is ev iden t  that  r a t h e r  good fo rce  c o r r e l a t i o n s  are poss ib l e  
6 between f u l l  scale f l i g h t  tests (Reynolds number N 20 x 1 0  ) 

and r a t h e r  s m a l l  scale wind tunnel  models (Reynolds number 

0.7 x 1 0  ) .  6 

Due - t o  - L i f t  - D e l t a  and - Modified D e l t a '  Wings 

The induced drag characteristics of a l l  the  t h i n  sharp- 

edged wings t e s t e d  i n  t h e  p r e s e n t  i n v e s t i g a t i o n s  are compared 
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with  t h e o r e t i c a l  va lues  based upon zero leading-edge s u c t i o n  

given by t h e  following expression: 

'D - cDo = cL tan O1 

The appropr ia te  experimental  CL vs. a d a t a  have been used i n  

t h i s  equat ion.  These comparisons (Figures 5.1.2 t o  5.20.2) 

show e x c e l l e n t  agreement, i n d i c a t i n g  c l e a r l y  t h e  v a l i d i t y  of  

t h e  assumption of zero leading-edge suc t ion .  

The only s i g n i f i c a n t  d i screpancies  between measured and 

t h e o r e t i c a l  drag due to l i f t  occur a t  l i f t  c o e f f i c i e n t s  

beyond maximum CL. 

somewhat h igher  than p red ic t ed  by normal fo rce  theory. This 

i n d i c a t e s  an inc rease  i n  p a r a s i t e  drag a t  t hese  very high 

angles .  Since even t h e  t h i n  wings used i n  t h e  p re sen t  tests 

had f i n i t e  th ickness ,  it is  no t  unreasonable t h a t  such a 

I n  t h e s e  cases, the  measured drag i s  

change might occur. I n  any case, t h e  theory i s  q u i t e  ade- 

qua te  for  a l l  b u t  t h e  extreme p o s t - s t a l l  angles  of a t t a c k .  

One might argue t h a t  a t h e o r e t i c a l  CL vs. a r e l a t i o n s h i p  

should be used i n  t h e  expression above t o  ob ta in  a more 

"pure" t h e o r e t i c a l  r e s u l t .  O f  course,  one would use such a 

t h e o r e t i c a l  method i n  any prel iminary design ana lys i s ,  How- 

ever ,  i n  t h e  p r e s e n t  i n s t ance  such a method would n o t  be 

he lp fu l ,  s i n c e  dev ia t ions  between experimental  and t h e o r e t i -  

cal drag  could n o t  be a t t r i b u t e d  t o  an error i n  drag  theory 

without  first checking t o  see whether t h e r e  w a s  discrepancy 

between t h e  t h e o r e t i c a l  and experimental  P l i f t  r e l a t ionsh ip .  
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From the present results, it is clear that adequate lifting 

theories will lead to accurate drag prediction, as indicated 

by Polhamus' recent report on this subject (21), 

An alternate approach to the analysis of slender, sharp- 

edged wings would be to analyze the forces in terms of normal 

and chordwise components. Since the chordwise forces are 

virtually zero, such an analysis method would be somewhat 

simpler. In fact, the only reason for the lift and drag 

component analysis used in the present thesis is the strong 

custom associated with the use of the CL and CD parameters. 



CHAPTER V I  

CONCLUDING REMARKS 

The i n i t i a l  vor tex  breakdown boundary f o r  delta wings 

published by Poisson-Quinton and E r l i c h  has  been c l o s e l y  

v e r i f i e d .  I n  add i t ion ,  the  boundary has been extended t o  

sweep angles  of 8 5 ' .  For sweep angles g r e a t e r  than 7 5 O ,  the  

p re sen t  tests have established t h a t  breakdown i s  nea r ly  

independent of sweep. 

Forward progression of breakdown for  a given wing from 

t r a i l i n g  edge t o  apex proceeds r ap id ly  a t  f i rs t ,  then more 

slowly near  t he  apex. The t o t a l  angle  of attack change 

associated wi th  breakdown movement from t r a i l i n g  edge t o  

apex is  about 18O t o  Z O O  f o r  simple deltas. 

Force measurements have v e r i f i e d  t h a t  Polhamus' leading- 

edge suc t ion  analogy provides an e x c e l l e n t  means f o r  p red ic t -  

i n g  CL for  wings of medium sweep, ope ra t ing  below the c r i t i ca l  

angle  f o r  i n i t i a l  vo r t ex  breakdown. For very s l ende r  wings, 

a merging of right-and left-wing panel vor tex  sheets seems 

to  reduce vor tex  l i f t ,  r e s u l t i n g  i n  s i g n i f i c a n t  devia t ions  

f r o m  Polhamus' theory p r i o r  t o  i n i t i a l  breakdown. The advent 

of vor tex  breakdown, of course,  l i m i t s  the  vor tex  l i f t  on a l l  

configurat ions.  

4 4 .  
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While no adequate theory e x i s t s  f o r  p red ic t ing  p i t ch ing  

moments generated by v o r t i c e s ,  the observed p i t ch ing  char- 

acteristics are compatible w i t h  t h e  observed vor tex  breakdown 

pa t t e rns .  Drag due t o  l i f t  f o r  a l l  models t e s t e d  w a s  pre- 

dieted adequately as t h e  streamwise component of a pure 

- 

normal force.  

T e s t s  of modified delta wings have v e r i f i e d  t h a t  apex 

sweep is  much more important than t r a i l i n g  edge geometry i n  

determining i n i t i a l  breakdown. I n i t i a l  breakdown appears 

independent of t r a i l i n g  edge sweep. Strakes, however, have 

a dominant in f luence  on breakdown behavior. 

Force r e s u l t s  and vor tex  breakdown observat ions of an 

ogee wing compare q u i t e  favorably w i t h  NASA f l i g h t  tes t  

r e s u l t s  from a s i m i l a r  configurat ion,  i n  s p i t e  of a f a c t o r  

of 20 change i n  Reynolds number, i n d i c a t i n g  t h e  v a l i d i t y  of 

s m a l l  scale tests. 
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Sect ion  A-A (Enlarged) 

N o t e s :  1) Sect ion  A-A i s  t y p i c a l  of a l l  edges. 
2 2) A r e a  = b tanA/4. 

3 )  Aspect R a t i o  = 4/tanA. 

Figure 2 . 1  - Model Geometry - D e l t a  Wings 
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Figure 2.2 3 Model Geometry - Cropped 60' D e l t a  Wing 
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Figure 2.3 - Model Geometry - 70' Arrow Wing 



Figure 2.4  - Model Geometry - 70° Diamond Wing 

Figure 2.5 - Model Geometry - 7So/65O Double-Delta Wing 
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Figure 2-6 - Model Geometry - 8Oo/65O Double-Delta Wing 
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Figure 2.7 - Mode1 Geometry - Ogee Wing 
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Top View (With Sandpaper) 

View Showing Mounting Struts 
Figure 3.1 - Model Installation Photos 
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o(= 27.5O No Breakdown 

q= 32.5O Breakdown 
Figure 3.2 - Effect of Roughness on Breakdown Characteristics 

(72.5O Delta Wing) 
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Figure 3.2 - (Continued) 
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04 = 28.7’ A f t  Panel Breakdown 

Figure 3 . 3  - Vortex Breakdown Photos - 75O/65O Double-Delta Wing 
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F i g u r e  3 . 3  - (Continued) 
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Figure 4.1.1 - Vortex Breakdown Pos i t ion  - D e l t a  Wings 
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9 )  

Figure 4 , 1 0 2  - Comparison of Vortex Breakdown Results with Previously 
Published Data - 700 Delta Wing 
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Figure 4.1.3 - Comparison of Vortex Breakdown R e s u l t s  with Previously 
Published D a t a  - 65O D e l t a  Wing 
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Figure 4 .2  - E f f e c t  of Edge Shape on V o r t e x  B r e a k d o w n  
- 60°  D e l t a  Wing 
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Figure 4.3 - Vortex Breakdown Pos i t ion  - Cropped 60° D e l t a  Wing 
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Figure 4.4 - Vortex Breakdown Position - 70° Arrow, Delta, 
and Diamond Wings 
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Figure 4 . 5  - Vortex B r e a k d o w n  Position - 7So/65O Double-Delta Wing 
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Figure 4 . 6  - Vortex Breakdown Position - 8Oo/65O Double-Delta Wing 
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Figure 4.7 - Vortex Breakdown Pos i t ion  - Ogee Wing 
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Figure 5.1.1-Lift and Pi tch ing  C h a r a c t e r i s t i c s  - 45O D e l t a  Wing 
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Figure 5.1.2 - D r a g  D u e  t o  L i f t  - 45O D e l t a  Wing 
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Figure 5.2.1-Lift and Pitching Characteristics - 50° Delta Wing 



71 

1 

1 

Figure 5.2.2 - Drag Due to  L i f t  - 50° D e l t a  Wing 
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Figure 5.3.1-Lift and Pitching Characteristics - 55' Delta Wing 
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Figure 5 . 3 . 2  - Drag Due to L i f t  - 55O D e l t a  Wing 
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Figure 5.4.1-Lift and Pitching Characteristics - 60°  Delta Wing 
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Figure 5 .4 .2  - D r a g  D u e  t o  L i f t  - 60° D e l t a  Wing 
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Figure 5 . 5 . 1 - L i f t  and Pitching Characteristics - 65O Delta Wing 
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Figure 5 . 5 . 2  - Drag D u e  to Lift  - 65O D e l t a  Wing 
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Figure 5.6.1-Lift and Pitching Characteristics - 67.5O Delta Wing 
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Figure.5.6.2 - Drag Due t o  L i f t  - 67.5O D e l t a  Wing 
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Figure 5.7.1-Lift and Pitching Characteristics - 70° Delta Wing 
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Figure 5.7,.2 - Drag Due to L i f t  - 70' Delta Wing 
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Figure 5.8.1-Lift and Pitching Characteristics - 72.5O Delta Wing 
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Figure 5.8.2 - Drag Due to Lift - 72.5O Delta Wing 
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Figure 5.9.l-Lift and Pitching Characteristics - 75O Delta Wing 
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Figure 5.9.2 - Drag Due to L i f t  - 75O D e l t a  Wing 
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Figure 5.10,l-Lift and Pitching Characteristics - 77.5O Delta Wing 
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Figure 5.10.2 - Drag Due t o  L i f t  - 77.5O D e l t a  Wing 
? 
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Figure 5.11.1-Lift and Pitching Characteristics - 8 0 °  Delta Wing 
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Figure 5 . 1 1 . 2  - Drag Due to  L i f t  - 80° Delta Wing 
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F i g u r e  5 . 1 2 . 1 - L i f t  and P i t c h i n g  Characteristics - 82.5O D e l t a  Wing 



91 

1.4 

1.2 

1 .o 

.8 

.6 

.2 

t. 

- .2 

Figure 5 . 1 2 . 2  - D r a g  D u e  to L i f t  - 82.5O D e l t a  Wing 
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Figure 5.13.1-Lift and Pitching Characteristics - 85O Delta Wing 
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F i g u r e  5 . 1 3 . 2  - D r a g  Due to  L i f t  - 85O Delta Wing 
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Figure 5.14.1-Lift and Pitching Characteristics 

- Cropped 60° Delta Wing 
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Figure 5.14.2 - Drag Due to Lift - Cropped 60°  Delta Wing 
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Figure 5.15.1-Lift and Pitching Characteristics - 70' Arrow Wing 
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Figure 5.15.2 - Drag Due t o  L i f t  - 70° Arrow Wing 
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Figure 5.16.1-Lift and P i t ch ing  C h a r a c t e r i s t i c s  - 70°  Diamond Wing 
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Figure 5.16.2 - Drag Due to Lift - 70' Diamond Wing 
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Figure 5.17.1-Lift and Pitching Characteristics 

- 7So/6S0 Double-Delta Wing 
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Figure 5.17.2 - Drag Due t o  Lift - 75O/65O D o u b l e - D e l t a  Wing 
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Figure 5.18.1-Lift and Pitching Characteristics 

- 8Oo/65O Double-Delta Wing 
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Figure 5.18.2 - Drag Due t o  Lift - 8Oo/65O D o u b l e - D e l t a  Wing 
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Figure 5.19.1-Lift and Pitching Characteristics - Ogee Wing 
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Figure 5.19.2 - Drag Due to L i f t . -  Ogee Wing 
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Figure 5.20.1 - Effect of Edge Shape on Lift and Pitching 
Characteristics -60' Delta Wing 
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Figure 5 .20 .2  - E f f e c t  of Edge Shape on Drag Due t o  L i f t  

- 60' Delta Wing 
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Figure 5.21 - Lift and Drag Comparisons with Flight Test Data 
-Ogee Wing 
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Figure 7 - E f f e c t  of Sweep on V o r t e x  Breakdown P o s i t i o n  

- D e l t a  Wings 
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