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SUMMARY 

The vapor-screen technique has been success fu l l y  app l ied  t o  an F-106B f i g h t e r  
a i  r c r a f t  d u r i  ng subsonic and t ranson ic  maneuvers. Thi s system has a1 1 owed the  
viewing o f  mu1 t i p l e  vor tex  systems on the wing upper surface a t  angles o f  a t tack  
l e s s  than 19'. I n  add i t ion ,  s i m i l a r i t i e s  as we l l  as d i f fe rences were determined t o  
e x i s t  between the  vor tex  systems f o r  a f u l l  -scale semispan model and the f l i g h t  
v e h i c l e  a t  20' incidence. Furthermore, v a r i a t i o n s  i n  Reynolds number and Mach 
number have been i d e n t i f i e d  as t o  how they a f f e c t  vor tex system d e t a i l s  a t  f l i g h t  
cond i t ions .  

INTRODUCTION 

The v i s u a l i z a t i o n  o f  vor tex  systems which o r i g i n a t e  from aerodynamic surfaces i s  a 
common occurrence i n  wind tunnel s, where techniques l i ke t u f t  g r ids ,  schl ie ren ,  
smoke wands, and vapor screens have been used (see re f s .  1-6). Some o f  these seed 
the  working f l u i d  w i t h  smoke o r  s u f f i c i e n t  water vapor ( r e f .  6 )  i n  order  t o  high- 
l i g h t  the core by e i t h e r  smoke entrainment o r  water condensation. This  may occur 
along much o f  the l eng th  o f  the vortex, thereby y i e l d i n g  a v i s i b l e  record o f  the 
core path as can be seen i n  f i g u r e  1 f o r  a wind tunnel model w i t h  upward de f l ec ted  
vor tex  f laps .  F l i g h t  examples are n o t  as r e a d i l y  ava i lab le ,  b u t  f i g u r e  2 shows the 
s t rake  f l ow  o f  an F-16 dur ing  a low-a1 t i t u d e  maneuver. Both examples are the r e s u l t  
o f  na tura l  l y  occu r r i  ng condensed water vapor (1 i ght  areas) forming around and 
o u t l i n i n g  the  dark core regions. 

I n - f l i g h t  use o f  smoke has been documented, i n  references 7 and 8, on del t a  wings t o  
observe the leading-edge vor tex  breakdown progression (HP 115) and the ou ter  panel 
f l o w  (AVRO 707B) w i t h  increas ing  angle o f  at tack,  respect ive ly .  However, i n  order 
t o  ob ta in  vo r tex  system d e t a i l s ,  one needs t o  use a f l i g h t  vers ion o f  the vapor 
screen technique. Since the hardware t o  implement t h i s  was no t  ava i lab le*  when 
i n t e r e s t  was expressed i n  observing the Reynolds number e f f e c t s  on the vor tex system 
f o r  the F-106B, the equipment had t o  be developed.** An i l l u s t r a t i o n  o f  what the 
vor tex  system looks l i k e  w i t h  such an implementat ion i s  shown schemat ica l ly  f o r  the  
F-106B by the  f l i g h t  p r o j e c t  logo i n  f i g u r e  3. 

A f t e r  the equipment was developed t o  seed the  f l ow  w i t h  vaporized propylene g l y c o l  
i n  order t h a t  the  observat ions be weather independent, i l l u m i n a t e  the d e t a i l s  w i t h  a 
l i g h t  sheet, and record  the events w i t h  a t e l e v i s i o n  system, app l i ca t i ons  were made 

9 repo r t s  the  Sov ie t  use o f  a ruby l a s e r  sheet and atmospheric water 
vapor t o  observe the vor tex  system a t  subsonic speeds above an ogee wing up t o  h igh  
SircSbeiice. 

**Reference 18 used limited surface tuf t s  near the middle of an %-I066 wing dur ing  a 
f4 i g h t  tes t  program and determined a reattachment 1 l ne associated w i t h  a vortex 
system, 



Lo both f l i g h t  (see fi y e  4) and wind tunnel  vehic les.  The p a r t i c u l a r  in fo rmat ion  
sought  was t o  the e f f e c t  t h a t  the Reynolds number may have on the  d e t a i l s  
o f  the leading-edge vor tex system o f  f u l l  -scale veh ic les  a t  h igh  angles o f  a t tack  
and subsonic speeds, i nc lud ing  a 5-6 transonic maneuver. T h i s  paper documents these 
r e s u l t s  and o f f e r s  a  selected comparison o f  system deta i ' l  s  on a  f u l l  -scale semispan 
F-106B model. 

SYMBOLS 

G acce le ra t i on  due t o  g r a v i t y  , f t /sec2 
K thousand 
L  E lead ing  edge 
I inboard d is tance t o  vor tex  core from lead ing  edge, inches 
M Mach number 
m inboard d is tance t o  i nne r  edge o f  vor tex system envelope from lead ing  

edge, inches 
R n  Reynolds number 
TE t r a i l i n g  edge 
z v e r t i c a l  d is tance t o  vor tex core above upper surface, inches 
CI angle o f  at tack,  degree 

TEST SETUP 

The wind tunnel t e s t s  were performed on a  ha1 f - a i r p l  ane model o f  the F-106B mounted 
i n  the Langley Research Center 30- by 60-Foot Tunnel. This  model was made by 
c u t t i n g  an a i rp lane  i n  h a l f  and mounting i t w ing t i p  upward from a  r e f l e c t i o n  
plane. It should be po in ted  ou t  t h a t  the  f u l l  -scale model d i f f e r e d  p r i m a r i l y  from 
the  f l i g h t  veh i c le  only  i n  the  l eading-edge region. The former had a l l  the  camber, 
e s s e n t i a l l y  conical ,  ahead of the l o c a l  9'0-percent semispan; whereas, the l a t t e r  
had i t s  c o n i c - l i k e  camber ahead o f  the 80-percent l o c a l  semispan. They are  c a l l e d  
Case X I V  and Case X X I X  cambers, respect ive ly ,  by the manufacturer. 

The t e s t s  i n  t he  30- by 60-Foot Wind Tunnel were f o r  t h e  purpose o f  e s t a b l i s h i n g  
s t a r t i n g  values f o r  the  f l i g h t  p r o j e c t  i n  the  areas o f  seeding f l ow  r a t e  and probe 
pos i t i on ,  l i g h t - s h e e t  w id th  and o r i en ta t i on ,  and TV camera parameters. One great  
unce r ta in t y  remained a f t e r  the wind tunnel  t es t ,  and i t  was whether s u f f i c i e n t  
seeding ma te r ia l  cou ld  be produced t o  make the vor tex  system v i s i b l e  a t  f l i g h t  
speeds. 

The range o f  t e s t  parameters f o r  the wind tunnel and f l i g h t  i s  g iven i n  f i g u r e  5 .  
This range inc ludes the  vapor screen var iab les  such as seeding f l ow  r a t e  and probe 
p o s i t i o n ,  and l i gh t - shee t  width and l oca t i on ,  as we l l  as the  two d i f f e r e n t  types of 
maneuvers f lown. The wind tunnel cond i t ions  are standard ones w i t h  the dynamic 
pressure n o t  exceeding 10 1  b / f t 2 .  

For  both the  1 - G  constant  a l t i t u d e  and the 5-6 t ransonic maneuvers, s i x  probe 
p o s i t i o n s  were t r i e d  i n  order  t o  f i n d  the one t h a t  worked bes t  o v e r a l l  F i v e  o f  
these were underneath the lead ing  edge and one was on top. These pos i t i ons  were 
numbered sequent ia l l y ,  and number 6 was found t o  be pre ferab le .  I t s  approximate 
l o c a t i o n  underneath the l ead ing  edge i s  shown on f i g u r e  6, along w i t h  the r e l a t i v e  
l o c a t i o n s  of the camera and l i g h t  sheet, 



The r i g h t  side o f  this f igure shows the view displayed on the monitor. Since the 
camera i s  l ooking down and a f t  onto the  I e f t  wing panel, the  w i  ng t r a i  7 i ng edge i s  
a t  the top o f  the screen, the  leading edge i n t e r s e c t s  the r i g h t  side, and the 
fuselage cu ts  across the l e f t  corner.  The f i g h t  sheet i s  seen t o  l i e  i n  the middle 
o f  the screen and does not  extend t o  the wing lead ing  edge because s f  camber, 

There were two 1 i g h t  sheet l oca t i ons  used i n  the wind tunnel, one perpendicular  t o  
the  fuselage c e n t e r l i n e  and the other  perpendicular  t o  the wing lead ing  edge, as can 
be seen i n  f i g u r e  7, For  the  f l i g h t  experiment, i t  was the  i n t e n t  t o  have the l i g h t  
a1 so perpendicular  t o  the  1 eadi ng edge. However, space cons t ra i  n t s  associated w i t h  
a t tach ing  the  l i g h t  source t o  the  fuselage 1 i m i t e d  the sheet t o  on ly  reaching 11' 
ahead o f  perpendicular  t o  the center1 i n e  as opposed t o  the 30" desi red f o r  t h i s  
60' swept wing. Hence, the l i g h t  sheet l o c a t i o n  used i n  f l i g h t  i s  c l o s e r  t o  t h e  
more a f t  one used i n  the  wind tunnel . 
The s l i t  w id th  i n  the l i g h t  sheet generator was var ied  from 0.003" t o  0.041" f o r  
both wind tunnel and f l i g h t  w i t h  most t e s t i n g  done a t  0.041". I n  add i t ion ,  most o f  
t he  seeding was done w i t h  the pump opera t ing  a t  approximately 3 ga l lons  per  hour. 
For  both o f  these systems, the  i n t e n t  was t o  use the smal lest  amount poss ib le  which 
would s t i l l  seed and i l l u m i n a t e  the vor tex  system s u f f i c i e n t l y .  

RESULTS AND DISCUSSION 

It should be remembered t h a t  the pr imary data taken, o ther  than t e s t  condi t ions,  
dur ing  both the f l i g h t  and wind tunnel t e s t s  a re  video-tape v i sua l  records o f  the  
vor tex  systems. Using these records, photographs o f  po r t i ons  o f  p a r t i c u l a r  f l  i ghts 
were made from a moni tor  i n  order  t h a t  a comparative study may be done and the  
p e r t i n e n t  t e s t  ef fects may be i d e n t i f i e d .  (The photographs presented a re  from an 
o r i e n t a t i o n  de l ineated on the r igh t -hand s ide  o f  f i g u r e  6 . )  

From f l i g h t ,  there are b a s i c a l l y  two k inds  o f  e f f e c t s  t o  be presented corresponding 
t o  the  two types o f  f l i g h t s  f lown. The f i r s t  type i s  one i n  which the  a1 t i  tude i s  
h e l d  e s s e n t i a l l y  constant,  and the Mach number i s  adjusted t o  keep the  a i r c r a f t  a t  
1-G f l i g h t  over an angle-of -at tack range up t o  23'. For  each o f  these constant  
a1 t i t u d e  f l i g h t s ,  which ranged from 35,000 f e e t  t o  15,000 f e e t  i n  5,000-feet 
increments, the Mach number d i d  no t  vary appreciably  from 0.4; however, the  Reynolds 
number increased by 6x106 as the a l t i t u d e  decreased. The o ther  type was f o r  a 
t ranson ic  maneuver a t  5-6 and M - 0.8, accomplished dur ing a s p i r a l  descent, a t  a 
f i x e d  angle o f  at tack,  19", i n  which the Reynolds number va r ied  s i g n i f i c a n t l y .  

E f f e c t  o f  Reynolds Number 

The e f f e c t  o f  Reynolds number can be seen i n  f i g u r e s  8 t o  13, us ing comparative 
photographs a t  angles o f  a t tack  from 17" t o  23O. These 1-G f l i g h t s  show t h a t  a t  
17', leading-edge separat ion i s  wel l  es tab l ished a t  Rn = 26x106, which corresponds 
t o  the h ighes t  a1 t i t u d e ,  b u t  has no t  even begun a t  Rn = 32x106. Between these 
extremes, p rogress ive ly  small e r  amounts o f  1 eadi ng-edge separat ion are  noted w i t h  
increas ing  Reynolds number. Much the same occurs a t  18O, b u t  a t  19" there i s  a 
f i r s t  i n d i c a t i o n  o f  I eadi ng-edge separat ion a t  the  h ighes t  Reynol ds number. The 
delay i n  separat ion onset associated w i t h  increas ing  Reynolds number i s  no t  new f o r  
round-edged wings wi th  camber, bud t h a t  It would be observed i n  P l i g h t  i s  
remarkable, 



I t  i s  a9 so noteworthy t o  p o i n t  ou t  evidences of other  v o r t i c a l  a c t i o n  inboard o f  the  
l ead ing  edge a t  o: = 19' and Rn = 32x10~. The innermost may be assoctated w i t h  the 
j unc tu re  f low; however, the mid-semispan vor tex  may we1 1 be coming from the upper 
surface shear l a y e r  t e a r i n g  and forming another system o f  the  same r o t a t i o n a l  sense 
as a t  the l ead ing  edge. This  may occur when the leading-edge vor tex  i s  not  y e t  
s t rong enough t o  dominate the e n t i r e  ou te r  panel f low. F igu re  3.1 has been prepared 
t o  show the  postu9a"r;d p o s i t i o n s  o f  the  var ious v o r t i c a l  systems a t  the  20,000-feet 
a l t i t u d e .  When t h i s  system i s  viewed from above, it has an appearance which 
resembles the d i s c r e t e  vo r t i ces  i n  the  feeding sheet, arranged roughly para1 l e 1  t o  
the  l ead ing  edge, around the  pr imary vor tex  found i n  water tunnel t e s t s  and repo r ted  
i n  reference 11. One important  d i f f e r e n c e  i s  tha t ,  i n  f l i g h t ,  each vor tex extends 
t o  the upper surface. 

F igu re  12 shows tha t ,  a t  20°, only  a s i n g l e  vor tex system e x i s t s  outboard and, as it 
gets b igge r  w i t h  decreasing Reynolds number, the innermost one grows smal ler.  The 
same i s  t r u e  a t  23", as seen i n  f i g u r e  13. 

It i s  apparent from t h i s  ser ies  o f  comparative photographs t h a t  the  leading-edge 
vor tex  i s  Reynol ds number dependent. To he1 p e s t a b l i s h  the  q u a n t i t a t i v e  dependence, 
f i g u r e  14 has been prepared i n  which the vor tex system envelopes and "cores" have 
been determined f o r  two d i f f e r e n t  values o f  Reynolds number. They are d isp layed 
aga ins t  t he  a f t  p a r t  of the l e f t  wing panel and are  f o r  values o f  angle o f  a t tack  
from 18" t o  23". The "cores" are n o t  determined from f i n d i n g  the  "black hole," 
s ince none was seen. f o r  these f l i g h t s ,  bu t  a re  es tab l ished by an examination of where 
the smoke was the b r i g h t e s t  and i t s  r o t a t i o n  centered. The b r i g h t e s t  smoke was 
chosen s i  nce i t  represented an increased densi t y / r e f l e c t i  v i  ty which one would expect 
t o  surround the  very core i t s e l f .  By superimposing the r e s u l t s  shown i n  f i g u r e  14 
onto a s i m i l a r l y  recorded t a r g e t  board marked o f f  i n  6- inch squares, q u a n t i f i a b l e  
i n fo rma t ion  was es tab l ished f o r  the i nne r  ex ten t  o f  the envelope and core loca t ion ;  
t h i s  i n fo rma t ion  i s  presented i n  f i g u r e  15, 

From t h i s  f i g u r e  i t  can be seen tha t ,  i n  general, the i nne r  ex ten t  o f  the vor tex  system 
envelope and o f  t h e  core l oca t i ons  i s  more inboard a t  t he  lower Reynolds number., 
A1 so, a t  the  lower value, the envelope and core tend t o  be more monotonic i n  t h e i r  
growth w i t h  angle o f  a t tack .  I t  i s  i n t e r e s t i n g  t o  note t h a t  a t  20" the r e s u l t s  seem 
t o  coal esce, a f t e r  which the measurements corresponding t o  the h igher  Reynol ds 
number have a slower inboard growth. The core e leva t i on  seems i n s e n s i t i v e  t o  
Reynol ds number. 

F igure  16 compares these resu l t s ,  taken from the Case X X I X  f l i g h t  wing, w i t h  those 
from the  30- by 60-Foot Wind Tunnel t e s t  o f  t he  Case X I V  wing. Though the  vor tex  f l o w  
was much unsteadier  i n  the wind tunnel,  as i t s  l a t e r a l  p o s i t i o n  o s c i l l a t e d  between 
outboard and inboard, an i n t e r p o l a t e d  aggregate pos i  l i o n ,  shown by the f i l  l e d  
diamond, does compare s u r p r i s i n g l y  we l l  w i t h  the f l i g h t  data. The i n t e r p o l a t i o n  i s  
requ i red  s ince the 1 i g h t  sheet l o c a t i o n s  used i n  the  wind tunnel 1 i e  on e i t h e r  s ide  
o f  the f l i g h t  pos i t i on .  Note t h a t  the  he igh t  o f  the wind tunnel  core i s  above the 
f1 i g h t  ones. No o ther  conclusions can be drawn, s ince the re  was n o t  enough t ime i n  
the  wind tunnel w i t h  the r i g h t  probe p o s i t i o n  t o  get  s u f f i c i e n t  data. 

E f f e c t  o f  Mach Number 

F igure  17 prov ides detai ls  o f  the ver"&ex systems f o r  both 1-6 and 5-6 f l t g h t s ,  which 
occurred a t  roughly 0.4 and 0.8 Mach number, respect ive ly ,  These photographs were 
taken w i t h  two d i f f e r e n t  S igh t  sheet widths, and the 5-6 maneuvers were done both t o  



t h e  l e f t  and r i g h t  t o  r u l e  ou t  any centrifugal force e f f e c t s  on the  resu l ts .  
Bas ica l ly ,  w i t h  e i t h e r  l i g h t  sheet width, the vortex appears s i m i l a r  under these 
t e s t  condi t ions,  However, f o r  the th inne r  11 g h t  sheet and 5-G maneuver, one i s  able 
t o  see a core a1 ong w i  Lh what appears t o  be a shear 1 ayer feeding i n t o  it, 

To i d e n t i f y  the e f f e c t  o f  Mach number, the envelope and core are  compared i n  f i g u r e  
18 f o r  these two d i f f e r e n t  maneuvers. I t i s  r e a d i l y  apparent t h a t  the  doubl i n g  of 
Reynolds number has n o t  delayed the leading-edge vor tex formation t o  a h igher angle 
o f  a t tack .  This i s  i n  con t ras t  t o  the  e f f e c t  o f  increasing Reynolds number 
discussed prev ious ly  (see f i g .  10). The more inboard ex tent  o f  the envelope and of t h e  
core i s  therefore a t t r i b u t e d  t o  the  Mach number doubling. This was an unexpected 
e f f e c t .  

CONCLUDING REMARKS 

I n  t h i s  paper, two basic top i cs  have been covered: vapor screen technology 
implementation f o r  manned f l  i g h t  vehicles, i n  p a r t i c u l a r ,  the F-1068, and the  vor tex 
system features revealed by using t h i s  technology i n  f l i g h t  and i n  the  wind 
tunnel .  Regarding the  f i r s t  top ic ,  i t  has been demonstrated t h a t  the vapor screen 
technique can be appl i ed successfu l ly  t o  1 arge-scale vehic les both i n  the  wind 
tunnel  and i n  f l i g h t  under a v a r i e t y  o f  t e s t  condi t ions.  These inc lude the 
t ranson ic  maneuver, which f u t u r e  f i g h t e r  a i r c r a f t  w i  11 cont inue t o  need t o  perform. 

Concerning the  r e s u l t s  obtained using t h i  s technique, s i  gni  f i  can t  d i f fe rences have 
been noted i n  the  s ize  o f  the l e a d i  ng-edge vor tex  system and i t s  core l o c a t i o n  a t  
subsonic speeds w i th  only r e l a t i v e l y  small changes i n  f l i g h t  Reynolds number. The 
prime e f f e c t  seems t o  be the  well-known delay o f  separat ion on round-edged wings 
associated w i t h  increased Reynolds number. A t  20" angle o f  at tack,  where f l i g h t  and 
wind tunnel vor tex  system d e t a i l s  could be d i r e c t l y  compared, there  was c lose 
o v e r a l l  agreement even w i t h  d i f fe rences i n  wins camber and w i th  the f l i g h t  Reynolds 
number being greater  by a f a c t o r  o f  2. This occurred i n  s p i t e  o f  t he  vor tex system 
being more s tab le  i n  f l i g h t  than i n  the  wind tunnel .  I n  add i t i on ,  dur ing  t h e  t ranson ic  
maneuver, t he  Mach number e f f e c t  can overcome the t rend  o f  increas ing Reynolds 
number t o  reduce the vor tex system by producing a la rger ,  more inboard, and we l l -  
def ined vor tex  system re1 a t i v e  t o  the  constant a1 t i t u d e  1-G f l i g h t .  
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F i g u r e  1. Leadi ng-edge vo r t ex  core  v i  sual  i z a t i o n  on 74" del  t a  w i t h  upward 
d e f l e c t e d  vo r t ex  f l a p .  

F i g u r e  2. St rake vo r t ex  core  v i s u a l i z a t i o n  on F-16 du r i ng  low-speed maneuver. 



Figure 4. F-106 flow visual ization elements. 



@Vapor screen ifariahies 
e Seeding flow rate - ( 1-5 3.6gallkr) 3.4)gaf/hr 
e Probe position - 6 tried in flight, $f 6 preferred 

- many tried in wind tunnel, one preferred 
@ Light slitlsheet width - ( .041", .012", ,003") ,041" 

Light sheet location - one in flight 
-two in wind tunnel 

@ Flight conditions 
.Constant altitude l - G  decelerations - (  35K, 30K, 25K, 20K, 15K, ft) 

M-  .4, a 5 23' 
Spiral descent -5 G, 40K, ft-20K, ft ( right and left ) 

MN.8, a - 19' 
W i n d  tunnel conditions 

eMachnumber 5.10 
.Angle of attack, 12' - 20' . Elevon deflection, 15' down-27O up 

Figure 5. T e s t  parameters. 

View 

Figure 6. In - f l  i g h t  Seadi ng-edge vo r tex  f l o w  v i s u a l i z a t i o n  on F-1Q6Bm 



TV monitor screen 
TV Camera 

F igure  7 - Wind tunnel  (30- by 6 0 - f t )  leading-edge vor tex  f l ow  v i s u a l i z a t i o n  
on F-106B. 

F l ' g u r e  8. E f f e c t  o f  Reynolds number  on vorhc? system, IG, probe #6, 
s l i t  wid th  = .041 in,,  a - 1 7 0 ,  



F i g u r e  9.  E f f e c t  o f  Reynolds number on vortex system, - lG, probe #6, 
s l i t  width = .041 i n . ,  a - 180. 

F igu re  E O ,  E f f e c t  of Reynolds number on vo r t ex  system, - 16, probe # 6 ,  
s l i t  width = .041 i n . ,  1 9 0 .  



F i g u r e  11. M u l t i p l e  v o r t e x  systerns on round-edged cambered d e l t a ,  
a < 190, 1G.  

Figure 12. Effect  of Reynolds number on vortex systern, - 16, probe W6, 
s l i t  wid th  = .04% i n . ,  a - 200. 



F i g u r e  
s l i t  

13. 
wid 

E f f e c t  o f  Reynolds number on vo r t ex  system, l G ,  
I th  = .041 in . ,  - 230. 

probe 

6 
R _  = 26 x 10 , 35K, ft, M = . 45 

Light sheet footpr in t i  

F i g u r e  14. E f f e c t  o f  Reynolds number on vo r t ex  system, 1G,  probe #6. 



Figure 15. Measured vortex system detai ls  a t  two Reynolds numbers, lG, 
probe #6. 

Core, km1 
Target board 

2, 

Case XX l X  li\li ng 
35K, ft; 

lo C 

in. +J 

1 0 1  - Case X I V  Wing 
Wind Tunnel6 
Rn= 1 2 X  10 
M = . l  

Figure 16. masured vortex system detail s a t  three Reynolds numbers, IG, 
probe #6. 



F igu re  17. Vortex system d e t a i l s  a t  two maneuvers and s l i t  widths, 
190 ,  25K ft, probe #6. 

Trailing edge 7 Leading edge 7 

Light sheet footprint 4; 

F igu re  IB. E f f e c t  o f  Mach number and l o a d  f ac to r  on vortex system, 
a =  140,  25K ft. 




