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SUmARY 

New and improved ins t rumenta t ion ,  1 i k e  new and improved wind tunne ls ,  
p r o v i d e  capabi 1 i t i e s  which s t i m u l a t e  i n n o v a t i v e  research and d i  scovery . 
t h e  p a s t  few years  t h e r e  have been a number o f  i n s t r u m e n t a t i o n  developments 
which have "a ided and abet ted"  t h e  a c q u i s i t i o n  o f  more accurate aerodynamic 
da ta  and have l e d  t o  new p h y s i c a l  i n s i g h t s  as w e l l .  The paper reviews some 
o f  these advances, p a r t i c u l a r l y  i n  the  area o f  t h i n - f i l m  gages, h o t - w i r e  
anemometry, and l a s e r  i n s t r u m e n t a t i o n .  A d e s c r i p t i o n  i s  g iven o f  t h e  
i n s t r u m e n t s  and/or techniques and some sample r e s u l t s  a re  shown. F i n a l l y ,  a 
few ideas  f o r  f u t u r e  research are  descr ibed. 

Dur ing  

INTRODUCTION 

There i s  an o f t  quoted statement by Ronald Smelt '  i n  h i s  Guggenheim 
Memorial Lec ture  o f  1978 which reads i n  p a r t  " . . . in every a e r o n a u t i c a l  cen ter ,  
i t  i s  notewor thy t h a t  once t h e  resource was a v a i l a b l e ,  t h e r e  grew up around t h e  
f a c i l i t i e s  a group o f  people who knew how t o  use them, and use them 
w i s e l y  ..." 
s u b s t i t u t e s  the  word ' ' ins t ruments"  f o r  " f a c i l i t i e s " .  It may w e l l  be t h a t  he 
in tended " f a c i l i t i e s "  t o  i n c l u d e  i n s t r u m e n t a t i o n ,  f o r  c e r t a i n l y  they  go hand i n  
hand. Reference 2 i n c l u d e s  bo th  f a c i l i t i e s  and i n s t r u m e n t a t i o n  i n  i t s  l i s t  o f  
research " d r i v e r s " ,  which were d e f i n e d  as techno log ies  o r  f a c t o r s  t h a t  
s t i m u l a t e  research. The impact o f  new and improved i n s t r u m e n t a t i o n  can be seen 
i n  n e a r l y  e v e r y t h i n g  we do o f  an exper imental  nature.  One can h a r d l y  a t t e n d  an 
aerodynamics conference these days where i n s t r u m e n t a t i o n  "breakthroughs" and 
i n n o v a t i v e  a p p l i c a t i o n s  are  n o t  be ing  d isp layed o r  discussed i n  some form. 
Therefore,  i t  i s  a p p r o p r i a t e  i n  a conference which p u r p o r t s  t o  make a s ta temen t  
about t h e  s t a t e  o f  t h e  a r t  o f  exper imental  t r a n s o n i c  aerodynamics, t h a t  r e c e n t  
p rogress  i n  i n s t r u m e n t a t i o n  be t h e  t o p i c  o f  a t  l e a s t  one paper. 

T h i s  o b s e r v a t i o n  l o s e s  very  l i t t l e  o f  i t s  accuracy if one 

Over t h e  p a s t  decade t h e r e  has been a steady growth i n  the  amount of  
d i a g n o s t i c  exper imentat ion.  
improved i n s t r u m e n t a t i o n ,  data a c q u i s i t i o n  computers, and wind tunnel  
f a c i l i t i e s  as w e l l  as t h e  ever  i n c r e a s i n g  need/desire t o  v a l i d a t e  f l u i d -  
dynamics computer codes. So i n  a d d i t i o n  t o  t h e  general b e n e f i t s  d e r i v e d  f rom 
improved o r  new i n s t r u m e n t a t i o n ,  code v a l i d a t i o n  research w i l l  be a major 
benefac tor .  

T h i s  i s  be ing  d r i v e n  by the  a v a i l a b i l i t y  of new o r  

O f  p a r t i c u l a r  i n t e r e s t  i n  t h e  present  paper a re  improvements t h a t  have been 
made i n  severa l  types o f  t h i n  f i l m  gages, h o t - w i r e  anemometers, l a s e r  
i n s t r u m e n t a t i o n ,  and a moving-band s k i n - f r i c t i o n  gage. It w i l l  be shown t h a t  
i n  many cases more accura te  measurements can be made than j u s t  a few years  ago 
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and, i n  o t h e r s  , measurements ( o r  understanding)  n o t  p r e v i o u s l y  p o s s i b l e  can be 
acqui red.  The ins t ruments  w i l l  be discussed i n  t h e  o r d e r  j u s t  mentioned; some 
thoughts about f u t u r e  work w i l l  a l s o  be o f f e r e d .  
presented has been c a r r i e d  o u t  o r  sponsored by t h e  Langley Research Center  
(LaRC) Transonic Aerodynamics D i v i s i o n ,  and some was i n  c o l l a b o r a t i o n  w i t h  
o t h e r  LaRC organ iza t ions .  

Most o f  t h e  research 
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ampl i tude o f  boundary-1 ayer d i  s turbance 

ampl i tude o f  boundary- l a y e r  d is tu rbance a t  n e u t r a l  s t a b i  1 i ty 

s k i n  f r i c t i o n  c o e f f i c i e n t  

1 i f t coe f f i c i  e n t  

pressure c o e f f i c i e n t  

a i  r f o i  1 chord  

mean vo l tage across h o t  f i l m  

f l u c t u a t i n g  vo l tage 

frequency 

Mach number 

mass f l o w  

l o g a r i t h m i c  exponent o f  T-S wave growth ra tes ,  

n = I n  (A/Ao) 

pressure 

Reynolds number p e r  f o o t ,  l / f t  

Reynolds number based on chord  

Reynolds number based on momentum th ickness  

S i  1 i c o n  D i o x i d e  
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mean temperature 

v e l o c i t y  i n  f l o w  d i r e c t i o n  
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chordwise d i s t a n c e  from l e a d i n g  edge o f  a i r f o i l  
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t r a i l i n g - e d g e  f l a p  d e f l e c t i o n  6f 

Y r a t i o  o f  s p e c i f i c  heats  
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angstrom (10-10 meters)  

name o f  compressi b l  e boundary- l a y e r  s t a b i  1 i ty code 

Her tz ,  cyc les/sec 

Langley Research Center, Ins t rument  Research D i v i s i o n  

1 ami n a r  

Laser doppl e r  ve loc imeter  

Low-Turbul ence Pressure Tunnel 

m i l l i - v o l t  

Canadian Natura l  Aeronaut ica l  Establ  i shnient 

n a t u r a l  1 ami nar  f l  ow 

N a t i o n a l  Transonic F a c i l i t y  

name o f  i ncompressi b l e  boundary-1 ayer s t a b i  1 i ty code 

t u r b u l e n t  

Trans o n i c C ry o gen i c Tunnel 

To1 lmien-Schl  i c h t i n g  

- - - 
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SuDerscri D t i :  

h. root-mean square value 

- mean value 

I instantaneous value 

Subscri Dts : 
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W 

ad iaba t i c  wa l l  

maximum value 

end o f  t r a n s i t i o n  

t o t a l  c o n d i t i o n  a lso  s t a r t  o f  t r a n s i t i o n  

value a t  t r a n s i t i o n  

w a l l  

f ree-stream cond i t ions  

THIN-FILM SENSORS 

The use o f  t h i n - f i l m  ( o r  h o t - f i l m )  sensors spans a number o f  decades w i t h  
a p p l i c a t i o n  t o  both heat t r a n s f e r  and t r a n s i t i o n .  
i n  the amount o f  1 ami n a r - f l  ow exper imentat ion has resu l  t ed  i n  a corresponding 
increase i n  the use o f  t h i n - f i l m  sensors. Tests o f  laminar - f low a i r f o i l s  and 
wings are g r e a t l y  enhanced i f  they inc lude a determinat ion o f  where t r a n s i t i o n  
takes place. 
a m p l i f i e d  frequency s ince i t  i s  t h i s  quan t i t y  t h a t  determines t r a n s i t i o n  as 
p r e d i c t e d  by c l a s s i c a l  s t a b i l i t y  theory.  I n  the subsequent sect ions a v a r i e t y  
o f  t h i n - f i l m  gages w i l l  be discussed w i t h  some sample data t o  i n d i c a t e  the  type 
o f  i n fo rma t ion  t h a t  one can e x t r a c t  us ing these gages. 

I n  recent  years the  increase 

O f  near ly  equal importance i s  the i d e n t i f i c a t i o n  o f  the  most 

Patch Thi n-Fi l m  Gages 

T r a n s i t i o n  de tec t i on  has been accompl i shed us ing s t i ck -on  o r  patch gages 
i n d i v i d u a l l y  o r  i n  arrays.  
o r  the mon i to r ing  o f  the  movement o f  t r a n s i t i o n  as f l ow  cond i t ions  change. 
row o f  patch gages on a laminar- f low a i r f o i l  model i n  the Low-Turbulence 
Pressure Tunnel (LTPT) and on a laminar- f low wing (Cessna 210 w i t h  laminar  
g love)  are shown i n  f i g u r e s  l ( a )  and 2, respec t ive ly .  F igure  l ( b )  shows an 
enlarged photograph o f  the patch gages on the a i r f o i l  model i n  the LTPT and the  
t r a i l i n g  f l e x i b l e  leads connected t o  terminal  blocks. Each t h i n - f i l m  patch 
gage w i l l  cause t r a n s i t i o n ;  consequently, downstream gages must be d isp laced 
1 a t e r a l  l y  t o  make an uncontaminated measurement. 

The l a t t e r  permi ts  the mapping o f  t r a n s i t i o n  zones 
A 
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Normally, one l o o k s  a t  t h e  ampl i tude and c h a r a c t e r  o f  the  ou tpu t  s i g n a l s  t o  
make a de terminat ion  i f  t h e  f l o w  i s  laminar ,  t r a n s i t i o n a l ,  o r  t u r b u l e n t .  T h i s  
was done i n  bo th  t h e  wind tunnel  and f l i g h t  experiments, and t r a n s i t i o n  was 
e a s i l y  detected. T r a n s i t i o n - l o c a t i o n  r e s u l t s  f rom these i n v e s t i g a t i o n s  a r e  
p l o t t e d  i n  f i g u r e  3 i n c l u d i n g  severa l  p o i n t s  determined f rom s u b l i m a t i n g  
chemicals i n  f l i g h t .  
c a l c u l a t e d  r e s u l t s  f rom incompress ib le  s t a b i l i t y  theory ,  i t  i s  e v i d e n t  t h a t  they  
a l l  agree q u i t e  we1 1. 

When these data a r e  compared w i t h  each o t h e r  and t o  

The LTPT t e s t  mentioned above had an a d d i t i o n a l  s i g n ' f i c a n c e  s ince  i t  was 
d u r i n g  the  course o f  t h i s  i n v e s t i g a t i o n  t h a t  J .  P. Stack 3 showed f o r  t h e  f i r s t  
t i m e  t h a t  these gages were s e n s i t i v e  enough t o  enable t h e  d e t e c t i o n  o f  the  
most a m p l i f i e d  frequency. 
gages o f  t h e  LTPT t e s t s  and c l e a r l y  shows t h a t  a T o l l m e i n - S c h l i c h t i n g  wave o f  
1.4 KHz was the  most a m p l i f i e d  frequency. S t a b i l i t y  c a l c u l a t i o n s  c a r r i e d  o u t  
f o r  t h e  same c o n d i t i o n s  as the  t e s t  ( r i g h t  s i d e  o f  f i g u r e  4)  a l s o  i n d i c a t e d  
t h a t  t h e  most a m p l i f i e d  frequency was i n  the  v i c i n i t y  o f  1500 Hz and added 
c r e d i  b i  1 i ty t o  t h e  d i  scovery . 

s i m i l a r  t o  those ob ta ined i n  the  wind tunnel  except  they are  f o r  a h i g h e r  Mach 
number (M = 0 . 7 9 ) .  
wing o f  a Lear  28 /29  as p i c t u r e d  i n  f i g u r e  5. Several gages were l o c a t e d  a t  a 
number o f  chordwise l o c a t i o n s  b u t  most o f  the  data were ob ta ined a t  t h e  30 and 
40 percent  chord  l o c a t i o n s .  Power spect ra ob ta ined a t  these two l o c a t i o n s  a r e  
shown i n  f i g u r e  6 and, as i n  t h e  wind tunnel  t e s t s  ( f i g u r e  41, the  most 
amp1 i f i  ed f requenc ies  are  eas i  l y  seen. These f requenc ies  , however, a re  i n  t h e  
range o f  4 t o  5.5 thousand, which are much h igher  than those encountered a t  low 
speed. Another noteworthy f e a t u r e  o f  the  data o f  f i g u r e  6 i s  t h e  a m p l i f i c a t i o n  
i n  t h e  range o f  8.35 t o  11.10k Hz. 

F i g u r e  4 g ives  the  spectrum from one of the  pa tch  

Patch gages have a l s o  been employed i n  f l i g h t  t e s t s 4  and produced r e s u l t s  

The exper iments were c a r r i e d  o u t  on t h e  t o p  s ide  o f  the  

S t a b i l i t y  c a l c u l a t i o n s  were c a r r i e d  o u t  w i t h  both incompress ib le  and 
compress ib le  codes u s i n g  the  measured d i s t r i b u t i o n  and the r e s u l t s  d i s p l a y e d  i n  
r e f e r e n c e  4. F i g u r e  7 ,  taken from t h i s  re ference,  shows the  exper imenta l  
pressure d i s t r i b u t i o n  and the  wave a m p l i f i c a t i o n  r a t i o  (n  f a c t o r )  f o r  a range 
o f  f requenc ies  up t o  7000 Hz, c a l c u l a t e d  u s i n g  the  SALLY incompress ib le  code. 
The most a m p l i f i e d  frequency i s  5600 Hz which i s  i n  good agreement w i t h  t h e  
t h i n - f i l m  data;  t h e  corresponding n f a c t o r  i s  approx imate ly  8.3. Compressible 
c a l c u l a t i o n s  u s i n g  t h e  COSAL code i n d i c a t e  an n f a c t o r  o f  3.9 a t  t r a n s i t i o n  
which i s  much lower  than most would expect.  

Plug Thin-Film Gages 

P l u g  type gages can be used i n  the  same way as patch gages5 b u t  have t h e  
added advantage t h a t  they are  f l u s h  w i t h  t h e  sur face  and, u n l i k e  the  patch 
gages, do n o t  cause t r a n s i t i o n .  Consequently, one gage can be p laced d i r e c t l y  
downstream o f  another.  T h e i r  d isadvantaye i s  t h a t  they are illore d i f f i c u l t  t o  
i n s t a l l .  The l a m i n a r - f l o w  c o n t r o l  (LFC) a i r f o i l  exper iment i n  the  8 '  TPT 

u t i l i z e s  p l u g  gages6y7 t o  determine the  reg ions  where the  f l o w  i s  laminar  o r  
t u r b u l e n t .  
where t h e  p l u g  gages are  made o f  quar tz  w i t h  a diameter o f  0.06 i n .  A tilap of 
t h e  sur face  o f  t h e  LFC a i r f o i l  w i t h  the  l e t t e r s  L and T a t  the  var ious yaye 
l o c a t i o n s  t o  i n d i c a t e  t h e  s t a t e  o f  the  f l o w  f o r  a p a r t i c u l a r  t e s t  i s  g iven on 

F i g u r e  8 shows an enlarged p i c t u r e  o f  a plug-gage i n s t a l l a t i o n  
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the  l e f t  s i de  o f  f i g u r e  9. On the  r i g h t  o f  f i g u r e  9 are t y p i c a l  t ime t races  o f  
the vo l tage output  from gages as one moves from the laminar reg ion  (bottom o f  
f i g u r e )  through the t r a n s i t i o n a l  zone and f i n a l l y  ( top  o f  f i g u r e )  t o  the  
t u r b u l e n t  f l ow  near the t r a i l i n g  edge. These gage outputs are monitored i n  r e a l  
t ime as an a i d  i n  ad jus t i ng  the  suc t ion  d i s t r i b u t i o n  on the a i r f o i l .  I n  
add i t ion ,  the s igna ls  are e l e c t r o n i c a l l y  analyzed t o  determine the s t a t e  o f  the  
boundary l a y e r  a t  each gage f o r  recording. 

Surface Deposited Thin-Fila-Gage Arrays 

For wing o r  a i r f o i l  models w i t h  chords o f  j u s t  a few inches, n e i t h e r  patch o r  
p l u g  gages are appropr ia te.  However, there are several  gage, o r  sensor, a r ray  
concepts t h a t  have been invented which are q u i t e  capable o f  " f i l l i n g  the b i l l  . I '  
One o f  these i s  the McDonnel 1 -Doug1 as devel oped vapor deposi ted h o t - f i  1 m gages 
and go ld  leads a l l  on an epoxy d i e l e c t r i c  subst rate (see f i g u r e  10). A 
photograph of an a i r f o i l  model equipped w i t h  these f i l m s  i n s t a l l e d  i n  the  Langley 
0.3-Meter TCT i s  given i n  f i g u r e  l l ( a )  i n  which the gold leads are c l e a r l y  
v i s i b l e ;  the  sensor i t s e l f  can be seen i n  the enlarged p i c t u r e  i n  f i g u r e  l l ( b ) .  
O f  course, some means o f  c a r r y i n g  the e l e c t r i c a l  s igna ls  from the go ld  leads t o  
the  anemometer cables must be provided. 
the a i r f o i l  model where the contac t  po in ts  are labe led  and the anemometer leads 
can be e a s i l y  seen. 

Typ ica l  r e s u l t s  from the  0.3-M TCT are presented in f i g u r e  13 taken from 
reference 8. Shown i n  f i g u r e  13(a)  i s  a t y p i c a l  pressure d i s t r i b u t i o n  f o r  a Mach 
number of 0.6, Rc o f  7.5 x lo6,  and angle o f  a t tack  o f  -4". 

f o r  the same free-stream cond i t ions ,  the normal ized RMS vol tages f o r  e i g h t  
sensors along the chord of the s u p e r c r i t i c a l  a i r f o i l  a t  ad iaba t i c  wa l l  
cond i t ions .  The f l u c t u a t i n g  vol tages from each o f  these gages i s  a l so  given. 
The gage nearest  the l ead ing  edge ind i ca tes  a very low ampl i tude o s c i l l a t i o n  
i n d i c a t i v e  o f  laminar  f l ow  wh i l e  the second ind i ca tes  sho r t  per iods o f  laminar  
f l ow  fo l lowed by t u r b u l e n t  burs ts  ( l a r g e  vo l tage sp ikes) .  A t  an x/c o f  0.2, the 
l o c a t i o n  o f  the f o r t h  gage, the f low has become f u l l y  t u rbu len t .  Data f o r  
several  Mach numbers and Tw/Tt r a t i o s  are given i n  re ference 8 and c l e a r l y  
demonstrate the v i a b i l i t y  o f  the vapor deposi ted sensors. 

F igure  12 shows a p i c t u r e  o f  t he  end o f  

F igure  13(b)  gives, 

Despi te  the  success of the  0 . 3 4  TCT tes ts ,  a l a r g e  number o f  gages were l o s t  
and i t  was c l e a r  t h a t  some improvements t o  the gage system were des i rab le.  A f t e r  
considerab e e f f o r t  and numerous t r i a l s ,  a new meta l i za t i on  process was 
formulated . It has a 0.0003 inch  d i e l e c t r i c  subs t ra te  o f  
pary lene C, which a l so  serves as a s t r a i n  i s o l a t i o n  pad, covered by an even 
th inne r  l a y e r  o f  s i l i c o n  d iox ide  Si02 (see f i g u r e  14). 

leads are deposi ted on the Si02 and are composed o f  n i cke l  and aluminum, 

respec t ive ly .  
much b e t t e r  than go1 d. 

4 
The h o t - f i l m  sensor and 

Aluminum i s  used ins tead o f  go ld because it adhears t o  the Si02 

Proof  o f  concept t e s t s  were c a r r i e d  ou t  i n  the  NTF w i t h  a s idewal l  mounted 
model as shown i n  f i g u r e  15 and i n  a small c a l i b r a t i o n  tunnel w i t h  the model 
shown i n  f i g u r e  16. The NTF model used a 20% t h i c k  symmetric a i r f o i l  w i t h  an 8 
i nch  span mounted on the tunnel  s ide wa l l .  Tests o f  t h i s  model showed t h a t  the  
new hot  f i l m  and subst rate ma te r ia l s  worked we l l  together  a t  both ambient and 
cryogenic temperatures (down t o  -247" F ) .  
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The model used i n  the  low speed c a l i b r a t i o n  tunnel ,  shown i n  f i g u r e  17,  had a 
NACA 0012 a i r f o i l  sect ion,  a 12-inch chord, and a 12-inch span. A s l o t  was c u t  
i n  the upper surface f o r  a 3- in.  by 10-in. aluminum i n s e r t  on which 30 h o t - f i l m  
gages were deposi ted ( f i g u r e  18). 
sensors along the chord o f  t h i s  model are p l o t t e d  i n  f i g u r e  19. 
cond i t i ons  are M = 0.122 and an angle o f  a t tack  o f  zero degrees (Rc = 0.86 x 

l o6 ) .  A lso shown i n  f i g u r e  19 are t ime t races  o f  the vo l tage ou tpu t  t o  i n d i c a t e  
the  s ignal  d i f f e rences  t h a t  go w i t h  laminar, t r a n s i t i o n a l ,  and t u r b u l e n t  f low.  
Spect ra l  ana lys is  o f  th ree  o f  these s igna ls  near the onset o f  t r a n s i t i o n  y i e l d  
the curves i n  f i g u r e  20. O f  p a r t i c u l a r  note here i s  the peak near 2.5 Ktiz which 
was the frequency p red ic ted  t o  be the most ampl i f ied .  

Normalized RMS vol tages from a number of 
Free-stream 

OD 

I n  summary, a technique has been developed t o  deposi t  a d i e l e c t r i c ,  h o t - f i l m  
gages and leads on a model surface, which w i l l  f unc t i on  a t  cryogenic temperatures 
and has the p o t e n t i a l  f o r  p rov id ing  much needed t r a n s i t i o n  data a t  h igh  Reynolds 
numbers a t  t ranson ic  speeds. However, t e s t s  on wings on complete a i r c r a f t  models 
i n  a cryogenic wind tunnel  are s t i l l  requ i red  t o  f irmly e s t a b l i s h  t h i s  fonn o f  
t h i n  f i l m  technology. 

Thin-Fi 1m-Gage Arrays on Polyimide Substrate 

Another t h i n - f i l m  ar ray  concept which i s  being developed cons is t s  o f  a number 
o f  i n d i v i d u a l  n i c k e l  f i l m s  electron-beam evaporated on a t h i n  (0.05 irm) po ly imide 
subs t ra te  ( f i g u r e  21). l0 Each sensor cons is ts  o f  a N icke l  f i l m  0.9-mn long and 
0.15-mm wide w i t h  50 micron copper-coated n i cke l  leads rou ted  t o  the attachment 
p o i n t  o f  the  anemometer leads. The f i l m s  may be pos i t i oned  very c lose  together  
i n  a s i n g l e  row o r  a number o f  rows, and they can be a l i gned  e i t h e r  w i t h  t h e  chord 
o r  on a diagonal .  One o f  the f i r s t  ar rays us ing  the very small spacing i s  shown 
i n  the photograph o f  f i g u r e  22 where 30 sensors are mounted a t  0.1-inch 
i n t e r v a l s .  It was bonded t o  a low-speed na tura l  laminar- f low (NLF) a i r f o i l  w i th  
a chord o f  15 cm and w i t h  the sensors pos i t i oned  i n  the streamwise d i r e c t i o n  on 
the top surface. The f i r s t  sensor i s  loca ted  a t  0.45 c and the l a s t  a t  0.95 c. 

The leads o f  the sensors shown i n  f i g u r e  22 run  t o  the t r a i l i n g  edge where 
they are  taken ou t  t o  the anemometer. Clear ly ,  t h i s  arrangement was no t  meant t o  
p rov ide  d e f i n i t i v e  fo rce  and moment data b u t  t o  prove the sensor-array concept 
and i n v e s t i g a t e  the c h a r a c t e r i s t i c s  o f  the gage outputs.  
a r ray  were scanned i n  groups o f  8 s ince only  8 anemomenters were ava i l ab le .  A 
mul t ichannel  swi tch was used t o  connect the des i red  sensor group t o  the constant  
temperature anemometers which s imultaneously heated the f i l m  t o  a nominal 50°C 
(122°F) above recovery temperature. 
and the heated t h i n  f i l m s  cause l i t t l e  d is turbance t o  the shear l a y e r  o r  t o  each 
o ther .  
w i t h  the  downstream sensor maintained a t  a c o l d  temperature. The sensor s igna ls  
were a m p l i f i e d  by an A-C coupled a m p l i f i e r  and recorded on an analog tape 
recorder .  
o s c i  1 loscopes t o  p rov ide  on-1 i n e  t ime-h is to ry  t races.  

The 30 gages i n  the  

This requ i red  only  a small amount o f  heat  

This  was es tab l i shed by heat ing  each sensor i n d i v i d u a l l y  and i n  groups, 

S ignals  from the a m p l i f i e r  were a l so  prov ided t o  an ar ray  o f  

The NLF a i r f o i l  used i n  the  t e s t  i s  designated LRN(1)-1010 and was chosen 
because o f  i t s  known laminar  separat ion c h a r a c t e r i s t i c s  a t  low Reynolds number. 
Pressure d i s t r i b u t i o n  on t h i s  a i r f o i l  obta ined i n  a low-speed tunnel  a t  a Mach 
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number o f  0.06 and a Reynolds number o f  2U0,OOO are p l o t t e d  i n  f i g u r e  23. 
separat ion bubble e x i s t s  a t  a l l  angles o f  a t tack p l o t t e d  i n  the v i c i n i t y  o f  
0 . 7 0 ~ .  

A 

Typ ica l  t ime h i s t o r i e s  from the t h i n - f i l m  gages a t  d i f f e r e n t  l o c a t i o n s  along 
the chord o f  the a i r f o i l  are shown i n  f i g u r e  24 beginning w i t h  the " laminar- f low" 
s igna l  a t  x/c = 0.467. Time t races  are given f o r  a l o c a t i o n  f u r t h e r  downstream, 
j u s t  past  separat ion (x/c = 0.6671, a t  the beginning o f  t r a n s i t i o n  (x/c = 0.7171, 
a t  peak separat ion (x/c = 0.7501, and f i n a l l y  a t  reattachment (x/c = 0.883). An 
i n t e r e s t i n g  discovery repor ted i n  reference 10 was t h a t  i f  only  the low frequency 
components ( <  20 H,) o f  the s igna ls  are reta ined,  one can see a c l e a r  phase 

reversa l  o f  the s igna ls  from gages on e i t h e r  s ide o f  separat ion.  F igure  25 shows 
t h i s  e f f e c t  where the s igna ls  ahead o f  and downstream o f  x/c = 0.65, the 
separat ion po in t ,  are ou t  o f  phase. The same type o f  s ignal  reversa l  occurs a t  
reattachment . 

An ana lys is  o f  the spectra o f  a s ignal  t race  from a gage near the  onset o f  
t r a n s i t i o n  has been c a r r i e d  ou t  t o  demonstrate t h a t  the present sensors a l so  have 
the  s e n s i t i v i t y  t o  de tec t  the most a m p l i f i e d  T-S f requencies which l e a d  t o  
t r a n s i t i o n .  F igure  26 shows the auto c o r r e l a t i o n  o f  the t h i n - f i l m  s igna ls  o f  the 
gage a t  x/c = 0.6 and the r e s u l t s  from a boundary-layer s t a b i l i t y  c a l c u l a t i o n  
us ing  the SALLY code. C lea r l y  the most a m p l i f i e d  f requencies from the experiment 
a re  i n  the  range o f  1000 t o  2200 Hz; the t h e o r e t i c a l  f requencies are i n  the  same 
range. 

Tests o f  an improved gage ar ray  on the poly imide subst rate were c a r r i e d  ou t  
i n  the Langley Low-Turbulence Pressure Tunnel (LTPT). l1 The mu1 t ie lement  sensor 
leads i n  t h i s  t e s t  ran spanwise (see f i g u r e  271 so t h a t  the  anemometer leads were 
connected a t  the tunnel  wa l l  and, consequently, the f l ow  was no t  d i s t o r t e d  a t  t he  
t r a i l i n g  edge as was the case f o r  the prototype conf igura t ion .  
d i f f e rence  o f  these t e s t s  was the a i r f o i l  model, which had an Eppler 387 sec t i on  
and a 6- inch chord. The r e s u l t s  obtained i n  the LTPT t e s t  were s i m i l a r  t o  those 
descr ibed prev ious ly ;  separat ion and reattachment were e a s i l y  detected. F igure  
28 showing f i l t e r e d  and u n f i l t e r e d  s igna ls  i n  the  v i c i n i t y  o f  reattachment shows 
the low energy s igna l  a t  reattachment, x/c = 0.687, and the s igna l  reversa l  on 
e i t h e r  side. Phase c o r r e l a t i o n s  of the s igna ls  from the  gages on e i t h e r  s ide o f  
reattachment and separat ion conf i rm the reversa ls .  

Another 

The t e s t s  o f  the poly imide based t h i n - f i l m  gages descr ibed p re i vous ly  have 
a l l  been low speed. High-subsonic speed t e s t s  have a l so  been c a r r i e d  ou t  i n  the  
0.3-M TCT t o  look no t  on ly  a t  separat ion and reattachment b u t  t o  explore the  
p o s s i b i l i t y  t h a t  new d iagonost ic  in fo rmat ion  r e l a t e d  t o  the supersonic zone and 
shock i n t e r a c t i o n  cou ld  be obta ined from the t h i n - f i l m  s ignals .  
bonded on both the top and bottom surface o f  the a i r f o i l  depic ted i n  f i g u r e  29(a) 
but ,  f o r  a number of reasons, on ly  a few o f  the gages on the upper sur face were 
opera t ive  throughout the tes ts .  
i n t e r e s t i n g  r e s u l t s ;  a sample i s  descr ibed below. 

-1.0" and a Mach number o f  0.7 (Rc  = 6 x 10 1. 
pressure d i s t r i b u t i o n  i s  p l o t t e d  i n  f i g u r e  29(b) and shows a shock i n  the  
v i c i n i t y  o f  x/c = 0.33; r e s o l u t i o n  does no t  permi t  a p rec ise  determinat ion.  I f  
one looks a t  the gage outputs i n  t h i s  reg ion (see f i g u r e  30) and phase 

F i lms were 

Gages on the lower suface y i e l d e d  some 

A t e s t  was run w i t h  the a i r f o i l  o f  f iguge 29(a) a t  an angle o f  a t tack  o f  
The r e s u l t i n g  lower sur face 
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c o r r e l a t i o n s  between successive gages ( f i g u r e  31), i t  i s  c l e a r  t h a t  t h e r e  i s  a 
smal l  separa t ion  bubble beneath the  f o o t  o f  the  shock. The separa t ion  p o i n t  i s  
somewhere between x/c o f  0.326 and 0.343 (see phase r e v e r s a l  i n  f i g u r e  3 1 ( c ) ) ,  and 
reat tachment  occurs between x/c = o f  0.343 and 0.359 (see phase r e v e r s a l  i n  
f i g u r e  3 1 ( d ) ) .  
i n d i c a t e d  t h a t  t h e r e  i s  shock unsteadiness and bubble movement. Even though da ta  
r e d u c t i o n  and a n a l y s i s  o f  the  present  t e s t  r e s u l t s  have j u s t  begun, i t  i s  c l e a r  
t h a t  more t e s t s  a r e  needed a t  t r a n s o n i c  speed i n c l u d i n g ,  i f  poss ib le ,  some 
compl imentary  f low v i  sua1 i z a t i  on a c t i v i t y  . 

A c l o s e  look  a t  the  t ime t races  f o r  a l o n g  p e r i o d  of t ime 

The development o f  mu l t ie lement  dynamic shear s t r e s s  sensors and t h e  
d iscovery  of the  phase r e v e r s a l  phenomenon a t  f l o w  separa t ion  and reat tachment  
have opened up new avenues f o r  s t u d y i n g  sur face  shear- f low c h a r a c t e r i s t i c s  i n  
ways t h a t  were considered imposs ib le  u n t i l  r e c e n t l y .  It should now be p o s s i b l e  
t o  o b t a i n  d e t a i l e d  sur face  f l o w  c h a r a c t e r i s t i c s  i n  such hard- to- reach l o c a t i o n s  
as turbomachinery blades and j u n c t u r e s  as w e l l  as on very t h i n  sur faces.  I n  view 
of t h e  a b i l i t y  t o  make simultaneous measurements, the new technique can be used 
w i t h  equal ease f o r  steady as w e l l  as unsteady f l o w  c o n d i t i o n s  and has enormous 
p o t e n t i a l  f o r  bo th  ground and f l i g h t  t e s t  a p p l i c a t i o n s .  Since the  e n t i r e  s u r f a c e  
f l o w  f i e l d  can be mapped, w i t h  t h e  r i g h t  equipment, i n  ''one f e l l  swoop,ll t h e  t ime 
r e q u i r e d  t o  conduct an exper iment i s  remarkably small  compared t o  a l l  o t h e r  
e x i s t i n g  techniques which a r e  more cumbersome and time-consuming. 

Another p o s s i b l e  a p p l i c a t i o n  o f  t h i n - f i l m  a r r a y s  i s  t o  determine t h e  
d i r e c t i o n  o f  t h e  most a m p l i f i e d  wave. T h i s  i s  an impor tan t  q u a n t i t y  a t  t r a n s o n i c  
speeds where s t a b i l i t y  theory  p r e d i c t s  t h a t  waves propagat ing  a t  up t o  50" o r  60" 
f rom t h e  stream d i r e c t i o n  a r e  t h e  most a m p l i f i e d .  A gage a r r a y  w i t h  perhaps 5 o r  
6 rows and twenty sensors on a row cou ld  y i e l d  the  necessary s o l u t i o n s .  

HOT- WIRE ANEMOMETRY 

Through t h e  1950's and 6 0 ' s  progress i n  h o t - w i r e  anemometry was a ided by 
advances i n  computers and e l e c t r o n i c  equipment, b u t  improvement i n  t h e  accuracy of 
r e s u l t s  was h indered by assumptions i n  the  data r e d u c t i o n  methodlogy. It was t h e  
consensus t h a t  t h e  problems due t o  these assumptions were c o n f i n e d  t o  
compressible subsonic and t r a n s o n i c  f lows where mean f l o w  measurements i n d i c a t e d  
t h a t  t h e  vo l tage measured across a heated w i r e  o r i e n t e d  normal t o  t h e  f low was a 

f u n c t i o n  o f  v e l o c i t y ,  dens i ty ,  and t o t a l  temperature.  ''-I7 Several  papers were 

p u b l i s h e d  i n  t h e  mid sevent ies  by Rose, McDaid, and Horstman 1 8 9 1 9  which r e p o r t e d  
on r e s u l t s  which i n d i c a t e d  t h a t  the  mean vo l tage across a heated w i r e  was on ly  a 
f u n c t i o n  of mqss f l o w  and t o t a l  temperature. Assuming t h i s  t o  be t r u e ,  they 
formulated a two probe technique For  temperature and mass f l u c t u a t i o n s  w h i c h  
made t h e  de terminat ion  o f  t h e  v e l o c i t y ,  mass f low,  and d e n s i t y  f l u c t u a t i o n s  
t r a c t a b l e .  

I n  1980 Stainback" o u t l i n e d  a new technique u t i l i z i n g  a t h r e e  w i r e  probe 
(see f i g u r e  3 2 ) ,  each w i t h  d i f f e r e n t  overheats dnd a s o l u t i o n  technique 
account ing  f o r  s e n s i t i v i t i e s  t o  v e l o c i t y ,  dens i ty ,  and t o t a l  temperature.  For  a 
c o n s t a n t  temperature h o t - w i r e  anemometer t h e  equat ion  f o r  t h e  instantaneous 
v o l t a g e  r a t i o e d  t o  t h e  mean i s  g iven by20 

I 
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where Su, s p y  'Tt are the s e n s i t i v i t y  c o e f f i c i e n t s .  

so lve equat ion (1) f o r  the instantaneous value o f  u, p ,  and Tt. 
c o e f f i c i e n t s  ?re obtained froin a mean f l o w  c a l i b r a t i o n  and curve f i t t i n g  
techniques; e and E are measured. So lu t i on  o f  the s e n s i t i v i t y - c o e f f i c i e n t  
ma t r i x  i s  abet ted by operat ing the three wi res a t  d i f f e r e n t  overheats p rov ided 
the  heat t r a n s f e r  c h a r a c t e r i s t i c s  o f  the wi res are s i m i l a r .  Add i t i ona l  d e t a i l s  
o f  the method and e r r o r  sources are given i n  references 20 and 21. 

Some resu l  t s  o f  app ly i  ng the "3-wi r e "  technique t o  f low qual i ty 
measurements i n  the Langley 0.3-Meter Transonic Cryogenic Tunnel are g iven i n  
reference 20. It was shown t h a t  the  s e n s i t i v i t y  c o e f f i c i e n t s  f o r  dens i ty  and 
v e l o c i t y  are no t  the same, as o f ten  assumed i n  the past,  w i t h  t h a t  f o r  dens i ty  
genera l l y  being h igher  than t h a t  f o r  ve loc i t y .  It was a lso demonstrated i n  
re ference 22 t h a t  mass f low f l u c t u a t i o n s  were very much less  than the v e l o c i t y  
f l u c t u a t i o n s  due t o  the f a c t  t h a t  a t  h igh subsonic Mach numbers most o f  the 
disturbances are moving upstream from the d i f f u s e r .  
t h i s ,  u I / u  and p ' l p  are a n t i - c o r r e l a t e d  and the mass f low f l u c t u a t i o n s  are 
reduced. Thus, the use of mass f low f l u c t u a t i o n s  as an i n d i c a t o r  o f  tunnel  
d is turbance l e v e l s  was shown t o  be inappropr ia te.  

I n  the pas t  few months, a f l o w - q u a l i t y  survey o f  the Langley 8 - foo t  
Transonic Pressure Tunnel has been made u t i l i z i n g  3-wire and s i n g l e  w i r e  probes 
and associated data reduc t ion  techniques. Data were obta ined i n  the t e s t  
sec t ion  us ing  3-wire probes and i n  the s e t t l i n g  chamber us ing  s i n g l e  wi res.  
Probes were l oca ted  i n  a number o f  l oca t i ons  i n  the t e s t  sec t ion  b u t  the 
l o c a t i o n  which was thought t o  g ive f l ow-qua l i t y  data t h a t  was most 
representa t ive  o f  t h a t  seen by the " laminar" t e s t  reg ion  on the laminar f l ow  
- c o n t r o l  (LFC) a i r f o i l  was one t h a t  was ahead o f  the a i r f o i l  2 l/2Teet off-the 
s ide  wa l l  and 3 f e e t  above the f l o o r .  F igure  33 shows t h i s  i n s t a l l a t i o n  w i t h  
the LFC a i r f o i l  downstream o f  the probe holder .  

Stainback's approach i s  t o  

S e n s i t i v i t y  

Because o f  

A 3-wire probe was c a l i b r a t e d  on t h i s  rake by ho ld ing  pressure and 
temperature constant  and vary ing Mach number then changing pressure a t  the same 
temperature and repeat ing  the Mach sweep. Temperature was then changed and the  
process repeated. Data f o r  f o u r  pressure l e v e l s  a t  a f i x e d  temperature and 
th ree  temperatures a t  a f i x e d  densi ty  was obtained. 

, and S w i t h  l og (p ) ,  l og (u ) ,  and log (T t )  the w i res  f o r  the v a r i a t i o n  o f  Su, 

r espec t i ve l y  are given i n  f i g u r e  34(a).  
curve f i t  technique and can be i n s e r t e d  i n  equat ion (1)  along w i t h  those f o r  
the o ther  two w i res  and a 3- by 3-matr ix solved f o r  the instantaneous values 
o f  p,  u, Tt, w i t h  the vo l tage from each o f  the th ree  w i res  f o r  i npu t .  
Subsid iary  equations a l l ow  f o r  the determinat ion o f  m and p as we l l .  

There are a number o f  d i f f e r e n t  approaches f o r  us ing  a s i n g l e  w i r e  f o r  t he  

determinat ion o f  u/u. Most requ i re  the assumption t h a t  the s e n s i t i v i t y  o f  the 
w i r e  t o  dens i ty  and v e l o c i t y  be the same. I n  one approach, c a l i b r a t i o n s  are 
done vJith mass f low and a s i n g l e  s e n s i t i v i t y  curve t h a t  gross ly  approximates 
the  po in ts  obta ined by vary ing  pressure ( i f  one uses a pressure tunnel  
u. This type o f  approximation i s  labe led  Method I on f i g u r e  34(b) and works 
bes t  a t  very low Mach numbers where the data tends t o  co l lapse on a s i n g l e  
l i n e .  

Example p l o t s  f o r  one o f  

S T t  P 
These p l o t s  were obta ined us ing  a 

- 
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A second approach (Method I 1  ) uses the  s lope o f  the  data i n  t h e  v i c i n i t y  o f  
t h e  Mach number and pressure  o f  the  t e s t .  
f o r  a pressure o f  710 p s f .  
on l o g ( p u )  
s l o p e  o f  the  data a t  M = 0.65 where l o g ( E )  i s  a maximum, then t h e  s e n s i t i v i t y  
w i l l  be zero  and t h e  Method w i l l  y i e l d  r i d i c u l o u s  values o f  u t .  Resu l ts  f o r  the  
3-wi re technique and bo th  Method I and I 1  f o r  s i n g l e  w i r e s  are  discussed below. 

Us ing  t h e  3-w i re  s e n s i t i v i t y  c o e f f i c i e n t s  j u s t  descr ibed, t h e  RMS values 

o f  u/u, p/p, f t /Tt ,  i / m ,  and i / p  have been determined f o r  Mach numbers f o r  0.4 t o  
0.82. Values o f  these q u a n t i t i e s  f o r  a probe l o c a t i o n  discussed p r e v i o u s l y  (see 
f i g u r e  33) a re  g iven i n  Table I. I f  one of t h e  w i r e s  i s  t r e a t e d  as a s i n g l e  w i r e  
u s i n g  s i n g l e - w i r e  da ta- reduc t ion  assumptions, the  s e n s i t i v i t y  c o e f f i c i e n t  o f  
Method I and 

F i g u r e  34(b)  shows t h i s  approx imat ion 
T h i s  g ives a r e p r e s e n t a t i o n  o f  the  l o g ( E )  dependence 

t h a t  i s  q u i t e  good f o r  Mach numbers below 0.6. I f  one takes the  
m 

- 

[1 + ( v  U 

then the  va lues f o r  ;/u and i / m  l a b e l e d  
l a s t  column o f  Table I are values o f  i / p  

Several  t h i n g s  s tand o u t  i n  Table I. 

values o f  u/u and m/m between t h e  3-wi re 

1 arge d i f f e r e n c e s  between t h e  3-wi r e  i / p  
remembered i n  l o o k i n g  a t  these data t h a t  

.. .. 

1-wire a re  obta ined.  F i n a l l y ,  i n  t h e  
ob ta ined f rom a microphone i n  t h e  probe. 

One i s  the  l a r g e  d i f f e r e n c e s  i n  t h e  

and s i n g l e  w i r e  r e s u l t s .  Another i s  

and t h a t  o f  t h e  microphone. 
most o f  our  t h i n k i n g  r e l a t i v e  t o  what 

It must be 

c o n s t i t u t e s  good f l o w  q u a l i t y  i s  based on s i n g l e  w i r e  and microphone data. 
i n  t h i s  case, we were t o  use s i n g l e - w i r e  t h i n k i n g  i n  i n t e r p r e t i n g  t h e  s i n g l e  w i r e  
data, we would conclude t h a t  we have " p r e t t y  good'' f l o w  q u a l i t y .  
hand, i f  we use s i n g l e - w i r e  t h i n k i n g  and t h e  3-wi re data we would say we have 
poor  f l o w  q u a l i t y .  The f a c t  i s  t h a t  a whole new s e t  o f  standards has t o  be 
c r e a t e d  t o  dec ide what i s  good and bad f l o w  q u a l i t y  when u s i n g  t h e  3-wi re data.  

If, 

On t h e  o t h e r  

Another look  a t  s i n g l e  w i r e  data i s  a f f o r d e d  by f i g u r e  35 where 
;/u and t b n  f rom Method I and I 1  a r e  p l o t t e d  as a f u n c t i o n  o f  f ree-stream Mach 
number a long w i t h  p/p. 
q u a l i t y  tunne l  and, a t  t h e  h i g h e s t  Mach numbers where the  t e s t  s e c t i o n  i s  choked 
(M > 0.751, t h e  l e v e l s  f rom Method I are ou ts tand ing .  The l a r g e  e f f e c t  of t h e  
''choke" on t h e  l e v e l s  i s  c l e a r  and, indeed, what most would expect. 

Values o f  u/u f rom Method I 1  a r e  q u i t e  a b i t  h i g h e r  than those o f  Method I 
b u t  a re  s t i l l  an o r d e r  o f  magnitude lower  than those produced by t h e  3-wi re 
techniques.  A q u i t e  d i f f e r e n t  p i c t u r e  emerges i f  we examine t h e  3-wi re 
u/u da ta  p l o t t e d  i n  f i g u r e  36. 
h i g h e r  than those o f  t h e  s i n g l e  w i r e  and t h a t  t h e  choke i s  l e s s  e f f e c t i v e .  The 

The l e v e l s  are what one would expect  i n  a good f l o w  

.. 
It i s  obvious t h a t  3-wi re l e v e l s  are 3 t o  4 t i ines 

drop i n  magnitude o f  u/u i s  about the  same i n  each case b u t  t h e  3-wi re l e v e l  i s  
so h i g h  t h a t  t h e  r e l a t i v e  e f f e c t  o f  the  choke i s  much smal le r .  
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Only a few f lows have been examined us ing  the 3-wire hot -wi re probe. 
l a r g e r  data base must be created t o  prov ide the understanding t h a t  w i l l  enable 
the  fo rmula t ion  o f  new standards. One c o n t r i b u t i o n  t o  t h i s  understanding w i l l  
come from an experiment i n  the Basic Aerodynamic Research F a c i l i t y  t o  be 
descr ibed l a t e r .  
3-wire probe t o  prov ide two independent measurements o f  u/u. 

A much 

I n  t h i s  experTment a 3-componenT LDV wilT be used a long w i t h  a 

LASER INSTRUMENTATION 

Laser velocimeters have been i n  use f o r  over decades i n  f l u i d  f l ow  research 
s t a r t i n g  w i t h  the work o f  Yeh and Cummin i n  1964.'3 Most o f  the systems 
producing data s ince t h a t  t i m e  have been 2-component systems and used p r i m a r i l y  
f o r  mean-flow v e l o c i t y  measurements. Some systems employed forward sca t te r ,  
o thers back s c a t t e r  and w i t h i n  these two-categories a number o f  d i f f e r e n t  
techni  ques/systems were devel oped. A t  Langley 2-component systems have been 
i n s t a l l e d  i n  the 14- by 22-Foot Subsonic Tunnel f o r  h e l i c o p t e r  and turboprop 
f l o w - f i e l d  research, i n  the Vortex F a c i l i t y  f o r  t r a i l i n g  vor tex d iagnos t ics  and 
i n  the 16-Foot Transonic Tunnel f o r  f low- f  i e l  d surveys. 

I n  t h i s  sec t ion  several  types of 3-component LDV systems t h a t  have been used 
a t  LaRC f o r  f l o w - f i e l d  surveys w i l l  be discussed fo l lowed by a desc r ip t i on  of a 
1 aser i n te r fe romete r  bei ng devel oped f o r  t r a n s i  t i on measurements. F i  na l  l y  , a 
sho r t  sec t ion  i s  inc luded t o  show some recent  r e s u l t s  from the use o f  a l a s e r  
vapor screen. 

3-Corponent Single Axis LDV 

The f i r s t  use o f  a 3-D LDV used a t  t h i s  Center f o r  3-component mean and 
f l u c t u a t i n g  f l o w - f i e l d  data was i n  the LTPT f o r  a j unc tu re - f l ow  

i n v e ~ t i g a t i o n . ~ ~ ~ ~ ~ , ~ ~  The system used was a s i n g l e  ax is ,  five-beam o p t i c a l  
c o n f i g u r a t i o n  and i s  shown i n  the photograph i n  f i g u r e  37. 
on ly  through a s ide  window i n  the tunnel t e s t  sec t i on  and precluded the  use o f  an 
o f f - a x i s  system. 
accurate on the u and v ax i s  bu t  l ess  so on the w ax i s  due t o  the small beam 
angle. 27 

Opt ica l  access was 

The data obta ined from the j unc tu re - f l ow  experiment was h i g h l y  

A second a p p l i c a t i o n  of the LDV system o f  f i g u r e  37 was i n  a study o f  Tay lo r -  

G;rtler i n s t a b i l i t i e s  i n  a concave reg ion  o f  the a i r f o i l  p i c t u r e d  i n  f i g u r e  

38.28 The a i r f o i l  model was equipped w i t h  a suc t ion  panel i n  the concave reg ion  

l a s e r  r e s u l t s  obta ined are p l o t t e d  i n  color-coded contours i n  f i g u r e  39. 
i n  t h i s  f i g u r e  are  the mean ( t o p  of f i gu re )  and f l u c t u a t i n g  (bottom o f  f i g u r e )  
components o f  the ho r i zon ta l  v e l o c i t y  measured adjacent t o  the sur face i n ,  and 
j u s t  beyond, the concave reg ion.  The pe r iod i c  nature o f  the vor tex  spacing i s  
very c l e a r  i n  the  LDV measurements and f u r t h e r  subs tan t ia ted  by the subl imat ing-  
chemical f low v i s u a l i z a t i o n  p i c t u r e d  i n  f i g u r e  40. Wavelength data from both o f  
these sources ( f l o w  v i s u a l i z a t i o n  and l a s e r )  are p l o t t e d  i n  f i g u r e  41 as a 
func t i on  o f  u n i t  Reynolds number. Also shown f o r  comparison i s  the t h e o r e t i c a l  

p r e d i c t i o n  o f  F10yan.'~ The f i g u r e  i nd i ca tes  t h a t  the theory agrees w i t h  both 
the l a s e r  and f low v i s u a l i z a t i o n  measurements. 

l and patch t r a n s i t i o n  gages j u s t  beyond the suc t ion  panel. A small sample o f  the  
Shown 
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Orthogonal 3-Component LDV 

The angle betweem the  beams y i e l d i n g  the  w, o r  l a t e r a l ,  v e l o c i t y  component 

shou ld  be made as l a r g e  as t h e  o p t i c a l  access w i l l  permi t28 w i t h  an or thogonal  
arrangement such as t h a t  p i c t u r e d  i n  the  photograph o f  f i g u r e  42 y i e l d i n g  t h e  
b e s t  accuracy. 
t r a n s o n i c  Basic  Aerodynamic Research F a c i  1 i ty (BAKF) d u r i n g  i t s  1 abora tory  
checkout. 
s e c t i o n  o f  BARF. 
i n  f i g u r e  44(a)  where the  t e s t  s e c t i o n  w i t h  a w a l l  i n t e r f e r e n c e  model mounted on 
a s t i n g  i s  shown. 
c ross  s e c t i o n  i s  18- in .  x 18- in  and t h e  l e n g t h  i s  55- in.  F i g u r e  44(b)  g ives  a 
sketch o f  the main components o f  the  BARF i n c l u d i n g  the  c o n t r a c t i o n ,  t e s t  
sec t ion ,  plenum, and high-speed d i f f u s e r .  

T h i s  f i g u r e  shows the  LDV system which has been i n s t a l l e d  i n  t h e  

F i g u r e  43 shows the same system wrapped around t h e  g lass-wa l led  t e s t  
A b e t t e r  view o f  the  t e s t  s e c t i o n  i s  a f f o r d e d  by t h e  photograph 

Both s i d e  w a l l s  and the  top o f  the  t e s t  s e c t i o n  are  glass;  t h e  

The BARF was s p e c i f i c a l l y  m o d i f i e d  t o  make 3-D LDV measureinents w i t h  a system 
as accura te  as technology permi ts  i n  o rder  t o  compare LDV measu ments w i t h  those 
o b t a i n e d  by mu1 t i w i  r e  h o t - w i r e  anemometers a t  t r a n s o n i c  speeds." A v a r i e t y  o f  
b a s i c  a t tached and separated f l o w s  w i  11 be "measured" and accuracy r e 1  a t i  on 
judgments made where p o s s i b l e .  I n  t h i s  connect ion i t  i s  a n t i c i p a t e d  t h a t  h i g h  
order  v iscous f l o w  c a l c u l a t i o n s  w i l l  be an equal p a r t n e r  i n  many o f  the  accuracy 
assessments. 

The f i r s t  measurements made i n  t h e  BARF were o f  the " f ree-st ream" f l o w  
q u a l i t y  i n  t h e  t e s t  sec t ion .  Some s e l e c t e d  data f o r  the  RMS unsteady component 
o f  the  l o n g i t u d i n a l  v e l o c i t y  a re  p l o t t e d  i n  f i g u r e  45 and are  p r e l i m i n a r y  i n  t h e  
t r u e s t  sense o f  t h e  word ( t h e y  were o t a i n e d  j u s t  a few days ago).  T rans ien ts  i n  
t h e  tunnel  c i r c u i t ,  u n i f o r m i t y  o f  seeding, and t h e  e f f e c t s  o f  the  tunnel  
v i  b r a t i o n  and a c o u s t i c  environments s t i  11 need t o  be i n v e s t i g a t e d .  The s c a t t e r  
i n  t h e  LDV data a t  Mach numbers o f  0.4, 0.45, and 0.5 are  much l a r y e r  than one 
can a t t r i b u t e  t o  i n s t r u m e n t  accuracy. R e p e a t a b i l i t y  a t  Mach numbers o f  0.1 and 
0.2 was e x c e l l e n t ;  each o f  t h e  p l o t t e d  p o i n t s  represents  severa l  t e s t  p o i n t s .  

The reason f o r  p r e s e n t i n g  t h i s  p r e l i m i n a r y  data i s  t o  make a comparison o f  
t h e  LDV data w i t h  t h a t  o f  t h e  3-wi re and 1-wi re anemometers. C l e a r l y  the  LDV and 
3-wi re measurements o f  u/u agree q u i t e  w e l l  i n  l e v e l .  80th are  dt var iance w i t h  
t h e  s i n g l e  w i r e  r e s u l t s  ob ta ined u s i n g  Method I. 
values o f  the l o n g i t u d i n a l  v e l o c i t y  ob ta ined by t h e  LDV are  i n  e x c e l l e n t  
agreement w i t h  t h e  values ob ta ined from t h e  pressure system used t o  determine 
Mach number i n  t h e  t e s t  sec t ion .  F u r t h e r  exper imenta t ion  i n  t h i s  f a c i l i t y  w i l l ,  
no doubt, l e a d  t o  a b e t t e r  understanding o f  bo th  t h e  l a s e r  and 3-wi re r e s u l t s .  

" 

I t  should be noted t h a t  mean 

Laser Interferometer f o r  Transit ion Measurement 

Responding t o  the  need f o r  measurements o f  boundary- layer  t r a n s i t i o n  d u r i n g  
w ind  tunnel  exper iments,  NASA Langley has developed under c o n t r a c t  an o p t i c a l  
i n t e r f e r o m e t e r  t o  noni  n t r u s i  ve ly  d e t e c t  t r a n s i t i o n  i n  compressible boundary 
l a y e r s .  The dev ice i s  a h i g h l y  s e n s i t i v e  d i f f e r e n t i a l  i n t e r f e r o i i i e t e r  capable of 
d e t e c t i n g  o p t i c a l  p a t h - l e n g t h  d i f f e r e n c e s  of l e s s  than one-thousandth of t h e  
wavelength o f  t h e  l a s e r  l i g h t .  
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The in ter ferometer  uses a 5-mW helium-neon l a s e r  f o r  i t s  l i g h t  source (see 
f i g u r e  46 1. The beam i s  passed through a p o l a r i z i n g  p l a t e  and then i n t o  a VocKei s 
c e l l ,  which i s  a l igned 45" from the d i r e c t i o n  o f  o r i g i n a l  p o l a r i z a t i o n  and 
e f f e c t i v e l y  produces two or thogona l ly  po la r i zed  beams. 
c e l l  prov ides a means o f  c r e a t i n g  a phase d i f f e rence  between the two beams so 
t h a t  the inst rument  operates a t  i t s  g rea tes t  s e n s i t i v i t y  (see reference 31). 
Seam expander and lens prov ide a co l l ima ted  beam t o  the  beam s p l i t t e r  and 
Wollaston (1 ) .  Wollaston (1 )  acts  as a pr ism t h a t  d e f l e c t s  one of the two 
or thogona l ly  po la r i zed  beams by a predetermined angle. The two beams then pass 
through the boundary l a y e r  on the model (see f i g u r e  47) a t  d i f f e r e n t  l oca t i ons .  
Di f ferences i n  densi ty  f l u c t u a t i o n s  i n  the boundary l a y e r  a t  the two model 
l o c a t i o n s  mani fest  themselves as o p t i c a l  path length  di f ferences. 

L i g h t  r e f l e c t i n g  back from the model surface re tu rns  through the lens  and 
Wollaston (1) and i s  d i r e c t e d  by the beam s p l i t t e r  t o  Wollaston ( 2 )  and the  two 
photodetectors.  The photodetectors generate the s igna l  voltage, which i s  a 
func t i on  o f  o p t i c a l  path length  d i f fe rences  between the two beams, and a l s o  
prov ide  i n fo rma t ion  back t o  the Pockels c e l l  f o r  a d j u s t i n g  the r e l a t i v e  phase 
between the two beams f o r  opt imal in te r fe rometer  performance. 
the  t h i n - f i l m  data p rev ious ly  discussed and t r a v e r s i n g  p i t o t  pressure probe 
s tud ies  by Dougherty i n  re ference 32, the f l u c t u a t i o n s  i n  vo l tage s igna l  are 
expected t o  be minimal f o r  a laminar region, t o  reach a maximum i n  the  

I t r a n s i t i o n a l  region, and f a l l  again t o  a lower l e v e l  i n  the f u l l y  t u r b u l e n t  
I regi on. 

I 

I n  add i t ion ,  the  Pockel s 

The 

On the  bas is  o f  

An impor tant  eva lua t ion  o f  the instrument occurred dur ing  June o f  1986 when 
it was tes ted  i n  the Boeing Model Transonic Wind Tunnel a t  a Mach number o f  
0.7. As seen i n  f i g u r e  48, the inst rument  was se t  up on an o p t i c a l  bench nex t  t o  
the tunnel  and the beams entered the tunnel normal t o  the t e s t  sec t ion  side- 
w a l l .  A 6- inch NACA 66-006 a i r f o i l  was mounted between the bottom and top wa l l  s 
so t h a t  the beams s t ruck  the a i r f o i l  i n  a d i r e c t i o n  approximately normal t o  i t s  
surface. As seen i n  f i g u r e  49(a),  the RMS output  s igna l  values vary as expected 
f o r  na tura l  t r a n s i t i o n  a long the a i r f o i l .  I t s  value i s  i n i t i a l l y  minimal near 
3.5-inches from the l ead ing  edge, where laminar f l ow  i s  expected t o  be present.  
However, as t r a n s i t i o n  begins t o  take p lace i n  the boundary layer ,  the l e v e l  of 
f l u c t u a t i o n s  increases u n t i l  a maximum magnitude i s  reached near 5-inches, which 
i s  assumed t o  be the l o c a t i o n  o f  g rea tes t  unsteadiness i n  the t r a n s i t i o n a l  
region. 
t u rbu len t ,  the RMS l e v e l  has dropped below i t s  maximum value and appears t o  be 
approaching an in te rmed ia te  l e v e l .  

sub l imat ing  chemicals and the beginning o f  the scrubbed reg ion  was found t o  
co inc ide,  w i t h i n  experimental e r ro r ,  w i t h  the l o c a t i o n  of the  maximum s ignal  RMS 
o f  the i n te r fe romete r  (see f i g u r e  49(b)) .  
fundamental reason why these two pos i t i ons  should co inc ide,  the inst rument  i s  
record ing  peak a c t i v i t y  i n  the same reg ion  t h a t  sub l imat ing  chemicals would 
suggest t r a n s i t i o n  occurs. 

1 ayer t r a n s i t i o n  w i  11 be f u r t h e r  i nves t i ga ted  a t  the Langley Research Center 
dur ing  1988 as p a r t  of an assessment o f  boundary-layer t r a n s i t i o n  measurement 
techniques t o  be conducted i n  the Un i ta ry  Plan Wind Tunnel a t  supersonic 
speeds. The r e s u l t s  of the o p t i c a l  in te r fe rometer  w i l l  be compared, dur ing  the  
same tes t ,  t o  techniques such as l i q u i d  c rys ta l s ,  i n f r a r e d  photography, and ho t -  
f i l m  anemometers. 

I 

Fu r the r  downstream a t  5.75-inches, where the flow i s  becoming f u l l y  

For  comparison purposes, a separate f low v i s u a l i z a t i o n  run was done w i t h  

Even though there  may be no 

F i n a l  l y  , t h i s  promis ing technique f o r  unobstrusi  ve measurement o f  boundary- 



Laser Vapor Screen for F1 ow V i  sua1 i z a t i  on 

Another a p p l i c a t i o n  o f  l a s e r  technology t o  d i a g n o s t i c  measurements i s  t h e  
vapor screen. The vapor screen technique i s  a s imple,  y e t  e f f e c t i v e ,  f l o w  
v i s u a l i z a t i o n  t o o l  used t o  study the of f -body f l o w s  about aerodynamic shapes a t  
subsonic,  t ranson ic ,  and supersonic  speeds. I n  r e c e n t  years,  t h i s  technique 
has f r e q u e n t l y  been employed i n  wind tunnel  exper iments t o  improve t h e  
understanding of t h e  v o r t i c e s  shed from t h e  s lender  bodies o f  m i s s i l e s  and t h e  
fuse lage fo rebod ies  and wings o f  f i g h t e r  a i r c r a f t  a t  h i g h  angles o f  a t t a c k .  
The technique f e a t u r e s  the  i n j e c t i o n  o f  water  i n t o  t h e  tunnel  c i r c u i t  t o  c r e a t e  
a u n i f o r m  f o g  i n  t h e  t e s t  s e c t i o n  and a l a s e r  generated i n t e n s e  sheet of l i g h t  
t h a t  can be o r i e n t e d  i n  any s e l e c t e d  p lane r e l a t i v e  t o  the  t e s t  model. The 
l i g h t  i s  s c a t t e r e d  as t h e  water  p a r t i c l e s  pass through t h e  sheet,  which enables 
t h e  off-body f l o w  t o  be v i s u a l i z e d .  

F i g u r e s  50 and 51 show r e p r e s e n t a t i v e  r e s u l t s  f rom a NASA exper iment t h a t  
were ob ta ined u s i n g  a l a s e r  vapor screen technique i n  the  David T a y l o r  Research 
C e n t e r ' s  (DTRC) 7- by 10-Foot Transonic Tunnel. The model i s  a general  
research f i g h t e r  c o n f i g u r a t i o n  hav ing a 55" cropped d e l t a  wing and s l e n d e r  , 
sharp-edged forebody chines, o r  s t rakes.  A beam o f  coherent  l i g h t  generated by 
an 18-watt  argon- ion l a s e r  was d i r e c t e d  t o  a s e t  o f  o p t i c s  l o c a t e d  i n  a window 
i n  t h e  r i g h t  s i d e  o f  t h e  t e s t  sec t ion .  
generator,  o r  c y l i n d r i c a l  lens,  and the r e s u l t a n t  sheet o f  l i g h t  " s l i c e d "  
through a model cross-p lane l o c a t e d  approx imate ly  75 percent  o f  t h e  d i s t a n c e  
a long t h e  wing c e n t e r l i n e  chord measured f rom t h e  apex. T h i s  p o s i t i o n  
c o i n c i d e d  w i t h  a spanwise row o f  upper sur face  s t a t i c  pressure o r i f i c e s  on t h e  
r i g h t  wing. 
q u a r t e r  r i g h t  r e a r  view, corresponding t o  an angle o f  a t t a c k  o f  30" and a f r e e -  
stream Mach number o f  0.95. The l a s e r  l i g h t  sheet i l l u m i n a t e s  t h e  v o r t e x  p a i r  
generated by the  forebody chines. The dark areas w i t h i n  t h e  donut-shaped 
s t r u c t u r e s  d e f i n e  t h e  l o c a t i o n  o f  the  v o r t e x  centers ,  which a r e  e s s e n t i a l l y  
devo id  o f  water  p a r t i c l e s .  The wing leading-edge v o r t i c e s  are  a l s o  present ,  
b u t  a r e  n o t  w e l l - i l l u m i n a t e d  due t o  the  s i d e - s c a t t e r  o r i e n t a t i o n .  F i g u r e  51 
shows t h e  f l o w  s t r u c t u r e  i n  t h e  same cross-p lane a t  an angle o f  a t t a c k  of 20" 
and a f ree-s t ream Mach number o f  1.10. The 35-mm s t i l l  camera was p o s i t i o n e d  
i n  a t h r e e - q u a r t e r  l e f t - r e a r  view. The v o r t e x  p a i r  f rom t h e  forebody ch ines i s  
again depic ted.  Due t o  fo rward  s c a t t e r ,  the  r i g h t  wing leading-edge v o r t e x  i s  
now c l e a r l y  v i s i b l e  as a f l a t ,  e l l i p t i c a l l y - s h a p e d  r e g i o n  w i t h i n  which water  
p a r t i c l e s  a re  n o t i c e a b l y  absent. The l e f t  wing v o r t e x  i s  n o t  seen s ince  i t  i s  
l o c a t e d  i n  t h e  shadow c r e a t e d  by t h e  c e n t e r  fuselage. 

The beam passed through a l i n e  

F i g u r e  50 i l l u s t r a t e s  the c ross  f l o w  as observed f rom a t h r e e -  

A r t i c u l a t i o n  o f  the  laser-system p l a t f o r m  o r  the  o p t i c s  has been used i n  
some i n v e s t i g a t i o n s  t o  look  a t  t h e  e n t i r e  f l o w  f i e l d .  

)IOVING BELT SKIN FRICTION BALANCE CONCEPT 

The p r i n c i p a l  of o p e r a t i o n  of the  moving b e l t  s k i n  f r i c t i o n  balance 
developed, under Langley gran t ,  by the  U n i v e r s i t y  o f  Tennessee Space I n s t i t u t e  
(UTSI) can be i l l u s t r a t e d  w i t h  t h e  a i d  o f  f i g u r e  52. 
such t h a t  the  b e l t  i s  f l u s h  w i t h  the  sur face  t o  be i n v e s t i g a t e d .  The two drums 
t h a t  suppor t  t h e  b e l t  are,  i n  t u r n ,  suppor ted by f l e x u r e s .  When t h e  b e l t  
exper iences f o r c e  due t o  t h e  shear o f  a pass ing f l u i d ,  i t  r o t a t e s  the  drums 
a g a i n s t  t h e  r e s t o r i n g  f o r c e  o f  t h e  f l e x u r e s .  The s t i f f n e s s  o f  the  f l e x u r e s  i s  

The balance i s  mounted 
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s e l e c t e d  t o  a l l o w  a maximum o f  3" o f  r o t a t i o n  f o r  t h e  expected fo rces .  
gages are  a t tached t o  the  f l e x u r e s  t o  produce a vo l tage p r o p o r t i o n a l  to ,  and 
l i n e a r  w i t h ,  t h e  torque produced by t h e  b e l t  r o t a t i n g  the  drums. S ince t h e  
small  gaps t h a t  a re  open t o  t h e  f l o w  do n o t  change w i t h  t h i s  r o t a t i o n ,  t h e r e  i s  
no need f o r  a c losed- loop n u l l i n g  dev ice t o  c e n t e r  the  measuring element as 
t h e r e  i s  i n  t h e  f l o a t i n g  element type balances. 
i n  re fe rence 33. 

S t r a i n  

F u r t h e r  d e t a i l s  a re  a v a i l a b l e  

The moving b e l t  gage has been used t o  make measurements i n  severa l  w ind  
t u n n e l s  t o  determine it c a p a b i l i t i e s .  One such t e s t  was c a r r i e d  o u t  i n  t h e  
0.3-M TCT on t h e  t e s t  s e c t i o n  s i d e w a l l  as p a r t  o f  an i n v e s t i g a t i o n  designed t o  
eva lua te  t h e  performance o f  severa l  s k i n  f r i c t i o n  measurement devices i n  a 
cryogenic ,  t r a n s o n i c  environment. To i n s u r e  a minimum o f  d is tu rbance d u r i n g  
these t e s t s  t h e r e  was no model mounted i n  the  tunnel .  Specia l  care  was taken 
i n  mount ing t h e  gage t o  min imize boundary- layer d is turbances;  however, t h e  data 
e x h i b i t s  a rough w a l l  t rend,  !.e., very l i t t l e  change i n  C f  w i t h  i n c r e a s i n g  
Reynolds number. It i s  i n s t r u c t i v e  t o  cons ider  t h e  d i s t r i b u t e d - w a l l  roughness 
h e i g h t  which would be r e q u i r e d  t o  " f i t "  the  observed data. P l o t t e d  i n  
f i g u r e  53 a r e  curves r e p r e s e n t i n g  a range of  va lues f o r  roughness h e i g h t ;  va lues 
i n  t h e  range f rom 0.005 t o  0.02 mn (0.0002 t o  0.0008 inches)  a r e  t y p i c a l  o f  t h e  
data.  
h e i g h t s  i n  a t u r b u l e n t  boundary l a y e r ,  and t h a t  an e q u i v a l e n t  roughness h e i g h t  
o f  o n l y  0.02mm i s  s u f f i c i e n t  t o  match t h e  data. 

The f i g u r e  serves t o  demonstrate t h e  severe e f f e c t s  o f  small  roughness 

The approximate formula f o r  rough f l a t  p l a t e  f l o w  used t o  generate t h e  
curves was 

34 where E i s  t h e  roughness h e i g h t  and x i s  d is tance f rom t h e  l e a d i n g  edge. 
Reference 35 discusses t h e  d e t a i l s  of a p p l y i n g  t h i s  formula t o  a t e s t  s e c t i o n  
w a l l  boundary l a y e r ,  by c a l c u l a t i n g  an e q u i v a l e n t  f l a t  p l a t e  length .  The curve  
l a b e l e d  smooth i n  f i g u r e  53 was c a l c u l a t e d  f rom t h e  r e l a t i o n  

C f  = 0.027/(ReX) 1/7 

a l s o  f rom re fe rence 34. 

C u r r e n t  p lans c a l l  f o r  f u r t h e r  t e s t i n g  o f  UTSI balances on a l a r g e  f l a t  
F l o a t i n g  element balances as w e l l  as o t h e r  types o f  s k i n  

The sur face  
p l a t e  i n  the  NTF. 
f r i c t i o n  measuring devices w i l l  a l s o  be t e s t e d  f o r  comparison. 
f i n i s h  w i l l  be c a r e f u l l y  c o n t r o l l e d  and ex tens ive  boundary- layer p r o f i l e  
surveys w i l l  be conducted. The r e s u l t  w i l l  be f o r  a boundary l a y e r  much b e t t e r  
understood than the  t e s t  s e c t i o n  s i  dewall  cases j u s t  discussed. 

The bas ic  f e a s i b i l i y  o f  t h e  UTSI balance t o  operate i n  cryogenic  c o n d i t i o n s  
has been demonstrated, b u t  c a r e f u l l y  c o n t r o l l e d  t e s t i n g  i s  r e q u i r e d  t o  e s t a b l i s h  
l i m i t s  on accuracy. Work t o  be undertaken i n  t h e  near f u t u r e  w i l l  i n c l u d e  t h e  
use o f  f i b e r  o p t i c s  t o  read the  movement o f  the  b e l t  r a t h e r  than s t r a i n  
gages. A bench setup u s i n g  f i b e r  o p t i c s  i s  descr ibed i n  re fe rence 36. T h i s  
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technique i s  expected t o  be l e s s  s e n s i t i v e  t o  temperature changes, thus 
s i m p l i f y i n g  balance c a l i b r a t i o n  and use a t  cryogenic  temperatures.  A lso  
e l e c t r i c a l  no ise  and e r r o r  due t o  gage heat  w i l l  be e l i m i n a t e d .  F i n a l l y ,  
e l i m i n a t i n g  the  s t r a i n  gage removes the  pr imary b a r r i e r  t o  m i n i a t u r i z a t i o n .  

r e 1  a t i  ve ly  new w i  r e - c u t  method ( e l e c t r o n  d ischarge machi n i  ny u s i n g  a w i  r e  f o r  
an e l e c t r o d e ) .  The use o f  the  w i r e - c u t  technique has the  p o t e n t i a l  t o  lower  
the  c o s t  of the  balances by reduc ing  the  p a r t  count and s i m p l i f y i n g  the  
assembly procedure. T h i s  technique a1 so enhances m i n i a t u r i z a t i o n .  The 
combinat ion of the  w i r e - c u t  technique and the  use o f  f i b e r  o p t i c s  may 
s i g n i f i c a n t l y  reduce the  c o s t  per  balance. Reference 37 speculates on the  
i n s t a l l a t i o n  o f  many balances on a s i n g l e  a i r f o i l  c o n f i g u r a t i o n .  A t y p i c a l  
l a y o u t  i s  shown i n  f i g u r e  54 on a 14-percent t h i c k ,  10- inch chord a i r f o i l .  
Each balance would be contoured t o  match the  a i r f o i l  sur face.  T h i s  would 
s i m p l i f y  measurement o f  the  l o c a t i o n  o f  t r a n s i t i o n  separa t ion  and t r a n s o n i c  
shocks. 

A concur ren t  e f f o r t  i s  a l s o  under way t o  f a b r i c a t e  these balances u s i n g  t h e  

CONCLUDING REMARKS 

The q u a l i t y  and pace o f  exper imenta l  research i n  aerodynamics i s  very much 
dependent on t h e  c a p a b i l  t i e s  o f  the  i n s t r u m e n t a t i o n  a v a i l a b l e .  So our  p u r s u i t  
of new i n s i g h t s  i n t o  the  behavior  o f  complex f l u i d  f lows should always be 
accompanied by an e f f o r t  t o  improve t h e  accuracy and "range" o f  our  
measurements. The v a l i d  ty o f  t h i s  statement was demonstrated i n  a number o f  
ins tances  i n  t h e  present  paper where new o r  improved i n s t r u m e n t a t i o n  were shown 
t o  p rov ide  n o t  o n l y  more accura te  r e s u l t s  b u t  f r e q u e n t l y  y i e l d  new t r u t h s  as 
w e l l .  Th in- f i lm-gage a r r a y s  and 3-D l a s e r  i n s t r u m e n t a t i o n  are  j u s t  s t a r t i n g  t o  
pay d iv idends w h i l e  mu1 t i w i  r e  ho t -w i re  anemometers a re  y i e l  d i  ng data much 
d i f f e r e n t  f rom " c u r r e n t "  techniques and o f f e r i n g  new o p p o r t u n i t i e s  f o r  unsteady 
f low measurements. There are  severa l  new techniuqes f o r  s k i n  f r i c t i o n  
measurement be ing  i n v e s t i g a t e d ,  one example, a compact s k i n - f r i c t i o n  gage, was 
d i  scussed. 
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1-Wire 
3-Wi re 1 Method I 

0.40 0.830 0.306 0.026 0.528 0.334 

0.75 2.963 0.946 0.0581 2.019 1.507 

0.82 2.643 0.781 0.052 1.8ti4 1.399 

I Mach No. ;/u 
I 

I 

0.039 0.033 0.026 

0.118 0.063 0.130 

0.050 0.055 0.033 '  
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( a )  Photograph o f  t h i n - f i l m  patch 
gages on NASA NLF(11-0414F 
A i r f o i l  i n s t a l l e d  i n  NASA 
Langl ey Low-Turbul ence Pressure 
Tunnel. 

( b )  Enlarged photograph o f  patch- 
gage i n s t a l  1 a t i  on showing h o t -  
f i l m  sensors and termi na l  b l  ocks 
f o r  anemometer leads. 

F igu re  1. Patch gage i n s t a l l a t i o n  i n  LTPT a i r f o i l  t es ts .  
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F i g u r e  2. Photograph o f  an ar ray  o f  t h i n - f i l m  
gages i n s t a l l e d  on the Cessna 210 
w i t h  a NASA NLF(1)-0414F A i r f o i l  
g love. Photograph i s  taken f rom 
upstream. r .I55 M 5 . 3  . 2 5 C ~ < . 7  ' f = O  

-8 t 
.6 - 

Data 
( W t r  

0 LTPT Thin film 

0 Cessna210 Thin film 

0 Cessna210 Sublimation 

.4 - 

I I I I 1 6 
4 6 8 10 1 2 x  10 

.2 
2 

RC 

F i g u r e  3. Comparison o f  wind tunnel  and f l i g h t  
t r a n s i t i o n  measurements. 
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Waveform Incompressible T-S 

11.065 
12.185 
10.705 

Most amplified frequency 

Frequency 

n 

1 
1 
2 
0 
8 
6 
4 
2 

0 .1 .2 .3 .4 .5 .6 .7 .8 
Chord station, XJC 

Figure 4. Predicted and measured Tollmien- 
Schlichting wave character is t ics .  

Figure 5.  Lear 28/29 instrumentation for  T-S 
ins tab i l i ty  detection t e s t .  



M = 0.79; h = 39 000 ft; R' = 1.5 x 10 6 ft -1 
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-.4 
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Pressure 
coefficient, O 
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.4 
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.8 

1.n 

-'O r 

- 
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3000 
3000 
4400 
5000 

Signal 
amplitude, 

dB 

3.677 
3.677 
7.222 
8.238 

-80 ' I I I ]  

102 1 o3 1 o4 
Frequency, Hz 

Figure  6.  Power spectral density analysis of 
hot-film signals a t  30- and 40- 
percent chord. M = 0.79, 
h = 39,000 f t ,  R 9 1.5 x 106/f t .  

Incompressible T-S I 

18 
16 
14 
12 

Predicted maximum 
amplification - 

location 
<---' Stable region 

.- 
0 .1 .2 .3 .4 .5 .6 .7 .8 .9 1.0 

Chord station, x/c 

T-S freq., I 
HZ "max 

,w, 
8.231 

6000 8.284 
7000 1 7.593 

Figure 7.  Incompressible prediction of T-S 
amplification r a t io s  for  measured 
pressure d is t r ibu t ion .  Mu, = 0.79, 
h = 39,000 f t ,  R = 1.5 x li16/ft.  
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Figure 8. Enlarged photo of a thin-film plug 
gage ins ta l led  on the 7-fOOt chord 
Laminar F1 ow Control (LFC) A i  r foi  1 . 
Diameter of plug i s  0.0625 i n .  

LFC airfoil 

f Turbulent: - 
/ 

LFC wing upper surface I 

i Transitional: 

Laminar: - 

Hot-film signals 
.2 
0 
.2 

.2 
0 
.2 

.4 r 

.2 
0 
.2 

.1 
0 

.1 

Time, sec 

Figure 9. Sketch showing the location of the 
thin-film p l u g  gages on the LFC 
a i r f o i l  and the s t a t e  of the boundary 
layer a t  each location ( L  f o r  
laminar, T for  turbulent) .  
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I-. 030 in.4 

Hot 0.002 in. Nickel 

, M I A  
loo0 A 1 i n c h )  

Dielectric substr 
(epoxy paint) 

( NAE and 0.3-m TCT 
2-D airfoil tests) 

F igu re  10. Sketch showing the cons t ruc t i on  o f  
t he  McDonnell -Doug1 as h o t - f i  l m  
gages, leads, and subst rate.  

F i g u r e  11 ( a). Photograph o f  the  supercr i  t i c a l  
a i r f o i l  model i n s t a l l e d  i n  the  
0.3-M TCT showing the  vapor- 
depos ted  gold h o t - f i l m  leads. 
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( b )  Enlarged photographs o f  h o t - f i l m  
sensor, go ld  leads, and 
d i e l  e c t r i  c subst rate.  

F i g u r e  11. Photographs o f  a s u p e r c r i t i c a l  
a i r f o i l  model w i t h  h o t - f i l m  gage 
i n s t a l  1 a t i o n .  

L 

F igu re  12. Photograph o f  end o f  s u p e r c r i t i c a l  
a i r f o i l  model showing h o t - f i l m - l e a d  
contac ts  and anemometer leads. 

ORIGINAL PAGE 
8l-ACK AND WHITE PHOTOGRAPM 



n l l l l l o  Lower surface- 

0 0 2  . 4 .  6 .  8 1.0 
X l  c 

( a )  A i r f o i l  pressure d i s t r i b u t i o n .  

1 
T 
150 mV 

I I  

- 
e 
E 
- 

0 . 2  .4 .6 .8 1.0 
XlC 

( b )  Normal i z e d  RMS f l  u c u a t i  ny v o l  tayes 
f o r  a number o f  chordwi se 1 o c a t i  ons. 

d i s t r i b u t i o n  and normal ized RMS 
f l  u c u a t i  ng vo l  tages from the  0.3-M 
TCT h o t  f i l m  t e s t s .  Adi  b a t i c  w a l l ,  

F i g u r e  13. A t y p i c a l  a i r f o i l  pressure 

% M = 0.6, Rc = 7.5 x 10 , 
co 
a = 4.00, Tt = 360"R. 
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::;)Hot f i lm, nickel and chrome (mostly nickel) 

A l u m i n u m  
Substrate, electr ic leads 

,,- Si02 

F igu re  14. Sketch showing the  cons t ruc t i on  o f  
the  Lanyl  ey devel oped scheme o f  ho t -  
f i l m  deposi t ion.  

F igu re  15. A i r f o i l  mounted on the  s idewal l  o f  
t h e  NTF f o r  t e s t s  o f  the  h o t - f i l m  
d i e l  e c t r i c .  
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F igu re  16. NACA 0012 A i r f o i l  model i n s t a l l e d  i n  
t e s t  sec t i on  o f  I R D  small 
c a l i b r a t i o n  f a c i l i t y .  

F igu re  17. 2-D a i r f o i l  w i t h  h o t - f i l m  i n s e r t  
used t o  demonstrate on-1 i n e  
t r a n s i t i o n  de tec t i on  w i t h  cryogenic  
h o t - f i l m  system. NASA 0012 A i r f o i l  
c = 12 in. ,  12- in .  span. 
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Figure 18. Metallic insert w i t h  30 Langley 
devel oped cryogenic h o t - f  i l m  
sensors. 

XJC 

Figure 19. Normal ized RMS fluctuating voltages 
for  a number of chordwise 
locations.  
Rc = 0.86 x l o6 ,  c = 12 i n .  

a = 00, Ma = 0.122, 
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x l c  bf zz 2.5 kHz 

Arb i t ra ry  
scale 

.05 .1 .5 1 5 10 
f, kHz 

F igu re  20. Spectra a t  th ree  chordwise l o c a t i o n s  
showing a m p l i f i c a t i o n  o f  T-S .waves 
i n  v i c i n i t y  o f  2.5 KH,. a = 00 
M = 0.122, Rc = 0.86 x lo6. 

00 

Nickel sensor elements (A) -, r Copper coated nickel leads 

Sensor geometry, mm 
Length: 1 .o 
Width: 0.12 
Thickness: 0.00025 
Spacing: 2.54 

30 - element sensor 

(A) Exploded view of sensor elements 

F igu re  21. Pro to type h o t - f  i 1 m sensor ar ray.  
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Figure 22.  Photograph of prototype hot-f i lm 
sensor  a r r ay  of polyimide s u b s t r a t e  
bonded t o  LRN(1)-1010 a i r f o i l  
model. 15-cm chord, 30.48-cm span. 

rn Lower surface 
0 Upper surface 

-2.4 r a = 2" r 6" 
-1.2 

c p  0 
1.2 

-2.4 

-1.2 
c p  0 

0 .5 1 .o 0 .5 1 .o 
XIC XIC 

1.2 

Figure  23. Pressure d i s t r i b u t i o n  f o r  var ious  
angles  of a t t a c k  o f  L R N ( 1  
a i r f o i l .  

1010 
li Rc = 0.200 x 10 , 

M = 0.06. 
OD 
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x/c 
.883 

.750 

.717 

.667 

.467 

I -1 ' ' . . I  

Turbulent reattachment 

End transition 

Transition beginning 

- -  

Laminar separated shear layer 

~ -- 

Laminar boundary layer 
Figure 24. Time history of s ignals  from hot 

films a t  f ive chord locat ions.  
Rc = 199,900, ci = 5O, M = 0.06. 

m 

Separated 
laminar 

shear layer 

X/C 
.683 

.667 

*650 2 Separation 

.633 

.617 

.600 

Laminar 
boundary layer 

Figure 25. Time history of s ignals  from gages 
i n 1 ami nar separation region. 
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dB 

0, 
100 10 000 

f, Hz 

0.025 sec 4 
Figure  26. Auto c o r r e l a t i o n  o f  h o t - f i l m  s igna ls  

and comparison o f  most amp1 i f i e d  T-S 
f requencies w i t h  s t a b i  1 i ty theory.  
A t y p i c a l  t ime h i s t o r y  p l o t  o f  
ou tpu t  s ignal  i s  g iven i n  the lower  
p a r t  of the p i c tu re .  
Rc = 0.222 x lo6, x/c = 0.6. 

a = 7.250, 

Flow + 
Leads 

F igure  27. Improved mu1 t i - e l  ement sensor 
conf  i g u r a t i  on. 
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- 4 k  
.1 sec 
Filtered 

(increased gain) Unfiltered 

F i g u r e  28. Time h i s t o r y  o f  s igna ls  i n  the  
1 ami nar reattachment reg ion  on 
Eppler-387 a i r f o i l  a t  Rc = 200,000, 
a = 2O, Ma = 0.06 

F igure  29(a). Photograph o f  a i r f o i l  model , 
wi th  t h i n - f i l m  ar rays  bonded t o  
t h e  surface, t h a t  was used i n  
the  0.3-M TCT t e s t s .  
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zlc 0 

c P  

-1.4 

-1 .o 

-.6 

-.2 

.2 
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(b )  Pressure distribution on ai rfoi 1 
model .a = -1 . W O ,  Moo = 0.70, 
R, = 6 x lo6 .  

Figure 29. Airfoil model tested in 0.3-M TCT and an example of pressure 
di stri  buti on. 

x/c 

0.375 

0.369 
- 

0.343 

0.326 

0.277 4 - A  
0.261 

Figure 30. Time traces of voltage outputs from 
gages in the vicinity of shock on 
the lower surface of the a i r fo i l .  
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X/C 0.277 vs 0.326 

*W WHLTE PHQTOGRAPH 

x/c 0.261 vs 0.277 x/c 0.326 vs 0.343 

0 200 0 Hz Hz 
x/c 0.343 vs 0.359 

180 

Phase 

-1 80 
0 200 Hz 

Figure 31. Phase correlation between success 
separation and reattachment. 

200 0 200 Hz 

x/c 0.359 vs 0.375 - 

I I I I I I I I I I  

200 Hz 0 

ve gages show ng phase reversals a t  

Figure 32.  Enlarged photograph o f  a three-wire, 
hot-wire probe. 
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Figure  33. Photographs o f  probe-rake 
i ns ta l l  at ion i n  LaRC 8-Foot 
Transonic Pressure Tunnel. 
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.25 r 
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..._. - - 
e..- ...... -..ye ...._ 
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0 Sm= 0.217 

Method II. , S,=O.O72 
0 
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0 1430 psi 
0 863 psi 
A 710 psi 
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Log u 
a )  3-wire s e n s i t i v i t y  c o e f f i c i e n t s  

s,, STt, and sp 

( b )  Single w i re  var ia t ions  o f  l o g ( E )  
with l o g  (m) and the associated 
s e n s i t i v i t i e s  for Method I and 
11. 

Figure 34. Single and 3-wire s e n s i t i v i t y  coef f ic ien ts .  
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U 0 -  
U 

.12 
N N N  

.08 

.04 

A 

0 iii m 
- 

I I I 1 1 I 
.4 .6 .8 1 .o 

Mach number 

The v a r i a t i o n  o f  i/u, p/p, and i / m  
w i t h  Mach number as determined f r o m  
a s i  n g l  e-wi r e  hot -wi  r e  anemometer 
and microphone i n  t h e  LaRC 8'TPT. 

F i g u r e  35. 

P t  = 710 p s f .  

.30 F 3-wire + 
G/u, % 

Method I 
Method II 

.4 .6 .8 1 .o 
Mach number 

F i g u r e  36. The v a r i a t i o n  o f  i/u w i t h  Mach 
number f o r  bo th  s i n g l e  and 3 - w i r e  
anemometers. pt = 710 p s f .  
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Figure 3 7 .  Photograph of the signal a x i s ,  
5-beam, 3-component LDV system used 
i n  LTPT Taylor-Gortler i n s t a b i l i t y  
and juncture-flow investigations. 

Figure 38. Photograph of a i r f o i l  w i t h  concave 
sur face  used i n  Tayl or-Gortl e r  
i n s t a b i l i t y  inves t iga t ion .  
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Height, 
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m-' n I U-component, Mean 
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3 6 9 12 1518 

Figure  39. Contour p l o t s  o f  mean and f l u c t u a t i n g  u components o f  v e l o c i t y  
f i e l d  obtained by 3-component LDV showing s t r u c t u r e  o f  Tay lor -  
Gor t l  e r  vo r t i ces  . 
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Figure  40. Flow-visgal izat ion picture of 
Tayl or-Gortl  e r  v o r t i c e s  i n  a i  rfoi 1 
concave region 1 ooki  ng downstream. 

2.0 r x 1 0 6 j o  0 Flow visualization 

Unit 
Reynolds 
number 

1.5 

1 .o 

.5 

0 
.1 

Figure  41. 

.2 .3 .4 .5 .6 
Wavelength, cm 

Compari son of t h e o r e t i c a l  and 
ezperimental da ta  on Taylor- 
Gortler vor tex  spacing. 
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F igu re  42. Photograph o f  or thogonal  3-component 
LDV system s e t  up i n  l abo ra to ry  t o  
measure p ipe  f low.  

F igu re  43. Photograph o f  an orthogonal  
3-component LDV system i n s t a l l e d  i n  
the Basic Aerodynamics Research 
F ac i 1 i ty . 
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Flow 
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( a )  Photograph o f  g l  ass-wal l  ed t e s t  
sec t i on  w i t h  w a l l - i n t e r f e r e n c e  
model mounted on s t i n g .  

Wide-angle diffuser 

TScreens Test section 

' U I  1 Model support Plenum section 

Contraction section 1 Flow conditioning chamber 

( b )  Sketch o f  Basic Aerodynamics 
Research Faci  1 i ty showing 
con t rac t i on ,  t es t - sec t i on ,  
plenum, and h igh  speed d i f f u s e r .  

F igu re  44. Features o f  Basic Aerodynamics 
Research Faci  1 i ty . 
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F igu re  45. Comparison o f  ho t -w i re  and LDV 
measurements f o r  u/u i n  BARF. 

Reflect i ng 
model surface7 

Polarizer Beam Beam Wpllactnn (1 )  

- 1  expander splitter 
He-Ne laser 

Wollaston (2) 

3to detectors 15 13 Phc 

F igu re  46. Schematic o f  1 aser i n te r fe romete r  
system. 

. .  
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Tunnel 
side wall 

F igu re  

nall 

47. Sketch showing o p t i c a l  paths near 
model. 

F igu re  48. Photograph showi ng t r a n s i t i o n  
de tec t i on  system ( i n t e r f e r o m e t e r )  
i n s t a l l e d  i n  the  Boeing Model 
Transonic Wind Tunnel . 
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Line f r o m  flow 'k,k transi t ion Onset of v isual izat ion 

01 I I M I 1 
3.5 4.0 4.5 5.0 5.5 6.0 

Distance fom leading edge, x, i n c h  

(a) RMS interferometer signal 
compared to beginning of 
scrubbed region in the 
sublimating chemical flow 
vi sual i zati on. 

M OD = 0.70, Rc = 2 x lo6. 
NACA 66-066, 

surface shear 

(b) Flow visualization picture 
showi ng- transi ti on. 

Figure 49. RMS interferometer signal variation 
through transi ti on regi on and f 1 ow 
vi sual i zati on picture showi ng 
transition 1 ocation. 
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Figure 50. Laser vapor screen photograph as 
observed from a three-quarter right 
rear view. M = 0.95, a = 300. 

OD 

Figure 51. Laser vapor screen photograph as 
observed froin a three-quarter l e f t  
rear view. M = 1.10, a = 200. 

OD 
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Belt supported by 2 drums 
(approx 3" rotation) 

F igu re  52. Sketch o f  the moving b e l t  sk in -  
f r i c t i o n  gage showing i t s  p r i n c i p a l  
features.  

M a  = 0.7 
T = 3 0 0 K  0 0 
T = 2 2 0 K  A A 
T = 1 6 0 K  0 
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M, = 0.4 
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Cf x10  

2 

1 Smooth 
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R~ 

F igu re  53. P l o t  o f  the  v a r i a t i o n  o f  s k i n  
f r i c t i o n  w i t h  Reynol ds number based 
on momentum thickness. 
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Figure 54. Sketch o f  an a i r f o i l  model w i th  
mu1 t i p l e  s k i n - f r i c t i o n  gages 
i n s t a l l e d .  
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