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PREFACE 

The  1980  Workshop  on  High  Reynolds Number Resea rch ,   r ep resen t ing   an   upda te  
of i ts 1976  counterpar t   documented  in  NASA CP-2009, w a s  o r g a n i z e d   t o   p r o v i d e  a 
n a t i o n a l   f o r u m   f o r   i n t e r c h a n g e   o f   p l a n s   a n d   i d e a s   f o r   f u t u r e   r e s e a r c h   i n   t h e  
high  Reynolds  number area. In   add i t ion ,   t he   workshop   p rov ided   an   oppor tun i ty  
f o r   p o t e n t i a l   u s e r s   t o  review t h e   o p e r a t i o n a l   c h a r a c t e r i s t i c s ,   d e s i g n   f e a t u r e s ,  
and i n i t i a l   c a l i b r a t i o n   p l a n s   o f   t h e   N a t i o n a l   T r a n s o n i c   F a c i l i t y  (NTF), which 
is now i n   t h e   f i n a l   p h a s e s   o f   c o n s t r u c t i o n  a t  the   Langley   Research   Center .  
App l i cab le   ope ra t iona l   expe r i ence   w i th   t he   Lang ley   0 .3 -Mete r   T ranson ic   Cryogen ic  
Tunnel was a l so   r ev iewed .   S ince   t he  NTF i s  t r u l y  a n a t i o n a l   f a c i l i t y ,   p a r t i c i -  
p a n t s   i n   t h e   w o r k s h o p   i n c l u d e d   t e c h n i c a l   e x p e r t s   r e p r e s e n t i n g  a c r o s s   s e c t i o n  
of p o t e n t i a l   u s e r s   f r o m  NASA, DOD, o t h e r   g o v e r n m e n t a l   a g e n c i e s ,   t h e   a e r o s p a c e  
indus t ry ,   and   t he   un ive r s i ty   communi ty .  A list o f   t h e   a t t e n d e e s  is inc luded  
i n   t h i s  volume. 

The b a s i c   p u r p o s e  of the  workshop w a s  the   examinat ion  of the   fundamenta l  
aerodynamic  quest ions  for   which  high  Reynolds  number e x p e r i m e n t a l   c a p a b i l i t y  
is r e q u i r e d .  A d i r e c t e d   e f f o r t  w a s  made t o   o u t l i n e  and p r i o r i t i z e   p o t e n t i a l  
exper iments   which   would   maximize   the   ear ly   research   re turns   f rom  the   use   o f  
t h e   N a t i o n a l   T r a n s o n i c   F a c i l i t y .   I n   a d d i t i o n ,  NTF c a l i b r a t i o n   p l a n s  were 
reviewed  and  submit ted  for  comment.  The recommendat ions  of   the   technical   panels  
are r e c o r d e d   i n   t h i s   c o n f e r e n c e   p u b l i c a t i o n .  

The  1980  workshop w a s  expanded t o   t h e   f o l l o w i n g   s e v e n   t e c h n i c a l   p a n e l s   f o r  
i n i t i a l   r e s e a r c h   p l a n n i n g :  

- Fluid  Dynamics 
- H i g h   L i f t  
- Configurat ion  Aerodynamics 
- Aeroelast ic i ty   and  Unsteady  Aerodynamics 
- Wind T u n n e l / F l i g h t   C o r r e l a t i o n  
- Space  Vehicles  
- Theoret ical   Aerodynamics 

The  1980  Workshop  on  High  Reynolds Number Research w a s  sponsored  by  the 
NASA L a n g l e y   R e s e a r c h   C e n t e r   i n   a s s o c i a t i o n   w i t h   t h e   J o i n t   I n s t i t u t e   f o r  
Advancement of F l igh t   Sc iences ,   the   George   Washington   Univers i ty .  The e d i t o r s  
w i s h   t o   e x p r e s s   t h e i r   a p p r e c i a t i o n   t o   t h e   c h a i r m e n   a n d   t e c h n i c a l  secretaries 
o f   t h e   v a r i o u s   p a n e l s   f o r   c o o r d i n a t i n g   t h e   p a n e l   d i s c u s s i o n s   a n d   f o r   p r e s e n -  
t a t i o n  and  documentat ion  of   the  panel   recommendat ions.  The active suppor t   o f  
t h e   p o t e n t i a l   u s e r s   o f  NTF in   a t t end ing   t he   workshop   and   t he i r   r ecommenda t ions  
made t h i s  workshop a s u c c e s s .   S p e c i a l   r e c o g n i t i o n  is  due Raymond S iewer t  of t h e  
Department  of  Defense (ODDRE) and C l i n t o n  Brown of NASA Headquar te rs  (OAST), 
who took  t i m e  f r o m   t h e i r   b u s y   s c h e d u l e s   t o   p a r t i c i p a t e   i n   t h e   w o r k s h o p  
proceedings .  

L. Wayne McKinney 
Donald D. Baals 
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THE NATIONAL TRANSONIC FACILITY: 

REVIEW AND STATUS  REPORT 

Robert  R. Howell 
NASA Langley  Research  Center  

INTRODUCTION 

Th i s   pape r  w i l l  p r o v i d e   a n   u p d a t e   o n   t h e   s t a t u s   o f   t h e   N a t i o n a l   T r a n s o n i c  
F a c i l i t y  (NTF) P r o j e c t   ( r e f s .  1 t o  4 ) .  It w i l l  a l s o   r e v i e w  some of t h e   p e r t i -  
n e n t   p e r f o r m a n c e   c h a r a c t e r i s t i c s   a n d   f e a t u r e s   t h a t   t h e  new wind  tunnel  w i l l  
h a v e .   F i n a l l y ,  i t  w i l l  d i s c u s s   t h e   l i q u i d   n i t r o g e n   s u p p l y ,   c u r r e n t  views of 
u s e r   c o s t ,   a n d   t h e   a c t i v a t i o n   s c h e d u l e .  

STATUS  OF  PROJECT 

Rev iew  o f   Pe r t inen t   Fea tu res  

The NTF ( f i g .  1) is a c l o s e d   c i r c u i t   t r a n s o n i c   p r e s s u r e   t u n n e l   d e s i g n e d   t o  
p rov ide  tests a t  or   near   ful l -scale   Reynolds   numbers .   High  Reynolds   numbers  
are achieved  by u s i n g  a ve ry   co ld   ( c ryogen ic )  test medium. I n   t h e  case of   the  
NTF, c ryogen ic   t empera tu res  are o b t a i n e d   b y   s p r a y i n g   l i q u i d   n i t r o g e n ,   s t o r e d   i n  
t h e   r i g h t   c y l i n d r i c a l   t a n k   i n   t h e   u p p e r   r i g h t   o f   t h e   p i c t u r e ,   i n t o   t h e   c i r c u i t  
a n d   u s i n g   t h e   h e a t   o f   v a p o r i z a t i o n   t o   r e d u c e   o r   m a i n t a i n  temperature. Tempera- 
t u r e   i n c r e a s e  is  provided   by   the   hea t   o f   compress ion   f rom  the   d r ive   fan .  A 
v e n t i n g   s y s t e m   a t t a c h e d  a t  the   l ow  speed   end   o f   t he   c i r cu i t  is  u s e d   t o   c o n t r o l  
pressure.   The  gas   discharged  f rom  the  vent  is  r e l e a s e d   t h r o u g h  a 37-m v e r t i c a l  
s t a c k  a t  t h e   l e f t  of t h e   p i c t u r e .  The t u n n e l   c i r c u i t   ( f i g .  2 )  i s  about  6 1  
meters b e t w e e n   c e n t e r l i n e s   i n   t h e   l o n g   d i r e c t i o n   a n d   a b o u t   1 4 . 6  meters between 
c e n t e r l i n e s   i n   t h e   s h o r t   d i r e c t i o n .  The a e r o d y n a i c   d e s i g n  i s  compact  and 
e f f i c i e n t .  The s h o r t   l e n g t h  is  achieved   by   us ing  a r a p i d   d i f f u s e r   w h i c h   r e q u i r e s  
a u n i f o r m   r e s i s t a n c e   a c r o s s   t h e   d i s c h a r g e   e n d   t o   a s s u r e   t h a t  i t  f l o w s   f u l l .  
A c o o l i n g   c o i l  is  u s e d   t o , p r o d u c e   t h e   r e q u i r e d   r e s i s t a n c e ,   t h u s   a f f o r d i n g   t h e  
a d d e d   c a p a b i l i t y   t o   o p e r a t e   t h e   t u n n e l  a t  nea r   a tmosphe r i c   t empera tu re   w i thou t  
t h e   n e e d   f o r   l i q u i d   n i t r o g e n .  T h e   c o o l i n g   c o i l  i s  fo l lowed   by   fou r   an t i t u rbu lence  
sc reens   and  a 1 5 - t o - 1   c o n t r a c t i o n   r a t i o   t o   a s s u r e   l o w   t u r b u l e n c e   l e v e l s   i n   t h e  
test f low.  A s l o t t e d  test s e c t i o n  i s  u s e d   t o   p r o d u c e   t h e   t r a n s o n i c  test capa- 
b i l i t y .  The h igh   speed   and   low  speed   d i f fusers  are n e a r  optimum c o n i c a l   d i f f u s e r s .  

Inasmuch as t h e   t u n n e l   m u s t   o p e r a t e  a t  and   ma in ta in   co ld   t empera tu res   fo r  
l ong   pe r iods   o f  t i m e ,  t h e   g a s  volume  must   be  thermally  insulated.  The i n s u l a -  
t i o n   s y s t e m   u s e d   i n   t h e  NTF d e s i g n   ( f i g .   3 )  is  a r i g i d i z e d   c l o s e d  c e l l  foam 
bonded t o   t h e   i n s i d e   s u r f a c e  of the t u n n e l   s h e l l .   U s i n g   t h e   i n s u l a t i o n   i n s i d e  
t h e   s h e l l   p l a c e s   t h e   s h e l l  mass o u t s i d e   t h e   t h e r m a l l y   c o n t r o l l e d   v o l u m e   a n d  
a v o i d s   t h e   e n e r g y   c o s t   t o   c o n t r o l   t h e   s h e l l   t e m p e r a t u r e .   A l t h o u g h   t h e   i n s u l a -  
t i o n  i s  bonded t o   t h e   s h e l l ,   t h e r e  is  a n   a d d i t i o n a l   m e c h a n i c a l   r e t a i n i n g   s y s t e m  



which  prevents  the  insulation  from  getting into the flow if  the  bond fails and 
provides  a  liner  that is the  interface with the  moving  gas. The insulation and 
liner  system is designed to accommodate the very large  temperature differences 
between  the  internal gas and  the  tunnel  shell. 

There are a number of  internal  structures (fig. 4 )  that  because of their 
function  must feel the gas temperature. These structures are made of aluminum 
alloy  and are designed to accommodate the temperature change rates required for 
foreseen  testing  needs.  Because of  their size, the  large  internal structures 
were placed  in  the  tunnel shell in the sequence of fabrication. (See fig. 5 
for example. ) 

Status of Construction 

Currently, all of  the large  internal structural components are inside the 
shell. The only  structure  that  remains to  be delivered  to  the  site is the  test 
section  which is scheduled  for  delivery  in  April 1981. The pressure shell which 
was designed,  fabricated,  and  tested  in  accordance with the ASME  pressure  vessel 
code is complete. An aerial photograph of  the site (fig. 6) taken  November 1, 
1980, shows  the  liquid nitrogen tank  complete  and the shell complete. The 
building  addition  which  provides space for model preparation,  control room, etc. 
is  being  erected,  and  the  vent  system  foundations  and  stack  components are in 
the foreground. 

The NTF Project master  schedule (fig. 7) indicates  about 1 year remaining 
in  the construction  schedule.  Most of the  remaining work is associated with the 
installation  and  alignment of  the  internal structures, the  installation  of  the 
insulation system, and  the  alignment  of  the  electrical  hookup  and  plumbing 
required to complete  the  systems.  Note  that two major reviews remain to be 
held. The first is the  Integrated  Systems  Review (ISR), which  is  required 
before  activation  of discrete systems. The second review is the Operational 
Readiness  Review,  which is required  before  the  facility  is turned over to  the 
user  for  operation as a  testing  tool. If the  schedule  is  maintained,  the  NTF 
should be completed in 1982. 

REVIEW OF PERFORMANCE 

The basic  characteristics  and  capability of the  NTF  were  established by an 
ad  hoc facilities  panel  at  the  request  of the joint NASA/Air  Force  Astronautics 
and Aeronautics  Coordinating Board  (AACB). The characteristics  and  capabilities 
approved by  the AACB  are  shown  in figure 8. Note  that  the  concept  for  achieving 
high Reynolds number, the size of  the  tunnel  test section, the Mach number range, 
the Reynolds  number  capability, and  the productivity  were all stipulated. These 
requirements  have  been  regarded as the  minimum acceptable in the design  of  the 
tunnel. 

The cryogenic  approach to achieving  high Reynolds number  provides  a  degree 
of that  temperature  control  which has not been  available  in  large  wind  tunnels 
heretofore;  a  typical  example  of the operating  envelope at a  fixed Mach number 
is shown as figure 9. The  envelope is for Mach 0.8 and is shown in terms of 
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opera t ing   s t agna t ion   p re s su re   ve r sus   Reyno lds   number   p roduced   fo r   ope ra t ing  
i so the rms .   The   boundar i e s   o f   t he   enve lope   de f ined   by   do t t ed   l i nes  are t h e  
r e s u l t   o f   o p e r a t i n g   c o n s t r a i n t s .  On t h e   l e f t   o f   t h e   e n v e l o p e ,   t h e   c o n s t r a i n t  
i.s i n l e t   g u i d e   v a n e   p e r f o r m a n c e .   V a r i a b l e   i n l e t   g u i d e   v a n e s  are u s e d   t o   c o n t r o l  
Mach number a t  power l e v e l s   a b o v e  48 x l o 6  wat t s .  Above 48 x l o 6  wat t s  a 
synchronous  motor is employed   which   ro ta tes   the   compressor   fan  a t  a f i x e d  RPM. 
The i n l e t   g u i d e   v a n e   d e s i g n   a n d  movement de te rmine   the   range   of   t empera ture  
over   which   the  Mach number c a n   b e   m a i n t a i n e d .   I n   t h e   u p p e r   l e f t   c o r n e r  a power 
l i m i t  d e f i n e s   t h e   b o u n d a r y .  A t  t h e   t o p   o f   t h e   e n v e l o p e ,   t h e  maximum o p e r a t i n g  
p r e s s u r e   f o r   t h e   s h e l l  ( 9  b a r s )   d e f i n e s   t h e   b o u n d a r y .  A t  t h e   r i g h t ,   l i q u e f i c a -  
t i o n   i n   t h e  t es t  stream, de f ined   by  a l o c a l  Mach number of 1 . 4 ,  limits t h e  
t e m p e r a t u r e   f o r   o p e r a t i o n .  More r e c e n t   e x p e r i m e n t a l   w o r k   i n d i c a t e s   t h a t   t h i s  
ML = 1 . 4  l i m i t  is  v e r y   c o n s e r v a t i v e .  The shaded   po r t ion  a t  the   bo t tom  o f   t he  
envelope shows t h e   p a r t   t h a t   c a n   b e   c o v e r e d   w i t h  a i r  i n   t h e   c i r c u i t  if t h e  
d r ive   sys t em is  t h e   o n l y   c o n s t r a i n t .  In  r e a l i t y   t h e   c o o l i n g   c o i l   s y s t e m  w i l l  
l i m i t  t h e   o p e r a t i n g   p r e s s u r e   t o   n e a r  two atmospheres .  

I f   t h e  maximum Reynolds number a t  each  Mach number i s  p l o t t e d ,   t h e   o v e r a l l  
per formance   of   the  NTF i s  o b t a i n e d   ( f i g .   l o ) .  The  boundary  on  the l e f t  i s  t h e  
maximum w o r k i n g   p r e s s u r e   f o r   t h e   s h e l l  ( 9  b a r s ) ,   t h e   s l a n t i n g   b o u n d a r y  a t  t h e  
u p p e r   r i g h t  i s  a power l i m i t  (93 X l o 6  w a t t s   t o   t h e   f a n ) ,   a n d   t h e   v e r t i c a l  
boundary i s  a f a n   c o m p r e s s i o n   r a t i o  l i m i t .  The v e r t i c a l   d a s h e d   l i n e  a t  M = 1 . 0  
i n d i c a t e s   t h e   d e s i g n   g o a l   o f  RNc = 1 2 0  X l o G  can  be m e t .  

The l i nes   o f   cons t an t   dynamic  p r e s s u r e  a r e  shown on f i g u r e  1 0  t o   i n d i c a t e  
how dynamic   p ressure  w i l l  vary   wi th   Reynolds   number   and   to  show t h a t  a t  t h e  
higher   Reynolds   numbers ,   the  NTF w i l l  h a v e   d y n a m i c   p r e s s u r e s   l a r g e r   t h a n   e x i s t -  
i n g   t u n n e l s .   T h i s   f a c t  w i l l  have  to  be  accommodated as r e q u i r e d   i n   t h e   d e s i g n  
of models   and   suppor t   sys tems.   The   ab i l i ty   o f   the  NTF t o   p e r f o r m   f u l l - s c a l e  
Reynolds number t e s t i n g  i s  i n d i c a t e d   i n   f i g u r e  11. In  t h i s   f i g u r e ,  a comparison 
i s  made of t h e   f l i g h t   a n d  NTF test  enve lopes   fo r   t he   Boe ing  747  a i r   t r a n s p o r t .  
On t h e  l e f t ,   t h e   f l i g h t   e n v e l o p e  i s  p r e s e n t e d   i n   t h e   c o n v e n t i o n a l   f o r m   o f  a l t i -  
t u d e   v e r s u s   v e l o c i t y  (Mach number) .   The   boundar ies   o f   th i s   enve lope  are formed 
by a t h r u s t  l i m i t  o n   t h e   r i g h t   a n d  CL max on t h e   l e f t .  The uppe r   end   c losu re  
is d e f i n e d   b y   b u f f e t   a n d / o r   s t a b i l i t y   c o n s t r a i n t .   N o t e   t h e   d e s i g n   c r u i s e   p o i n t  
i n d i c a t e d  by t h e   o p e n   c i r c l e   l o c a t e d  a t  a n   a l t i t u d e   o f   a b o u t  9 x l o 3  i n e t e r s ,  
M = 0.81 and RN = 54 x 1 0  . The p l o t   o f  RN, v e r s u s  Mach number  on t h e   r i g h t  
shows t h e  test c a p a b i l i t y   o f   t h e  NTF w i t h   t h e   a i r p l a n e   s c a l e d   t o   t h e   p r o p e r  
model s i z e   f o r   t e s t i n g .  The f l i g h t   e n v e l o p e   t r a n s f o r m e d   t o   t h i s   p l o t  i s  repre-  
s en ted   by   t he   dashed   boundary   i den t i f i ed  as t h e  747 envelope.  On t h i s   p l o t ,   t h e  
z e r o   a l t i t u d e   f l i g h t  is t h e   s t r a i g h t   s i d e   o f   t h e   e n v e l o p e   o n   t h e   l e f t .  The 
shaded area o n   b o t h   p l o t s   i n d i c a t e s   t h e   p o r t i o n   o f   t h e   f u l l - s c a l e   f l i g h t   e n v e -  
l o p e   t h a t   c a n   b e   s i m u l a t e d   i n   t h e  NTF. 
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The c ross -ha tched   enve lope  a t  t h e   b o t t o m   o f   t h e   f i g u r e   o n   t h e   r i g h t   s h o w s  
the   Reynolds   number   capabi l i ty   o f  a l l  e x i s t i n g   w i n d   t u n n e l s .  The improvement i n  
Reyno lds   number   capab i l i t y   w i th   t he  NTF i s  obvious .  It  s h o u l d   b e   n o t e d   t h a t   t h e  
NTF w i l l  n o t   b e   c a p a b l e   o f   c o v e r i n g   t h e   c o m p l e t e   f l i g h t   e n v e l o p e   o f  a l l  a i r -  
p l a n e s .  I t  appea r s ,   however ,   t ha t  i t  w i l l  c o v e r   t h e   i m p o r t a n t   r e g i o n   o f   c r u i s e  
and   h igh   pe r fo rmance   fo r   mos t   a i rp l anes   and  w i l l  i n  a l l  cases provide   Reynolds  
n u m b e r s   c l o s e   t o   f u l l   s c a l e   s u c h   t h a t   R e y n o l d s  number e x t r a p o l a t i o n   e r r o r s  w i l l  
be   minimal .  
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IIIIIIII I I I I  

PRODUCTIVITY/EFFICIENCY  FEATURES  OF THE NTF 

Automated  Data  Acquisition  and  Controls 

Productivity and efficiency  were  goals of the  NTF  design. To assure  that 
the  electronic  equipment was not a source of large losses of operating  time, 
the computer  complex (fig.  12) was designed  around  four  moderate  size  computers 
rather  than one large  one. These computers are paired:  two  to handle  data 
acquisition  and  management  and two  to handle  tunnel  process  controls  and  moni- 
toring.  All four computers  are  linked  together to permit  cross  communication 
as required  for  efficient  control  and  rapid  response.  Additionally,  each  pair 
of  computers is tied  together  through a bus transfer switch, These  switches 
permit  one  computer to take  on  the  essential  parts  of  the work load  of  both  in 
the  event one of the two goes out.  This  feature allows continued  tunnel  opera- 
tion  when a single  computer is  out. There is a set  of  peripheral  equipment 
that  can be shared  among  the  computers to display,  record,  or  plot  information 
or  data  in a predetermined  manner. 

The basic  data  acquisition  capability for the  NTF  is  shown  as  table I. 
The  system  of  channels  of  analog and digital  data  is  modular  and  can be  enlarged 
at a later  date if  desired.  By use of the  miniaturized  electronic  sensing  pres- 
sure  measurement  system,  two  analog  channels  permit  accurate  recording of  steady 
pressures  from 1024 pressure  ports. 

TABLE I.- DATA ACQUISITION AND DISPLAY CAPABILITY  FOR NTF 

(a) Acquisition 

Number  of  channels 

Test section Ass'y room 
Data  characteristics Type 

- 

Steady  state 
Digital 
Analog'r 

Unsteady 14 Analog 
9; 1024 pressure  measurements. 

(b) Display/Reduction 

Type 
For- 

On  line 

( 
Tabular 

CRT 
Hard  copy 
Graphic 

Printer 

Batch data analysis  Off-line 

Tabular 

Plotting ~~ ~~ 
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Plenum Access System 

A s  m e n t i o n e d   p r e v i o u s l y ,   t h e   t u n n e l   s h e l l  is  i n s u l a t e d   t o   c o n t a i n   c r y o g e n i c  
gas a t  p r e s s u r e   f o r   l o n g   p e r i o d s   o f  time. An i s o l a t i o n   s y s t e m   h a s   b e e n   d e s i g n e d  
t o   a l l o w   p e r s o n n e l  access t o   t h e  p lenum  volume  wi thout   having   to   d i scharge   the  
c o l d   g a s   f r o m   t h e   e n t i r e   t u n n e l   c i r c u i t .   T h i s   i s o l a t i o n   s y s t e m  (fig. 13) 
r e q u i r e s   t h a t   t h e   c o n t r a c t i o n   c o n e   a n d   h i g h - s p e e d   d i f f u s e r   b e  moved away from 
the   p lenum  bulkheads   and   la rge  domed h e a d s   ( i s o l a t i o n   v a l v e s )   b e   p l a c e d   i n   t h e  
bu lkhead   open ings .   Wi th   t hese   i so l a t ion  valves i n   t h e   c l o s e d   p o s i t i o n ,   t h e  
p lenum  volume  can   be   vented   to   reduce   the   p lenum  pressure   to   a tmospher ic .   Dry  
a i r  is  c i r c u l a t e d   i n   t h e  volume t o  br ing   the   oxygen   cons t i tuency   and   tempera-  
t u r e   t o   t h e   r e q u i r e d   l e v e l   f o r   p e r s o n n e l   e n t r y .   T h e r e  are 2.7-m by 3.7-m 
r e c t a n g u l a r   d o o r s   o n   e i t h e r   s i d e   o f   t h e   p l e n u m   t o   p e r m i t   p e r s o n n e l   e n t r y   f o r  
model  change  and f o r  service t o   a c t u a t o r s   a n d   i n s t r u m e n t a t i o n   i n s i d e   t h e   p l e n u m  
volume . 

To r e t u r n   t h e   t u n n e l   t o   o p e r a t i o n a l   s t a t u s ,   t h e  access d o o r s  are c losed   and  
t h e   p r e s s u r e  is e q u a l i z e d   a c r o s s   t h e   b u l k h e a d s .   T h e   i s o l a t i o n   v a l v e s  are 
r e t u r n e d   t o   t h e i r   s t o r e d   p o s i t i o n   a n d  t h e  cont rac t ion   cone   and   h igh-speed   d i f -  
f u s e r  are p l a c e d   i n   t h e i r   o p e r a t i n g   p o s i t i o n .  A clamping  system i s  u s e d   t o  
a t t ach   t hese   componen t s  as w e l l  as t h e   i s o l a t i o n   v a l v e s   t o   t h e   b u l k h e a d s  
( r e f .  5 ) .  

The warm-up and   coo l -down   o f   t he   l a rge   s t ruc tu ra l   e l emen t s   i n s ide   t he  
plenum a r e  time consuming   because   o f   cons t r a in t s   on   t he  ra te  o f   t h e i r  tempera-  
t u r e   c h a n g e   t o   c o n t r o l   t h e r m a l  stress l e v e l s .  A s  a consequence,   p lenum  access  
is p lanned   on ly  when a b s o l u t e l y   n e c e s s a r y .  

Model  Access 

A mode l   access   sys t em  ( r e f .  5) is p rov ided   ( f ig s .   14   and  15) t o  p e r m i t  
r e l a t i v e l y   r a p i d   a c c e s s   t o   t h e   m o d e l   f o r   c o n f i g u r a t i o n   c h a n g e   d u r i n g  a t e s t  
program.  The s y s t e m  requ i r ed   t he   p l enum  access   t o   be   imp lemen ted   t o   t he   po in t  
o f   r educ ing   t he   p l enum  p re s su re   t o   a tmosphe r i c .  I t  does   no t   r equ i r e   t he   p l enum 
volume to be purged  and  warmed.  With  the  plenum  pressure a t  a tmospheric   and 
two r e c t a n g u l a r   a c c e s s   t u b e s   i n   p l a c e   o n   e i t h e r   s i d e  of the  plenum,  the  2 .7-m 
by  3.7-m d o o r s  are  opened  and  the tes t  s e c t i o n   s i d e  wal ls  a re  lowered.  The two 
a c c e s s   t u b e s  are t h e n   i n s e r t e d   u n t i l   t h e y  meet a t  t h e   c e n t e r l i n e   c a p t u r i n g   t h e  
model i n s i d e   t h e   r e c t a n g u l a r   v o l u m e .  The t u b e s  seal  a t  t h e   b u t t   j o i n t   w h e r e  
t h e y  come t o g e t h e r   a n d   a r o u n d   t h e   s t i n g .  The  volume i n s i d e   t h e   t u b e s  i s  t h e n  
purged   wi th   d ry  a i r  t o   b r i n g   t h e  oxygen   and   t empera tu re   t o   t he   r equ i r ed  leve l  
and   the   model   sur face  is warmed t o   a v o i d   c o n d e n s a t i o n  when o u t s i d e  a i r  i s  
a d m i t t e d .  Once i n t e r n a l   c o n d i t i o n s  meet r equ i r emen t s ,   t he   door s  a t  t h e   o u t e r  
ends   o f   the   tubes   can   be   opened   to   p rovide  a through  passage  and a 2 . 1 - m  h i g h  
by 3-m w i d e  work  space  around  the  model .  Upon completion  of  the  model  changes,  
t h e   r e t u r n   t o   o p e r a t i o n  i s  accompl i shed   by   r eve r s ing   t he   desc r ibed   p rocess .  
The e s t i m a t e d  time f o r   m o d e l  access i s  shown i n   f i g u r e  16.  Because   t he re  w a s  
no c h a n g e   i n   t h e   t e m p e r a t u r e   o f   t h e   l a r g e   s t r u c t u r e s   i n   t h e   p l e n u m   d u r i n g   m o d e l  
a c c e s s ,  l i t t l e  time is  r e q u i r e d   o t h e r   t h a n   f o r   t h e  movement of  components. An 
average  time of mode l   con f igu ra t ion   changes  i s  a n t i c i p a t e d   t o   b e   a b o u t  2 hours .  

5 



USER INTERFACES 

As a result of the  facility  being  designated as a national facility  and 
the  anticipation  that  it will be  used  extensively  by  organizations  other  than 
NASA, a process for model delivery,  checkout, installation, testing,  and 
recrating  has  been  developed  and  used in the  facility  design. The building 
addition (fig.  17) will provide  three  rooms on the first floor designated as 
user space which  can be isolated to accommodate  classified  or  proprietary 
models. The model will be delivered  into one of these rooms uncrated  and 
assembled  on its support  sting. The sting will be  supported on a backstop 
(fig.  18) which  will  simulate  the model support  strut in the  tunnel  in  that it 
will  provide  the  ability to level  and  roll  the  model.  Weight  baskets  will  be 
provided  to  check  the  calibration of strain  gage  balances  under  combined  loads 
with or without a cryogenic  environment. The cryogenic  environment  is  provided 
by a portable  cryogenic  chamber  which will enclose  the  model. The outputs  from 
the  strain  gage  balance  and  all  other  on-board  instrumentation  can  be  patched to 
the  data  acquisition  system  located  in  the  control  room  directly above the  user 
space. 

When  the  model is ready to be  installed in the tunnel, it will be placed on 
a model  handling  cart  (fig. 1 9 ) ,  moved  by elevator to the  second  floor,  and 
installed  in  the  tunnel. The model  handling  cart floats on air bearings  and 
is  designed to provide  easy  alignment of stings with  the  model  support  sting 
(fig.  20)  and with the backstop  in  the  user spaces (fig. 18). Three-dimensional 
models  whose  aerodynamic  loads  do not exceed  those shown at  the  bottom  of  fig- 
ure 20 can  be  accommodated. The model  roll  capability  in  the  tunnel is ?18O0 at 
a rate of 10' per  second. 

A side  wall  mount (fig. 21) will  also  be  provided as a support  for  half 
models.  Models will be mounted on a splitter  plate which will span  the  tunnel 
height  (2.5 m). The  angle-of-attack  capability is  +180° for  this  system. The 
support  also  provides  the  capability  of  oscillation  in  pitch at frequencies 
from 1 to 100 Hz and amplitude  from 0.1' to l.Oo  for  the  angle-of-attack  range 
of  +loo. The load capability  of  this  system is also shown in figure 21. 

A jet  simulation  system  will  be  provided  (see  fig. 22). This system  is 
currently  being  designed to permit  jet  simulation  at a pressure  ratio of  8.1, 
M = 0.9, and maximum  Reynolds  number  with temperature.contro1 from 100 K to 
339 K and an angle-of-attack  range  from -2' to  +loo. Although  it will be de- 
signed  initially to support  three-dimensional models, it can also  be  routed 
(with piping  change) to provide jet simulation  for  half models tests. 

LIQUID  NITROGEN  SUPPLY 

Liquid  nitrogen  for  the NTF operation is to  be purchased  through  the  Air 
Force  San  Antonio  Air  Logistic  Center  at  Kelly  Air  Base  in  Texas.  Because of 
the  large  quantities of LN2 required,  the  Air Force has recently  awarded a con- 
tract to Union  Carbide  Corp., which is in the  process of building a new LN2 
plant  in  close  proximity to  the  NTF site  and will pipe LN2 to an on-site  storage 
facility. The characteristics of  the LN2  fill system are shown in figure 23. 
Note that  the  plant site will have its own bulk  storage  system  which will act 

6 



as a b u f f e r   f o r  erratic o p e r a t i o n  of t h e   t u n n e l .   A d d i t i o n a l l y ,   t h e   c a p a b i l i t y  
of   off- loading  over- the-road LN2 t a n k e r   t r u c k s  i s  provided a t  t h e  s i t e  a g a i n s t  
u n t i m e l y   p l a n t   s h u t  down. The   sys t em  a s su res   an  LN2 s u p p l y   w i t h   c o n s i d e r a b l e  
f l e x i b i l i t y .  

USER COSTS 

User c o s t s   h a v e   b e e n  a con t inu ing   conce rn   t h roughou t   t he   des ign  of t h e  NTF. 
Now t h a t  w e  have   comple t ed   t he   des ign   and  a r e  developing   opera t ing   sequences   and  
p r o c e d u r e s   a n d   e s t a b l i s h i n g  manpower and time requi rements  f o r  t h e   o p e r a t i o n ,  
w e  h a v e   t r i e d   t o   r e e v a l u a t e   t h e   c o s t   o f   t h e  NTF o p e r a t i o n   a n d   p u t   t h e   u s e r   c o s t  
i n   p e r s p e c t i v e .  

There are two p a r t s   t o   t h e   u s e r   c o s t   f o r  NTF t e s t i n g .  The f i r s t   p a r t  is 
what i s  known as occupancy  cost ,   which is f ixed   ove rhead   and   bu rden .   Th i s   cos t  
d e a l s   p r i m a r i l y   w i t h   t h e   e x p e n s e   o f   t h e   p e r s o n n e l ,   m a n a g e m e n t ,   a n d   s u p p l i e s  
n e c e s s a r y   t o   o p e r a t e   a n d   m a i n t a i n   t h e   f a c i l i t y .  The s e c o n d   p a r t   o f   t h e   c o s t  i s  
c a l l e d   e n e r g y   c o s t .   T h i s   c o s t  is the   expense   o f   t he  e l ec t r i c  power  and l i q u i d  
n i t r o g e n   c o n s u m e d   i n   t h e   u s e r ' s  t e s t  program.  The  occupancy  cost  has  been esti-  
mated f o r   t h e  NTF and i s  shown i n   f i g u r e  24.  The format  i s  t h e  same as t h a t  
u s e d   f o r   u n i t a r y   p l a n  wind t u n n e l s   a n d   s h o w s   t h e   t o t a l   c o s t   o f   c i v i l   s e r v i c e  
labor   and   the   overhead  rates t h a t  are a p p l i e d .   T h e   o t h e r   c h a r g e s   a r e   e s t i m a t e s  
for   annual   consumpt ion  of ma te r i a l s ,   supp l i e s ,   and   ma in tenance   based   on   expe r i -  
ence   w i th   o the r   w ind   t unne l s .  The c o n t r a c t   s u p p o r t   r e f l e c t s   t h e   p l a n n e d   u s e  of  
a suppor t  service c o n t r a c t   f o r   t h e   o p e r a t i o n  of t h e   a n c i l l a r y   s y s t e m s .  The 
t o t a l   a n n u a l   c o s t  i s  estimated  to  be  $3,800,000  (1983  money).   Based  on  opera- 
t i o n   f o r  46  weeks o u t   o f   t h e   y e a r ,   t h e   w e e k l y   o p e r a t i n g   c o s t  i s  $33,000  or   about  
$ 8 , 3 3 0   p e r   s h i f t   f o r  a 5-day week ( t w o   s h i f t s l d a y ) .  

T h e  u s e r   e n e r g y   c o s t  is so le ly   p rog ram  dependen t .   I n   t he   p rocess  of 
developing t h e  NTF r e q u i r e m e n t s ,  a number o f   d i f f e r e n t   t e s t i n g   p r o g r a m s  were 
developed   and   eva lua ted .   These   p rograms,   which  are b e l i e v e d  t o  b e   t y p i c a l   f o r  
s p e c i f i c   t e s t i n g   o b j e c t i v e s ,  are  shown i n   f i g u r e  25 .   Note   tha t   the  l i s t  i n c l u d e s  
two d i f f e r e n t   s u b s o n i c   t r a n s p o r t s ,  a s u p e r s o n i c   t r a n s p o r t   c o n f i g u r a t i o n ,  two 
f i g h t e r  t e s t  programs,  and a bas ic   research   program.   Each   of   these   p rograms 
was d e v e l o p e d   i n   c o n s i d e r a b l e   d e t a i l   t o   a s s u r e  a c r e d i b l e  estimate of t h e  t i m e  
a n d   c o s t s   f o r  i t s  implementat ion.  To p r o v i d e  a t y p i c a l   p r o g r a m   f o r   d i s c u s s i o n  
i n   t h i s   p a p e r ,   t h e   s u b s o n i c   t r a n s p o r t   n o .  2 was s e l e c t e d .  The t e s t i n g   p l a n   f o r  
t h i s  model ( f i g .  26)  w a s  deve loped   w i thou t   r ega rd   fo r   cos t   and  i s  based  on 
expe r i ence   w i th   t yp ica l   deve lopmen t   p rog rams   i n   o the r  wind t u n n e l s .  A s  can   be  
n o t e d ,   t h e   e f f e c t s   o f   R e y n o l d s  number are  e x p l o r e d   e x t e n s i v e l y   i n   t h e   b e g i n n i n g  
of   the   p rogram.   Then   the   remainder   o f   the   t es t ing  i s  done a t  a s e l e c t e d  
Reynolds  number  which i n   t h i s  case w a s  r e l a t i v e l y   h i g h .   A l s o   n o t e   t h a t   t h e  
program i s  r a t h e r   l a r g e ,   1 4 2   d a t a   p o l a r s .  

To e v a l u a t e   t h e   c o s t  of t h e   p r o g r a m ,   c e r t a i n   a s s u m p t i o n s  were made as 
shown i n   f i g u r e  27. A p i t c h   p a u s e  mode w a s  s e l e c t e d   f o r   d a t a   a c q u i s i t i o n   w i t h  
5 seconds   r equ i r ed  a t  e a c h   a n g l e   o f  a t tack.  An ang le -o f -a t t ack   r ange   t o  20' 
w a s  s e l e c t e d   w i t h  13 d i s c r e t e   a n g l e s   f o r   d a t a   m e a s u r e m e n t .  The t o t a l   t e s t i n g  
t i m e  r e q u i r e d   f o r   e a c h   d a t a   p o l a r  w a s  78  seconds.  The time r e q u i r e d   f o r   e a c h  
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mode l   con f igu ra t ion   change  w a s  e s t i m a t e d   t o   b e  2 hours ,   and  the  model   change 
r e q u i r e d  two s h i f t s   o r   1 6   h o u r s .  Based  on  these  assumptions,   the   program 
t e s t i n g   c o s t  is as shown i n   f i g u r e   2 8 .   T h e   l i q u i d   n i t r o g e n  consumed w a s  
2837 metric tons. The a p p l i e d   c o s t   o f   $ 9 5   p e r  metric t o n  i s  b e l i e v e d  rea l i s t ic  
f o r   t h e   n e x t  5 y e a r s .   T h e   c o s t   o f   l i q u i d   n i t r o g e n  w a s  $266,678.  The e lec t r ic  
power c o s t s  were $ 7 , 7 5 3   f o r  a t o t a l   e n e r g y   c o s t   o f   $ 2 7 4 , 4 3 1 .  

The  occupancy t i m e  was e s t i m a t e d   t o   b e   a b o u t   s e v e n   s h i f t s   f o r  a t o t a l   c o s t  
o f   $ 5 8 , 0 0 0   a n d   t h e   o v e r a l l   c o s t   f o r   t h e   p r o g r a m  w a s  computed to   be   $332,531.  
F o r   1 4 2   d a t a   p o l a r s ,   t h e   a v e r a g e   t o t a l   c o s t  was $2 ,300   pe r   po la r .  

A s  m e n t i o n e d   p r e v i o u s l y ,   t h i s  was a r e l a t i v e l y   l a r g e   p r o g r a m   a n d   c o u l d  
p r o b a b l y   b e   r e d u c e d   c o n s i d e r a b l y   i f   c o s t s  were a c o n c e r n .   A d d i t i o n a l   c o s t  
r educ t ion   cou ld   be   ach ieved   by   min imiz ing   t he   Reyno lds   number   fo r   deve lopmen ta l  
w o r k   w h e r e   p o s s i b l e   a n d   t e s t i n g   o n l y   t h e   f i n a l   c o n f i g u r a t i o n  a t  high  Reynolds  
number. 

ACTIVATION SCHEDULE 

The NTF a c t i v a t i o n   s c h e d u l e  i s  shown i n   f i g u r e   2 9 .  A s  mentioned i n   t h e  
d i s c u s s i o n   o f   t h e   p r o j e c t   s t a t u s ,   t h e   i n t e g r a t e d   s y s t e m s   r e v i e w  i s  c u r r e n t l y  
schedu led   t o   be   he ld  a t  the  end  of  1981.  That  review w i l l  be  followed  by a 
p e r i o d   o f   c h e c k o u t   a n d   s y s t e m s   i n t e g r a t i o n ,   b r i n g i n g   t h e   t u n n e l   t o   f u l l   o p e r a -  
t i o n a l   r e a d i n e s s   i n   t h e  l a t te r  p a r t  of 1982. A t  t h a t   p o i n t   t h e r e  w i l l  b e  a 
t r a i n e d   o p e r a t i n g  crew c a p a b l e   o f   o n e   s h i f t   p e r   d a y   o p e r a t i o n .  Two s h i f t s   p e r  
day   ope ra t ion  w i l l  b e   a v a i l a b l e   b y  m i d  1983. 

A u s e r ' s   g u i d e   h a s   b e e n   w r i t t e n   a n d  i s  i n   t h e   e d i t o r i a l   p r o c e s s .   T h i s  
g u i d e   s h o u l d   b e   p u b l i s h e d   a n d   i s s u e d   b y   t h e   e n d   o f   t h e   f i r s t   q u a r t e r   o f   1 9 8 1 .  
It is  p l a n n e d   t o   u p d a t e   t h i s   g u i d e   t o   i n c o r p o r a t e   e x p e r i m e n t a l   d a t a   a n d   e x p e r i -  
e n c e   w i t h   t h e   o p e r a t i n g   t u n n e l .  

T u n n e l   c a l i b r a t i o n  w i l l  s t a r t   w i t h   t h e   c o m p l e t i o n   o f   t h e   o p e r a t i o n a l   r e a d i -  
ness   rev iew.  The p e r i o d   t h a t   h a s   b e e n  set  a s i d e   t o   a s s u r e  a good d e f i n i t i v e  
c a l i b r a t i o n  i s  18 months  and  includes some t e s t i n g   o f   c o r r e l a t i o n   m o d e l s .   T h e  
t a r g e t   d a t e   f o r   t h e   t u n n e l   t o   b e   a v a i l a b l e   t o  do  work i s  i n   t h e   f i r s t   q u a r t e r  
of  1984. 
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Figure 1.- Artist's perspective of National  Transonic  Facility site. 

LOW SPEED DIFFUSER 7 -1 

LRAP I D  D I FFUSER 

Figure 2.- Plan  view of NTF  tunnel  circuit  showing 
basic  components  and  arrangements. 
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EPOXY/GlASS  PULTRUSION 
ALUM I NUM  RIB & CAP STRIP 

LINER \ 7 
8 cm 

SHELL / \ TAB & LINK 
SYSTEM 

Figure 3.- Sketch  of  cross  sectional  and  longitudinal  views  of 
insulation  and  liner  system  for NTF. 

UPSTREAM 

DIFFUSER  CONTRACTION 
H I G H  SPEED 

TEST SECTION  DIFFUSER 

Figure 4.- Diagram of NTF 
structural 

circuit  showing  internal 
components. 
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MILESTONES 

MAJOR MILESTONES 

REVIEWS 

WORKPACKAGES 

I DEMO. PILES&FOUNDATIONS 

! 

TUNNEL COMPONENTS(FAB) I 

SITE WORK~BUILDING 

I TUNNEL  STRUCTURE (SHELL) 

i 
INSULATION ; 
TUNNEL  COMPONENT5 (INSTL) 

I 

SPECIAL  PIPING SYSTEM 3 

NITROGEN STORAGE SYSTEM 

TUNNEL  DRIVE SYSTEM D 

COOLING COIL 9 

2 MODEL SUPPORT SYSTEM 
1 FAN COMPONENTS 

3 PROCESSCONTROLS 

4 DATA SYSTEMS 

5 SIDE ACCESS  HOUSINGS 

6 MODEL  HANDLING EQUIPMENT 

7 * U X .  ELECTRICAL  EQUIPMENT' 

~" 

Figure 7.- Master  schedule  for  NTF  project as of 
November 2 4 ,  1980. 

A  SINGLE  TRANSONIC TEST FACILITY  IDENTIFIED  AS 
THE NATIONAL  TRANSONIC  FACILITY  (NTF) 

CRYOGEN I C  CONCEPT 

CHARACTER1  STICS: 
TEST SECTION  SIZE 2.5 m SQUARE 
DESIGN  PRESSURE 9 BAR 
DESIGN  MACH  NUMBER RANGE 0.2 - 1.2 
ST REAM  FLU I D NITROGEN 
B A S I C   D R I V E  POWER 9 X 107w 

REYNOLDS  NUMBER 120 X 10 (M = 1.0) 
PRODUCTIVITY/EFFICIENCY 8000 POl&RS/yr 

LOCATED  AT  LANGLEY  RESEARCH CENTER 
Figure 8.- Requirements  for  design  and  performance  of 

National  Transonic  Facility. 
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7 t  
STAGNATION 

bars 
PRESSURE, 5 

106 WATTS 

I 1 I 1 1 I 1 1 t 

0 20 40 60 80 100 120 140 x lou 
REYNOLDS NUMBER, RNc 

F i g u r e  9.-  Opera t ing  - e n v e l o p e   f o r  NTF. 
M = 0.8; c = 0.25 m. 

RNc 

120 

100 

80 

60 

40 

20 

0 .2 .4 .6 .8 1.0 1.2 
MACH  NUMBER, M 

F i g u r e  10.- Overall o p e r a t i n g   e n v e l o p e   f o r  NTF. 
c = 0.25 m. 
- 
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T= rnin CRY0 AT ML=1.4 ; MODEL SPAN = 1.5 rn 

A LT, 
rn 

CRUl SE 

\747 

. \ -  " ,q = 0.5 2oc ' EXISTING  TUNNELS- bars 

0 
MACH  NUMBER MACH NUMBER 

Figure 11.- Comparison of flight  envelope of B-747 airplane  with 
NTF test  envelope.  (Model  span = 0.6 test  section width.) 

COMPUTER  TO  C(3MPUTER  LINKS 

c 

DATA DATA PROCESS PROCESS 
ACQU I I T I O N  MANAGEMENT CONTROL M O N I T O R  

COMPUTER COMPUTER COMPUTER COMPUTER 

c l i l t  I 
- 

BUS  TRANSFER  SWITCHES PER I PHERA L SELECTOR 
S Y STEM 

BUS  TRANSFER  SWITCHES 

SUBSYSTEM 
PROCESS 

Figure 12.- Schematic  diagram of linkage  and  switching  arrangement 
for NTF computer  complex. 
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I- CONTRACT1 ON CONE I II nI I t-nrrn 

fl I SOLATION  VALVE 
" ~ "_ 

(CLOSED) /- 
(STORED) 

Figure 13.- Sketch of plenum  isolation  system  for  National  Transonic  Facility. 

I 8.5 m DIAMETER 

BE  EXTRACTED 

SECTION  THROUGH  MODEL PITCH CENTER 

INSERTED 

U ' U  

Figure 14.- Sketch  showing  model  access  tubes  in 
extracted  and  inserted  positions. 
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IC 

Figure   15 . -   I somet r i c   ske t ch   showing   mode l   access   t ubes   i n se r t ed  
a s  r e q u i r e d   f o r   s e r v i c i n g  a test  model. 

FUNCTION  TIME 

CONDITION  PLENUM 18 min 

INSERT  TUBES 3 min 

CONDITION  TUBES/WARM  MODEL 37 min 

CHANGE/SERVI CE MODEL  VARIABLE 

PREPARE FOR TUBE  EXTRACTION 5 min 

RETRACT  TUBES 3 rnin 

RETURN TO OPERATING  CONDITIONS 18 rnin 

~ ~ -~ 

TOTAL 84 min + VARIABLE 

F i g u r e  16.- A c t u a t i n g  times f o r   t h e   d i f f e r e n t  processes 
l e a d i n g   t o   m o d e l  access. 
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pq MODEL n 
41.3 In 

I w PREPARATION - 1  

I 1  . .  ” 

k 2 3 . 3  m-4 - FIRST FLOOR PLAN 

Figure 17.- Sketch  showing  first  floor  plan  of  building  addition. 

t * ,I“ A 
4.57 _ I  

CRYOGEN IC CHAMBER 
I 

EIGHT BASKET  ASSEMBLY 

SECTION A-A 

Figure 18.- Sketch  showing  arrangement for model  calibration. 
All dimensions  are  in  meters. 
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MODEL HANDLING 

Figure 19.- Sketch  of  model  handling  cart  used  for  transporting 
models  within  building. 

, ROLL 
D R I V E  

FIXED 
FAlRll lG 

Figure 20.- Sketch of three-dimensional  model 
support  and  pitch  control  system. 
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EXISTING T/S DOOR S T R U C T U R E 1  
c 

/ '  

DRIVE 
INSULATION  ENCLO 
STATIC  DRIVE  UNIT 

(ELECTRIC  DRIVE) 
ANGLE-OF-ATTACK t 180' 
L I F T  FORCE t 120,096N 
DRAG FORCE + 49.372, 
SIDE FORCE 
PITCHING  MOMENT t 16.950EIM 

2 8,8962 

' ROLLING  MOMENT t 75;248NFI 
YAWLING  MOMENT + 30,058,- 

IR PLATE "DYNAMIC" (HYDRAULIC DRIVE) 

AMPLITUDE %.lo TO l.Oo 
FREQUENCY 1 TO 100 H Z  

ANGLE-OF-ATTACKflOO 

Figure 21.- Sketch of half  model  support  system. 

\ \  \ \+ 

FLOW=) 
\ P 00 

35 I 3 W s e c  
CONTINUOUS 

TEST SECTION 
PLENUM 

Figure 22.- Schematic of gas  supply  system 
for  jet  exhaust  simulation. 
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450 KG/SEC 

Figure  23.- Schematic  of bu lk  LN2 supp ly   sys t em  fo r  NTF. 

LABOR : 
DIRECT 
I NDI RECT 

TOTAL LABOR 
LARC SUPPORT  OVERHEAD a 96% 
HEADQUARTERS  OVERHEAD a 10% 
TOTAL LABOR AIJD OVERHEAD 

OTHER  CHARGES: 
MATERIALS AND SUPPLIES 
MAINTENANCE 
CONTRACT  SUPPORT 

TOTAL OTHER  CHARGES 

TOTAL OCCUPAHCY  COST/YEAR 

*WEEKLY  OCCUPANCY RATE 

S 686K/YR, 
186 

S 872K 
837 
17 1 

$1, 880K/YRI 

S 105K 
320 

1,510 
$1,935K/YRn 

S3.815K 

83K 

o BASED ON 46 OPERATIYG WEEKS PER YEAR, 10 SHIFTS PER WEEK 
o COSTS  ARE BASED ON 1983 DOLLARS 

F i g u r e  24.- Breakdown of p r o j e c t e d   o c c u p a n c y   c o s t  f o r  
NTF showing  annual   and  weekly ra te .  

21 



CONFIGURATION 
~~ 

1 SUBSONIC  TRANSPORT #1 
2 SUBSONIC  TRAliSPORT #2 
3 SCAR (LOW SPEED) 
4 FIGHTER (MAiiEUVERING) 
5 FIGHTER (STALL-SPIN) 
6 BASIC RN 

Q 8 M EFFECTS 

M 

0,5 - 0.85 
0 , 3  - 0.9 

- 

0 , 3  
,s - 1.2 
0.6 - 0,9 
0,5 - 0,9 

RN x 

20 - 80 
5 - 40 
25 - 50 
20 - 40 
10 - 50 
15 - 60 

Figure 25.- List of sample  test  programs  developed  for  use  in 
projecting  operational  procedures,  LN2  requirements,  and 
electrical  power  requirements. 

CONFIGURATION H RH x I POLARS 
6h 6a . 3  . 5  .7  . 7 5  .175 .8 .E25 .85 .875 . 9  - 

1 1 WFV Grit o f f  
I 2 WFV 
I 3 WFVH 
X 4 WFVHN 
1 5 WFVHH-inverted 

1 7 WFVHN-Tuning 
X 6 WFVHN-Tuning 

I 9 WFVHN-Tuning 
1 8 WFVHH-Tuning 

110 WFVHN-Tuning 
111 WFVHN-Tuning 
112 WFVHN-Tuning 
113 WFVHN-Tuning 
114 WFVHN 
115 WFVHN 
116 WFVHN 
117 WFVHN 8=+5O 

WFVHN 8=-5O 
WFVHN 8 range 
YFVHN 8.0 

118 WFVHN 
119 YFVHN 
120 YFVHN 

O f f  0 
O f f  0 
0 0  
0 0  
0 0  
0 0  
0 0  
0 0  
n n  

X 
X 
X 
X 

+5 0 X X 
0 0 x x x x  x x x x x x 
0 0 x x x x  x x x x x x 
0 0 x x x x  x x x x x x 

X X X 
0 25 
0 0  

X X X 
0 210 X X X 
0 '15 X X X 

X 

X X X k X I  18 
x x x x x  x 18 

X 3 
x x x x x  x 18 

X 3 
X 3 
X 3 
X 3 
X 3 
X 3 
X 3 
X 3 
X 3 
X 10 
X 3 
X 3 
X 
X 

10 
10 

X 10 
X 3 
X 3 
X 3 
X 3 

W WING 
F FUSELAGE 

H H TAIL 
V V TAIL 

N NACELLES 

0 d h = h o r i z o n t a l   t a i l   d e f l e c t i o n  
c Unless  noted a l l   p o l a r s   a r e   a n g l e - o f - a t t a c k  sweeps B 0' s i d e s l i p  

o d a = a i l e r o n   d e f l e c t i o n  

0 Po la r   t ime  - 78 seconds 
J Ang le -o f -a t tack   range   to  20' B 13 p o i n t s  

0 B=Sides l ip  C 

TOTAL  POLARS 142 

Figure 26.- Testing  plan  for  subsonic  transport no. 2. 
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TIME PER  DATA POINT 
ANGLE-OF-ATTACK  RANGE 
TIME PER  POLAR 
MODEL  ADJUSTMENT 
MODEL  CHANGE 

5 SEC, 
20° (13 POINTS) 
78 SEC, 
2 HOURS 
16 HOURS 

OPERATION IS ON A TWO SHIFT PER  DAY BASIS WITH  THE 
TUNNEL STATIC (COLD  AND PRESSURIZED) ON THE  TH  I'RD 
SHIFT. 

OPERATION IS FOR FIVE DAYS  PER  WEEK. 

Figure 27.- Assumptions  used  in  estimating  time  required  for  installing 
and  testing  model  of  subsonic  transport  no. 2 in NTF. 

LIQUID NITROGEN = 2837 METRIC TONS 9 $94/TON = $266,678 
ELECTRICITY = 177 000 KWH 9 $,0433/KWH - 7 J 753 - 

$274 , 431 

OCCUPANCY TIME  ESTIMATED TO BE ON THE ORDER 
OF 7 SHIFTS - 7 X $8,300 = $ 58,100 

$332 , 531 

Figure 28.- Breakdown  of  projected  testing  program  cost  for  subsonic 
transport no. 2 tested  in NTF. 
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Calendar  Year 

F i g u r e  29.- Cur ren t   s chedu le  f o r  s t a r t u p   a n d  
a c t i v a t i o n  of NTF. 
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THE NTF  AS A NATIONAL FACILITY 

C l i n t o n  E. Brown 
NASA Headquar te rs  

The h i s t o r y   o f  NTF development   has   been w e l l  documented a t  t h e   f i r s t  High 
Reynolds Number Research Workshop h e l d  a t  Langley i n  1976. P r o g r e s s  made 
fo l lowing   t he   fund ing   o f  NTF w a s  summarized i n  the proceedings  of l a s t  y e a r ' s  
Conference  on  Cryogenic   Technology.   With  the  past   being w e l l  taken care o f ,  
I would l i k e   t o  comment b r i e f l y  on t h e  term " n a t i o n a l   f a c i l i t y "   a n d   t o   d i s c u s s  
t h e   f u t u r e   e v o l u t i o n   o f   t h e  NTF. 

The  word " n a t i o n a l "   h a s  a s p e c i a l   c o n n o t a t i o n   i n d i c a t i n g   t h e   c o n c u r r e n c e  
of NASA, DOD, i n d u s t r y ,   a n d   a c a d e m i a   i n  i ts  v a l u e   t o   t h e   n a t i o n  as w e l l  as 
s i g n i f y i n g  i t s  s e r v i t u d e   t o   t h o s e   f o u r   i n t e r e s t e d   g r o u p s .   T h e   u s a g e   o f   t h e  
NTF is  o f   c o u r s e   i n t e n d e d   t o   s e r v e   t h e   i n t e r e s t   o f   t h e   n a t i o n   f i r s t   a n d   t h e  
i n d i v i d u a l   i n t e r e s t s   o f   t h e   u s e r   g r o u p s   s e c o n d ;   t h u s ,   i n  times o f   i n t e n s e  
m i l i t a r y   d e v e l o p m e n t ,   g r e a t e r   u s e  may b e   r e q u i r e d   f o r   i m m e d i a t e   a i r c r a f t   o r  
missile development   whereas   o therwise   the   major   usage  w i l l  b e   f o r   r e s e a r c h   a n d  
development   des igned   to   main ta in   the   na t iona l   p reeminence  i n  a e r o n a u t i c s .   T h e  
" n a t i o n a l "   l a b e l   a l s o   i n f e r s   a n d   a c c e n t u a t e s   t h e   i d e a   o f   o p e n n e s s   t o   t h e   a e r o -  
n a u t i c a l  community even  though a l l  of NASA's f a c i l i t i e s   h o p e f u l l y  are a v a i l a b l e  
f o r   t h e   e x p l o i t a t i o n   o f  new ideas   and   concep t s .  

A s  cus todian   of   th i s   un ique   and   advanced   aerodynamic  test f a c i l i t y ,  
the  Langley  Research  Center  i s  c h a r g e d   w i t h   t h e   t a s k   o f   m a i n t a i n i n g   t h e  
e x c e l l e n c e   o f   t h e  test d a t a  as w e l l  as o p e r a t i n g   t h e   f a c i l i t y   w i t h  maximum 
p r o d u c t i v i t y   t o   i n c r e a s e   t h e   u t i l i t y  as w e l l  as t o   m i n i m i z e   t h e  test c o s t s .  
I n   r e g a r d   t o   c o s t s   f o r   t e s t i n g ,   p r e s e n t   p r o j e c t i o n s   i n d i c a t e  a number  around 
$6,000 per   hour   and  i t  f o l l o w s   t h a t   c a r e f u l   p l a n n i n g   a n d   c a r r y i n g   o u t   o f  tes t  
programs is a requi rement .  NASA is aware t h a t   c o s t s   f o r   a i r c r a f t   d e v e l o p m e n t  
i n  wind  tunnels   have shown a s t e a d y  rise o v e r   t h e   y e a r s   e v e n   i n   t h e   f a c e   o f   t h e  
rap id ly   deve loping   sc ience   o f   computa t iona l   aerodynamics .   The   t rend  i s  i l l u s -  
t r a t e d   i n   f i g u r e  1 as a h i s t o r y   o f   w i n d   t u n n e l   h o u r s   u t i l i z e d   i n   t h e   d e v e l o p -  
ment   o f   Amer ican   a i rc raf t .  A t  p r e s e n t ,   e f f o r t s  are under  way a t  a l l  t h e  NASA 
c e n t e r s   t o   i n c r e a s e   p r o d u c t i v i t y   o f   t h e   w i n d   t u n n e l s   a n d   h e l p   b e n d   t h e   " h o u r s -  
requi red ' '   curve   over .   These  comments are made t o   a c c e n t u a t e   t h e   n e e d   f o r   h i g h  
p r o d u c t i v i t y   i n   t h e  NTF i f  i t s  a t t r i b u t e s  are t o   b e   f u l l y   u t i l i z e d .  

The h i g h   c a p i t a l   c o s t   o f   t h e  NTF makes i t  u n l i k e l y   t h a t   a n o t h e r   f a c i l i t y  
of i ts Reynolds  number  range w i l l  b e   b u i l t  i n  t h i s   c o u n t r y .  It is  p r o b a b l e ,  
t h e r e f o r e ,   t h a t   e f f o r t s   t o   a c h i e v e   a n   u l t i m a t e   i n   f l i g h t   s i m u l a t i o n   m u s t   b e  
c e n t e r e d   a r o u n d   t h e  NTF. The e v o l u t i o n   o f   t h e  NTF t o w a r d   c o m p l e t e   f l i g h t  
s i m u l a t i o n  i s  i l l u s t r a t e d   s c h e m a t i c a l l y   i n   f i g u r e  2. The fu tu re   deve lopmen t s  
n e e d e d   i n c l u d e   ( a )   t h e   e l i m i n a t i o n   o f  w a l l  i n t e r f e r e n c e   u n c e r t a i n t i e s ,   ( b )   t h e  
e l i m i n a t i o n   o r   m i n i m i z a t i o n   o f   s t i n g   i n t e r f e r e n c e ,   a n d   ( c )   t h e   a c h i e v e m e n t   o f  
f r e e - a i r   q u a l i t y   l o w - t u r b u l e n c e   a i r f l o w .   R e s e a r c h   i n   t h e  w a l l  i n t e r f e r e n c e  
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area - smart  walls - is  progressing  at several centers in the USA and in Europe. 
Sting  interference  elimination with attendant  costly  and  time  consuming  tare 
testing  may  hopefully  be  achieved  by  means  of magnetic suspension  techniques. 
This  research is  currently  being  pursued  at  the  Langley  Research  Center. The 
achievement of "quiet" flow in the  test section of the NTF is  a  task  of  as yet 
unknown complexity. The influence of  wind  tunnel flow turbulence on boundary 
layer  transition,  on flow separation, and even on the friction drag  at  high 
Reynolds  number is an area of continuing  research  effort in the  aerodynamic 
community. The NTF  should  provide  substantial  help in reaching  conclusions in 
this  difficult  research  area. 

I mention the continuing  developmental  requirements  for  the NTF because I 
believe it  is necessary  for  planning  purposes to have  these  well  understood at 
this  point  in  time.  Even  though  it is not yet operational the  NTF will require 
additional  substantial  funding  in the not too  distant future, and because  of 
long  lead  times required we should  not  be  timid in asking  for  funds to  proceed. 
The NTF  as presently  configured  is  a  valuable  and  necessary  resource  but  it  is 
not  the  ultimate in aerodynamic  testing  nor  the  ultimate in productivity. The 
NTF will  become  an  essential  partner in a  three-element  aircraft  developmental 
process  involving  additionally  the  rapidly  maturing  field  of  computational 
fluid  dynamics  and  the  final  standard of comparison,  flight testing. 
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Figure 1.- Total  wind  tunnel  test  hours for development  of  various  aircraft. 
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Figure 2.- Opportunities  in  wind  tunnel  testing. 
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NTF AND THE DEPARTMENT OF DEFENSE 

Raymond F.  Siewert  
S t a f f   S p e c i a l i s t   f o r   A e r o n a u t i c s  

O f f i c e  of  The Undersecre ta ry   o f   Defense   for   Research   and   Engineer ing  

I n   d i s c u s s i n g   t h e   r e l a t i o n s h i p  of t h e   N a t i o n a l   T r a n s o n i c   F a c i l i t y  (NTF) t o  
the  Department  of  Defense (DOD), I would l i k e   t o   o b s e r v e   t h a t   t h e  NTF has  been 
d e s c r i b e d   s p e c i f i c a l l y  as a n a t i o n a l   f a c i l i t y .   T h i s   c o n c e p t   o f   n a t i o n a l   a e r o -  
n a u t i c a l   f a c i l i t i e s  w a s  f i r s t   f o r m a l i z e d   i n   t h e   U n i t a r y   P l a n  Wind Tunnel A c t  
of  1949. I o n l y   m e n t i o n   t h i s   t o  show t h e   c l o s e   r e l a t i o n s h i p   b e t w e e n  NASA and 
t h e  DOD i n   d e v e l o p i n g   a e r o n a u t i c a l   r e s e a r c h   f a c i l i t i e s .  The U n i t a r y   P l a n  Wind 
Tunnel A c t  n o t   o n l y   e s t a b l i s h e d   t h e   c o n c e p t   o f  a p l a n   f o r   t h e   c o n s t r u c t i o n   o f  
t ransonic   and   supersonic   wind   tunnels  a t  t h e  Ames, Langley,  and L e w i s  Research 
Centers   of  NASA, b u t   a l s o   e s t a b l i s h e d   t h e  A i r  Force  Arnold  Engineer ing  Center  
a t  Tullahoma,  Tennessee, as w e l l  as p r o v i d i n g   f o r   t h e  Navy t ransonic   wind  
tunne l  a t  the  David  Taylor  Naval Ship  Research  and  Development Center. However, 
I would l i k e   t o   o b s e r v e   t h a t   i n   r e a l i t y ,   t h e   c o n c e p t   o f   n a t i o n a l   f a c i l i t i e s   g o e s  
back   to   the   founding   of  NASA, then  NACA, here   a t   Langley ,   where   the   deve lopment  
of new a n d   u n i q u e   a e r o n a u t i c a l   r e s e a r c h   f a c i l i t i e s   h a s   b e e n  a way of l i f e   f o r  
o v e r   s i x t y   y e a r s .   T h e s e   f a c i l i t i e s   h a v e   a l w a y s   b e e n   d e v e l o p e d   i n   c l o s e   c o o p e r a -  
t i o n   w i t h   t h e   m i l i t a r y   s e r v i c e s .  I b e l i e v e  w e  can a l l  a g r e e   t h a t   t h e y   h a v e  
p layed  a ma jo r   ro l e   i n   t he   deve lopmen t  of f i r s t  rate m i l i t a r y   a i r c r a f t   f o r   t h o s e  
s i x t y   p l u s   y e a r s .  

The development of t h e  NTF has  been a j o i n t   v e n t u r e   s i n c e  i t s  beginning  
some t w e l v e   t o   t h i r t e e n   y e a r s   a g o .  The need   for   h igh   Reynolds  number test 
c a p a b i l i t y  w a s  f i r s t   i d e n t i f i e d  by a j o i n t  NASA/DOD s t u d y   g r o u p   t h a t  w a s  formed 
i n  1968 unde r   t he   ausp ices  of t he   Aeronau t i c s   and   As t ronau t i c s   Coord ina t ing  
Board (AACB) . 

The AACB is  the  uppermost  level  fo r   coo rd ina t ion   be tween  NASA and DOD. 
The NASA co-chairman  of  the AACB i s  the   Deputy   Adminis t ra tor ,   and   the  DOD 
co-chairman i s  t h e  Under   Secretary of Defense  for   Research  and  Engineer ing.  
The AACB i n   c o n c e p t ,   b u t   n o t  by s p e c i f i c  name, was e s t a b l i s h e d  by the  Space  Act  
of  1958.  There are several p a n e l s   w h i c h   f u n c t i o n   u n d e r   t h e  M C B .  One o f   t h e s e  
is the   Aeronaut ics   Pane l   which   has  among i t s  a s s i g n e d   r e s p o n s i b i l i t i e s   t h e   p r o -  
m o t i o n   a n d   c o o r d i n a t i o n   o f   r e q u i r e m e n t s   f o r   t h o s e   s p e c i a l   g r o u n d   f a c i l i t i e s  
needed   t o   suppor t   t he   ae ronau t i ca l   p rog rams  of   both  agencies .  The Aeronau t i c s  
Panel  convened two s e p a r a t e   s t u d y   g r o u p s   t o   d e t e r m i n e   t h e   s i z e   a n d   c a p a b i l i t i e s  
of  what w e  now c a l l  t h e  NTF. These   s tud ie s   cove red  a p e r i o d   o f   a l m o s t   e i g h t  
y e a r s ,  so you  can see t h a t   t h e  NTF d i d   n o t   j u s t   h a p p e n .  

The p r e c e d i n g   d i s c u s s i o n   s h o u l d   c e r t a i n l y   e s t a b l i s h  DOD'S in terest  i n   t h e  
NTF. T h i s   i n t e r e s t  is d u e   t o  a l a r g e   e x t e n t   t o   t h e   f a c t   t h a t  many of   the   p rob-  
lems w h i c h   l e d   t o   r e c o g n i t i o n  of t h e   n e e d   f o r   t h e  NTF c a p a b i l i t i e s  were f i r s t  
encoun te red   i n   mi l i t a ry   a i r c ra f t   deve lopmen t s .   The   deve lopmen t  of t h e  C-141 
a i r c r a f t   a n d   t h e   p r o b l e m  o f   de t e rmin ing   t he   l oca t ion   o f   t he   w ing   shock   based  
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on small scale tests is c e r t a i n l y  w e l l  known.  The  F-102 and F-106 are b u t  
two of several tactical  a i r c r a f t   i n   w h i c h   t h e   a f t e r - b o d y   d r a g  w a s  h i g h e r  
t han   p red ic t ed   by  small scale tests, r e s u l t i n g   i n  less t h a n   d e s i r e d   t r a n s o n i c  
a c c e l e r a t i o n   p e r f o r m a n c e .  

Avoid ing   these   p roblems is not   enough.   This   can  be  accomplished  through 
c o n s e r v a t i v e   d e s i g n   p r a c t i c e s .  The u n d e r l y i n g   p h y s i c s   o f t h e p r o b l e m   m u s t   b e  
understood s o  t h a t   t h e   n e x t   g e n e r a t i o n   o f   m i l i t a r y   a i r c r a f t   c a n   b e   d e s i g n e d  
c l o s e r   t o   t h e   m a r g i n .   T h i s  w i l l  b e   n e c e s s a r y   b e c a u s e   f l i g h t   e f f i c i e n c y  w i l l  
be   more   impor tan t   than  ever f o r   m i l i t a r y   a i r c r a f t .   I m p r o v e d   c r u i s e   p e r f o r m a n c e  
w i l l  b e   r e q u i r e d   f o r   t h e   w h o l e   r a n g e   o f   m i l i t a r y   m i s s i o n s .  Some o f   t h e   f a c t o r s  
t h a t  make c r u i s e   e f f i c i e n c y   i m p o r t a n t   i n c l u d e :  

Rapid  deployment a i r l i f t   c a p a b i l i t y  
S e l f - d e p l o y m e n t   c a p a b i l i t y   f o r   t a c t i c a l   a i r c r a f t  
R e d u c e d   t a n k e r   d e p e n d e n c e   f o r   s t r a t e g i c   a i r c r a f t  

Decreasing  fuel   consumption  has   a lways  been a p r i m a r y   g o a l   i n   a i r c r a f t  
des ign .   Obvious ly ,   any   vehic le   tha t   depends   on   the   expendi ture   o f   energy   to  
e x i s t   i n  i t s  e n v i r o n m e n t   m u s t   b e   f u e l   e f f i c i e n t   t o   b e   p r a c t i c a l .   H o w e v e r ,   t h e  
c o n t i n u i n g   e s c a l a t i n g   c o s t  of f u e l   m a n d a t e s   t h a t  w e  s t r ive t o   d e v e l o p   a i r c r a f t  
t h a t  are as f u e l   e f f i c i e n t  as p o s s i b l e .  

The u s e f u l n e s s  of t h e  NTF w i l l  no t   s top   w i th   deve lop ing   improved   t r anson ic  
c r u i s e   e f f i c i e n c y .   O t h e r   t e c h n i c a l  areas o f   h i g h   i n t e r e s t   t o  DOD i n c l u d e :  

Developing a b e t t e r   u n d e r s t a n d i n g   o f   h i g h   a n g l e   o f   a t t a c k   a e r o d y n a m i c s ,  
p a r t i c u l a r l y   i n   s e p a r a t e d   f l o w  

Obta in ing  a k e e n e r   i n s i g h t   i n t o   u n s t e a d y   a e r o d y n a m i c s   a n d   f l u t t e r  
m e c h a n i s m s ,   p a r t i c u l a r l y   o n   a i r c r a f t   w i t h   e x t e r n a l   s t o r e s  

Ful ly   understanding  the  importance  of   Reynolds   number  on maximum l i f t  
c o e f f i c i e n t ,   w h i c h   h a s  become  more i m p o r t a n t   i n   l i g h t   o f   t h e   d e v e l o p i n g  
i n t e r e s t   i n   s h o r t   t a k e - o f f   a n d   l a n d i n g   c a p a b i l i t y   o n   t h e   p a r t   o f   b o t h  
t h e  A i r  Fo rce   and   t he  Navy 

There will s t i l l  b e   o t h e r   i m p o r t a n t   u s e s   f o r   t h e  NTF.  An obvious  example 
w i l l  b e   t h e   c a l i b r a t i o n   o f   e x i s t i n g   t r a n s o n i c   w i n d   t u n n e l s .  S t i l l ,  t h e r e  w i l l  
be   uses  w e  have   no t   thought   o f   ye t .  A s  w i t h  a l l  new e x p e r i m e n t a l   f a c i l i t i e s ,  
as we b e g i n   t o   u s e   t h e  NTF w e  w i l l  undoubtedly   d i scover  new and   p rev ious ly  
uncons idered  ways t o   u t i l i z e   t h i s   c a p a b i l i t y .  The h i s t o r y   o f  NACA and NASA is  
r e p l e t e   w i t h   e x a m p l e s  of t h i s   t y p e   o f   a c t i v i t y .   E m p l o y i n g   t h e   l u n a r   l a n d i n g  
gan t ry   he re  a t  L a n g l e y   t o  do r e s e a r c h   o n   t h e   c h a r a c t e r i s t i c s   o f   g e n e r a l   a v i a t i o n  
a i r c r a f t   c r a s h e s   u n d e r   c o n t r o l l e d   c o n d i t i o n s  i s  a prime  example. 

I n   c o n c l u s i o n ,  I would l i k e   t o   o b s e r v e   t h a t   t h e  NTF i s  near ing   comple t ion .  
The r a n g e   o f   c a p a b i l i t i e s  of t h e  NTF i s  s t i l l  d i f f i c u l t   f o r  some o f   u s   t o   g ra sp .  
The purpose  of   this   workshop i s  t o   i d e n t i f y   a n d   p r i o r i t i z e   t h o s e   i n i t i a l  
experiments  which will make t h e  NTF p roduc t ive   f rom  the   ve ry   beg inn ing .  I 
wish   you   g rea t   success   i n   t h i s   impor t an t   unde r t ak ing .  
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NTF  MANAGEMENT  CONSIDERATIONS 

Robert  E .  Bower 
D i r e c t o r   f o r   A e r o n a u t i c s  

NASA Langley  Research  Center  

INTRODUCTION 

T h e   N a t i o n a l   T r a n s o n i c   F a c i l i t y  (NTF) i s  e x p e c t e d   t o  come o n - l i n e   i n  
mid-1982. It w a s  des igned   f rom  the  start  t o   b e  a n a t i o n a l   t e s t i n g   f a c i l i t y  
s a t i s f y i n g   t h e   r e s e a r c h   a n d   d e v e l o p m e n t   n e e d s   o f  NASA, DOD, i n d u s t r y ,   a n d  
u n i v e r s i t i e s .  The NTF o f f e r s   f o r   t h e   f i r s t  time s i m u l a t i o n   o f   f u l l - s c a l e  
Reynolds  numbers i n   t h e  c r i t i c a l  f l i g h t   r e g i o n s   o f  most cu r ren t   and   p l anned  
a e r o s p a c e   v e h i c l e s .   D e s p i t e   t h i s   u n i q u e   c a p a b i l i t y ,   h o w e v e r ,   t h e   d e g r e e   o f  
i n t e r e s t  by u s e r s  w i l l  depend   g rea t ly  upon t u n n e l   p r o d u c t i v i t y ,   d a t a   q u a l i t y ,  
a n d   c o s t .   T h e s e   t h r e e   c o n s i d e r a t i o n s   h a v e   d r i v e n   t h e   d e s i g n   o f   t h e  NTF from 
i t s  i n c e p t i o n .  

A commitment t o  serve b o t h   t h e   r e s e a r c h e r   a n d   t h e   v e h i c l e   d e s i g n e r   e x t e n d s  
o v e r   i n t o   t h e   o p e r a t i o n a l  management o f   t h e  NTF. A g r e a t   d e a l  of thought   has  
g o n e   i n t o   t h e s e  management c o n s i d e r a t i o n s ,   b o t h   w i t h i n  NASA a n d   t h e  DOD, as 
w e l l  as inpu t   f rom  non-gove rnmen t   u se r s .   S ign i f i can t   i n   t h i s   i npu t  w a s  a 
r e c e n t   s t u d y  by the   Na t iona l   Resea rch   Counc i l ' s   Aeronau t i c s   and   Space   Eng i -  
neer ing   Board   ( re f .  1). A special   ad  hoc  commit tee ,   headed by P r o f e s s o r  Hans 
Liepmann, w a s  fo rmed   w i th   r ep resen ta t ives   f rom  indus t ry   and   t he   un ive r s i ty  
community t o  review a n d   c r i t i q u e  NASA's  management plans.  The  recommendations 
of t h i s   g r o u p  were v e r y   h e l p f u l   a n d   m o s t   h a v e   b e e n   i n c o r p o r a t e d   i n  NASA's  p l a n s  
It i s  t h e   p u r p o s e   o f   t h i s  p a p e r  t o   d i s c u s s   t h e   c u r r e n t   s t a t u s   o f  NASA's p l a n s  
f o r   t h e  management  of t h e  NTF with  emphasis  on o r g a n i z a t i o n ,   o p e r a t i o n s ,   u s e r  
i n t e r f a c e s ,   a n d   u s e r   c h a r g e s .  

NTF  MANAGEMENT 

The NTF w i l l  b e  managed  by t h e  NASA Langley  Research  Center  as shown i n  
f i g u r e  1. R e s p o n s i b i l i t y   f o r  i ts  o p e r a t i o n  w i l l  r e s i d e   i n   t h e   T r a n s o n i c ' A e r o -  
dynamics   Div is ion  (TAD) w h i c h   r e p o r t s   t o   t h e   A e r o n a u t i c s   D i r e c t o r a t e .  The NTF 
w i l l  be  headed  by an a s s i s t a n t   d i v i s i o n   c h i e f   o f  TAD. An o p e r a t i o n s   b r a n c h  w i l l  
b e   r e s p o n s i b l e   f o r   f a c i l i t y   o p e r a t i o n   a n d   d o c u m e n t a t i o n .  Its s t a f f  w i l l  b e  a 
combination  of c i v i l  s e r v a n t s   a n d   s u p p o r t  service c o n t r a c t o r s   a n d  w i l l  b e   s i z e d  
t o   s u p p o r t  a t w o - s h i f t   o p e r a t i o n   w i t h  a p r o d u c t i v i t y  of 8000 d a t a   p o l a r s   p e r  
y e a r .  The s k i l l  m i x  of t h i s   d e d i c a t e d   b r a n c h  w i l l  be   determined  by NASA's com- 
mitment t o   suppor t   bo th   r e sea rch   and   p roduc t ion /deve lopmen t   t e s t ing .   Emphas i s  
w i l l  b e  O R  f a s t   r e s p o n s e   a n d   r a p i d   d a t a   t u r n - a r o u n d .   S u p p o r t  service c o n t r a c t o r s  
w i l l  o n l y   b e   u s e d   t o   s u p p o r t   f a c i l i t y   o p e r a t i o n a l   f u n c t i o n s .  Overall management, 
t e c h n i c a l   g u i d a n c e ,   a c t u a l   f a c i l i t y   o p e r a t i o n ,   a n d   i n t e r f a c e s   w i t h   u s e r s  w i l l  b e  
provided  by c i v i l  s e r v a n t s .  
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An aerodynamics  branch w i l l  b e   r e s p o n s i b l e   f o r   i n d e p e n d e n t   r e s e a r c h ,  
f a c i l i t y  improvemen t ,   u se r   consu l t a t ion ,   and  test e n g i n e e r s   t o   s u p p o r t   u s e r  
programs. It i s  b e l i e v e d   t h a t  maximum e f f e c t i v e n e s s  w i l l  b e   o b t a i n e d  if 
engineers   per forming  a l l  o f ' t h e s e   f u n c t i o n s  are c l o s e l y   a s s o c i a t e d   i n   t h e  
same b r a n c h   d u r i n g   t h e   e a r l y   y e a r s   o f   o p e r a t i o n .  User c o n s u l t a t i o n  i s  p a r t i c u -  
l a r l y   i m p o r t a n t   t o   i n s u r e   e f f i c i e n t   u s e  of  t h e  NTF i n   c o n c e r t   w i t h   o t h e r  
f a c i l i t i e s .  

An o v e r s i g h t   c o m m i t t e e   r e p o r t i n g   t o   t h e   L a n g l e y   R e s e a r c h   C e n t e r   D i r e c t o r  
w i l l  review t h e   p r e v i o u s   y e a r ' s   o p e r a t i o n   t o   i n s u r e   t h a t   t h e  NTF i s  b e s t  
s e r v i n g   t h e   i n t e r e s t s   o f  a l l  u s e r s .  A t  t h e   p r e s e n t  time, i t  i s  p l a n n e d   t h a t  
t h e   e x i s t i n g   A e r o n a u t i c s   P a n e l   o f   t h e  DOD/NASA A e r o n a u t i c s   a n d   A s t r o n a u t i c s  
Coordinating  Board w i l l  serve t h i s   f u n c t i o n .  It  i s  a l s o   e x p e c t e d   t h a t   t h e  
current  Aerodynamics  Subcommittee  of NASA's  Aeronautics  Advisory  Committee 
w i l l  serve i n   a n   a d v i s o r y   r o l e   t o   L a n g l e y   t o   s u g g e s t   r e s e a r c h   p r o g r a m s ,  
f a c i l i t y   i m p r o v e m e n t s ,   a n d   f a c i l i t y   u s e .  

USER CONSIDERATIONS 

A f t e r   i n i t i a l   c a l i b r a t i o n   a n d   d o c u m e n t a t i o n   o f   t h e  NTF, t h e   e x p e c t e d   u s e  
o f   t h e   f a c i l i t y  i s  shown i n   f i g u r e  2. Four   t ypes   o f   p rog rams   i nvo lv ing   d i f f e r -  
en t   combina t ions   o f   users  are envis ioned .  The f i r s t  is  s u p p o r t   o f   t h e   r e g u l a r  
NASA Research  and  Technology  programs  funded by NASA and  managed  by t h e  NASA 
c e n t e r s .  The u s e r s  are i n d u s t r y   a n d   u n i v e r s i t i e s   i n   a d d i t i o n   t o   t h e  NASA 
c e n t e r s  . 

The second  type  of   program  involves  DOD t e s t i n g   i n   s u p p o r t   o f   t h e i r  
vehic le   deve lopment   and   advanced   technology  programs.   This   type   o f   t es t ing  
w i l l  b e   p a i d   f o r  by DOD o n   a n   a c t u a l   u s e   b a s i s .  It is expec ted   t ha t   bo th  
indus t ry   and  DOD may a s s i g n   p e r s o n n e l   t o   t h e  NTF d u r i n g  tes t  p e r i o d s   o r   f o r  
ex tended   per iods   o f  time as a p p r o p r i a t e .  

The t h i r d   t y p e   o f   t e s t i n g   w o u l d   s u p p o r t   i n d u s t r y   p r o p r i e t a r y   p r o g r a m s .  
The fund ing   and   approva l   p rocedures   fo r   such  tests w o u l d   f o l l o w   t h e   c u r r e n t  
p r a c t i c e   u s e d   i n   t h e  NASA Un i t a ry   P l an  Wind Tunnels as o u t l i n e d   i n   r e f e r e n c e  2 .  

The f o u r t h   u s e  of t h e  NTF i s  somewhat u n i q u e .   I n   a n   e f f o r t   t o   e n c o u r a g e  
maximum use by t h e   s c i e n t i f i c  community,   provision w i l l  b e  made under NASA 
f u n d i n g   f o r   u n s o l i c i t e d   r e s e a r c h   p r o p o s a l s   f r o m   u n i v e r s i t i e s   a n d   i n d u s t r y .  
These  programs  would  be  expected t o   e n c o u r a g e   r e s i d e n t   p a r t i c i p a t i o n  by 
r e s e a r c h e r s   f r o m   t h e   s c i e n t i f i c  community. 

I n c l u d e d   i n   f i g u r e  2 are p r e l i m i n a r y   g u i d e l i n e s   f o r   a l l o c a t i n g  t e s t  time 
among t h e   f o u r   t y p e s   o f   p r o g r a m s .   T h i s   d i s t r i b u t i o n ,   o f   c o u r s e ,  i s  s u b j e c t   t o  
change i f   o p e r a t i n g   e x p e r i e n c e   a n d / o r  demand i n d i c a t e  a c h a n g e   t o   b e   d e s i r a b l e .  
The  main  reason f o r   i n d i c a t i n g   s u c h  a d i s t r i b u t i o n  a t  t h i s  time i s  t o  demon- 
s t r a t e  t h a t   b a l a n c e  w i l l  be  sought among p rogram  types   and   u se r s ,   e .g . ,   r e sea rch  
and fac i l i ty   documenta t ion   and   improvement  w i l l  n o t   b e   s a c r i f i c e d   t o   e x c e s s i v e  
d e v e l o p m e n t a l   t e s t i n g .   A l s o ,   t h e  small u n i v e r s i t y   t y p e   u s e r  w i l l  b e   p r o t e c t e d .  
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REIMBURSEMENT POLICY 

It is clear t h a t   t h e   r e i m b u r s e m e n t   p o l i c y   f o r   t h e  NTF w i l l  i n f l u e n c e   b o t h  
t h e   e f f e c t i v e n e s s  of i t s  ope ra t ion   and  i ts  a t t r a c t i v e n e s s   t o   t h e   u s e r .  A 
f i n a l   p o l i c y  is  still  b e i n g   d i s c u s s e d   b u t   t h e   c u r r e n t   p r o p o s e d   p l a n  is  as 
shown i n   f i g u r e  3. Under t h i s   p l a n ,   c h a r g e s   f o r  DOD development   t es t ing   and  
i n d u s t r y   p r o p r i e t a r y  tests w i l l  b e  on a n   a c t u a l   u s e   b a s i s ,  i.e., occupancy 
c h a r g e s   p l u s   e n e r g y   c h a r g e s   ( b o t h  e lec t r ica l  a n d   l i q u i d   n i t r o g e n ) .  It i s  
e x p e c t e d   t h a t  NASA jo in t   p rograms  wi th   government   and   non-government   par t ic i -  
p a n t s  w i l l  no t   be   cha rged   any   f ees .   Th i s  i s  i n   k e e p i n g   w i t h   p r e s e n t  NASA 
pol icy .  

A l t h o u g h   u s e r   c o s t s   h a v e   n o t   y e t   b e e n   f o r m a l l y   e s t a b l i s h e d   f o r   t h e  NTF, 
a rough  order   of   magni tude estimate i n  1983 d o l l a r s  i s  shown i n   f i g u r e  3 .  
Occupancy  charges   including a f ixed  overhead  and  burden are e s t i m a t e d   t o   b e  
$1000  per   hour .   Energy  costs ,   of   course,  are a f u n c t i o n   o f   t h e  test program 
and   t he   ope ra t ing   Reyno lds   number .   Ene rgy   cos t s   have   been   deve loped   fo r   s ix  
d i f f e r e n t   t y p e s   o f   p r o g r a m s ,   i n c l u d i n g   t y p i c a l   r e s e a r c h   t y p e   t e s t i n g ,   f i g h t e r  
d e v e l o p m e n t ,   a n d   t r a n s p o r t   d e v e l o p m e n t s ,   u t i l i z i n g   v a r i o u s   a s p e c t s   o f   t h e  NTF 
c a p a b i l i t y .   T h e   r e s u l t s   f o r   o n e   o f   t h e s e  test programs, a s u b s o n i c   t r a n s p o r t ,  
are summarized i n   f i g u r e  3 .  This   p rogram  involved   tes t ing   p redominant ly  a t  
RN = 30 x l o 6  and Mach numbers 0 .7  t o  0.875, and w a s  chosen  because i t  i s  
b e l i e v e d   t o   b e   t h e   m o s t   t y p i c a l   o f  NTF high  Reynolds  number t e s t i n g .   L i q u i d  
n i t r o g e n   c o s t s   r a n   a b o u t  $2000 p e r   p o l a r   a n d   e l e c t r i c i t y  $50 p e r   p o l a r .   T h i s  
would r e s u l t   i n  a t o t a l   c o s t   o f   a b o u t  $2300 p e r   p o l a r   o r   $ 6 0 0 0   p e r   h o u r   i n -  
c luding   occupancy   charges .   This  test c o s t  is  c o m p e t i t i v e   w i t h   o t h e r   l a r g e  
f a c i l i t y   c o s t s   i n   t h e   U n i t e d   S t a t e s   a n d   E u r o p e   a n d  is c o n s i d e r e d   r e a s o n a b l e   i n  
view o f   t h e   v a l u e   o f   t h e   h i g h   R e y n o l d s  number d a t a   o b t a i n e d .  

CONCLUDING REMARKS 

I n   c o n c l u s i o n ,   t h e   f o l l o w i n g   p o i n t s   s h o u l d   b e   e m p h a s i z e d :  

1. The NTF p r o v i d e s   s c i e n t i s t s   a n d   e n g i n e e r s   w i t h  a new and  unique  capa- 
b i l i t y   t o   e v a l u a t e   t h e i r   t h e o r i e s   a n d   p e r f e c t   t h e i r   d e s i g n s  a t  f l i g h t   R e y n o l d s  
numbers. 

2. The u s e r   a p p e a l   o f   t h e  NTF w i l l  depend   g rea t ly   upon   t unne l   p roduc t iv i ty ,  
d a t a   q u a l i t y ,   u s e r   c o s t ,   a n d  management respons iveness .  

3 .  NASA i s  connnitted t o   r e s p o n d   t o   t h e s e   n e e d s   w i t h  a s u p e r b   f a c i l i t y ,  a 
s t rong  and  competent  management team, and  minimal   user   charges .  

4 .  P a r t i c i p a t i o n  by t h e   s c i e n t i f i c  community i s  mandatory a t  t h i s   s t a g e  
o f   f a c i l i t y   p l a n n i n g .  

33 



This   workshop  on   h igh   Reynolds   number   research   provides   the   oppor tuni ty  
t o   s u g g e s t   c o o p e r a t i v e   p r o g r a m s   d u r i n g   t h e   e a r l y   y e a r s  of o p e r a t i o n  of t h e  NTF. 
A l l  p o t e n t i a l   u s e r s  of t h e  NTF are s t r o n g l y   e n c o u r a g e d   t o  start t h e i r   p l a n n i n g  
now. 
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o DOD DEVELOPMENT AND INDUSTRY  PROPRIETARY 

- Occupancy  charge ( f i xed   ove rhead  and  burden) 

- Energy  cost   (actua l   use)  

o GOVERNMENT AND NON-GOVERNMENT JOINT PROGRAMS WITH NASA 

- No user  charges (NASA funded) 

o ROUGH ORDER OF MAGNITUDE USER CHARGES (1983 d o l l a r s )  

- Occupancy  charge: $1000 per   hour  

- Energy  costs  ("Typical"   Subsonic  Transport   Test  Program):  

o L i q u i d   N i t r o g e n  - $2000 p e r   p o l a r ;  $4900 per   hour  

o E l e c t r i c a l  - $50 p e r   p o l a r ;  $100 pe r   hou r  

- Total   Charges: $2300 p e r   p o l a r ;  $6000 per   hour  

Figure 3 . -  Proposed NTF  reimbursement pol icy .  
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PATHFINDER MODEL PROGRAM FOR  THE 

NATIONAL  TRANSONIC  FACILITY 

Clarence  P.  Young,  Jr. 
NASA  Langley  Research  Center 

SUMMARY 

An  overview of  the  Pathfinder  Models  Program  is  presented  in  this  paper. 
The  Pathfinder  program  is  a  major  research  and  development  activity  that  is 
underway in support of the  National  Transonic  Facility  Activation  Plan. The 
program  scope,  models  design  approach,  and  Pathfinder  model  configurations  are 
presented  along  with  a  discussion of major  supportive  program  activities.  In 
addition,  the  anticipated  design  criteria  for  NTF  models  are  presented. 

INTRODUCTION 

The  advent  of  high  Reynolds  number (Re) high  dynamic  pressure  testing  in 
a  cryogenic  environment  presents  unique  and  difficult  challenges  for  the 
researcher  and  modellsting  systems  design  engineers  and  analysts. The Path- 
finder  models  program  was  initiated as a  part  of  the  R & D  effort to develop 
the  technology  for design  and  fabrication of cryogenic  models  and  sting  systems 
for  the  National  Transonic  Facility.  The  purpose of this  paper  is  to  present 
an  overview o f  this  activity.  This  activity  was  reported  on  in  detail  at the 
Cryogenic  Technology  Conference  held at the  Langley  Research  Center  in  November 
1979 and  is  documented  in  Session V - Modellsting  Technology  in  reference 1. 

PROGRAM SCOPE 

In  support of  the activation  plan  for the  National  Transonic  Facility (NTF) 
a major R & D  effort  is  underway to develop the technology  needed  for  the  design 
and  fabrication  of  models  and  stings  for  the  NTF.  This  technology  will  be 
integrated  into  the  design  and  fabrication of two developmental  models  and 
stings  which  are  referred to as the  Pathfinder  models. The first  model,  Path- 
finder  I,  is a force  and  pressure  model  representative  of  a  transport  configu- 
ration.  The  second  model,  Pathfinder 11, is  a  generalized  fighter  model.  Both 
of  these  models  will  be  discussed  subsequently.  A  major  end  product  of  the 
Pathfinder  models  program  will  be  a  Users  Criteria  Document  that will be 
developed  around  the  Pathfinder  models  experience,  with  publication  planned 
approximately 1 year  before  the  NTF  becomes  operational. In addition to  the 
in-house  activities, an out-of-house  (contractual)  design  study for fighter 
models  is  planned  with an invitation for proposals  expected by early  summer of 
1981. The Pathfinder  Models Program objectives  and  tasks are summarized in 
figure 1. 
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DESIGN  APPROACH 

The major  design  difficulties  for  NTF  cry0  models  are  summarized  in  fig- 
ure 2. The fact  that no precedents  exist  for  cry0  models,  coupled  with  the 
high  Reynolds  number (Re) test  environment,  results  in  major  challenges for 
both  the  researcher  and  engineer.  The  Langley  Research  Center 0.3-meter 
Transonic  Cryogenic  Tunnel (TCT) has  provided  valuable  thermal  environment 
experience;  however,  models in  the  NTF  will  be  more  complex,  supported on long 
flexible  stings,  and  loaded  much  higher as compared  to  the  more  rigid,  simply 
supported  models  in  the 0.3-m TCT. The potential  for  brittle  fracture  coupled 
with  very  high  working  stresses  disqualifies  most  available  structural  alloys. 
Aeroelastic  effects  take  on  added  significance,  and  stiffness  requirements 
become  a  major  factor  in  the  design. 

The Pathfinder  model  design  philosophy  is  based  primarily  on  three  con- 
siderations.  First,  it  was  obvious  that  present  model  design  practices  for 
conventional  tunnels  could  not  be  imposed,  but  should be considered  and  applied 
wherever  and  whenever  possible.  Second, it'is necessary to strive to  build 
flexibility  into  design  practices  in  order  to  fully  utilize  the  NTF  high  Re 
capability.  Finally,  the  philosophy  is  based  on  safe  design  practices  that  can 
be established  through  the  application of state-of-the-art  design,  analysis, 
and  testing  techniques. 

The  approach  adopted  for  the  Pathfinder  Models  Program  is  referred to as 
design-by-analysis  and  is  depicted  in  the  flow  chart  of  figure 3. In view of 
the material  strength  limitations,  coupled  with  the  high Re test  environment, 
many  models  for  NTF  will  be  designed to small  safety  factors. In order to 
insure  that  model  systems  are  designed  adequately  and  for  safe  operation, 
various  detailed  analyses  and  tests  must  be  performed as the  design  progresses. 
The  designer  and  analyst  must  work  very  closely  in  this  regard  since  each  ele- 
ment  of  the  analysis  process can affect  the  design, as illustrated  in  the  flow 
chart.  The  importance  of  more  in-depth  analysis  and  testing  of  NTF  models, 
particularly  for  critical  application,  cannot  be  overemphasized  (see  ref. 2). 

PATHFINDER I 

Description 

The Pathfinder I model (fig. 4 )  is an advanced  transport  configuration. 
The  geometric  characteristics,  which  are  typical of  this  class  of  airplane, 
are  given  in  figure 4 .  The primary  design  point  is  for  a 1 g  cruise;  however, 
to  insure  capability  of  testing  to  off-design  conditions,  the  model  strength 
design  point  is 1.8 g  at 0.8 Mach  number  and 10 700 meters  altitude. 

The principal  considerations  that  led to  the  selection of the  Pathfinder I 
configuration  were: (1) investigate  problems  associated  with  design  and  fabri- 
cation  of  a  transport  configuration  for  full  scale  Re  conditions  and (2) pro- 
vide  a  basic  model for research  studies.  The  first  consideration  focuses  on 
problems  associated  with  design to high  loads,  hence  high  stresses  and  increased 
aeroelastic  effects.  Also  for  the  high-aspect-ratio  wings,  methods  of  pressure 
orifice  and  tube  installation  would  require  developmental  work  and  the  problems 
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associated with material  selection  would be exercised.  A  basic  model  selection 
results  in  a  clean  wing  for  study  of Re number  and  aeroelastic  effects  at  both 
design  and  off-design  conditions.  Also,  the  model  is  designed so that nacelles 
could  be  added at a  later  date,  and  the  aft  fuselage  is  designed  for  variable 
sting  configurations. The foregoing  considerations  are  summarized in figure 5. 
In essence,  a  configuration  that  would  sufficiently  address  the  design  and 
fabrication  problems as  well as serve as a  basic  research  model  for  high Re 
testing  was  the main  goal in  the  selection. 

The  Pathfinder I dimensions are given  in  figure 6 and  the  various  model 
components  are  illustrated  in  figure 7. At  the  present  time,  the  nose  section, 
aft  fuselage,  and  the  horizontal  and  vertical  tails  are  in  fabrication. The 
wing  design is complete  and  machining  is  expected to begin  no  later  than  mid- 
summer  of 1981. 

Stress  Considerations  and  Test  Envelope 

The  Pathfinder I model  is  discussed  extensively  in  reference 3, however it 
is  of interest to examine  the  wing  stress  state  and the  test envelope  for the 
model  as  influenced by  the design  criteria  and  material  selection. A planform 
view  of the  wing  semispan  is  given  in  figure 8. The  tube  passage  areas are 
indicated by  the  dashed  lines.  There  are  six  orifice  tube  rows  per  wing as 
indicated on the  figure.  The  model  will  have  a  total of approximately  200  ori- 
fices  located  on  the  upper  surface of the  left  wing  and  the  lower  surface  of 
the  right  wing. The wing  cross  section  is  a  tongue  and  groove  design  which  was 
dictated  by strength  and  stiffness  requirements (see  ref. 3). A plot  of  stress 
versus  wing  semispan  station  is  provided  in  figure 9. The  stress  values  are 
given  for  two  different  dynamic  pressure  and  test  temperature  conditions.  Note 
that  the  peak stress  is 698 x lo6  N/m2  and  occurs  at  the  orifice  row  near  the 
wing  break.  By  comparison  the  yield  strength  for  the  selected  Nitronic 40 
material  (see  ref. 4 )  is 1396 X l o 6  N/m2  at 88.9  K. Thus  the  wing  is  designed 
t o  a  working  stress  of  213  yield  corresponding to a  design  safety  factor  of 1.5 
on  yield  with  stress  concentration.  Applying  these  criteria to a  test  tempera- 
ture  of 339 K would  limit  the d namic  pressure (4) to 0 . 0 5 4  X l o 6  N/m2  at  a 
working  stress  of 279  X l o 6  N/m 3 since  the  material  yield  at  this  temperature 
is 419 x LO6 N/m2. A s  a  result  of  the  variation  in  material  strength with 
temperature  a  test  envelope  for  the  Pathfinder I exists  as a function of  yield 
stress (1.5 times  the  allowable stress), temperature,  and  dynamic  pressure.  This 
envelope  is  illustrated in figure 10. Such  an  envelope  will be, in  general, 
unique  for  each  model. 

Sting  Configuration 

The  present  support  system  for  Pathfinder I is  illustrated  in  figure 11. 
A  general  purpose  stub  sting will be  used  for  the  Pathfinder  models  and  will 
have  the  strength  capability for testing  much  higher  loaded  models.  The  stub 
sting  engages  the  roll  mechanism  and will accommodate  various  model  sting 
geometries. The Pathfinder I sting  will  be  a  double  taper  design  having  a 
diameter  of 7.62 cm  at  the  model  base  with an initial lo half  angle  taper. The 
Pathfinder I sting  geometry  is  dictated by aeroelastic  design  criteria  and  has 
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a  safety  factor  of 2 or  greater  against  divergence  and  flutter at the  maximum 
"q" test  condition. The divergence  problem was found to be quite  sensitive to 
the  sting  stiffness  over  the  portion  just  aft  of  the  model  base, as one  might 
expect. In special  cases  a  one  piece  sting  may be required,  but  for  the  fore- 
seeable  future  the  utilization  of  a  strut  sting  should  meet  most  test  require- 
ments  and  be  much  more  cost  effective. 

Material  Selection 

One  of  the  more  important  activities  in  the  Pathfinder  Models  Program  is 
the  material  studies  necessary  for  evaluating  materials  for  NTF  models.  The 
factors  and  criteria  used  in  selecting  the  material for Pathfinder I are 
reported  in  reference 4 .  Also  a  study  made by  the National  Bureau of Standards 
(NBS) under  contract to LaRC  is  documented  in  reference 5. Reference 5 is per- 
haps  the  most  recent  and  up-to-date  source  that  can  be  used  for  evaluation  and 
selection  of  materials. The report  was  derived  from an extensive  literature 
survey  and  contains  a  long  list  of  reference  publications.  Also,  at  the  pres- 
ent  time,  other  materials  are  being  evaluated  at  LaRC for potential  use  in 
modellsting  systems. 

Fabrication 

A  major  area  of  activity  in  the  Pathfinder I program  is  that of fabrication 
and  process  technology  development.  Because  of  the  toughness  requirements 
needed  for  cryogenic  materials,  virtually all model  materials (metals) will  be 
difficult to machine. The anticipated  requirement  for  smoother  surfaces, 
closer  tolerances,  and  high  quality  orifice  holes  for  NTF  models (see  ref. 6) 
poses  fabrication  processes  and  methodology  concerns. For example,  the  lack of 
machining  experience  with  the  Nitronic 40 material  resulted  in  a  program of 
reheat  treatment  and  machining  studies  (tool  bits, oil flow  rates, etc.)  to 
assure  stability  during  the  machining  process. In addition,  the  methodology 
had  to  be  established for pressure  orifice  tube  installation in  the  Pathfinder I 
wing. In order to evaluate  the  wing  design  and  gain  experience  with  the  pres- 
sure  tube  installation,  two 2-D wings  were  fabricated  per  the  Pathfinder I 
design  and  will  be  tested  in  the 0.3-m TCT. 

Test  Activities 

Other  related  work  includes  wing  load/displacement  tests  that  were  per- 
formed  on  a  wing  similar to  the Pathfinder I. The wing  load/displacement test 
results  verified  the  math  model  that  was  used  to  establish  the  wing  jig  shape 
(see  fig. 3). Other  load  and/or  verification  testing  is  planned,  such  as  a 
loads  test  which  is to be performed on the horizontal  and  vertical  tail to 
verify  the  adequacy of the  attachment  design. The principal  elements of the 
fabrication  and  test  activities are summarized  in  figure 12. 
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Design Criteria  for  NTF  Models 

The work  described up to this  point  contributed to the  determination  of 
the design  criteria  that were used  for the Pathfinder I model. The design 
criteria. are  summarized in figure 13 .  It became  apparent  very  early in the 
design  process  that LaRC conventional  safety  factors  of three on yield or four 
on ultimate  (whichever is greater)  could  not  be  used for the given design con- 
ditions. The use of  conventional  safety  factors  would  have  been  highly  desir- 
able  but  disqualified all commercially  available  alloys. The criteria in fig- 
ure 1 3  relax LaRC  standard  practice  safety  factors on strength and fatigue, 
introduce  a new requirement in terms  of  fracture  toughness,  and  maintain  current 
practice on aeroelastic  safety  factors. 

PATHFINDER I1 

Description 

Much  broader  considerations were used for  selecting the fighter model con- 
figuration  (Pathfinder 11). Two test  configurations  are  illustrated in fig- 
ures 14 and  15. In figure 15 the  same  wing is shown in the swept  forward con- 
dition  with  a  canard added, to illustrate the model  versatility. This configu- 
ration  was  selected to assess  fabrication and design  problems  and  material 
requirements  for  highly  loaded thin wings  at  cry0  conditions. A l s o ,  the 
structural  design  limitations will determine the  maximum Re design  envelopes 
and design  safety  factors for this  class  of  configuration. In addition,  the 
generalized  research model will be configured to accommodate two balances to 
separate the effects  of forebody, canard  and/or  strake  from  wing  effects. A l s o ,  
as indicated  in  the figures, the  configuration will have  changeable  components 
for different  planform,  canard  and/or  strake  configurations. The foregoing 
considerations are summarized  in  figure 16. 

Fighter  Design Study 

The principal  technical  objectives of  the  planned  contractual  fighter 
design  study are given in figure 17. This study will focus on the  design  of 
models of production  type (actual)  configurations. A l s o ,  it will be a  mechanism 
whereby  industry can participate in the  cryogenic  models  design  process  and  will 
supplement  the LaRC in-house  effort. 

ANTICIPATED DESIGN CRITERIA  FOR NTF MODELS/STINGS 

Of  particular  interest to NTF  users are the design  criteria  that will be 
applied to  NTF models and support systems. A s  indicated  in figure 18, it is 
anticipated  that  Langley  standard  practice (LHB  8850.1) will be adhered to 
wherever  possible. Also, new criteria will be established to allow some relax- 
ation of present LaRC practices  subject to  the conditions set forth by  design- 
by-analysis  and  test  requirements.  A  listing of some of  the envisioned  condi- 
tions  for  designing  to  relaxed  criteria is given in figure 19. It  should be 
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apparent  that more in-depth  design, analysis, and  testing will be required  for 
NTF  models. Also, all phases of quality  control in model construction  take on 
added  significance. In addition,  for  highly  critical  applications,  appropriate 
model  instrumentation  for  use in on-line  loads  monitoring will likely  be 
required. The ability to detect  the  onset  of  problems  and to unload  the model 
quickly  will  be of paramount  importance  during  operation. 

CONCLUDING  REMARKS 

An  overview  of  the  Pathfinder  Models  Program is presented. The narrative 
is intended to cover  in a very  broad  manner  the  major  activities  ongoing  at 
LaRC to address  the  problems  associated  with  the  design  and  fabrication  of 
models  for  the  NTF.  Much  work  remains to be  done  in the  coming  months  and  is 
expected  to be completed  in a timely  fashion to allow for the  successful  activa- 
tion  and utilization  of  the  high  Reynolds  number  test  capability  provided by 
the National  Transonic  Facility.  It  is  anticipated  that  the  Pathfinder I model 
will  be  ready  by  the spring  of 1982 with Pathfinder I1 scheduled  for  completion 
by  mid 1982. The fighter  design  study is also  expected to be  completed by  mid 
1982. The Users  Criteria  Document is scheduled to be completed by  mid 1981, 
approximately 1 year  before  NTF is scheduled to become  operational. 
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0 OBJECTIVES 
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F i g u r e  1.- P a t h f i n d e r  Models Program. 
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THERMAL COMPLICATIONS 
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HIGH  WORKING STRESS 

USE OF CONVENTIONAL  SAFETY'FACTORS  WOULD 
DISQUALIFY  MOST  AVAILABLE  STRUCTURAL 
ALLOYS 

AEROELASTIC EFFECTS 

STIFFNESS  BECOMES  A  MAJOR FACTOR 

F i g u r e  2.- D e s i g n   d i f f i c u l t i e s  f o r  NTF cry0  models .  
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Figure 3.- Design-by-analysis flow diagram. 

FEOMETR I C  CHARACTER ISTICS  DESIGN  CONDITIONS 
0 ASPECT RATIO = 9.8 1.8 g's AT M = 0.80; 

ADV  SUPERCRITICAL  WING 

t l c  = 0.145 (ROOT); 0.106 (T IP )  

ALT. = 10700 m 

0 c L q  = 1.34 X 10 5 2  N/m 
6 

0 SPAN = 187.62 c m  0 R- = 38 X 10 
C 

0 F = 13.7 c m  

Figure 4 . -  NTF Pathfinder I: Advanced  subsonic transport configuration. 
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0 INVESTIGATE PROBLEIVIS ASSOC  IATED  WITH  DESIGN  AND 
FABRICATION OF A  TRANSPORT  CONFIGURATION FOR FULL 
SCALE  REYNOLDS  NUMBER  CONDITIONS 

0 HIGH  LOADS  (HIGH STRESSES) 

0 PRESSURE OR IFICEITUBE  INSTALLATION 

0 MATERIAL  SELECTION 

0 PROVl  DE A  BAS  IC  MODEL FOR RESEARCH  STUDIES 

CLEAN WING FOR STUDY OF REYNOLDS  NUMBER AND 
AEROELASTIC EFFECTS AT BOTH DESIGN  AND OFF-DES IGN 
CONDITIONS 

0 NACELLES TO  BE ADDED AT  A LATER DATE 

0 AFT  FUSELAGE  DESIGNED FOR VARIABLE  STING 
CONFIGURATION 

Figure 5 . -  Key  considerations  in  Pathfinder I configuration  selection. 

I 

Figure 6.- Pathfinder I model. 



INSTRUMENTATION 

F i g u r e  7 . -  P a t h f i n d e r  I model  components. 

F i g u r e  8.- P a t h f i n d e r  I wing. 
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F i g u r e  9.- P a t h f i n d e r  I model  wing stresses; CL = 1. 
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F i g u r e  10.- P a t h f i n d e r  I model test e n v e l o p e   f o r  CL = 1. 
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ATHF I N DER I ST1 NG ROLL MECHAN I SM 

Figure 11.- Pathfinder I sting  configuration. 

0 FABRICATION 

M A C H  IN ING  SPECS FOR  SELECTED MATERIAL 

METHODOLOGY FOR INSTALLING  PRESSURE  ORIFICE TUBES 
IN WING 

BRAZE  ALLOY  STUDIES 
PROCESS  CONTROL 

(2) 2-D  WINGS  FABRICATED PER PATHFINDER  DESIGN FOR 
0.3" TUNNEL TESTS 

WING  MANUFACTUR  ING  METHODS 

0 TEST 

0 WING  LOADlDlSPLACEMENT - MATH  MODEL  VERIFICATION 

0 HOR IZONTAL  AND  VERTICAL  TAIL  LOADS TEST - ATTACHMENT 
DESIGN 

Figure 12.- Pathfinder I program  fabrication  and  test  activities. 
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0 STRENGTH  SAFETY  FACTOR - GREATER  OF 1.5 ON  YIELD OR 
2 ON  ULTIMATE  AT TEST  TEMPERATURE 

0 FATIGUE - SAFE-LIFE DESIGN PER MODIFIED  GOODMAN 
DIAGRAM  WITH  APPLIED SAFETY  FACTOR OF TWO (2) 

0 FRACTURE - MATERIAL  CHARPY  V-NOTCH  IMPACT STRENGTH 
> - 33.89 Nom AT TEST TEMPERATURE 

AEROELASTIC - SAFETY  FACTOR OF TWO (2) AGAINST 
B IVERGENCE AND  FLUllER (AT TEST DYNAM IC PRESSURE) 

F i g u r e  13.-  S e l e c t e d   d e s i g n   c r i t e r i a   f o r   P a t h f i n d e r  I .  

" 

F i g u r e  14.-  NTF P a t h f i n d e r  I1 mode l   gene ra l   r e sea rch  
f i g h t e r   c o n f i g u r a t i o n .  
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Figure 15.- NTF  Pathfinder I1 model  general  research 
fighter  configuration. 

0 ASSESS  FABRICATION  AND  DESIGN  PROBLEMS FOR HIGHLY 
LOADED TH IN WINGS  AT  CRY0  CONDITIONS 

0 ASSESS  SUITABLE  MATERIALS FOR MIS APPLICATION 

0 DETERM INE M A X I M U M  R DESIGN ENVELOPES AND  DESIGN e 
SAFETY  FACTORS FOR THIS  CLASS OF CONFIGURATION 

0 PROVIDE  GENERALIZED  RESEARCH  MODEL 

2 BALANCES - SEPARATE EFFECTS  OF FOREBODY, 
CANARD  AND/OR  STRAKE  FROM  WING EFFECTS 

CHANGEABLE  COMPONENTS 

Figure 16.- Key  considerations  in  Pathfinder I1 configuration  selection. 
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0 D E E R M   I N E   M A X I M U M  DES IGN TEST ENVELOPES FOR ACTUAL 
CONFIGURATIONS 

SINGLE  AND  TWIN  ENGINE 

ASSESS  AERODYNAMIC VS.  MODEL  COMPROMISES FOR 
FLOW THROUGH  NACELLES IN FUSELAGE 

ASSESS TRADE-OFFS FOR VAR  IOUS  STING ARRANGEMENTS 

Figure 17.- Fighter  design  study  objectives. 

ADHERE TO LaRC  STANDARD  PRACTICE  LHB 8850.1 WHENEVER 
AND WHEREVER POSSIBLE 

NEW CR ITER I A   W I L L  BE ESTABLI SHED TO ALLOW  SOME 
RELAXATION OF PRESENT  LaRC STANDARD  PRACTICES' 

* SUBJECT TO CONDITIONS SET FORTH B Y  DES IGN-BY- 
ANALYS IS AND TEST REQU I REMENTS 

Figure 18.- Anticipated  design  criteria for NTF models/stings. 
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DESIGN  BY  IN-DEPTH  ANALYSIS  APPROACH 

STRESS FRACTURE 
0 FATIGUE AEROEIASTIC  ITY 

0 MATERIALS  CERTIFICATION 

MECHANICAL  PROPERTIES 
CHARPY OR FRACTURE  TOUGHNESS 

0 SCREEN FOR CRITICAL FLAW S IZE 

0 STRUCTURAL  TESTING 

0 MATH  MODEL  VERIFICATION VIBRATSON 
PROOF  LOAD NATURAL  MODES 

STRENGTH AND  FREQUENCIES 
STIFFNESS 

0 QUALITY  CONTROL 

NON-DESTRUCTIVE  EXAMINATION DOCUMENTATION 
PROCESSES ETC. 

0 INSTRUMENT FOR ON-LINE  LOADS  MONITORING 

F i g u r e  19 . -  P roposed   cond i t ions  f o r  d e s i g n i n g  
t o  r e l a x e d  c r i t e r i a .  



MODEL EXPERIENCE I N  THE LANGLEY 0.3-m TRANSONIC CRYOGENIC TUNNEL 

P i e r c e  L .  Lawing  and  Robert A .  K i l g o r e  
NASA Langley  Research  Center  

The  development   of   wind  tunnels   that   can  be  operated a t  cryogenic   tempera-  
t u r e s   h a s   p l a c e d  several new demands  on o u r   a b i l i t y   t o   b u i l d   a n d   i n s t r u m e n t  
wind- tunnel   models .   This   paper   p resents  a b r i e f  summary o f   t h e   m o d e l   b u i l d i n g ,  
deve lopmen t ,   and   t e s t ing   expe r i ence   ga ined   du r ing  8 y e a r s   o f   o p e r a t i o n  of t h e  
0.3-m Transonic   Cryogenic   Tunnel  a t  the  Langley  Research  Center .  

I N T R O D U C T I O N  

T h e   w o r l d ' s   f i r s t   t r a n s o n i c   c r y o g e n i c   t u n n e l  was p l a c e d   i n   o p e r a t i o n   a t   t h e  
NASA Lang ley   Resea rch   Cen te r   i n   1973 .   S ince   t h i s   t unne l ,  now known a s   t h e  
Langley 0.3-m TCT, w a s  t h e  f i r s t  of i t s  k i n d ,  a c o n s i d e r a b l e   p o r t i o n   o f  i t s  f i r s t  
8 y e a r s   o f   o p e r a t i o n   h a s   b e e n   s p e n t   i n   d e v e l o p i n g   t h e   t e s t i n g   t e c h n i q u e s   a n d  
t echno logy   pecu l i a r   t o   c ryogen ic   w ind   t unne l s   r a the r   t han   t o   t he   ae rodynamic  
t e s t i n g   o f   m o d e l s   ( r e f s .  1 t o  5 ) .  N e v e r t h e l e s s ,  a l a r g e  number  of  models  of 
va r ious   t ypes   have   been   t e s t ed   and  a v a l u a b l e  body  of  model  design  and  con- 
s t r u c t i o n   e x p e r i e n c e   h a s   b e e n   g a i n e d .   T h e   p u r p o s e   o f   t h i s   p a p e r  i s  t o   p r o v i d e  
a b r i e f  summary of   the   model   bu i ld ing ,   deve lopment ,   and   tes t ing   exper ience  
ga ined   dur ing  8 y e a r s  of  o p e r a t i o n  of t h e  0.3-m TCT. T h i s  summary w i l l  be   pre-  
s e n t e d   i n  a ch rono log ica l   manner ,   be ing   d iv ided   rough ly   i n to   fou r   po r t ions :  
m o d e l s   t e s t e d   i n   t h e  0.3-m TCT'S  o r i g i n a l   o c t a g o n a l  test s e c t i o n ,   m o d e l s   t e s t e d  
in   t he   p re sen t   two-d imens iona l  tes t  sec t ion ,   mode l s  t es ted  as a p a r t   o f   t u n n e l  
ca l ib ra t ion   and   t he   deve lopmen t   o f   advanced   t echno logy   a i r fo i l s ,   and   t he   deve l -  
opment of a new way to   cons t ruc t   two-dimens iona l   a i r fo i l   models .   The   model  
s t o r y  is p r e f a c e d   w i t h  a b r i e f   s ec t ion   on   des ign   r equ i r emen t s   imposed   on   t he  
models by high  Reynolds  number t e s t i n g  a t  c ryogen ic   t empera tu res .  

MODEL REQUIREMENTS FOR THE 0.3-m TCT 

One me thod   o f   ga in ing   i n s igh t   i n to   any  spec ia l  requi rements   p laced   on  
models f o r   t h e  0.3-m TCT o r   a n y  similar c ryogen ic   t unne l  i s  to   compare   t he  
o p e r a t i n g   c o n d i t i o n s  of  t h e  0 . 3 - m  TCT wi th   t hose   o f  a more convent iona l   ambient  
t e m p e r a t u r e   t r a n s o n i c   t u n n e l .   T h i s  is accomplished i n   f i g u r e  1, which  shows 
typ ica l   ope ra t ing   cond i t ions   o f   t he   Lang ley   8 -Foo t   T ranson ic   P res su re   Tunne l  
a n d   t h e  0.3-m TCT. The  most   obvious  difference i s  t h e   v e r y   l o w   v a l u e   o f  tem- 
p e r a t u r e   w h i c h   c a n   b e   a c h i e v e d   i n  the 0.3-m TCT. This low  t empera tu re  level  
immediately restricts t h e  materials a v a i l a b l e   f o r  m o d e l   c o n s t r u c t i o n   s i n c e  some 
metals t e n d   t o  become b r i t t l e  a t  t h e s e   t e m p e r a t u r e s   w h i l e   o t h e r s  w i l l  no   longer  
meet minimum f r a c t u r e   t o u g h n e s s   r e q u i r e m e n t s .   I n   a d d i t i o n ,   t h e   v e r y   w i d e   r a n g e  
of t e m p e r a t u r e s   a v a i l a b l e   i n   t h e  0.3-m TCT makes i t  e s s e n t i a l   t h a t   t h e   t h e r m a l  
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e x p a n s i o n   p r o p e r t i e s  of t h e  materials u s e d   i n  a model   be known a n d   t a k e n   i n t o  
a c c o u n t   i n   t h e   m o d e l   d e s i g n .   T h e   h i g h e r   p r e s s u r e s   a v a i l a b l e  i n  t h e  0.3-m TCT, 
even a t  a maximum f r e e - s t r e a m  Mach number  somewhat less t h a n   t h a t   o f   t h e   8 - f t  
TPT, c a u s e   h i g h e r   l o a d s  as r e f l e c t e d  by t h e   i n c r e a s e   i n   d y n a m i c   p r e s s u r e .   T h i s  
i n c r e a s e d   l o a d   a g a i n  restricts t h e   c h o i c e   o f  materials a v a i l a b l e   f o r   m o d e l  con- 
s t r u c t i o n .   A l s o ,   v o i d s   i n   t h e   m o d e l   n e c e s s a r y   f o r   i n s t r u m e n t a t i o n  become  more 
d i f f i c u l t   t o   t o l e r a t e .   F i n a l l y ,   t h e   i n c r e a s e d   R e y n o l d s   n u m b e r ,   w h i c h  i s  t h e  
s a l i e n t   f e a t u r e   o f   c r y o g e n i c   t u n n e l s ,   r e q u i r e s   i m p r o v e d   s u r f a c e   f i n i s h   a n d  
s m a l l e r   p r e s s u r e   o r i f i c e s   d u e   t o   t h e   t h i n n e r   b o u n d a r y   l a y e r s   a s s o c i a t e d   w i t h   t h e  
i n c r e a s e d   R e y n o l d s   n u m b e r .   I n   a d d i t i o n ,   t e s t i n g  a t  Reynolds  numbers  high  enough 
t o   d u p l i c a t e   f l i g h t   c o n d i t i o n s   h a s ,  as one  of  i t s  purposes ,   the   improvement   of  
f l i g h t   e f f i c i e n c y  - t y p i c a l l y   d e a l i n g   w i t h   t h e  las t  one-half  of one   pe rcen t  - 
a n d   r e a l i z a t i o n   o f   t h e s e  small i n c r e m e n t s   i n   p e r f o r m a n c e   g a i n   r e q u i r e s   e v e r -  I 
i n c reas ing   f i de l i t y   o f   con tour   and   accu racy   o f   measu remen t   o f   w ind- tunne l  
models. 

The two e x i s t i n g  test  s e c t i o n s   t h a t   c a n   b e   u s e d   w i t h   t h e  0.3-m TCT and   t he  
g e n e r a l   l a y o u t   o f   t h e   t u n n e l  are  shown i n   f i g u r e  2.  The  three-dimensional (3-D) 
o c t a g o n a l  tes t  s e c t i o n  is  shown i n s t a l l e d   i n   t h e   t u n n e l   c i r c u i t .  The  two- 
dimensional  (2-D) tes t  s e c t i o n  is  shown s e p a r a t e l y .  The t u n n e l  i s  p r e s e n t l y  
be ing   u sed   w i th   t he  2-D tes t  s e c t i o n   i n s e r t ,   b u t  was i n i t i a l l y   u s e d   w i t h   t h e  
3-D tes t  s e c t i o n   i n s e r t .  Details o f   t he  0.3-m TCT o p e r a t i o n  may h e   f o u n d   i n  
r e f e r e n c e  1. Model t e s t i n g   e x p e r i e n c e   i n   t h e  0.3-m TCT w i l l  b e   d i s c u s s e d   f i r s t  
i n  terms o f   m o d e l s   t e s t e d   i n   t h e  3-D test  s e c t i o n   a n d   t h e n   i n  terms of models 
t e s t e d   i n   t h e  2-D test s e c t i o n .  

MODEL TESTING  EXPERIENCE I N  THE 0.3-m TCT 

Models  Tested i n   t h e  3-D Test S e c t i o n  

F i g u r e s  3 through 7 a re   pho tographs   wh ich   summar ize   t he   mode l   t e s t ing  
e x p e r i e n c e  i n  t h e  3-D tes t  s e c t i o n  of t h e  0.3-m TCT. Each  of  these  models w i l l  
b e   b r i e f l y   d i s c u s s e d .  

V a l i d a t i o n   a i r f o i l . -  Shown i n   f i g u r e  3 i s  t h e   f i r s t  m o d e l   t o   b e   b u i l t   f o r  
t h e  0.3-m TCT, a modi f ied  NACA 0012-64 a i r f o i l   h a v i n g  a 13.72 cm chord .  The 
model   spanned  the  octagonal  test s e c t i o n   a n d  was f a s t e n e d   t o   t h e  walls i n   s u c h  
a way t h a t   i n c i d e n c e   c o u l d   b e   v a r i e d .   T h i s   m o d e l  i s  of  some h i s t o r i c a l   s i g -  
n i f i c a n c e   i n   t h a t   p r e s s u r e  tests made w i t h  i t  p r o v i d e d   t h e   f i r s t   e x p e r i m e n t a l  
c o n f i r m a t i o n   i n   c o m p r e s s i b l e   f l o w   t h a t   g a s e o u s   n i t r o g e n  a t  cryogenic  tempera- 
t u r e s   b e h a v e s   i n  a m a n n e r   v e r y   c l o s e   t o   t h a t  of a p e r f e c t   g a s   a n d   t h a t   R e y n o l d s  
number obta ined   by   reducing   tempera ture  is  f u l l y   e q u i v a l e n t   t o   R e y n o l d s  number 
ob ta ined   by   i nc reas ing   p re s su re .   Because   o f   t he   compara t ive   na tu re   o f   t he  
tests, s u r f a c e   f i n i s h   a n d   o r i f i c e   s i z e   r e q u i r e m e n t s  were o f   n o   p a r t i c u l a r  con- 
c e r n   f o r   t h i s   m o d e l .  The p r e s s u r e   t u b e s  were s imply   so lde red   i n to   g rooves   cu t  
i n t o   t h e  m o d e l   a n d   t h e   s u r f a c e   f i n i s h e d   a n d   t h e   o r i f i c e s   d r i l l e d   j u s t  as would 
be   done   for  a model t o   b e   t e s t e d   i n  an ambient  temperature  low  Reynolds number 
t u n n e l .  

Two problems  deve loped   wi th   th i s   model .   The   more   se r ious  was t h e   b r e a k i n g  
of t h e   p r e s s u r e   t u b e s   w h e r e   t h e y   e n t e r e d   t h e   e n d s  of the   model .   This   p roblem 
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w a s  c a u s e d   b y   t h e   t u b e s   b e c o m i n g   b r i t t l e  as t h e y  were s o l d e r e d   t o   t h e   m o d e l .  
The  second  problem  developed  af ter  a t r a i l i n g   e d g e   o r i f i c e  w a s  added t o   t h e  a i r -  
f o i l  by   u s ing   an  e l ec t r i c  d i s c h a r g e   m i l l i n g   p r o c e s s   t h a t   i n v o l v e d   i m m e r s i n g   t h e  
model i n  an o i l   b a t h .  T h e  o i l   s e e p e d   i n t o   m i n u t e   v o i d s   a r o u n d   t h e   s o l d e r   a n d  
reappeared as n o t - s o - s m a l l   d r o p s   o n   t h e   m o d e l   s u r f a c e   w h i c h   f r o z e   i n   p l a c e  as 
the   tunnel   and   model  were coo led   t o   c ryogen ic   t empera tu res .   Because   o f   t he i r  
p r o x i m i t y   t o   t h e   p r e s s u r e   o r i f i c e s ,   t h e   f r o z e n   d r o p s  of o i l   g r e a t l y   a f f e c t e d  
t h e   p r e s s u r e   d a t a .  It  took  a t h o r o u g h   c l e a n i n g   i n   s o l v e n t   u s i n g   a n   u l t r a s o n i c  
c l e a n e r   t o   e l i m i n a t e   t h e   p r o b l e m .  

Boa t t a i l   mode l s . -  Two v e r y   s u c c e s s f u l  series of  models were b u i l t   i n   t h e  
shops a t  L a n g l e y   a n d   t e s t e d   i n   t h e  0.3-m TCT by  Reubush,   references 6 and   7 ,   t o  
d e t e r m i n e   t h e   d r a g  on i s o l a t e d   b o a t t a i l s   a n d  on b o a t t a i l s   i n   t h e   p r e s e n c e   o f  a 
simple  wing. 

I s o l a t e d   b o a t t a i l   m o d e l s :   T h e r e  w a s  a t o t a l  of s i x   m o d e l s   u s e d   i n   t h e  
i s o l a t e d   b o a t t a i l  tests: fou r   sho r t   mode l s   (20 .32  c m  f r o m   t h e   n o s e   t o   t h e  start  
of t h e   b o a t t a i l )   h a v i n g   d i f f e r e n t   b o a t t a i l   g e o m e t r i e s   a n d  two long  models  
(40.64 cm) w h i c h   d u p l i c a t e d   t h e   b o a t t a i l   g e o m e t r i e s  of  two o f   t he   sho r t   mode l s .  
These  models, shown i n   f i g u r e   4 ,  were a l l  s t ing-mounted   wi th   the   d iameter   o f   the  
s t i n g   b e i n g   e q u a l   t o   t h e   m o d e l   b a s e   d i a m e t e r .   T h u s ,   i n   t h i s   c a s e ,   t h e   s t i n g  w a s  
u sed   t o   advan tage   t o   s imu la t e   t he   geomet ry  of a j e t  exhaus t   p lume  for  a n o z z l e  
o p e r a t i n g   a t  i t s  d e s i g n   p o i n t .   T h i s  series of i s o l a t e d   b o a t t a i l   m o d e l s  w a s  
c o n s t r u c t e d  of cast  a l u m i n u m   w i t h   s t a i n l e s s - s t e e l   p r e s s u r e   t u b e s  cast  as  a n  
in t eg ra l   pa r t   o f   t he   mode l .   The   t ubes  were p l a c e d   i n  a sand mold i n   t h e   p r o p e r  
pos i t ion ,   the   a luminum  poured ,   and   the   model   machined   to   the   des i red   contour .  
Each  of t h e   m o d e l s   h a s   3 0   p r e s s u r e   o r i f i c e s   i n   t h r e e   r o w s  of 1 0  o r i f i c e s   e a c h .  
Although i t  wou ld   have   been   des i r ab le   t o   have  a l l  of t h e   o r i f i c e s   i n   o n e  row, 
t h e  f a c t  t h a t   t h e   m o d e l s  a re  only   2 .54  c m  i n   d i a m e t e r   c o m b i n e d   w i t h   t h e  rela- 
t i v e l y   l a r g e  number  of o r i f i c e s   p r e c l u d e d   t h i s   p o s s i b i l i t y .  

Wing-body in te r fe rence   models :   The   models   used   in   the   wing-body tests, 
shown i n   f i g u r e  5 ,  d u p l i c a t e d   t h e   f o r e b o d y   a n d   b o a t t a i l   g e o m e t r y  of two of  t h e  
s h o r t   i s o l a t e d   b o a t t a i l   m o d e l s .   C o n s t r u c t i o n   o f   t h e s e   m o d e l s   d i f f e r e d   s l i g h t l y  
f r o m   t h a t   o f   t h e   i s o l a t e d   b o a t t a i l   m o d e l s   i n   t h a t   e a c h  of the   models  was c a s t  
a round   bo th   t he   p re s su re   t ubes   and  a s t a i n l e s s - s t e e l   s t i n g .  By u s i n g   t h i s  
method, i t  w a s  p o s s i b l e   t o   f i t   e a c h   o f   t h e s e   m o d e l s   w i t h   5 0   p r e s s u r e   o r i f i c e s  
i n   f i v e  rows   o f   10   o r i f i ce s   each .   P rov i s ion  was made fo r   t he   moun t ing   o f  a 
10.16-cm span  60° d e l t a   w i n g  a t  Oo inc idence   on   the   top   o f   each   of   the   models  
i n   o n e   o f   t h r e e   p o s i t i o n s .  

Delta-wing  models.- A se t  o f   fou r  s i m p l e  delta-wing  models w a s  made t o   b e  
u s e d   i n   e v a l u a t i o n  tests of a t h r e e - c o m p o n e n t   i n t e r n a l   s t r a i n - g a g e   b a l a n c e  
( r e f .   3 ) .  Each  of t h e   m o d e l s   h a s  a 75O leading  edge  sweep.  Two of   the  models  
were machined  from 17-4 PH s t a i n l e s s  s t ee l  wh ich   was   hea t - t r ea t ed   t o   cond i t ions  
H 1150". With t h i s   h e a t   t r e a t m e n t ,  17-4 PH can   be   used  a t  t e m p e r a t u r e s  as  low 
as 77 K. One of t h e  steel models   has  a s h a r p   l e a d i n g   e d g e   a n d   o n e   h a s  a rounded 
l e a d i n g   e d g e .   N o t   k n o w i n g   e x a c t l y   w h a t   t o   e x p e c t   w i t h   r e s p e c t   t o   h e a t   t r a n s f e r  
t h rough   t he  metal models,  w e  b u i l t  a d u p l i c a t e  s e t  of   models   out  of g l a s s   f i b e r  
r e i n f o r c e d   p l a s t i c .  

" 
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Although some tests were made u s i n g   o n e   o f   t h e   p l a s t i c   m o d e l s ,   t h e   f i n a l  
b a l a n c e   e v a l u a t i o n  w a s  made u s i n g   t h e   s h a r p   l e a d i n g   e d g e  s teel  model shown i n  
f i g u r e   6 .  Due t o   t h e   n a t u r e   o f   t h e   g l a s s   f i b e r   r e i n f o r c e d   p l a s t i c ,  i t  w a s  
i m p o s s i b l e   t o  make t h e   s u r f a c e s   o f   t h e   p l a s t i c   m o d e l s  as smooth as  would  be 
d e s i r e d .   E x c e p t   f o r   t h i s   s i n g l e   p r o b l e m ,   t h e s e   s i m p l e   d e l t a - w i n g   m o d e l s   h a v e  
p r o v e n   t o   b e   s a t i s f a c t o r y   i n   e v e r y   r e s p e c t .  

S p a c e   s h u t t l e   o r b i t e r   m o d e l . -   T h e   m o d e l   o f   t h e   s p a c e   s h u t t l e   o r b i t e r  shown 
i n   f i g u r e  7 was c o n s t r u c t e d   a n d  tes ted t o   m e a s u r e   t h e   s u p p o r t - i n t e r f e r e n c e - f r e e  
base   p re s su re   d rag   and   t o   de t e rmine   Reyno lds   number   e f f ec t s   on   base   d rag   t o   a id  
i n   e x t r a p o l a t i n g   t h e   v a l u e s  o f   b a s e   d r a g   m e a s u r e d   i n   t h e   w i n d   t u n n e l   t o   f u l l -  
scale f l i g h t   c o n d i t i o n s .   S e l e c t e d  test  r e s u l t s  are  p r e s e n t e d   i n   r e f e r e n c e  8.  
The s u p p o r t - i n t e r f e r e n c e - f r e e   c o n d i t i o n  w a s  ob ta ined   by   suppor t ing   t he   mode l   o f  
t h e   o r b i t e r   o n   e x t e n d e d   w i n g  t i p s  a t t a c h e d   t o   t h e   t u n n e l  w a l l s  i n   s u c h  a manner 
as t o   a l l o w   v a r i a t i o n   i n   i n c i d e n c e .  The  model i t s e l f  w a s  c o n s t r u c t e d   o f  9 per-  
c e n t   n i c k e l  s t ee l  and  accommodated 15 p r e s s u r e   o r i f i c e s ,  3 i n   t h e   b a s e   o f   t h e  
v e r t i c a l  t a i l  and   t he   r ema in ing   12   d i s t r ibu ted   ove r   t he   base   o f   t he   fu se l age  
and   rocke t   nozz le s .  

Models  Tested i n   t h e  2-D T e s t  S e c t i o n  

The 2-D t e s t  s e c t i o n  i s  shown i n   f i g u r e  8 w i t h   t h e   t o p  wal l  o f   t he  tes t  
s e c t i o n  removed.  This  top w a l l  a l s o   f o r m s   p a r t   o f   t h e   s l o t t e d  test s e c t i o n   a n d  
i s  i d e n t i c a l   t o   t h e   s l o t t e d   f l o o r   w h i c h   c a n   b e   s e e n   i n   t h e   p h o t o g r a p h .  The 
model shown i n   t h e   p h o t o g r a p h  i s  a 2-D a i r f o i l  m o d e l .   A l s o   i d e n t i f i e d   i n   t h e  
photograph are  t h e  AOA ( a n g l e - o f - a t t a c k )   t r a n s d u c e r   a n d   t h e  wake survey  
(momentum) r a k e .   T h e   a i r f o i l   t e s t i n g   p r o g r a m  w i l l  b e   d i s c u s s e d   i n  a l a t e r  
s e c t i o n ,   w h e r e a s   i n   t h i s   s e c t i o n   v a r i o u s   o t h e r   m o d e l s   t h a t   h a v e   b e e n   t e s t e d   i n  
t h e  2-D tes t  s e c t i o n  w i l l  be   d i scussed .  

Buffe t   models . -  Two semispan  buffet   models  are shown mounted i n   t h e  2-D 
test  s e c t i o n   i n   t h e   p h o t o g r a p h s   p r e s e n t e d   i n   f i g u r e  9.  The  view  of   the  del ta-  
wing  model i s  shown l o o k i n g  down o n   t h e   m o d e l   w i t h   t h e   s l o t t e d   f l o o r   o f   t h e  2-D 
t e s t  sec t ion   i n   t he   background .   The   bu f fe t   mode l   o f   t he  NPL 9510 a i r f o i l  i s  
seen   mounted   inver ted  on a r emovab le   s ec t ion  of t h e  test  s e c t i o n  s i d e w a l l .  Both 
models were mounted  on  one  of  the t e s t  s e c t i o n   t u r n t a b l e s   t o   a l l o w   v a r i a t i o n   i n  
model a t t i t u d e .   T h e s e   m o d e l s  were cons t ruc t ed   f rom 7075 T-6 aluminum a l l o y   a n d  
t h e   s t r a i n   g a g e s   u s e d   t o   m e a s u r e   r o o t   b e n d i n g  were a t t a c h e d   w i t h   a n   a d h e s i v e  
(Micromeasurement's M-bond GA-2). F u r t h e r   d e t a i l s   o f   t h e   d e s i g n   a n d   t e s t i n g   o f  
t h e s e   m o d e l s   a n d   s e l e c t e d   b u f f e t   d a t a  may b e   f o u n d   i n   r e f e r e n c e  9. 

Delta-wing  model.-  The  simple 3-D delta-wing  model shown i n   f i g u r e   1 0  was 
machined i n   o n e   p i e c e   f r o m  A-286 s t a i n l e s s  s tee l  and  was  used  in   Langley 's  
ongoing  cryogenic   s t ra in-gage  balance  development   program. A s  would  be  expected 
wi th   such  a simple  model,  i t  p e r f o r m e d   s a t i s f a c t o r i l y .   F u r t h e r   d e t a i l s   a n d  
r e s u l t s   o f   t h e   b a l a n c e   p e r f o r m a n c e  may b e   f o u n d   i n   r e f e r e n c e s  9 and 10.  

NTF c o o l i n g   c o i l . -  A photograph  of a model  of  the NTF c o o l i n g   c o i l  i s  shown 
i n   f i g u r e  11. The  pr imary  purpose  of   the test was t o   d e t e r m i n e   t h e   p r e s s u r e  
l o s s  c h a r a c t e r i s t i c s   o f   v a r i o u s   c o i l   c o n f i g u r a t i o n s   o v e r   t h e  NTF performance 
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envelope.  Due to   t he   w ide   Reyno lds  number r ange   o f   t he  0.3-m TCT, t he   pe r -  
formance  envelope  of   the NTF w a s  d u p l i c a t e d .   S e l e c t e d   d a t a  may be  found i n  
r e f e r e n c e  8. 

2-D a i r f o i l   m o d e l s . -  A p h o t o g r a p h   o f   a n   a i r f o i l   m o u n t e d   i n   t h e  0.3-m TCT 
model  module is shown i n   f i g u r e   1 2 .   T h e   m o d e l   m o d u l e   c o n t a i n s   t h e   t u r n t a b l e s  
on   which   the  2-D a i r f o i l  models are mounted.  There are two  of these   modules ,  
a l lowing   bench   se t -up  of one   mode l   wh i l e   t e s t ing   ano the r .  The a i r f o i l  shown 
i n   t h i s   f i g u r e   h a s   t h e   p r e s s u r e   t u b i n g   p o t t e d   i n t o   g r o o v e s   i n   t h e   m o d e l   w i t h  
s o l d e r .   A l t h o u g h   t h i s  is a s u c c e s s f u l   t e c h n i q u e   i n   c o n v e n t i o n a l   t u n n e l s ,  i t  
is s u s p e c t   i n   c r y o g e n i c   t u n n e l s   d u e   t o   d i f f e r e n t i a l   s h r i n k a g e  of t h e  A-286 
s t a in l e s s - s t ee l   mode l   and   t he   so lde r   and   d i sbond ing   and   c r ack ing  a t  t h e   s o l d e r -  
s t a i n l e s s - s t e e l   j o i n t .   F u r t h e r  comments  on 2-D model   cons t ruc t ion   problems may 
b e   f o u n d   i n   r e f e r e n c e  9. 

G e n e r a l   r e s e a r c h   a i r f o i l :  A g e n e r a l   r e s e a r c h   a i r f o i l ,   w h i c h   a l s o   h a s   t h e  
p r e s s u r e   t u b e s   p o t t e d   i n   p l a c e   w i t h   s o l d e r ,  is  shown i n   f i g u r e  1 3 .  T h i s  i s  one 
of a series o f   g e n e r a l   r e s e a r c h   a i r f o i l s   a n d  i n  t h i s  t e s t  was be ing   u sed   t o  
develop a technique   for   the   measurement  of s u r f a c e   a d i a b a t i c  w a l l  t empera ture  
r a t h e r   t h a n   t o  make a p r e c i s e   d e t e r m i n a t i o n   o f   t h e   a e r o d y n a m i c   c h a r a c t e r i s t i c s  
of the  model .  The t h e r m o c o u p l e s   f o r   t h i s  test were p o t t e d   i n t o   t h e   s u r f a c e   w i t h  
a 66 pe rcen t   a luminum-f i l l ed   epoxy   wh ich ,   i nc iden ta l ly ,   appea r s   t o   be  a v e r y  
s u c c e s s f u l   t e c h n i q u e .  

NPL 9510 a i r f o i l :   T h i s   a i r f o i l   m o d e l ,  shown i n   f i g u r e  1 4 ,  w a s  one   o f   the  
f i r s t   c o n s t r u c t e d   f o r   t h e  0.3-m TCT u s i n g  a welded-cover-plate   technique.  To 
i n s t a l l   p r e s s u r e   o r i f i c e s   i n  a model  by t h i s  method, i t  i s  n e c e s s a r y   t o   c u t  
r e l a t i v e l y   d e e p   c h a n n e l s   i n   t h e   m o d e l   t o   a l l o w  room f o r   t h e  s tee l  tube  plumbing 
b u n d l e   t o   b e   r o u t e d   t o   t h e   v a r i o u s   p a r t s   o f   t h e   m o d e l .   T h e   e n d s   o f   t h e  s t e e l  
t u b e s  are  s o l d e r e d   t o   t h e   m o d e l   a n d   t o   t h e   c o v e r   p l a t e  a t  t h e   d e s i r e d   o r i f i c e  
l o c a t i o n s   a n d   t h e n   t h e   c o v e r   p l a t e  i s  e lec t ron-beam-welded   to   the   model .   For  
th i s   mode l ,  a spanwise row of p r e s s u r e   o r i f i c e s  was f i t t e d  on t h e   t o p   s u r f a c e  
i n   a d d i t i o n   t o   t h e   u s u a l   c h o r d w i s e  row of o r i f i c e s  on  the  top  and  bot tom  sur-  
f aces   o f   t he   mode l .  A t o t a l   o f  50 p r e s s u r e   o r i f i c e s  was f i t t e d  t o   t h i s  
p a r t i c u l a r   m o d e l .  

NACA 0012 a i r f o i l :   T h i s   a i r f o i l   h a s   b e e n   t e s t e d   i n  many tunne l s   and  i s  
thus  thought   of  as a " c o r r e l a t i o n "   a i r f o i l .   F o r   t h i s   r e a s o n   e x t e n s i v e   c o v e r a g e  
o f   t h e   m o d e l   s u r f a c e   w i t h   p r e s s u r e   o r i f i c e s  w a s  d e s i r e d .   T h e r e  w a s  a p a r t i c u l a r  
n e e d   f o r   s p a n w i s e   r o w s   o f   o r i f i c e s   t o   a s s i s t   i n   t h e   e v a l u a t i o n   o f   a n y   p o s s i b l e  
t u n n e l   s i d e w a l l   e f f e c t s .  To t h i s   e n d ,   t h e   m o d e l  was f i t t e d   w i t h   a n   e l e c t r o n -  
b e a m - w e l d e d   c o v e r   p l a t e   t h a t   c o v e r e d   m o s t   o f   t h e   u p p e r   s u r f a c e   o f   t h e   a i r f o i l .  
I n   o rde r   t o   avo id   o i l - cann ing   o f   t he   mode l   su r f ace   du r ing   con tour   mach in ing ,  
t h e   c o v e r   p l a t e   h a d   t o   b e   s u p p o r t e d  by i n t e r i o r   p o s t s .   T h i s   m o d e l  had a t o t a l  
of  64 p r e s s u r e   o r i f i c e s   u s e d   i n   o n e   b o t t o m   s u r f a c e   c h o r d w i s e  row and   t op   su r f ace  
chordwise   and   spanwise   rows .   This   a i r fo i l   model  i s  p i c t u r e d   i n   f i g u r e  15. Note 
the   bundle   o f  s t ee l  tube   p lumbing   s t ick ing   ou t   f rom  each   end   of   the   model .  The 
metal t a n g s   o n   e i t h e r   s i d e  of t h e   p l u m b i n g   c h a s e   a r e   u s e d   t o   a t t a c h   t h e   m o d e l   t o  
t h e   t u r n t a b l e s   i n   t h e   t u n n e l   s i d e w a l l s .  

Boeing a i r f o i l :  An a i r fo i l   des igned   and   bu i l t   by   t he   Boe ing   Commerc ia l  
A i r p l a n e  Company i s  shown mounted i n   t h e  tes t  s e c t i o n   i n   f i g u r e   1 6 .  The d o t s  
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which   can   be   seen   near   the   l ead ing   edge   of   the   model  are th in   p i eces   o f   a luminum 
f o i l   g l u e d   t o   t h e   s u r f a c e   a n d  were u s e d   f o r   f i x i n g   t h e   l o c a t i o n   o f   t r a n s i t i o n .  
T h i s   a i r f o i l   a l s o   u t i l i z e d   t h e   w e l d e d - c o v e r - p l a t e   d e s i g n ,   e x c e p t   f o r   t h e   p r e s -  
s u r e   o r i f i c e s   o n   t h e   t o p   s u r f a c e   i n   t h e   v e r y   t h i n   r e g i o n   o f   t h e   m o d e l  a t  t h e  
t r a i l i n g   e d g e .   T h e r e ,   o r i f i c e s  were i n s t a l l e d   b y   p o t t i n g   t u b e s   i n   t h e   b o t t o m  
s u r f a c e   a n d   t h e n   d r i l l i n g   t h e   p r e s s u r e   o r i f i c e s   f r o m   t h e   t o p .   I n   f i g u r e   1 6 ,  
which i s  a view o f   t h e   b o t t o m   s u r f a c e   o f   t h e   a i r f o i l ,   t h e   p o t t e d   c h a n n e l s  a re  
c l e a r l y   v i s i b l e .  

Summary of 2-D a i r f o i l   m o d e l s :   C h a r a c t e r i s t i c s   o f   t h e   f i v e  2-D a i r f o i l s  
t e s t e d   t o   d a t e  are shown i n   t a b l e  1. The 1 2  p e r c e n t   s u p e r c r i t i c a l   w i n g   a i r f o i l  
model shown as t h e  l a s t  e n t r y   o n   t h i s   t a b l e  i s  t h e   m o s t   r e c e n t   a i r f o i l   m o d e l   t o  
b e   t e s t e d   a n d   h a s   n o t   y e t   b e e n   d i s c u s s e d ;  i t  is  d i f f e r e n t   f r o m   t h e   w e l d e d   c o v e r  
p l a t e   m o d e l s   p r e v i o u s l y   d e s c r i b e d  i n  that  i t s  c o v e r   p l a t e  is  adhes ive ly   bonded  
i n   p l a c e  rather than  welded.  Table 1 a l s o   s u m m a r i z e s   t h e   t y p e   o f   c o n s t r u c t i o n  
a n d   t h e  material u s e d   f o r   e a c h   o f   t h e   m o d e l s .  

4 
TABLE 1.- MODELS TESTED I N  THE 2-D AIRFOIL PROGRAM 

Designat ion  

Genera l   r e sea rch  

NACA 0012 

NPL 9510 

Boeing 

1 2  p e r c e n t  SCW 

M a t e r i a l  

304 

A-286 

HP 9-4-20 

A-2 86 

15-5 PH 

~. ~~ ~ 

T u b i n g   i n s t a l l a t i o n  

P o t t e d   i n   s o l d e r  

So lde red   t ubes  

So lde red   t ubes  

So lde red   t ubes  

Soldered   tubes  

. . .. ~. . .  

Comment 
~ - . .. . . . " . 

Thermocouples   pot ted 
i n  epoxy - 66 p e r c e n t  
A 1  f i l l e r  

Welded c o v e r   p l a t e s  

Welded c o v e r   p l a t e s  

Welded c o v e r   p l a t e s  

Adhesively  bonded  cover 
p l a t e  

-~ 

I n   t h i s   t a b l e   m o s t   o f   t h e   m o d e l s  are s e e n   t o   b e   o f   t h e   c o v e r   p l a t e   t y p e  
wi th   t he   adhes ive ly   bonded   t ype   poss ib ly   t he   mos t   advanced .   Thus   f a r ,   f i ve  
s u c c e s s i v e l y   c o n s t r u c t e d   a n d   t e s t e d   m o d e l s   h a v e   b e e n   d i s c u s s e d   w i t h  l i t t l e  men- 
t i o n  of the   p roblems  encountered   dur ing   th i s   p rogram.  I t  i s  a p p r o p r i a t e   t o  
beg in   t he   d i scuss ion   o f   p rob lems   w i th   t he   pho tograph   o f   t he   mode l   and   cove r  
p l a t e   i n   f i g u r e  1 7 .  The  complexi ty   of   the   machining  required  for   the  plumbing 
v o i d s   a n d   c o v e r   p l a t e  i s  e v i d e n t   a n d   l e a d s   t o  a b a s i c   p r o b l e m   f o r   t h i s   t y p e   o f  
model; 1000 to  1500  manhours are r e q u i r e d   f o r   c o n s t r u c t i o n   w h i c h  leads t o  a 
v e r y   h i g h   c o s t   f o r   t h e s e   r e l a t i v e l y  small models,  and much o f   t h i s   c o s t  is 
i n c u r r e d   b e f o r e   t h e  s teel  plumbing  can  be  instal led  and  checked so  t h a t   l e a k i n g  
o r   p l u g g e d   p r e s s u r e   t u b e s   c a n   r e s u l t   i n  a very   near ly   comple ted   model   be ing  
r e j e c t e d  as unacceptab le .  An a n a l y s i s   o f   t h e  several u n s u c c e s s f u l   a t t e m p t s   t o  
b u i l d   a i r f o i l   m o d e l s   h a s   r e v e a l e d   a n   a p p a r e n t l y   u n r e l a t e d  set  of   causes .  How- 
ever, a common f a c t o r   i n  many o f   t h e   f a i l u r e s  was the   bundle   o f  s tee l  t u b i n g  
wi th in   the   model .   Thus ,  a program  was i n i t i a t e d   t o   f i n d   a n   a l t e r n a t e  method of 
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ge t t ing   t he   p re s su re   i n fo rma t ion   ou t   o f   t he   mode l .   Th i s   p rog ram is d e s c r i b e d  
i n  some d e t a i l   i n   r e f e r e n c e  9.  On ly   t he   mos t   p romis ing   t echn ique   and   r ecen t  
developments w i l l  b e   d e s c r i b e d   h e r e i n .  

NEW AIRFOIL CONSTRUCTION METHOD 

The  bundle  of s teel  t u b i n g   h a s   b e e n   i d e n t i f i e d  as a m a j o r   f a c t o r   i n   t h e  
h igh   cos t   o f  2-D a i r f o i l   m o d e l s ;   a l s o , t h e   m o d e l   c o n s t r u c t i o n   d i f f i c u l t i e s  
a s s o c i a t e d   w i t h   t h e   p r e s s u r e   p l u m b i n g   h a v e   b e e n   d i r e c t l y   r e s p o n s i b l e   f o r  a 
number of   unacceptab le   models .  A new a i r f o i l   c o n s t r u c t i o n  method i s  b e i n g  
d e v e l o p e d   t o   e l i m i n a t e   t h e  s t ee l  t u b i n g   a n d   t o   c i r c u m v e n t   t h e   h i g h   c o n s t r u c t i o n  
c o s t   a n d   t h e   h i g h   f a i l u r e  ra te .  The new method w i l l  be   exp la ined   by   fo l lowing  
s e l e c t e d   s t e p s   t a k e n   d u r i n g   t h e   c o n s t r u c t i o n   o f   a n   a i r f o i l   s a m p l e ,   b e g i n n i n g  
w i t h   t h e   p h o t o g r a p h   i n   f i g u r e  18. Shown i n   t h e   p h o t o g r a p h  are two b locks   o f  
s teel  l a i d   o u t  as t h e   . h a l v e s   o f   a n   o p e n   b o o k ;   t h e   u s u a l   p r e s s u r e   t u b i n g   f o r  a 
midspan row o f   o r i f i c e s   h a s   b e e n   r e p l a c e d   b y   c h a n n e l s   c u t   i n t o   t h e   f a c i n g   p a g e s  
of   the  book.  When the  book i s  c l o s e d ,   t h e  s tee l  b locks  w i l l  b e   j o i n e d ,   o n e  
b l o c k   b e c o m i n g   t h e   t o p   h a l f   o f   t h e   a i r f o i l ,   t h e   o t h e r   b l o c k   b e c o m i n g   t h e   b o t t o m  
h a l f .  

A t  t h e   o r i f i c e  row end   o f   t he   channe l s   ( cen te r   o f   t he   b locks )  a r e l a t i v e l y  
l a r g e   c o n n e c t o r   h o l e  is d r i l l e d  so t h a t   t h e   b o t t o m   o f   t h e   h o l e  l i es  n e a r   t h e  
m o d e l   s u r f a c e .   N e x t ,   t h e   s m a l l e r   o r i f i c e   h o l e  i s  d r i l l e d   f r o m   t h e   s u r f a c e   s i d e  
a t  t h e   d e s i r e d   o r i f i c e   l o c a t i o n   a n d  a t  a n   a p p r o p r i a t e   a n g l e  so t h a t   t h e   p r e s -  
s u r e   o r i f i c e  w i l l  b e   n o r m a l   t o   t h e   l o c a l   s u r f a c e   a f t e r   t h e   a i r f o i l   h a s   b e e n  
contour   machined .   The   o ther   end   of   the   channel   ( towards   the   tunnel   wal l )   ends  
i n  a r e l a t i v e l y   l a r g e   c o n n e c t o r   h o l e ,   w h i c h  i s  n o r m a l   t o   a n   i n t e r s e c t i n g   h o l e  
d r i l l e d   i n t o   w h a t  w i l l  become the   suppor t   end   o f   t he   mode l ,   t o   fo rm  the   p re s su re  
c h a n n e l   e x i t .   T h o s e   c h a n n e l s   t h a t   a r e   t o   c o n n e c t   l e a d i n g   a n d   t r a i l i n g   e d g e  
o r i f i c e s   a r e   s i m p l y   c a r r i e d   t o   t h e   e d g e   o f   t h e   b l o c k s ,   o r   i n   t h e   b o o k   a n a l o g y ,  
t o   t h e   e d g e   o f   t h e   p a g e s ,   a n d   i n   t h i s  case the   channe l s   t hemse lves  serve as 
o r i f i c e s .   N o t e   t h a t   t h e  s e t  of  channels  on  one  block w i l l  s e r v e   t h e   u p p e r   s u r -  
face of   the   model   and   the   o ther  se t  of   channels   the   lower   sur face   o f   the   model .  

For   the   next   s tep ,   the   smooth   ha l f   o f   each   b lock   (where   there  are  no 
channels )  i s  f i r s t   c o a t e d   w i t h  a 0.008-mm t h i c k   l a y e r   o f   c o p p e r ;   t h e   b l o c k s   a r e  
t h e n   p l a c e d   f a c e   t o   f a c e ,  as i f   t h e  book were s h u t ,   a n d   d i f f u s i o n - b r a z e d  
t o g e t h e r   i n  a vacuum  oven.  Tubing i s  b r a z e d   i n t o   t h e   e x i t   h o l e s  a t  t h e  same 
t i m e  t h e   b l o c k s  are  jo ined ,   p roduc ing  a r e l a t ive ly   s imp le   b l ank   f rom  wh ich   an  
a i r f o i l   s h a p e   c a n   b e   m a c h i n e d   w i t h  a l l  t h e   n e c e s s a r y   p l u m b i n g   e x i s t i n g   i n t e r n a l  
t o   t h e   b l o c k   a n d   r e a d y   t o   b e   c h e c k e d   f o r   l e a k i n g   o r   p l u g g e d   t u b e s .   I f   t h e  
plumbing i s  n o t   s a t i s f a c t o r y ,   t h e   b l o c k   c a n   b e   d i s c a r d e d  a t  t h i s   s t a g e   o f   m o d e l  
c o n s t r u c t i o n  a t  a small f r a c t i o n  of t h e   c o s t  of t h e   c o n v e n t i o n a l   m e t h o d ,   i n  
which  most   of   the   model   bui lding  expense  would  have  been  incurred  before   the 
p lumbing   could   have   been   ins ta l led   and   checked .   Af te r   checking   for   p lugged   or  
l e a k i n g   t u b e s ,   t h e   b l o c k   c a n   t h e n   b e   e x a m i n e d   u l t r a s o n i c a l l y   t o   c h e c k   f o r   p o s -  
s i b l e   f l a w s   i n   t h e  bond  between  the two h a l v e s .  A computer-generated v i e w  of 
a n   u l t r a s o n i c   s c a n   o f  a t y p i c a l   b l o c k  i s  shown i n   f i g u r e  19 .  T h e   i n t e r n a l  
c h a n n e l s   c a n   p l a i n l y   b e   s e e n  as w e l l  as t h e   i n d i c a t e d   f l a w ,   o r   v o i d ,   i n   t h e  
bond. 
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Figure 20 is a  metallurgical-style  photograph of the diffusion joint at  a 
400x magnification. The horizontal seam across the middle of the  photograph is 
the  bond joint, and what is left of the thin copper coating.  Metallurgical 
examination shows that  much  of  the  copper has diffused away; also,examination 
of figure 20 will show that  there has been direct grain migration in forming 
the joint, with the joint in many  places  taking on the  characteristics  of  the 
parent  metal. Figure 21 is a  photograph of the completed airfoil sample with 
the  top surface  machined to its final finish. Figure 22 is an enlarged  photo- 
graph  showing two  of  the  "V"-shaped channels which were extended to the  edge of 
the blocks and which now serve as trailing  edge  orifices. The distance from 
the  bond line to the top surface represents  one-half of the  trailing edge thick- 
ness. This serves to illustrate an additional  advantage  of  this new construc- 
tion method; trailing edge orifices  and orifices on the surface near  a  thin 
trailing  edge are now routinely  attainable where they were frequently  difficult 
and often impossible with previous model construction techniques. 

Present Development of the Airfoil Construction Method 

Although  the  construction  of  the  sample airfoil just  described  (fig.  21) 
is  viewed as a  very  successful  demonstration of the new technique, more  work  is 
necessary to fully  develop  its  potential. Steps in  the  development  program are 
briefly  described in the sections  that  follow. 

Extension of diffusion  brazing  experience.- The sample model was con- 
structed  from  17-4 PH stainless steel, which is a  material  widely used for con- 
structing models for conventional  tunnels. However, this  material has marginal 
fracture  toughness  parameters at the  lowest  operating  temperatures  of  the  0.3-m 
TCT and  was  chosen for the  sample model only because of  the familiarity  of the 
Langley  personnel with its  diffusion-brazing  and  machining  characteristics. A 
more  suitable  material for use in  building models for testing in the  0.3-m TCT 
is 15-5 PH stainless steel, and, since this model construction  method has 
direct  applicability to the NTF, it is desirable to gain experience with 
materials  expected to be compatible with the  3-D model requirements of  the  NTF 
such as Nitronic-40 and 347 stainless  steels. In line with the  effort to 
develop  diffusion-brazing  techniques  for  the new materials, parallel  programs 
are  underway to understand  the  metallurgical  process  involved with each  material 
as well as to measure  tensile strength, shear strength, and  fracture  toughness 
properties of  the  bonds  in  the new materials. 

Highly  cambered  airfoils.- The application of  the new model construction 
technique to symmetrical  airfoils is obvious, but  application to highly  cam- 
bered  airfoils has not yet been  attempted.  Especially  needed  are  pressure ori- 
fices in the  curved  trailing  edge  region  of  many supercritical airfoils.  Since 
the models tend  to be very  thin in this region, it is desirable to have the 
bond line between the  two model halves curved in approximately the same  fashion 
as the  airfoil  camber line in order to have a means of transmitting  information 
back  from  this  region. An effort is currently  underway to machine and  bond 
curved  plates in order to develop  and  demonstrate the ability to use this  model 
construction  technique on highly  cambered  airfoils. 

~~ 
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3-D a i r f o i l s . -   I n   a p p l y i n g   t h i s  new m o d e l   c o n s t r u c t i o n   t e c h n i q u e   t o  3-D 
wings,   such as w i l l  b e   r e q u i r e d   f o r   m o d e l s   t o   b e   t e s t e d   i n   t h e  NTF, i t  may b e  
d e s i r a b l e   t o   u s e   t h r e e  o r  more  blocks  of metal i n   o r d e r   t o   h a v e   m o r e   t h a n   o n e  
bond l ine .   Th i s   wou ld   no t   on ly   r educe   poss ib l e   c rowding   o f   t he   p re s su re   chan-  
n e l s ,   b u t   a l s o   w o u l d   a l l o w  a s e p a r a t e   f a m i l y   o f   c h a n n e l s   t o   b e   p r o v i d e d   f o r  
each  chordwise row of o r i f i c e s   a l o n g   t h e   s p a n  of the   wing .  An i n i t i a l  3-block 
sample  (two  bond l i n e s )   h a s   b e e n  made and  samples  from i t  tes ted .   Bonding  
p r o b l e m s   w i t h   t h e   i n i t i a l   s a m p l e  are be ing   reso lved   and   work  is  proceeding  on 
the   deve lopment   o f   mul t ib lock  3-D a i r f o i l s .  

Cons t ruc t ion   o f  a 0.3-m TCT a i r f o i l . -  An a i r f o i l  model f o r   t h e  0.3-m TCT 
is c u r r e n t l y   u n d e r   c o n s t r u c t i o n   u s i n g   t h i s  new t e c h n i q u e .  The a i r f o i l  is t o   b e  
a 1 2 - p e r c e n t   t h i c k   s u p e r c r i t i c a l  symmetrical a i r f o i l   d e s i g n e d   t o  serve t h e  same 
f u n c t i o n s  as t h e  NACA 0012. The a i r f o i l  is t o   h a v e  a t o t a l  o f   94   p re s su re   t aps ,  
approximate ly  50 pe rcen t   more   t han   p rev ious  0.3-m TCT a i r f o i l   m o d e l s .   I n c l u d e d  
i n   t h e  94 o r i f i c e s  w i l l  be  8 t r a i l i n g   e d g e   o r i f i c e s ,   o r i f i c e s  a t  96,  98,  and 
99 p e r c e n t   c h o r d ,   a n d   f o u r   s t a g n a t i o n   l i n e   o r i f i c e s  a t  the   t unne l   wa l l -mode l  
s t a g n a t i o n   l i n e   i n t e r s e c t i o n   w i t h i n   t h e   t u n n e l  w a l l  b o u n d a r y   l a y e r   t o  assist i n  
e v a l u a t i n g   t u n n e l   s i d e w a l l   b o u n d a r y - l a y e r   t r e a t m e n t .  

CONCLUSIONS 

Some o f   t h e   e x p e r i e n c e s  a t  t h e  NASA L a n g l e y   R e s e a r c h   C e n t e r   r e l a t i v e   t o  
t h e   d e s i g n ,   c o n s t r u c t i o n ,   a n d   u s e   o f   m o d e l s   f o r   t h e   L a n g l e y  0.3-m Transonic  
Cryogenic   Tunnel   dur ing   the  l a s t  8 years   have   been   rev iewed  in   th i s   paper .   The  
main   conclus ions   to   be   d rawn  f rom  our   exper ience   a re :  

1. A number  of   models   having  widely  diverse   research  purposes   have  been 
t e s t e d ,   r e f l e c t i n g   t h e   t e s t i n g   v e r s a t i l i t y   i n h e r e n t   i n  a c r y o g e n i c   p r e s s u r e  
t u n n e l .  

2 .  A w i d e   r a n g e   o f   m a t e r i a l s   h a s   b e e n   s u c c e s s f u l l y   u s e d   f o r   b u i l d i n g  
mode l s   fo r   u se   i n   c ryogen ic   t unne l s .  

3. A common s o u r c e   o f   t r o u b l e   w i t h   m o d e l s   u s e d   i n   c r y o g e n i c   t u n n e l s  i s  t h e  
p r a c t i c e   o f   c o m b i n i n g   m a t e r i a l s   h a v i n g   d i f f e r e n t   r a t e s   o f   t h e r m a l   e x p a n s i o n .  

4. A s i m p l e   m e t h o d   f o r   b u i l d i n g   a i r f o i l   m o d e l s   h a s   b e e n   d e v e l o p e d   w h i c h  
o f f e r s  many advan tages   ove r   me thods   p rev ious ly   u sed .  By b r a z i n g   t o g e t h e r  two 
o r  more  grooved  blocks  of metal i t  is p o s s i b l e   t o   g r e a t l y   i n c r e a s e   t h e  number 
o f   p re s su re   o r i f i ce s   wh i l e   r educ ing   t he   vo lume   w i th in   t he   mode l   r equ i r ed   fo r  
the   p ressure   p lumbing .  
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8-ft TPT 0.3-m TCT 

T t l  K 320 78 - 340 

Pt # atm 0.25 - 2 1 - 6.1 

M, 0.2 - 1.2  0.1 - 0.9 

( I - 1  atm 0.007 - 0.54 0.007 - 2.0 

R/m max 14 x lo6 390 x lo6 

Figure 1.- Range of operating  conditions  for  the 
Langley 8-foot  TPT and the 0.3-m TCT. 

2 - D  I N S E R T  

B A S I C  
I N S E R T  

20 c m  x 60 c m  

TUNNEL WITH 3 -  D 
34 c m   O C T A G O N A L  

Figure 2.- Langley 0.3-m TCT. 





F i g u r e  5.- Wing-body in te r fe rence   model   mounted  
i n  3-D test  s e c t i o n .  

F i g u r e  6 . -  Machined s t ee l  model 
used i n   s t r a i n - g a g e   b a l a n c e  
development.  
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F i g u r e  7 . -  S p a c e   S h u t t l e   O r b i t e r  model  mounted 
i n  3-D tes t  s e c t i o n .  

F i g u r e  8.- 0.3-m TCT two-dimensional (2-D) test s e c t i o n .  
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Figure 9.-  Machined  aluminum  buffet  models. 

,,,' 
.I ~ . 

Figure 10.- Machined  steel  model  used 
in  tests of advanced  strain-gage 
balance. 



F i g u r e  11.- Model of c o o l i n g   c o i l s  f o r  
NTF t e s t e d   i n  0.3-m TCT. 

F i g u r e  12.- Model  module  showing  method  of 
m o u n t i n g   a i r f o i l   m o d e l s .  
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F i g u r e  13.- G e n e r a l   r e s e a r c h   a i r f o i l  model  used i n  
a d i a b a t i c  w a l l  t empera tu re  tests. 

F i g u r e  14.- NPL 9510 a i r f o i l  model as t e s t e d   i n  0.3-m TCT. 



Figure  15.- NACA 0012 a i r f o i l  model  with  complex 
s tee l  tube  plumbing.  

F i g u r e  16 . -  Boeing a i r f o i l  model i n  t h e  0.3-m TCT. 
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F i g u r e  1 7 . -  P a r t i a l l y   c o m p l e t e d   a i r f o i l   m o d e l .  

F i g u r e  18.- Blanks u s e d   t o   c o n s t r u c t   s a m p l e   a i r f o i l .  



Figure 19 . -  Ultrasonic  view  of  sample  airfoil. 

Figure 20.- Metallurgical  view  of  diffusion  brazed  joint. 
(400x magnification) 
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Figure 21.- Sample  model  airfoil with top half  finish  machined. 

Figure 22.- Trailing-edge  orifices  in  bond  line 
of sample  model a i r f o i l .  
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INSTRUMENTATION  SYSTEMS  FOR  THE  NATIONAL TRANSONIC FACILITY 

Joseph F. Guarino 
Langley  Research  Center 

OVERVI  EN 

I n s t r u m e n t a t i o n  and  measurement  systems are  impor tant   e lements i n  any 
c o m p l e x   r e s e a r c h   f a c i l i t y .  The Na t iona l   T ranson ic   Tunne l   w i th   i t s   un ique  
o p e r a t i o n a l   c h a r a c t e r i s t i c s   i s   c l e a r l y  a complex f a c i l i t y  and  as  such 
represents  a s i g n i f i c a n t   c h a l l e n g e   t o   w i n d   t u n n e l   i n s t r u m e n t   d e s i g n e r s .   T h i s  
paper will b r i e f l y   d e s c r i b e   t h e   i n s t r u m e n t   r e q u i r e m e n t s  imposed  by  the new 
t e s t i n g   e n v i r o n m e n t ,   t h e   i n s t r u m e n t   s y s t e m s   b e i n g   p r o v i d e d   f o r   f a c i l i t y  
c a l i b r a t i o n  and opera t ion ,  and the   research   and  deve lopment   ac t i v i t ies  
d i r e c t e d   a t   m e e t i n g   o v e r a l l   i n s t r u m e n t   a n d  measurement  requirements. 

New Design  Requirements 

The approach  taken  to   achieve  h igh  Reynolds number t e s t   c a p a b i l i t y   i n   t h e  
NTF  was th rough a combina t ion   o f   c ryogen ic   opera t ion   and  inc reased  p ressure .  
These f a c t o r s   s i n g l y   o r   t o g e t h e r   a f f e c t e d   a l l   i n s t r u m e n t   d e s i g n s  and i n  some 
ins tances   c rea ted  new measurement  requirements. The impact o f   t h i s  new 
o p e r a t i n g   e n v i r o n m e n t   i s   c l e a r l y   i l l u s t r a t e d   b y   t h e   t y p i c a l  NTF o p e r a t i n g  
envelope shown i n   f i g u r e   1 .  As a p o i n t   o f   r e f e r e n c e ,   t h e  shaded  area a t  
t h e   l o w e r   l e f t   d e p i c t s   t h e   o p e r a t i n g   r a n g e   o f   e x i s t i n g   t r a n s o n i c   t u n n e l s .  
The v e r t i c a l   s c a l e   i s   e s s e n t i a l l y   p r o p o r t i o n a l   t o   t e m p e r a t u r e   a n d   c o v e r s  a 
range  vary ing  f rom  ambient  down t o  77 K (1400R). The cryogenic   env i ronment  
r e q u i r e s   t h a t   i n s t r u m e n t s  be  developed  capable o f   o b t a i n i n g   a c c u r a t e   d a t a   b y  
d i r e c t   o p e r a t i o n   a t   c r y o g e n i c   c o n d i t i o n s   o r   b y   p r o v i d i n g   i n s t r u m e n t s   w i t h  
thermall!/ c o n t r o l l e d  and  condi t ioned  enclosures.   Both  approaches  have  been 
pursued  with  success.  Force  balances  have  been  developed  and  evaluated a t  
c ryogen ic   tempera tures   w i th   ex t remely  good resu l t s .   P ressu re   i ns t rumen ta t i on ,  
on t h e   o t h e r  hand, r e q u i r e s  a t h e r m a l l y   c o n t r o l   l e d   e n v i r o n m e n t   f o r   s u c c e s s f u l  
ope ra t i on   a t   reduced   tempera tu re .   H igh   t unne l   ope ra t i ng   p ressu re ,   rep resen ted  
b y   t h e   h o r i z o n t a l   s c a l e   o n   f i g u r e  1 , r e s u l t s   i n   s i g n i f i c a n t l y   i n c r e a s e d  model 
l oads .   Th i s   requ i res   t ha t   f o rce   ba lances   be   des igned   w i th   ex t reme ly   h igh  
c a p a c i t i e s - - u p   t o  85 000 N (19,000  pounds) o f  normal  force  as  an  upper limit. 
The h i g h   a n t i c i p a t e d  model l o a d s   a l s o   d i c t a t e   t h e  need f o r  a model  deformation 
measurement  system  which  represents  both a new and  very d i f f i c u l t  measurement 
requi rement .   Inst rument   des ign i s   f u r t h e r   i m p a c t e d   b y   t h e   w i d e   o p e r a t i n g  
range  achievable i n  NTF r e p r e s e n t e d   b y   t h e   a r e a   o f   t h e   o p e r a t i n g   e n v e l o p e   i n  
f i g u r e  1. T h i s  may r e q u i r e ,   f o r  example, t h a t  more than one  balance i s  needed 
t o   c o v e r  a p a r t i c u l a r   t e s t   p r o g r a m  i f  data  accuracy i s   t o  be  maintained. 
A l though   on l y   t he   ex t reme  and   mos t   seve re   t es t   cond i t i ons   and   requ i remen ts  
have  been  discussed t o   t h i s   p o i n t ,  i t  should  be  emphasized t h a t   t h e   t u n n e l   c a n  
and will be  operated a t   s i g n i f i c a n t l y   l e s s  demanding c o n d i t i o n s   r e s u l t i n g  i n  
a less   severe   ins t rument   des ign   p rob lem.  
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NTF I n s t r u m e n t a t i o n  Systems 

A new, complex  wind  tunnel  such  as NTF r e q u i r e s  a h i g h   d e g r e e   o f   i n s t r u -  
m e n t a t i o n   t o   b r i n g   t h e   t u n n e l   o n - l i n e  and fo r   subsequen t   research   ope ra t i on .  
F o u r   b a s i c   m e a s u r e m e n t   s y s t e m s   a r e   p r o v i d e d   w h i c h   i n c l u d e   f a c i l i t y   c a l i b r a t i o n  
i ns t rumen ta t i on ,   p rocess   mon i to r i ng   i ns t rumen ta t i on ,   research  model i n s t r u -  
menta t ion ,   and  da ta   acqu is i t ion .  The f i r s t  t w o   a r e   f a c i l i t y   r e l a t e d  and a r e  
r e q u i r e d   t o   b r i n g   t h e   t u n n e l   i n t o   o p e r a t i o n   a n d   t o   m o n i t o r   c r i t i c a l   f a c i l i t y  
funct ions.   Over  1500  indiv idual   measurements,  as o u t l i n e d   i n   f i g u r e s  2 and 3, 
have  been i d e n t i f i e d   f o r   t h e s e  t w o   c a t e g o r i e s   o f   i n s t r u m e n t a t i o n .  A s i g n i f i c a n t  
f e a t u r e   o f   t h i s   i n s t r u m e n t a t i o n   i s   t h a t   m o s t   o f  i t  will b e   r e t a i n e d   i n   t h e  
t u n n e l   f o r   s u b s e q u e n t   t u n n e l   c a l i b r a t i o n   c h e c k s ,   w i t h  a s i g n i f i c a n t   p o r t i o n   t o  
be selected  and  used i n   c o n j u n c t i o n   w i t h   r e s e a r c h   d a t a   a c q u i s i t i o n .  

The number  and t y p e   o f   i n s t r u m e n t a t i o n   c h a n n e l s   f o r   r e s e a r c h   d a t a   a c q u i -  
s i t i o n   a r e  shown i n   f i g u r e  4. I n c l u d e d   a r e   t h e   f a m i l i a r   m o d e l - r e l a t e d  and 
t u n n e l   p a r a m e t e r   i n s t r u m e n t a t i o n   t y p i c a l l y   r e q u i r e d   t o   a c q u i r e   r e s e a r c h   d a t a .  
O f  n o t e   i s   t h e   a d d i t i o n   o f  a model deformation  measurement  system  and  the  use 
o f  t h e   n e w l y   d e v e l o p e d   E l e c t r o n i c a l l y  Scanned  Pressure  Measurement  System (ESP) 
f o r   p r e s s u r e  model app l i ca t i on .   Th i s   l i s t ,   a l t hough   ra the r   comp le te ,   can   and  
no doubt will change  as  requirements  change. 

Data a c q u i s i t i o n   i s  a c e n t r a l   f u n c t i o n   o f   a n y   c o m p l e x  measurement  system. 
The NTF d a t a   s y s t e m   c o m p l e x ,   i l l u s t r a t e d   i n   f i g u r e  5, provides  subsystems 
f o r   r e s e a r c h   d a t a   a c q u i s i t i o n ,   p r o c e s s   m o n i t o r i n g ,   f a c i l i t y   c o n t r o l  , and  data 
management. The key   f ea tu res   o f   t h i s   sys tem  i nc lude   redundancy   p rov ided   by  
use o f   f o u r   i d e n t i c a l   c o m p u t e r s   a n d   s w i t c h a b l e   p e r i p h e r a l s ,   t r a n s f e r   o f   d a t a  
among s u b s y s t e m s ,   r e a l - t i m e   d i s p l a y ,   o n - s i t e   p o s t t e s t   d a t a   a n a l y s i s ,  a 
communication l i nk   t o   t he   Cen t ra l   Da ta   Reduc t ion   Cen te r ,   and   na t i ona l   use r  
access f o r   p r e t e s t   e n t r y   f o r   t e s t   p l a n n i n g ,   s o f t w a r e   d e v e l o p m e n t ,   a n d  
debugging. 

Research  Instrument  Development 

To meet the  chal lenges  imposed  by  the  cryogenic   and  h igh  pressure 
o p e r a t i o n   i n   t h e  NTF, a -comprehensive  development  program was requ i red .  A good 
p o r t i o n   o f   t h i s   w o r k ,   a d d r e s s i n g   t h e  measurement  areas l i s t e d   i n   f i g u r e  6, 
began  about 4 years  ago  and i s   s t i l l  ongoing.  Considerable  progress  has  been 
made t o   d a t e   i n   m o s t   a r e a s  and i s   r e f l e c t e d   i n   s e p a r a t e   p a p e r s   c o v e r i n g   t h e  
f i r s t   f i v e   c a t e g o r i e s   l i s t e d   i n   f i g u r e  6. 

Progress   a lso  has  been made o n   t h e   r e m a i n i n g   i t e m s   l i s t e d .  Mach number 
and LN2 f l o w  measurement  presented  both  str ingent  accuracy  and  t ime  response 
requ i rements .   Fas t   response  d ig i ta l   quar tz   p ressure   t ransducers   were   se lec ted  
f o r   t h e  Mach number system  which  meet  control   system  response  requirements 
and p r o v i d e   t h e  +0.002 Mach number u n c e r t a i n t y   d e s i r e d .   F o r  LN2 f l o w  
measurement,  the-ul t rason ic   f l owmete r  was s e l e c t e d  and i s   s t i l l  undergoing 
t e s t  and  eva lua t ion .   Th is   sensor   p rov ides   the  f a s t  respanse,  accuracy,  and 
dynamic  range  needed i n   t h e   d e s i g n   o f   t h e  NTF contro l   system. Work i s  
c u r r e n t l y  underway  aimed a t   s e l e c t i n g  and  developing a s u i   t a b l e   f l o w  
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visualization  system  for NTF. Facility  design  dictates  that  any  system 
considered  must be located  within  the  plenum of the  tunnel--which is at 
cryogenic  temperature.  Both  schlieren  and  shadowgraph  approaches are under 
consideration and problems of  alinement, thermal  effects on windows, and  other 
system  components are currently  being  investigated. In addition, a schlieren 
system has  been designed for the Langley  0.3-Meter  Transonic  Cryogenic  Tunnel 
which  will  provide for  direct  facility testing  and  system  evaluation. In direct 
support of the  instrument  development  activities and selection o f  facility 
instrumentation, a detailed  measurement  analysis  was  initiated. The ultimate, 
and  ambitious,  aim of the  effort is to analyze  the total wind tunnel  measure- 
ment  process--from  sensor  through final  data.  To  date  an  analysis of critical 
tunnel  parameter  measurements  has  been  made  which  directly  aided in the 
selection of primary  tunnel  instrumentation. 

The  measurements  listed in figure 6 certainly do  not comprise all the 
anticipated NTF instrument  requirements.  Future  activities will include 
development of flow diagnostic  instrumentation,  dynamic  stability,  side-wall 
and  flow--through  force  balances,  gust  and  flutter  instrumentation,  and  fast 
response model pressure  instrumentation.  This  list is certainly  not  complete 
and  it is anticipated  that  additional  new  measurement  requirements  will  be 
generated once  the  facility is operational. 
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INSTRUMENTATION FOR CALIBRATION AhD CONTROL OF A 
CONTINLIOUS-FLOW CRYOGENIC  TUNNEL* 

Charles L. Ladson  and  Robert  A..Kilgore 
NASA Langley  ReseaFch  Center 

SUMMARY 

control.instrumentation that are influenced  by  the  extremes  in  the  temperature  environ- 
This paper  describes  those aspects  of  selection  and  application of calibration  and 

ment  to  be  found in cryogenic  tunnels.  A  description  is  given of the  instrumentation  and 
data  acquisition  system  used  in  the  Langley 0.3-m transonic  cryogenic  tunnel  along with 
typical  calibration data obtained in a  20-  by  60-cm  two-dimensional  test  section. 

SYMBOLS 

C 
M 
P 
q 
R  Reynolds  number 
T 
Tt 

chord  of  airfoil 
Mach  number 
pressure 
dynamic  pressure 

temperature 
mean  value  of  stagnation  temperature 
velocity 

Subscripts 

1 
ref 

local  value 
reference 

t  stagnation  value 
m free-stream  value 

Abbreviations 

GN 2 gaseous  nitrogen 
LN2 liquid  nitrogen 
% percent 
2-D  two  dimensional 

NTF 
P RT 
TCT 

National  Transonic  Facility 
platinum  resistance  thermometer 
0.3-m  Transonic  Cryogenic  Tunnel 

1. INTRODUCTION 

since  the  earliest days of  testing  subscale  models in wind tunnels.  The  need  has  been 
The need  for  increased  capability  in  terms of Reynolds number  has  been  recognized 

especially  acute  at  transonic  speeds where, because  of  the large  power  requirements of 
transonic tunnels, economic  forces  have  dictated  the  use  of relatively small tunnels. 

In  considering  the  various  ways of increasing  Reynolds  number  that  have  been  tried 
or  proposed  for  transonic tunnels, cooling  the  test  gas  to  cryogenic  temperatures (150 K 

well as capital  and  operating  c0st.l  In  addition,  having  temperature  as  an  independent 
or  less)  appears to  be the  best  solution  in  terms of model, balance,  and  sting loads, as 

test  variable offers some  new  and  unique  aerodynamic  testing  capabilities which, in  some 

number. 
instances,  may  be  of  equal  importance  with  the  ability  to  achieve full-scale Reynolds 

the  cryogenic  wind-tunnel concept to  various  types of high  Reynolds  number  transonic 
tunnels  since  the  autumn  of 1971 and, through  extensive  theoretical  and  experimental 
studies,  have  successfully  demonstrated  both  the  validity  and  practicality of the 
concept. 3-5 

Personnel  at  the  NASA  Langley  Research  Center  have  been  studying  the  application of 

There is, however, a  price  to  be  paid  for  the  many  advantages  offered  by  a cryogenic 

Compared to  an ambient temperature tunnel, the  wide  range  of  operating  temperatures  avail- 
wind  tunnel. The price  is  added  complexity in  both  the  design  and  operation  of  the  tunnel. 

able in a  cryogenic  tunnel results in added  complexity  in  such areas as  model  design  and 

control. This paper deals with the  single  area of instrumentation  and  associated  equip- 
instrumentation,  tunnel control, and  the  instrumentation  used  for  tunnel  calibration  and 

ment  used in the  calibration  and  control of cryogenic  continuous-flow  transonic  pressure 
tunnels. Specifically, this  paper  addresses  those  aspects of instrumentation  selection 

" . . .. .~ ._ " ~~ ._ ". . __ - .~ ". ~. ~ - - 
' *This  paper is based on a lecture  presented  at  the AGARD-VKI Lecture Series.111 

on CRYOGENIC WIND TUNNELS, May 19-23,  1980 - Rhode-Saint-Gensse,  Belgium  and 
May 27-30,  1980 - Hampton, Virginia, U.S.A.. 

81 



ll1111111111l1111111111lllll I I I I I 

and  application that are influenced  by  the  extremes in the temperature environment to be 

Langley 0.3-m transonic  cryogenic tunnel is  described  and examples of tunnel calibration 
found in cryogenic  tunnels. The calibration  and control instrumentation  used in the 

data  obtained in a  20-  by 60-cm 2-D test section  are  given. 

endorsement or recommendation  by  the U.S. government. 
It should be noted that the use of  trade names in this paper in  no way implies 

2. INSTRUMENTATION  SELECTION 

In general, the  process  of  selecting  instrumentation for the  calibration  and  control 
of a  continuous-flow  transonic  pressure  tunnel  capable  of  being operated at  cryogenic 

that  operates only at ambient temperatures. The steps to  be  taken  are:  (1)  determine 
temperatures  is no different from  the  process  that would be  followed for a  similar tunnel 

the  accuracy  requirements for the test parameters  of  Mach  number M,, Reynolds  number  R, 
dynamic  pressure q,, and  velocity V,; (2) calculate  the  sensitivity of the test param- 

p, and  total  temperature Tt; and finally, (3) select instrumentation which will  meet  the 
eters  to  the  uncertainties in the test conditions of total pressure pt, static  pressure 

accuracy  requirements. 

2.1 Accuracy  Requirements  for M,, R, q,, and V, 

The accuracy  requirements  of  the test parameters will vary in a  given  tunnel  depend- 
ing  upon  the  type  of  aerodynamic  test to be  performed. For most transonic  applications, 
an  accuracy in M, of 20.002  and  accuracies  in  R  and q, of better than ?0.5% of 
reading  are  required. This accuracy requirement for  Mach  number can probably  be  relaxed 
for  low-speed  testing. However, larger  variations in Mach number can cause significant 

of  R  and q, are  independent of tunnel speed.  In  some applications, such as dynamic- 
changes in shock wave location at the  higher  transonic  speeds. The accuracy  requirements 

stability testing, V, is  an  important  test  parameter  which must be  determined.  Here 
again, an accuracy  of  better  than 20.5% of reading is usually  required. 

2.2 Allowable  Error in Pressure  and  Temperature  Measurements 

None of the test parameters - M,, R, q,, or V, - can be measured  directly  with 
conventional  instruments.  However,  all  are  functionally  related to three  quantities  that 

nation  temperature Tt. It then  becomes  necessary to determine the sensitivity of M,, 
can  be  measured directly, namely, stagnation  pressure pt, static  pressure p ,  and  stag- 

R. q,, and V, to  the  inaccuracies in the  measured  values of pt, p, and Tt. Once 
this  has  been accomplished, the  required  accuracy for a given test  parameter  can  be 
expressed  in  terms of the  required  accuracy  for  the  pressure  and  temperature  measuring 
instruments. 

2.2.1 Allowable Error in Pressure  Measurement 

determine  the  allowable  error  in 
the  measurement  of  stagnation 0.4 - 
pressure  for  fixed  errors  in 
M, and q:f6 The results of  these 
calculations  are  shown in Figure 1 
as  a  function  of M,. For an 0.3 
allowable  error  in M, of kO.002 
and q, of 20.5% of reading, pt ALLOWABLE  ERROR IN pt. 
must  be  measured  to an accuracy  of 
about  20.25%  of  reading  at  the 
higher  Mach  numbers  and  to  better 
than iO.1% of  readina at the  lower 

Calculations  have  been  made  to 

- 

% READING 0.2 - 

~~~ 

Mach  numbers.  The  sensitivity 
of M, to errors in  static  pres- 

pressure,  but q, is less sensi- 
sure  is  the same as for stagnation 

tive,  especially  at  the  higher 
Mach  numbers. It should  be noted, 
however,  that  these  are  maximum 
errors  for a single  measurement. 
If the  error  analysis  is  based on 
most  probable  error or on standard 

mentation accuracy  is  not  as  great. 
deviation, the  required  instru- 

" 

Fig.  1  Allowable  error in Pt for 
fixed  error  in M, and q,. 

2.2.2 Allowable  Error in Temperature  Measurement 

Calculations  have also been  made  to  determine  the  required  accuracy  of  stagnation 
temperature Tt, necessary  to  have  measurements of V, and  R  accurate  to  ?0.5%  reading. 
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Results of these calculations, in 
terms of allowable  temperature 

Of  the two parameters, R is the 
error,  are  presented in Figure 2 .  

more  sensitive  to  temperature, 

ambient  temperatures  and about 
requiring an accuracy of f1 K at 

f0.3 K at cryogenic  temperatures. 
This is one area in which the 

mentation for a  cryogenic tunnel 
accuracy  requirements  for  instru- 

are  more  severe than for an 
ambient  temperature  tunnel. 

2.3 Other Considerations 

tion  process  is  one  of  choosing 
from the available  instrumentation 
that  which  will  meet  the  accuracy 
requirements. However, other 
factors, such  as  the range of  the 
test  variable,  response time, 
compatibility with the test 
environment,  and cost and  budget 
constraints, must also  be 
considered. 

The final  step in the  selec- 

3.0 r 
ALLOWABLE 

K 

Fig.  2  Allowable  error in Tt for 0.5% 
error  in  R  and V,. 

2.3.1 Accuracy  of  Available  Instrumentation 

2 .3 .1 .1  Pressure instrumentation.- 
The  accuracy oE three types of com- 
mercially  available  pressure  trans- 
ducers  as  a  function  of  percent  load 
is  shown in Figure 3 .  Typical "high 
accuracy"  strain-gage  devices  have  an 
accuracy of about 0 .25% of full scale. 
When  converted  to  percent  of reading, 
this  increases  to  about 1% at 25% of 
full-scale  load.  Variable  capacitance 
transducers  have  a quoted accuracy  of 
0.25% of reading  throuqhout  the  load 

LINEARITY. 
% READING 

range  but their-cost is at least an 
order of magnitude  greater  than  a 

bourdon  tube  transducer is by  far  the 
strain-gage  device. The quartz 

most  accurate,  although  it  costs about 
50% more  than  the  variable  capacitance 
transducers. LOAD. % FULL SCALE 

50 1W 

accuracy  on  the order of 0.1% is 
Because  pressure  instrumentation 

required  to  give  the  desired  accuracy 
in  Mach  number  and  dynamic pressure, 

has  been  selected  for  the  primary 
the quartz bourdon  tube  instrument 

tunnel  pressure  instrumentation  for  both  the  0.3-m TCT and  the  National  Transonic 
Facility  (NTF),  the  large  transonic  cryogenic  tunnel  now  under  construction  at  Langley. 
The quartz bourdon  tube  instrument  is  also  used  as  the  primary  pressure  instrumentation 
in other  pressure  tunnels  at  Langley.  Unfortunately,  the quartz bourdon  tube  pressure 
instrument  has  a  response  time  that  is  generally  much  too slow for  use with automatic 

but  more  responsive  pressure  instrumentation  is  used  to  provide  the inputs to  these 
tunnel  control  systems. Thus, as will be  described  in  more  detail later, less  accurate 

systems. 

Fig. 3 Accuracy  of  pressure  instrumentation. 

general  types of temperature  measurement  devices  are RESISTANCE  DEVICES 
2.3.1.2 Temperature  instrumentation.- Two 

available-for use at-cryogenic temperature. These 
are  resistance devices, such as the  platinum  resis- PLATINUM  RESISTANCE  THERMOMElER  IPRTl 
tance  thermometer (PRT), and thermocouples, both of 
which  are  being  used in the 0.3-m  TCT. As shown on 
Figure 4 ,  the PRT has  an  accuracy of t0.25K  which 
meets  the  accuracy  requirement  for  measuring Tt. 
However, it also has  a  very  slow  response time, 
varying  from 10 to 100 seconds, depending  upon  its 
design  and  size. Again, as was the case for the 
pressure  instrumentation,  the  high  accuracy  devices 

ACCURACY f 0.25  K 
RESPONSETIME 10 - lm SECONDS 

0 THERMOCOUPLES 

ACCURACY f 0 . 5  K TO f 2 K 

RESPONSE  TIME 0.1 - 20 SECONDS 

do not have  adequate  response  time  for  use- in 
automated  tunnel control systems. Thermocouples, 
which  have  accuracies  from tO.5 K to f2 K. devend- 

Fig. 4 Temperature  transducers 
suitable for cryogenic  tunnels 

ing upon  the  temperature range, have  response  times 
which  vary  from  about 0.1 to 20 seconds. This 

. -  
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wire, shielded, etc.),  and for unshielded  thermocouples in the smaller wire diameters, 
response  time  is  a function of both  the wire diameter  and the type of thermocouple  (bare 

the  response  times are compatible with automatic tunnel temperature control systems. 

One disadvantage  of  thermocouples  is  their  very  low  voltage output, being on the 
order of a  few  millivolts. Another disadvantage with thermocouples is due to  the  fact 

but also of  any  material  inhomogeneities which produce  a  parasitic  voltage if located in 
that  the net voltage output is  a  function not only of the  base metals of  the two wires 

a  temperature  aradient. Inhomoseneities in the wire can be Droduced bv either a  varia- 
tion in the chemical composition  along  its 

these can be detected by testing  lengths 
The presence of defects  such  as 

of  thermocouple wire in  a  temperature 
gradient by  using  a device, such as 

through  a  liquid nitrogen bath  and 
shown  in  Figure 5 ,  which runs the wire 

records  the  voltage output resulting 

ever, the  effects of inhomogeneities 
from  the  temperature  gradient.  How- 

cannot  be  readily  corrected. Typical 

Germain on three types of  thermo- 
results  obtained at Langley  by 

couple  wire  in  the  test  apparatus 

Figure 6. The  voltage spikes for 
shown in Figure 5 are  presented in 

the  type E (Chromel vs. Constantan) 
and K (Chromel vs. Alumel) thermo- 
couples  are  typical  of  those 

wire  tested  whereas the spike for 
recorded  throughout the length of 

the  type T (Copper vs. Constantan) 
thermocouple was the  only one found 
in that  sample of material. 

+ I O P V -  
- 0.2 K A i  LOO K 

a 

-1OvV- 

+ 10 v V r  

-10 VVL 
+ 1 a u v y  - 

Fig. 6 ~ypical homogeneity  test  results. 

1 .ength or by mechinical  strain  such  as  a  kink. 

mercial  premium  grade  type T thermocouple 
wire  are  presented  in Figure 7 as  a  function 
of temperature. These results, from  a  cali- 
bration of four  selected  thermocouples,  show 
their  error  to  be  only  about  one-half  of  the 
limit of error specification, with the 
largest  error  occurring in the  cryogenic 

such as these  can increase the  accuracy of  a 
temperature  region.  Using calibration data 

thermocouple reading, but it must  be  remem- 
bered  that  the effect of inhomogeneity  can- 
not  be  accounted  for. 

2 . 3 . 2  Range  of Test Variables 

The standard  limits  of  error  for  com- 

meet  the  required accuracy, the range of the 
variable  to  be  measured  can  be  a  major 
factor.  For example, a  liquid  column  manom- 
eter  is  a  very  accurate device for pressure 
measurement. However, if  the  pressure  level 
exceeds  two  atmospheres or so, the  height of 

use  a  manometer. The range of  test  conditions 
the  liquid  column makes  it impractical  to 

In  the  selection of instrumentation  to 

". 

Fig. 5 Homogeneity  test  rig. 

literature, it  appears  that  having  one 
wire of  pure  copper makes it easier  to  con- 
trol  the  overall chemical composition of 
type T thermocouples than either  types E 

metal. For these reasons, type  T  thermo- 
or K which have  both wires of alloyed 

couples  are  being  used in the  0.3-m TCT 
and  have  been  selected  for  use in the  NTF. 
An  additional  practical  advantage  of  the 
type T thermocouple  is  that it is  avail- 
able  in  a "premium quality" wire  which  has 
a  good (-+1%) match to published  voltage 
standards  at cryogenic temperatures.  None 
of the other types  are so available. Our 

only  the  type T "premium" thermocouple 
experience over the years has  been  that 

remains  within  the +1% band  at  cryogenic 
temperatures. 

Based on these  results  and on company 
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Fig. 7 Calibration of  type T 
thermocouples. 
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for  both  the 0.3-m TCT and  the  NTF is shown 
in Figure 8 to illustrate  the ranges to  be 0.3-m TCT - NTF 

encountered in these  tunnels  as well as to 
indicate  the  ranges  likely  to be encountered Mm 

0.1 - 0.9 0.2 - 1.2 

in other transonic  cryogenic  tunnels. The S T A G N A ~ l ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ,  T,, K 78 - 340 78 - 339 
largest  difference to be  noted  between  these 
two  tunnels is in stagnation  pressure where STAGNATION PRESSURE. pt' atm 1.0 - 6.12 1.0 - 8.85 
the  maximum  pressure  in  the  NTF is about 
50 percent  greater  than in the  0.3-m  TCT. STATIC  PRESSURE. p. atm 0.5 - 6.12 0.5 - 8.85 
The  differences in Mach  number do not affect 
the  selection of instrumentation to any 
great  extent. 

2.3.3 Response Time 

Fig.  8  Range of test conditions. 

Because of the  relatively  high cost of operation of high  Reynolds  number  tunnels, fast 
response  times  are  desirable for all instrumentations.  Response  time  is  especially  impor- 
tant when an instrument is used  to  provide an input  signal  to an automatic  closed-loop 
tunnel control system. For example, the  tunnel  control  system inputs for  the  0.3-m TCT 
come  from  instruments with as short a  response  time  as  practical,  at  the  sacrifice of some 
accuracy.  Separate  dedicated  instrumentation,  which is less responsive but more  accurate 
than  that  used with the  tunnel controls, is  used  to give highly  reliable  readings of the 
test  variables  pt, p, and  Tt. Details of this  particular  instrumentation as well as 
further  discussion of response  times  are  given  in  subsequent  portions  of this paper. 

3. INSTRUMENTATION  USED  IN THE 0.3-m TCT 

In  the  0.3-m TCT, the  practice  of  isolating  instrumentation  from  the  cryogenic 
environment  has  been  adopted when possible.  With  the  obvious  exception of temperature 
transducers,  most  instrumentation  is  located  exterior  to  the  tunnel  pressure shell, thus 
completely  avoiding  problems  related  to  temperature  variation.  If  a  device  must  be  located 

automatically  at  approximately  300 K by  using  a  thermostatically  controlled  electric 
in  the  cryogenic environment, it is  enclosed  in  an  insulated  container which is  maintained 

heater.  Devices  such  as  slidewire  potentiometers,  digital  shaft encoders, and  pressure 

manner. However, with each of these  systems  there  are  heaters,  thermostats, wires, elec- 
scanning  valves  have  been  successfully  operated  within  the  tunnel  pressure  shell  in  this 

trical connections, electrical  feedthroughs,  and  power  supplies  which  add  to  the  complex- 

the  0.3-m TCT has  been  lost  due to the  failure of one  of  these  simple  support  devices 
ity of the  system and, inevitably,  reduce  its  reliability.  On  many occasions, run  time in 

rather  than due to  any  failure in the  instrument  itself.  Based on our  experience with the 
0.3-m TCT, we  must  conclude  that it is  best  to  locate  electronic  equipment  exterior  to  the 
tunnel  in  an  ambient  temperature  and  pressure  environment  if at all  practical. 

described. 

3.1 Pressure  Instrumentation 

Some  details  of  the  instrumentation  presently  being  used in  the  0.3-m TCT are now 

For two-dimensional  airfoil  tests,  the  0.3-m  TCT  is  equipped  to  obtain  static- 

wake, and static  pressures on the  test  section sidewalls, floor, and ceiling. Static- 
pressure measurements on the airfoil surface, total  head measurements in the airfoil 

pressure  taps  are also located  throughout  the  tunnel  circuit  to  obtain information on 
the  performance  of  the  contraction  and  diffuser sections, fan  pressure rise, and  pressure 
losses  across  various  elements  of  the  tunnel  circuit. To measure  the  pressures  for  such 
a  large  number of points,  a  scanning  valve  system  capable of operating  ten  48-port 
scanning  valves  is  used.  Because of the  large  changes in dynamic  pressure  of  the  tunnel 
over  its  operational  range  (a  factor  of  about 7 5 ) ,  conventional  strain-gage  pressure 
transducers  are  not  used. Instead, we use commercially  available  high-precision  capaci- 
tive  potentiometer-type  pressure transducers.' 

tion  in  order  to  reduce  response  time. To provide  increased accuracy, the  transducers 
The pressure  transducers  are  mounted  in  instrument  racks  adjacent  to  the  test  sec- 

are  mounted on thermostatically  controlled  heater  bases  to  maintain  a  constant  tempera- 

from  the  transducers  are  connected  to  individual  signal  conditioners  located  in  the 
ture  and  on "shock" mounts to  reduce  possible  vibration  effects.  The  electrical  outputs 

tunnel  control  room. The signal  conditioners  are  autoranging  and  have seven ranges 
available. As a  result  of  the  autoranging  capability,  the  analog  electrical  output  to 
the  data  acquisition  system  is kept at a  high  level  even  though  the  pressure  transducer 
may  be  operating at the  low  end of its  range. 

Pressure  transducers with a  maximum  range  of 6.8 atm  are  available  for model and 
tunnel  wall  pressure.  More  sensitive  transducers,  having  a  maximum range of 1.36 atm, 
are  available for pressure  measurements  in  the  airfoil  wake. The transducers  have  an 
accuracy  of +0.25% of  reading  from -25% to  100%  of  full  scale.  At  present about 35  pres- 

channels will be  available  in  early  1982. 
sure  transducers  are  available.  However,  the  system is being  expanded  and 125 pressure 

that  is  much more  accurate  than  the  capacitive potentiometer  type  pressure  transducer. 
As a result, the  commercially  available quartz bourdon  tube  type of pressure gage 

To determine M, to an accuracy  of  tO.OO1, it is  necessary  to use instrumentation 



previously  described  is  used  for  the  measurement of pt, p, and  the reference pressure 
used  on other differential  pressure  transducers. This system has  an  accuracy of about 
0.01% of full  scale at low pressures  to about 0 .02% of full scale at the  high  end of its 
range. 

3.2 Temperature  Instrumentation 

The characteristics  of  both  thermocouples  and  platinum  resistance  thermometer  (PRT) 

and to  some extent cost, it  has  been  necessary  to  use  both  thermocouples  and PRT's in the 
temperature  sensors  have  been  previously  described.  Based on response time, accuracy, 

0.3-m  TCT. 

Type T  thermocouples  are  used  for  a  fixed  temperature  survey  rig  located  in  the 
settling  chamber  of  the  tunnel.  In  this application, we are  trying  to  determine  the  dis- 
tribution of temperature  and  the  absolute  level is relatively  unimportant. The various 
thermocouples on the  rig are made  from  the  same roll of wire and care was taken  to  avoid 
kinking  the  wire or introducing  other  possible  sources  of  error  into  the  system. 

monitor temperature  differences  during and  immediately after  tunnel cooldown in order  to 
In addition, type T thermocouples are  used  in  the test-section-plenum area to 

avoid  taking  aerodynamic  data  with  the  relatively  thick  test  section walls distorted due 
to  thermal  gradients.  Although  the  amount  of  thermally  induced  distortion  is small, even 
small  changes in test  section  area  have  a  major  effect on the  longitudinal  distribution 
of M, at  the  higher  values of M,. 

thermocouple  is  also  used as the  temperature  sensor  for  the  closed-loop  automatic  tempera- 
As previously mentioned, because  of  the  need for rapid  response time, the  type T 

ture  control  system. In this  application,  the  rapid  response  requirement  has  been 
achieved  at  the  expense  of  accuracy. 

able "ice point"  junction  which  automatically  maintains  the  reference  junction  at 
273.2 K f 0.025 K. 

The  reference  temperature  for  the  thermocouples  is  provided by a  commercially  avail- 

The  values of Tt which  are  used  to  calculate  the tunnel parameters  are  obtained 
from PRT's located  just  downstream of the  screen  section. As previously described, the 
higher  accuracy  requirements for Tt have  been  achieved  at  some  sacrifice in response 
time by using  PRT's.  Although  the  long  response  times of the PRT's would  introduce 
problems if  they  were  used  in  the  automatic  temperature  control system, the  nature  of 
the  testing in the  0.3-m TCT is such  that  sufficient  time  is available for the PRT's to 
come  to  equilibrium  with  the  stream  before  temperature  readings  are  required for the 
accurate  determination of Tt. 

3.3 Mass-Flow  Measurement  and  Control  Instrumentation 

One  special  instrumentation  requirement for the  0.3-m TCT is  associated  with  the  2-D 
test  section  sidewall  boundary-layer  removal  system. The requirements  for  this  system 
are  to  remove  from  1%  to 4 %  of the test section  mass  flow  through  porous  plates  in  the 
test  section  sidewalls  and  to  measure  and  control  the  removal  rate  to  within 1% of the 

maximum  to  minimum  removal  rate  is  about  140  to 1. This range of mass-flow  control  and 
desired  set  point.  With  the  large  operational range of the  0.3-m TCT, the  ratio of 

mass-flow  control  and  measurement  devices. 
its  measurement  to  the  required  accuracy is well beyond  the  capability of conventional 

11 bit  digital  valves  have  been  selected  to  meet  these  requirements  since  they  have  the 
ability  to  handle  both  the  control  and  measurement  functions. These digital  valves  are 
similar  to  those  presently  being  used  at  the  0.3-m TCT for  the  control of LNz injection 
into  the  tunnel  and  the  control of GN2 exhaust  from  the  tunnel.  Although  the 11 bit 
valve  does  not  give  the  desired  1%  of  reading  accuracy  over  the  entire  mass-flow  range, 

The  two  digital  valves  and  their  associated  control  microprocessor are currently  under 
it  gives  the  desired  accuracy over the most important  portion of the  operating  envelope. 

operational  check-out in the  tunnel. 

3.4  Traversing  Wake-Survey  Probe 

Two commercially  available  (Process  Systems  Incorporated)  microprocessor  controlled 

A  vertical  traversing  probe  system  is  located  on  the  left  sidewall  of  the 2-D test 

The  distance  between the airfoil  and the centerline of the probe  support  can be  varied 
section  downstream of the turntable. The mechanism has a traversing range of 25.4  cm. 

with  the  probe  capable  of  being  located  either at tunnel  station 26.0 cm or at  tunnel 
station  31.1  cm. The probe is driven by  an electric  stepper  motor  and  can  operate  at 
speeds  from  about 0 . 2 5  cm/sec to about 15 cm/sec.  The  stroke  and  speed can be  remotely 

of  this  system  is  to  survey  the  total  pressures  in  airfoil wakes by using  a  pitot  tube 
controlled  from  the  operator's  panel  in  the  control  room. Although  the  primary  purpose 

survey rake, the  probe  can  be  equipped  with other types of instruments  such  as  thermo- 
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Fig. 9 View of 2-D test  section  showing 
airfoil  and  survey  rake. 

couples or hot  wires. Figure 9 is a 

which  shows  an  airfoil in place  and  the 
general  view of the 2-D test  section 

present  pitot-tube  survey  rake  located 
in its most  forward  position in the 
test section. For this  configuration, 
the  pitot  tubes  are  located 0 . 8 8  chord 
downstream of the  airfoil  trailing  edge. 

Details  of  the  multitube  pitot 

disc type  static  probes as well as six 
probe  are  shown in Figure 10. Three 

pitot  probes  are  mounted on the assembly. 
Tunnel  sidewall  static  pressure taps are 

probes for use in the  determination of 
also provided in the  plane of the  pitot 

transducers  are  used  for  each  tube on 
the  airfoil  drag  coefficient.  Individual 

pressure  response  time low. The verti- 
the  probe  assembly  in order to keep 

cal position  of  the  probe is recorded on 
the  data  acquisition  system  using  the 
output from  a  digital  shaft encoder 
geared  to  the  probe  drive  mechanism. 

3.5 Flow-Quality  Instrumentation 

a  wind  tunnel it is  highly 
desirable  to  obtain  information 
on the flow quality  as  well  as 
on  the  Mach  number  distribu- 
tion. The flow quality  is  gen- 

During  the  calibration  of 

erally  determined by measure- 
ments  of  sound  pressure  level 
and  velocity  fluctuations  in 
the  different  planes. I ,  905 - 2.54  952 

can  be  measured  by  the  use  of 
The sound  pressure  level 

piezoelectric  transducers. One r 19.939 :0.034 D I A  HOLE 
such  device  has  been  used in SECTION A-A 

-3.810A3.175-) 
T 

TCT at  Mach  numbers  up to 0.9 
the  test  section  of  the  0.3-m 

fo r  stagnation  pressures  to 

Tt was varied  from  ambient  to  near  liquid  nitrogen  temperatures.  Because  this  particu- 
5 atm.5 During  these tests, 

lar  transducer  has  a  sensitivity  to  temperature  of  about 0.05% per 1 K, it must  be  cali- 
brated  dynamically  throughout  its  operational  temperature  range  if  accurate  measurements 
are  required. This type  of  calibration  is difficult to  obtain  and  little  has  been  done 
to  date. 

Fig. 10 Details of wake-survey  probe. 

date, hot wires of 5 micron  diameter  and  a  length-to-diameter  ratio of about  250  have 
Velocity  and  temperature  fluctuations  can  be  measured  by  using  hot-wire  probes. To 

been successfully used in the  0.3-m TCT only to  Mach  numbers of about 0.1 for  stagnation 
pressures  up  to 5 atm  under  cryogenic  temperature  conditions.  Further  tests  are  planned 

which  hot-wire  probes  may  be  used  has  not yet been  determined. 
in  the  near  future  using  3.8  micron  diameter  wire at higher  Mach  numbers. The limit to 

velocities  in  a  tunnel of this  type. A simple  LDV setup has  been  used  to  make  preliminary 
Laser  doppler  velocimeter (LDV) systems  can also be  used  to  determine  fluctuating 

tunnel  empty  measurements.  Improvements  to  the  system  are  now  being  made  and  further  test- 
ing  will  be  done  in  the  near  future. 

4 .  0.3-m TCT DATA  ACQUISITION  SYSTEM 

Data from  the  0.3-m  transonic  cryogenic  tunnel  are  recorded on magnetic  tape at the 
Langley  central  data  recording  system. This system, which was installed in the  late 
1950's, serves  several  wind  tunnels  and other test  facilities on a  time-share  basis.  A 
total of 99 analog  channels of recording  capability  are  available  at  the  tunnel  with  a 
maximum  range  of 100 mV  and  a  resolution  of 1 part  in 10,000. In  a  continuous mode, all 

mode  the  maximum  rate  is about 4 scans per  second. All analog  data  are  filtered with a 
data  channels can be scanned at a  sample rate of  20  per  second while in a  single scan 

4 Hz low pass  filter. 

A  small computer is used  to  sequence  the  data  acquisition system, provide  timing 
input  signals for the  scanning-valve drive system, provide real-time,visual displays  and 
plots,  and control the  angle-of-attack  and  wake-survey-probe  drive  systems. The computer 

87 



11111'11111'1111'11111' II ' ' ' 

is  programmed to allow the recording of from one to nine single frames of data  for  each 
port on the  scanning  valves. The time  between  each  frame of data and  the dwell time on 
the port before  the first frame of  data is taken are both  variable  inputs. 

All inputs to  the computer are  made  through  a  teletype  keyboard. An X-Y plotter is 
used  to  produce  real-time  plots  of  pressure  distribution over the  airfoil  and  total  head 
loss through  the airfoil wake. Other real-time  displays  include  digital  readouts of 
Mach  number  and  Reynolds  number.  Angle-of-attack  and  wake-survey-probe drive commands 
are also entered  through  the  teletype  and are transmitted  through  the computer to  the 
respective  drive  system. 

The wake-survey drive can  operate in either of two  modes. In the first or manual 
mode, the  initial  and final location of the  probe in the tunnel as well as  the  number of 
steps  between  are  the input parameters.  In  the  second or automatic mode, the  computer 
determines  the  upper  and  lower  boundaries  of  the  airfoil  wake  automatically by first 
making  a  continuous sweep of the  survey  probe  through  the  tunnel  before  the data record- 
ing  sequence  begins. The wake-survey probe is  synchronized with the  scanning  valves so 

are  advanced  to  a new port.  If  more  survey  probe  points  are  desired  than  scanning  valve 
that  the  probe  is  moved  to  a  different  vertical  location  each  time  the  scanning  valves 

ports,  the  probe  will  continue on its  traverse  after  the  scanning  valves  have  reached 
their  last  port. 

5. TYPICAL CALIBRATION  RESULTS  FROM THE 0.3-m TCT 

presented  in Figure 11. In this view the 
A  sketch of the Langley 0.3-m TCT is 

flow  is  clockwise. An array of thermo- 
couples is located at the  upstream  end of 
the  screen  section to  measure  vertical 

The primary  pressure  and  temperature  sen- 
and  lateral  temperature  distributions. 

sors  are  located  in  the  contraction  sec- 
tion,  just  downstream of the  screen  sec- 

section of the  0.3-m TCT are  shown in 
tion. Details of  the  plenum  and 2-D test 

Figure 12. Pressure taps  are  located  in 
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Fig.  12  Sketch  of  2-D test Section. 

longitudinal rows along  the  centerline 
of both  top  and  bottom  slotted walls 
and  along  the  centerline  of one solid 
sidewall.  Both  left  and  right  turn- 
tables  are  also  instrumented  with 
pressure  taps  for  tunnel  empty  cali- 
bration  purposes. The reference 

manifold  which  connects  four orifices, 
static  pressure  is  measured on a 

two  on  each  sidewall  located as far 
upstream of the  turntable as practical. 

5.1  Mach Number  Distribution 

Typical  results  of  the  longitudi- 

along  the  centerline of  the  top slotted 
nal  distribution of local  Mach number 

wall  are  presented in Figure 13. This 
distribution  is for a  stagnation  pres- 
sure of 3.1 atm  and  a  stagnation 

Fig. 11 Sketch of Langley 0.3-rn TCT. 
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Fig. 13 Typical local  Mach  number 
distribution  along  top  slotted  wall. 
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temperature of 105 K. The top and  bottom  slotted  wails were diverged about 0.5O from 

data show that for Mach  numbers  below  about 0.15, the  distribution is relatively  uniform 
the  centerline whereas the  two  solid  sidewalls  were  parallel  to  the  centerline. The 

off. This location  roughly  corresponds  to  the  location in the  test section where the 
to  about 50 cm downstream  of  the  center of the  turntable  where  the  speed  begins  to  drop 

indicating  the walls were diverged  slightly  more  than  necessary. 
slots  begin  to open rapidly. At higher  Mach  numbers,  a  negative  gradient  is observed, 

Figure 14 shows the  local  Mach  number  distribution on one of the  model  turntables 

of  pressure  taps on the turntable, two horizontal, two diagonal,  and one vertical,  num- 
for  the same conditions of 3.1 atm and  105 K. As shown on the sketch, there are 5 rows 

bered 1 through 5 .  This figure again shows  the  longitudinal  gradient in rows 1 through 4 ,  
but the  data  from row 5 indicate  essentially no vertical  gradient. 

pt = 3.0 atm, Tt = 105 K 
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Fig.  14  Typical  local  Mach  number  distribution on model  turntable. 

M, has  been  defined  based on the 
The  test  section  Mach  number 

average of the 36 pressure  taps 
located on the  turntable.  The  cali- 
bration  factor AM  is defined  as 
the  difference  between  the  calcu- 
lated  reference  Mach  number Mref 

M,. A  plot  of  the  calibration 
and  the  test  section  Mach  number 

as  a  function of Mref. Data are 
factor is presented in Figure 15 

presented  for  four  stagnation 
pressures  and  at  three  stagnation 
temperatures at each pressure. 
These  values of temperature  and 
pressure  include  combinations 
which  are close to  the operational 
extremes of the  tunnel.  Although 
a  large  increase in the  calibration 

approximately 0.75, due  to  the 
factor  occurs at  Mach  numbers  above 

previously  discussed  longitudinal 
gradient, it should be noted that 
there is little effect of  tempera- 
ture  and  pressure on the  calibra- 

data is generally within an error 
tion factor. The scatter of the 

band of about 0.001 which, it 
should  be noted, is within  the 
accuracy of the  test  instrumentation. 
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Fig. 15 Mach  number  calibration for 2-D 
test section  of  0.3-m  TCT. 
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5.2 Temperature Distribution 

A typical  lateral  temperature  distribution in the  screen section of the tunnel is 
presented in Figure 16 for  a  Mach  number of 0.70 and  a stagnation pressure of 5 . 9  atmo- 

spheres. As shown on the figure, there are 
eight radial rows of instrumentation with 
three  thermocouples on each  row,  spaced  equi- 
distant  between  the centerline and  the  wall. 
There is also a single thermocouple  located 
on the  centerline. Each temperature shown 
on the figure is the average of 185  readings 
of the  thermocouple  during  a  time  span of 

was at a  steady  state condition and pressure 
72 seconds. During this time, the tunnel 

data  were  being obtained using  scanning 
valves. For this case, which is  near  the 
maximum Reynolds number capability of the 
tunnel, the  average of the  25  thermocouples 
is  105.9 K and  the  standard deviation, u ,  

absolute  value of this  temperature  may  be 
is 0.20  K. As mentioned  previously,  the 

the  thermocouple wire, but  the  differential 
slightly in error due to  the  accuracy of 

temperatures  should  be  reliable. 

have  been  obtained throughout the  opera- 
Data such  as  presented  in  Figure 16 

tional range of the  tunnel  during  the  tunnel 

Figure  17  for  selected  Mach  numbers at three 
form of standard deviation, are  presented in 

lI 106.0 K T6 106.2 K T l l  106.0 K T16 105.4 I: '21 lo5.' empty  calibration  process.  Results,  in  the 
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Fig. 16 Typical lateral  temperature 
distribution. 

different  stagnation  temperatures  and  for 
near  minimum  and  maximum  stagnation  pres- 
sures. The results show that  the  variations 
in  standard  deviation of stagnation  tempera- 
ture  in  the  screen  section of the  tunnel  are 

do  not  vary in any systematic way with 
less  than  about 0.5 K and that the results 

either  Mach  number or stagnation  tempera- 
ture. The value of the  deviation does, 
however,  tend  to  be  lower at the  higher 
stagnation  pressure. 
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Fig. 17 Standard  deviation of 
stagnation  temperature  survey. 

6. CONCLUSIONS 

Some  of  the aspects of selecting  and  using  instrumentation  for  the  calibration  and 
control  of  continuous-flow  cryogenic  wind  tunnels  have  been  discussed  and  examples of 
instrumentation  used in the  Langley  0.3-m TCT have  been given in this  paper.  In addition, 
typical  calibration  results  from  the 0.3-m TCT have  been  described. The main  conclusions 
to  be  drawn  from o u r  experience  at  Langley  are: 

meet  the  requirements f o r  calibration  and  control  of  continuous-flow cryogenic wind 
tunnels. 

(1) Adequate  pressure  and  temperature  instrumentation is commercially  available  to 

(2) The response  time of high  accuracy  instrumentation  is  usually  much  too slow for 
use  with  automatic  tunnel control systems. Thus, it may  be  necessary  to  use one set of 
less  accurate  but  highly  responsive  instrumentation  for control purposes  and  a  separate 
set of highly  accurate but less  responsive  instrumentation for the  determination of the 
test  conditions. 

best  way of avoiding  problems related  to  temperature  variation. However, the  ancillary 
( 3 )  Thermal isolation of the  instrumentation  from  the  cryogenic  environment is the 

equipment  needed for thermal isolation  inevitably results in  reduced  reliability. 

( 4 )  Conventional flow-quality  instrumentation,  such  as  hot-wire probes, has yet to 
be  used  successfully  except  at  extremely  low  speeds  in  the 0.3-m  TCT. 
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demonstrated. However, because  these  transducers  are  sensitive  to changes in tempera- 
ture  and  are  exposed  to  the  cryogenic  environment,  they must be dynamically  calibrated 
over the  entire  operational  temperature range of the  tunnel  if  high  accuracy  measure- 
ments  are  desired. 

(5) The use of a  piezoelectric  transducer  to  measure  sound  pressure  levels has been 

(6) For applications  such as sidewall  boundary-layer  removal  systems,  measuring  and 
controlling  mass  flow can be  realized  to  any  desired  degree  of  accuracy by  using  com- 
mercially  available  "digital"  valves. 
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ONSET OF  CONDENSATION  EFFECTS IN 

CRYOGENIC WIND TUNNELS 

Robert M. Hall 
NASA Langley Research  Center 

ABSTRACT 

The onset of condensation effects in cryogenic wind tunnels limits their 
minimum  operating  temperatures. If  this onset of effects occurs below  satura- 
tion temperature,  then  the tunnels may be operated  at the lower  temperatures 
and additional benefits to cryogenic tunnel operation, such as increased 
Reynolds number capability and  reduced  operating costs, will result. Both 
homogeneous  and heterogeneous nucleation processes are discussed as they  per- 
tain to continuous-flow cryogenic wind  tunnels. Examples from condensation 
experiments  in  the Langley 0.3-m Transonic Cryogenic Tunnel are also reviewed. 

INTRODUCTION 

The subject of this  paper  is the minimum  operating  temperatures of  cryo- 
genic wind tunnels as determined by  the onset of effects due to condensation in 
aerodynamic test data. The goals and objectives of this  research  effort are 
illustrated  in figure 1. Unit Reynolds number  and  drive-fan  power requirements 
are shown over  a  total temperature range from 322 K down to a  total  temperature 
fixed by saturation, where saturation represents  those flow conditions where the 
static  pressure  and  temperature at a given Mach number fall on the  vapor- 
pressure curve for nitrogen. A s  seen in  figure 1, there  is  a  dramatic factor 
of 6 increase in Reynolds number capability and a significant reduction in drive 
power  for operation at a constant value of  tunnel  total  pressure of 1 atm when 
varying  temperature down to its saturation value. (That nitrogen is a suitable 
test gas over  the  temperature range shown and for total  pressures  up to 9 atm 
has  been  discussed in references 1 to 3 . )  The objective of  the condensation 
work is  to determine for a range of  operating pressures the temperatures  at 
which the onset of condensation effects on aerodynamic  test  parameters  actually 
occurs. If, as is expected, the minimum operating temperature boundary is 
below  the  saturation temperature, then additional increases in Reynolds number 
and decreases in drive power  beyond those seen in figure 1 will be possible. 

Any additional increase in Reynolds number due to  the temperature reduction 
below  saturation  may  be  utilized in several ways. First, by  operating at the 
maximum  tunnel total pressure, it  will be possible to maximize the available 
unit Reynolds number. Second, if a given nodel is limited b.ecause of structural 
constraints to testing at some reduced total pressure, it will be possible to 
maximize  the  chord Reynolds number for the model at the structural total pres- 
sure limit. Finally, it would also be  possible to use the additional Reynolds 
number  capability  due to temperature reduction to reduce the  tunnel  total pres- 
sure  required for operating at a fixed value of Reynolds number that falls 
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w i t h i n   t h e   m o d e l   o r   t u n n e l   o p e r a t i n g  limits. I n   o t h e r   w o r d s ,   i f   m a x i m i z i n g  
Reynolds  number is n o t   n e c e s s a r y ,   t h e n   t h i s   a d d i t i o n a l   c a p a b i l i t y   d u e   t o  tem-  
p e r a t u r e   r e d u c t i o n   c a n   b e   u s e d   t o   r e d u c e   t h e   o p e r a t i n g   t o t a l   p r e s s u r e   n e c e s s a r y  
t o  a c h i e v e   t h e   f i x e d   v a l u e   o f   R e y n o l d s   n u m b e r .  

Reduced o p e r a t i n g   t o t a l   p r e s s u r e   r e d u c e s   d r i v e  power   requi red ,   which   in  
t u r n   l e a d s   t o   r e d u c e d   l i q u i d   n i t r o g e n   r e q u i r e d   f o r   a b s o r b i n g   t h e   h e a t   a d d e d   t o  
t h e  stream by t h e   d r i v e   f a n .   F o r   o p e r a t i n g  a t  a f i x e d   v a l u e   o f   u n i t   R e y n o l d s  
number ,   f igure  2 shows t h a t   t h e r e  i s  approximate ly  a 2 p e r c e n t   d e c r e a s e   i n  
r e q u i r e d   l i q u i d   n i t r o g e n   c o n s u m p t i o n   t o   a b s o r b   t h e   h e a t   o f   t h e   d r i v e   f a n   f o r  a 
1' r e d u c t i o n   i n   t o t a l   t e m p e r a t u r e   w h i l e   o p e r a t i n g  a t  t e m p e r a t u r e s   c l o s e   t o  
s a t u r a t i o n .   S i n c e   l i q u i d   n i t r o g e n   c o s t s   c a n   d o m i n a t e   o p e r a t i n g   e x p e n s e s ,   t h e r e  
are p o t e n t i a l l y   w o r t h w h i l e   s a v i n g s   i n   o p e r a t i n g   c o s t s   i f   o p e r a t i o n   b e l o w   s a t u r a -  
t i on   t empera tu res  is p o s s i b l e .  

SYMBOLS 

cP s t a t i c   p r e s s u r e   c o e f f i c i e n t ,  
P - P, 

qm 
C a i r f o i l   c h o r d ,  m 

M Mach number 

P p r e s s u r e ,  atm ( 1  a t m  = 101 kPa) 

q dynamic   p ressure ,  a t m  

R Reynolds  number 

r r a d i u s   o f   d r o p l e t ,  m 

r C  c r i t i c a l  r a d i u s   o f   d r o p l e t ,  m 

T t e m p e r a t u r e ,  K 

X l i n e a r   d i m e n s i o n   a l o n g   a i r f o i l   c h o r d   l i n e ,  m 

a a i r f o i l   a n g l e   o f   a t t a c k ,   d e g r e e s  

S u b s c r i p t s  : 

L l o c a l   c o n d i t i o n s  

t t o t a l   c o n d i t i o n s  

m f r e e - s t r e a m   c o n d i t i o n s  
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TYPES OF NUCLEATION  PROCESSES 

There are two d i s t i n c t   p r o c e s s e s   t h a t   c a n   o c c u r   i n   c r y o g e n i c   w i n d   t u n n e l s  
t h a t  may l e a d   t o   t h e   o n s e t   o f   c o n d e n s a t i o n   e f f e c t s .  The   p r imary   d i f f e rence  
be tween   t he   p rocesses  i s  r e l a t e d   t o   t h e   a v a i l a b i l i t y   o f   s e e d   p a r t i c l e s .   I f  
t h e r e  are n o t   e n o u g h   p r e - e x i s t i n g   s e e d   p a r t i c l e s ,   o r   n u c l e i ,   p r e s e n t   i n   t h e  
f low  to   cause   condensa t ion   t hen   t he   gas   mus t   fo rm i ts  own s e e d   p a r t i c l e s   t h r o u g h  
t h e   f o r m a t i o n   o f   l i q u i d   d r o p l e t s   a n d   t h u s   u n d e r g o   w h a t  i s  c a l l e d  homogeneous 
n u c l e a t i o n .   I f   t h e r e  is  a s u f f i c i e n t  n u m b e r   o f   s e e d   p a r t i c l e s   a l r e a d y   p r e s e n t  
i n   t h e   f l o w ,   t h e n   c o n d e n s a t i o n   c a n   o c c u r   d i r e c t l y   o n   t h e s e   s e e d s   w i t h o u t   h a v i n g  
t o  wait  f o r   t h e   f o r m a t i o n   o f   l i q u i d   d r o p l e t s   o u t   o f   t h e   g a s   i t s e l f .   T h i s   s e c o n d  
p r o c e s s  is  c a l l e d   h e t e r o g e n e o u s   n u c l e a t i o n ,   w h e r e   t h e   p r e f i x   " h e t e r o "   r e f e r s   t o  
t h e   m i x t u r e   o f   g a s   m o l e c u l e s   a n d   t h e   p r e - e x i s t i n g   s e e d   p a r t i c l e s .  

The   format ion   of   l iqu id   d rople t s ,   which  i s  so e s s e n t i a l   t o  homogeneous 
n u c l e a t i o n ,   h a s   a n   e n e r g y   b a r r i e r   a s s o c i a t e d   w i t h  i t .  D r o p l e t s   h a v e   s u r f a c e  
t e n s i o n   a n d   t h i s   s u r f a c e   t e n s i o n   r e s u l t s   i n  a s u r f a c e   e n e r g y .   T h i s   r e q u i r e d  
s u r f a c e   e n e r g y   r e s u l t s   i n   a n   e n e r g y   b a r r i e r   t o   l i q u i d   d r o p l e t   f o r m a t i o n .  A s  
shown i n   f i g u r e  3, i n   min imiz ing   ene rgy   o f   fo rma t ion ,  a l l  d r o p s  smaller t h a n   t h e  
c r i t i c a l  r a d i u s  rc t e n d   t o   e v a p o r a t e   w h i l e  a l l  d r o p l e t s   l a r g e r   t h a n  rc tend  
t o  grow. A t  s a t u r a t i o n   t e m p e r a t u r e   t h e   v a l u e   o f  rc i s  i n f i n i t e   b u t   g e t s   p r o -  
g r e s s i v e l y  smaller as t h e   l o c a l   v a l u e s   o f  p and T go fu r the r   be low  the   vapor -  
p re s su re   cu rve .  The o n s e t   o f   c o n d e n s a t i o n   e f f e c t s   d u e   t o   h o m o g e n e o u s   n u c l e a t i o n  
o c c u r s  when t h e   v a l u e   o f  rc i s  small enough   t ha t   enough   d rop le t s   o f   r ad ius  
g r e a t e r   t h a n  rc are being  formed  by random c o l l i s i o n s   o f   t h e   g a s   m o l e c u l e s   t o  
a f f e c t   t h e   a e r o d y n a m i c   d a t a .  

Homogeneous n u c l e a t i o n   c a n   b e   p r e d i c t e d  by c lass ica l  l i q u i d   d r o p l e t   t h e o r y  
a s   d i s c u s s e d   i n   r e f e r e n c e  4 .  One i n v e s t i g a t i o n   o f   t h e   o n s e t   o f   c o n d e n s a t i o n  
e f f e c t s   d u e   t o  homogeneous n u c l e a t i o n   i n   n i t r o g e n  w a s  r e p o r t e d   b y   S i v i e r   i n  
r e f e r e n c e  5 and i s  summarized i n   f i g u r e  4 .  T h i s   f i g u r e   s u m m a r i z e s   t h e   r e s u l t s  
of a c o m p u t e r   s t u d y   i n   w h i c h   S i v i e r   p r e d i c t e d   t h e   o n s e t   o f   c o n d e n s a t i o n   e f f e c t s  
i n  a one-d imens iona l   nozz le   for  a v a r i e t y   o f   d i f f e r e n t   n o z z l e   e x p a n s i o n  ra tes  
and   fo r  a v a r i e t y   o f   d i f f e r e n t   t o t a l   c o n d i t i o n s .  T h e   o n s e t   o f   e f f e c t s  w a s  
f o u n d   t o   f a l l   w i t h i n   t h e  two l i n e s   o f   f i g u r e  4 t o   t h e   l e f t  of t h e   n i t r o g e n  
vapor-pressure   curve .   S ince  a f low  i s en t rope   wou ld   fo l low a pa th   f rom  the  
u p p e r   r i g h t   o f   t h e   f i g u r e   t o w a r d   t h e   l o w e r  l e f t ,  i t  c a n   b e   s e e n   t h a t   t h e   d i s -  
t a n c e   b e l o w   t h e   v a p o r - p r e s s u r e   c u r v e   t h a t   o n e  may go b e f o r e   t h e   p r e d i c t e d   o n s e t  
of  homogeneous e f f e c t s  may b e  a much s t r o n g e r   f u n c t i o n  o f   o n s e t   p r e s s u r e   t h a n  
o f   f a c t o r s   s u c h  as expansion rates. The expe r imen ta l   da t a   u sed   fo r   compar i son  
by Sivier  were a l l  t aken   i n   hype r son ic   w ind   t unne l s ,   where   t he  s t a t i c  v a l u e s  
of p a t  o n s e t  were 0.01 a t m  o r  less. However, i n   t h e  case of   the   Langley  
0.3-m Transonic   Cryogenic   Tunnel  (TCT) o r   t h e   N a t i o n a l   T r a n s o n i c   F a c i l i t y  (NTF), 
p a t  o n s e t  may be   on   t he   o rde r   o f  3 o r  5 a t m .  Consequen t ly ,   one   goa l   o f   t he  
condensa t ion   r e sea rch  a t  L a n g l e y   h a s   b e e n   t o   v e r i f y   o r   c o r r e c t   t h e   o n s e t   b a n d  
o f   S i v i e r   i n   t h e   p r e s s u r e   r a n g e   o f   i n t e r e s t   t o   h i g h - p r e s s u r e ,   t r a n s o n i c ,   c r y o -  
g e n i c   t u n n e l s .  To t h i s   e n d ,   r e s e a r c h  i s  s t i l l  c o n t i n u i n g .  

I n   t h e  case o f   he t e rogeneous   nuc lea t ion ,   where   condensa t ion   occu r s   on   p re -  
e x i s t i n g   s e e d   p a r t i c l e s ,  i t  i s  n o t   n e c e s s a r y   t o   o v e r c o m e   a n   e n e r g y   b a r r i e r   t o  
d r o p l e t   s e e d   f o r m a t i o n   s i n c e   t h e   s e e d   p a r t i c l e s   a l r e a d y   e x i s t .   C o n s e q u e n t l y ,  
growth  can  be  expected as  soon as the   f l ow  becomes   s a tu ra t ed .  Of c o u r s e ,  

95 



whether or not the  onset  of  condensation effects will occur depends upon the 
seed  particles. To cause  effects  there must be enough  pre-existing  seed  par- 
ticles to allow a sufficient amount of gas molecules to condense and thermo- 
dynamically  influence  the  flow. A s  explained in reference 6, the occurrence of 
condensation  effects  depends on the size and number density  of  the  pre-existing 
seed particles, how far below  the  vapor-pressure curve the  values of p  and T 
are,  and the length of  time  the flow is exposed to these temperatures  below  the 
vapor-pressure  curve.  Therefore, once a flow field can be approximated,  the 
most  important  quantity  for  predicting condensation effects due to heterogeneous 
nucleation is the initial  size and number  density  of  the  pre-existing  seed 
particles. 

The most  likely  source  of  seed  particles in continuous-flow  cryogenic 
tunnels is the  liquid  nitrogen  injection  process, which is used  to absorb  the 
heat  of  the  drive  fan. First, the  liquid  that is injected  into  the  tunnel is 
broken up  by the  injecting  spray  nozzles  and  the  aerodynamic  forces  arising 
from the tunnel flow past  the  injection  station (see  ref. 6). Whether  or not 
the resulting  liquid  droplets  completely  evaporate before they are swept by  the 
tunnel flow from  the  injection  station to the  test  section  depends on the  tem- 
perature of  the tunnel (see fig.  5  for  the  geometry of the 0.3-m  TCT).  Cer- 
tainly at some low value of temperature  the  bulk of the injected  liquid will not 
evaporate and  may provide  a  sufficient  number  of  seed  particles  in  the test 
section to trigger  condensation  effects due to heterogeneous  nucleation. Sec- 
ond, the  injected  liquid nitrogen itself may contain a  sufficient  number  of 
solid  or  liquid  impurities with higher  boiling  temperatures  than  nitrogen to 
provide  a  background of pre-existing  seed  particles  sufficient  to  cause  effects. 
In contrast to  the number  density of unevaporated nitrogen droplets,  the  number 
density  of  the  impurities  may be relatively  insensitive to tunnel  operating 
temperature. 

EXPERIMENTS IN THE 0.3" TCT 

To  answer  the  questions  regarding  the  onset of effects due to homogeneous 
and heterogeneous nucleation, a  number  of  experiments  have  been  conducted  in  the 
0.3-m TCT at  Langley. They have  primarily  involved an NACA  0012-64  airfoil, 
total  pressure probes, and an NPL-9510  airfoil. This work is referred to in 
detail in references 7 ,  8, and 6, respectively,  and is summarized in this 
sect  ion. 

The first  experiment  involved the  NACA  0012-64 airfoil, which is shown in 
cross  section in figure 6. The airfoil was instrumented with pressure  orifices 
at 5  percent chordwise intervals. The airfoil was tested in such  a  manner  that 
total temperature was reduced while both  Mach  number  and  Reynolds  number were 
held  constant. Consequently, with both  Reynolds and Mach  numbers  constant,  any 
difference in one of the  orifice  pressure  coefficients, Cp, could  be  attributed 
to  the onset of condensation  effects.  An  example of the  total  temperatures and 
pressures  at  which  the  onset of effects was actually  observed is shown in  fig- 
ure 7. The airfoil was mounted at zero angle of attack, which resulted in a 
maximum local Mach  number  of 1.20 for M, = 0.85. The total  temperatures  and 
pressures  corresponding to saturation  at  the  maximum local Mach number,'the 
free-stream  Mach number, and  the  nearly  zero Mach number in the  settling  chamber 
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are  all  shown  in  figure 7. As is apparent in the  figure,  effects  occurred at 
temperatures  not  only  below  local  saturation  over  the  airfoil  but  below  free- 
stream  saturation. Furthermore, the  nearly  constant  temperature  difference 
between  free-stream  saturation  and  the  onset  of  condensation  effects was the 
first  indication  that  the  effects  detected  were  resulting  from  condensation on 
pre-existing  seed  particles  upstream  of  the  model in the  test  section.  That 
these  effects were indeed  the  result of heterogeneous  nucleation  was  verified 
by  removing  the  airfoil  from  the  tunnel  and  looking  at  the  free-stream flow by 
means of  total pressure  probes.  Indeed,  the  total  pressure  probes  detected  the 
onset  of  effects  at  the  same  general  temperatures  and  pressures  as  did  the 
NACA 0012-64 airfoil. 

Also  included  in figure 7 is the line corresponding  to  Sivier's  predicted 
onset  of homogeneous  nucleation  for  the  maximum  local  Mach  number of 1 . 2 0  over 
the  airfoil.  (See  ref. 6 for  details of how  Sivier's  analysis was applied.) 
As  can  be seen,that  homogeneous  nucleation  effects  were  not  detected  during  the 
experiment is consistent  with  Sivier's  analysis  because  his  calculations  show 
homogeneous  nucleation  occurring  at  temperatures  below  those  where  heterogeneous 
nucleation  effects  began. 

In order  to  get a better  chance to  detect homogeneous  nucleation  at tem- 
peratures  above  those  where  heterogeneous  nucleation  would  be  expected  in  the 
free  stream,  it was decided to  test an airfoil  capable  of  generating  relatively 
high  local  Mach  numbers.  A  British  NPL-9510  airfoil  was  chosen  for  the  experi- 
ment  and was mounted  in  the  two-dimensional  turntable  of  the  0.3-m TCT, as 
shown  schematically  in  figure 8. The primary  data  source  during  this  experiment 
was  visual  detection of condensate,  or fog, as seen  by  viewing  through  the "Dl' 

shaped  windows  over  the  model. In this  manner  visual  differentiation  could  be 
made  between  fog  occurring  locally  in  the  region  just  above  the  airfoil,  fog  of 
a light  and  unsteady  nature  appearing  throughout  the  test  section  itself,  and 
fog  of a moderate  and  steady  nature  occurring  in  the  test  section.  An  example 
of  the results  obtained  from  this  test  is  shown  in  figure 9 ,  where  for  a  free- 
stream  Mach  number  of 0.75 and  an  angle  of  attack  of 6 O ,  the maximum  local  Mach 
number  reached  a  value  of 1.70. The visual  detection  of  local  fog  is  shown  by 
the  circles  and  compares  very  closely  with  the  line  corresponding  to  Sivier's 
prediction  for  the  onset  of  effects  due  to  homogeneous  nucleation  in  the  region 
of  maximum local  Mach  number.  Unfortunately, as seen  in  figure 8, the  field  of 
view  over  the  airfoil  did not extend  down  to  the  surface  of  the  model.  Conse- 
quently,  local  fog  may  have  occurred  several  degrees  higher  in  temperature 
before  it was  observable in the  field  of  view.  Nevertheless,  the  trend with 
pressure  of  the  observed  local  detection  does agree with  Sivier's  prediction. 

The onset  of light,  unsteady  fog  in  the  test  section  is  represented by  the 
squares  in  figure 9 and occurs  close to free-stream  saturation  temperature  over 
the  total  pressure  range. The onset of steady,  brighter  fog,  represented  by  the 
triangles,  occurred a  degree  or two below  free-stream  saturation  total  tempera- 
ture. The  onset of the  steady  fog  appears to correlate  quite  closely  with  the 
onset  of  pressure  effects  for  both  the  NACA 0012-64 airfoil and  the  total  pres- 
sure  probes. 
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IIIIII II II I 

That  the  appearance  of  visual  fog  in  the  test  section  correlates  very 
closely  with  the  free-stream  saturation  temperature  strongly  suggests  that  the 
pre-existing  seed  particles  responsible for  the  fog are the  result  of  impurities 
in the  tunnel  rather  than  the  result  of  unevaporated  liquid  nitrogen  droplets 
remaining  from  the  injection  process.  The  main  reason  for  this  conclusion  is 
that  many  of  the  processes  associated with  liquid  nitrogen  droplet  atomization, 
evaporation,  and  re-entrainment  downstream of  flow  obstacles  are  pressure 
dependent.  For  example,  increased  pressure  would  be  expected  to  result in  more 
rapid  evaporation  of  the  droplets  and  much  smaller  droplets  after  collisions 
with  turning  vanes  and  other flow obstacles.  Consequently,  increased  tunnel 
pressure  should  minimize  the  temperature,  relative  to  some  saturation  boundary, 
at  which  the  unevaporated  nitrogen  droplets  reach  the  test  section. The data 
in  figure 9, however,  show  absolutely  no  influence of  tunnel  pressure  with 
regard  to  the  appearance  of  fog  in  the  test  section  compared  to  free-stream 
saturation  temperature. 

CONCLUDING  REMARKS 

The  following  remarks  appear to  be appropriate  in  light of  the  minimum 
operating  temperature  studies  at  Langley  up  to  this  time. 

1. Cryogenic  wind  tunnels  should  be  operated as cold  as  possible to maximize 
Reynolds  number  capability  and  to  reduce  the  amount of  liquid  nitrogen  required 
to absorb  the  heat  of  the  drive  fan. 

2. As  a  result  of  the  simulation  studies  by  Adcock  and  others,  nitrogen 
appears  to  be an  acceptable test  gas  at  both  the  high  pressures  and  low  tempera- 
tures  of  interest  to  the  NTF  and  other  transonic  cryogenic  wind  tunnels  using 
nitrogen as a test  gas.  Consequently,  the  onset  of  condensation  effects  appears 
to  be  the  limiting  factor  with  regard  to  minimum  operating  temperatures  of  the 
NTF  and  other  cryogenic  tunnels. 

3 .  There  are two  distinct  types  of  nucleation  processes - homogeneous  and 
heterogeneous - that can,  either  separately  or  in  combination,  affect  the  aero- 
dynamic  test  data. 

4 .  Homogeneous  nucleation,  by  its  nature  of  having  to  form  its  own  seed 
particles,  or  nuclei,  will  be  most  likely to  occur  in  regions  of  high  Mach  number 
where  the  resulting  pressures  and  temperatures  will  be  appreciably  below  the 
vapor-pressure  curve.  Consequently,  tests  in  which  there  are  very  high  local 
Mach  numbers  over a  wing  will  be  particularly  susceptible to  homogeneous  nuclea- 
tion  effects. The  onset of  these  effects  has  been  detected  at  temperatures  above 
those  corresponding  to  free-stream  saturation. 

5. Heterogeneous  nucleation  is  the  process  by  which  condensation  takes  place 
on  pre-existing  seed  particles in the  flow. The crucial  factor  in  this  case  is 
knowing  the  size  and  number  density  of  these  seed  particles. The most  likely 
areas  of  effects  would  be in  regions  where  the  flow is  at  temperatures  below 
saturation  for  a  relatively  long  time - in  the  test  section  itself  or  over  rela- 
tively  large  chord  models.  While  heterogeneous  nucleation  in  the  0.3-m  TCT  has 
only  been  detected  at  temperatures  below  free-stream  saturation  at  this  point  in 
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.Lhe experimental program, it may also cause condensation effects locally over 
models at temperatures above free-stream  saturation. 

6 .  More work is required for both types of nucleation before the minimum 
operating temperatures of cryogenic wind  tunnels can be confidently predicted. 
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Figure 5.- Schematic  of  Langley 0.3-meter Transonic 
Cryogenic  Tunnel (TCT). 
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FLOW QUALITY  MEASUREMENTS I N  TRANSONIC W I N D  TUNNELS AND PLANNED 

CALIBRATION OF THE NATIONAL TRANSONIC FACILITY 

P .  Calvin  Stainback  and  Dennis  E .  F u l l e r  
NASA Langley  Research  Center  

SUMMARY 

The  need f o r  mean flow  and  dynamic  f low  quali ty  measurements was c o n s i d e r e d  
f o r   t h e   N a t i o n a l   T r a n s o n i c   F a c i l i t y  (NTF). P a s t   e x p e r i e n c e   i n   m a k i n g   f l o w  
q u a l i t y   m e a s u r e m e n t s   i n   t r a n s o n i c   f l o w s   a n d  a t  c ryogen ic   t empera tu res  w a s  used 
t o   g u i d e   t h e   s e l e c t i o n   o f   m e t h o d s   t o   b e   u s e d   i n   t h e  NTF. It a p p e a r s   t h a t   s u i t -  
a b l e   i n s t r u m e n t a t i o n  w i l l  b e   a v a i l a b l e   a n d   a d e q u a t e   e x p e r i e n c e   h a s   b e e n   o b t a i n e d  
t o   i n s u r e   t h a t   t h e   p r o p e r   c a l i b r a t i o n   o f   t h e  NTF c a n   b e  made. 

INTRODUCTION 

The a p p a r e n t   e v e r - e s c a l a t i n g   c o s t   o f   f u e l   h a s   r e s u l t e d   i n  severe d e s i g n  
r e q u i r e m e n t s   f o r   f u t u r e   a i r c r a f t   t o   i n s u r e  a s u b s t a n t i a l   i m p r o v e m e n t   i n   f u e l  
economy. Th i s ,   i n   t u rn ,   has   p l aced   s t r ingen t   r equ i r emen t s   on   w ind   t unne l   da t a  
o b t a i n e d   w i t h   m o d e l s   u s e d   t o   p r e d i c t   t h e   p e r f o r m a n c e   o f   f u l l  scale  a i r c r a f t .  
In a d d i t i o n   t o  more n e a r l y   s i m u l a t i n g  mean f l o w   f l i g h t   c o n d i t i o n s ,   w i n d   t u n n e l s  
must  have a f l o w   q u a l i t y   i n   t h e  tes t  s e c t i o n   t h a t  is  good  enough t o   i n s u r e   t h a t  
p e r t u r b a t i o n s   i n   t h e   f l o w  w i l l  n o t   a d v e r s e l y   i n f l u e n c e   t h e   a e r o d y n a m i c   c h a r a c -  
t e r i s t i c s   o f   m o d e l s .  

In t h e   p a s t ,  good f l o w   q u a l i t y  was b a s e d   a l m o s t   e n t i r e l y  on mean f low 
measurements. A t  t h e   p r e s e n t  t i m e ,  i t  i s  b e l i e v e d   t h a t   t h e   a d d e d   a c c u r a c y  
r equ i r ed   f rom  wind   t unne l   da t a  w i l l  a l s o   r e q u i r e   t h e   d y n a m i c   f l o w   q u a l i t y   t o   b e  
good ( r e f .   1 ) .   T h a t  is ,  f l u c t u a t i o n s   o f   v e l o c i t y ,   d e n s i t y ,   a n d   t o t a l  tempera- 
tu re   (o r   vo r t i c i ty ,   sound ,   and   en t ropy)   mus t   be   sma l l   enough   t o   i n su re   t ha t  
d y n a m i c   f l u c t u a t i n g   f l o w   e f f e c t s  w i l l  n o t   a d v e r s e l y   i n f l u e n c e   m e a s u r e d   r e s u l t s  
on models. 

A s  a r e su l t   o f   t hese   r equ i r emen t s ,   t he   Subson ic -Transon ic   Aerodynamic  
Divis ion  has   embarked  on  an  extensive  program  to   measure  and  document   the 
dynamic   f low  qua l i ty  of i t s  s u b s o n i c   a n d   t r a n s o n i c   w i n d   t u n n e l s   ( r e f .  2 ) .  In  
a d d i t i o n ,   e x t e n s i v e   p l a n n i n g  i s  underway t o   i n s u r e   t h a t   t h e  mean and  dynamic 
f l o w   q u a l i t y   i n   t h e  NTF w i l l  be   adequa te ly   measu red   and   documen ted   ( r e f s .  3 
and 4 ) .  T h i s   r e p o r t  w i l l  d i s c u s s   b r i e f l y  some of t h e   e x p e r i m e n t s   t h a t   h a v e  
been made t o   m e a s u r e   t h e   d y n a m i c   f l o w   q u a l i t y   i n  several f a c i l i t i e s ,   p r e s e n t  
some o f   t h e s e   r e s u l t s ,   a n d   d e s c r i b e   p l a n s   f o r   m e a s u r e m e n t s   t o   b e  made i n   t h e  
NTF . 
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SYMBOLS 

A1 - A8 

E 

e' 

f,X 

M, 

P 

PW 

Rho t 

Rcold 

RaJ 

constants  in  equation (7) 

mean  voltage  across  wire 

instantaneous  voltage  across  wire 

maximum  frequency 

free-stream  Mach  number 

free-stream  static  pressure 

static  pressure  at  wall 

hot  resistance  of  wire 

cold  resistance of wire 

free-stream  unit  Reynolds  number 

alnE velocity  sensitivity of  wire 
P,ToJw 

sP  = (E) 
alnE density  sensitivity  of  wire 

%To , T, 

total  temperature  sensitivity of wire 

U,P,TW 

TO 

TW  wire  temperature 

U free-stream  velocity 

P free-stream  density 

free-stream  total  temperature 

Superscripts 

' instantaneous  values 

rms values - 
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FLOW QUALITY - GENERAL 

I n   g e n e r a l ,  mean flow  quali ty  measurements are made o n l y   i n  new f a c i l i t i e s  
o r   f a c i l i t i e s   i n  which  major  al terations  have  been made t h a t  can change  the 
mean flow i n   t h e  test section.  These  measurements are u s u a l l y   c a l l e d   t u n n e l  
c a l i b r a t i o n s  and consis t   of   measuring Mach number and   f low  angle   var ia t ion  
w i t h i n   t h e  test volume  of t h e  test s e c t i o n .   I f   l a r g e r   t h a n   a c c e p t a b l e  varia- 
t i o n s  i n  these   quant i t ies   occur ,   addi t iona l   measurements  are required  through-  
o u t   t h e   c i r c u i t  of t he   t unne l   t o   de t e rmine   t he   causes  of t he   va r i a t ions .   These  
additional  measurements  might  be made i n   t h e   h i g h   s p e e d   d i f f u s e r ,   s e t t l i n g  
chamber, t he   con t r ac t ion ,  plenum, test sgc t ion ,  and  fan  sect ion,   and  across  
coo le r s  and turning  vanes.  I n  some f a c i l i t i e s   t h e  mean t o t a l   t e m p e r a t u r e   d i s -  
t r i b u t i o n   i n   t h e  test volume also  requires   measuring.  

D y n a m i c  f l ow  qua l i t y  is seldom  rout inely  measured  in   subsonic   and  t ransonic  
wind tunnels.  These  measurements are usua l ly   on ly  made  by r e s e a r c h e r s   i n v e s t i -  
ga t ing  phenomena known t o   b e   s i g n i f i c a n t l y   i n f l u e n c e d  by f l u c t u a t i o n s   i n   t h e  
flow. The de termina t ion   of   the   t rans i t ion   Reynolds  numbers of laminar boundary 
l a y e r s  i s  an  example  of   these  types  of   invest igat ions.  

Flow f l u c t u a t i o n s  are  usually  measured  using a hot w i r e  anemometer; how- 
ever ,  a t  compressible  subsonic,   transonic,   and low supersonic  Mach numbers, t h e  
mean voltage  measured  across a hot  wire i s  a funct ion  of   the mean v e l o c i t y ,  
dens i ty ,   and   t o t a l   t empera tu re   ( r e f .  5 ) .  Because  of t h i s   complex i ty ,  dynamic 
f low  qual i ty   measurements   in   these Mach number regimes are  a lmost   nonexis ten t ,  
and the  measurements  that  have  been made r equ i r ed   s eve ra l   a s sumpt ions   i n   o rde r  
t o   c a l c u l a t e   t h e   d e s i r e d   f l u c t u a t i n g   q u a n t i t i e s .  

MEASUREMENT OF MEAN FLOW  QUALITY 

Since mean f low  qua l i ty  i s  usua l ly   r epor t ed   fo r  wind t u n n e l s   i n   t h e  form 
of t u n n e l   c a l i b r a t i o n s ,  a d i scuss ion  of p a s t  measurements w i l l  no t   be  made. 
I n s t e a d ,   t h i s   s e c t i o n  w i l l  de sc r ibe   t he  mean flow  measurements t o   b e  made i n  
the   Nat iona l   Transonic   Fac i l i ty  (NTF) . 

Figure  1 shows a d iagram  of   the   c i rcu i t   o f   the  NTF and i n d i c a t e s   t h e  
locat ions  where mean flow  measurements are t o  be made. A t  t h e   p r e s e n t  time 
plans are being made t o  make most  of t h e  mean flow  measurements i n   t h e  t es t  
section  and,  unless  major  f low  problems are encountered,  only a l i m i t e d  number 
of mean flow  measurements w i l l  be  made a t  o ther   loca t ions .   Therefore ,   the  
present   d i scuss ion  w i l l  b e   l i m i t e d   t o  a d e s c r i p t i o n  of  measurements t o   b e  made 
i n  t h e  test  sec t ion .  

The l o c a t i o n  of s t a t i c  p r e s s u r e   o r i f i c e s   i n   t h e  t e s t  s e c t i o n  walls is 
i l l u s t r a t e d   i n   f i g u r e  2. There are 76 o r i f i c e s   l o c a t e d   i n   b o t h   t h e   t o p   a n d  
bot tom  sur faces   o f   the  tes t  sec t ion   and  74 on t h e   " f a r "  w a l l .  Measurements 
from these  s t a t i c  p r e s s u r e   o r i f i c e s   a l o n g   w i t h   t h e   m e a s u r e d   t o t a l   p r e s s u r e  w i l l  
be  used  to calculate t h e   l o c a l  Mach numbers a t  t h e  wal l  a l o n g   t h e  test sec t ion .  
The upper   and  lower  surfaces   of   the  test s e c t i o n  are moveable i n   o r d e r   t o  
e s t a b l i s h  a uniform Mach number f o r   t h e   l e n g t h  of t h e  test section.  Because  of 
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the   l a rge   Reynolds   number   range  of t h e  NTF, i t  m i g h t   b e   n e c e s s a r y   t o   l o c a t e   t h e  
upper   and  lower  surfaces  a t  d i f f e r e n t   p o s i t i o n s  as the  Reynolds   number is 
changed t o   i n s u r e   t h a t   t h e  Mach.number is u n i f o r m   o v e r   t h e  test s e c t i o n   l e n g t h  
f o r  a l l  tes t  s e c t i o n   f l o w   c o n d i t i o n s .   T h e   u p p e r   a n d   l o w e r   s u r f a c e s  a t  t h e  
e n t r a n c e   t o   t h e   h i g h   s p e e d   d i f f u s e r  are  a l so   moveab le .   These   su r f aces  w i l l  b e  
p o s i t i o n e d   t o   p r o v i d e  maximum e f f i c i e n c y   f o r   t h e   h i g h   s p e e d   d i f f u s e r .  

A f t e r  a uniform Mach number h a s   b e e n   e s t a b l i s h e d   o v e r   t h e  tes t  s e c t i o n  
based  on  measurements a t  t h e  wall, a c o n s t a n t   d i a m e t e r   t u b e  w i l l  b e   i n s t a l l e d   i n  
t h e  t es t  s e c t i o n  as shown i n   f i g u r e  3. T h i s   t u b e  i s  7.6 c m  i n   d i a m e t e r   a n d  
10.7 m long,   mounted  into a f i x t u r e  on t h e   a n g l e   o f   a t t a c k   s e c t o r .   T h e   t u b e  
c a n   b e   p l a c e d   a l o n g   t h e   c e n t e r l i n e   o f   t h e  test s e c t i o n   a n d   o n  a 0.61-m r a d i u s  
a r o u n d   t h e   c e n t e r l i n e .   T h e   t u b e   h a s  300 s t a t i c  p r e s s u r e   o r i f i c e s   a l o n g  i t s  
length.   The  measurement   of   the  s t a t i c  p r e s s u r e s   p l u s   t h e   t o t a l   p r e s s u r e  w i l l  
b e   u s e d   t o   c a l c u l a t e   t h e  Mach numbers   a long   t he   t ube  a t  t h e   c e n t e r l i n e   a n d  a t  
several p o s i t i o n s   a r o u n d   t h e  0.61-m r a d i u s  away f r o m   t h e   c e n t e r l i n e , ,   t o   i n s u r e  
t h a t   t h e  Mach number d i s t r i b u t i o n   i n   t h e   i n t e r i o r   o f   t h e  tes t  s e c t i o n  i s  a l s o  
c o n s t a n t   o v e r  i ts l eng th .   Dur ing   t hese  tests,  measurements   a long   the  walls 
w i l l  a l s o   b e  made, recorded,   and  compared  with  those  measured a t  t h e   i n t e r i o r  of 
t h e  tes t  r e g i o n .  

A r a k e   ( f i g ,  4 )  w i l l  b e   u s e d   t o   m e a s u r e   t h e   t o t a l   p r e s s u r e   a n d   t o t a l  
t e m p e r a t u r e   d i s t r i b u t i o n   o v e r   t h e  tes t  sec t ion   vo lume .   The   r ake  i s  1.52 m long ,  
h a s   2 0   t o t a l   p r e s s u r e   a n d   1 0   t o t a l   t e m p e r a t u r e   p r o b e s ,   a n d   c a n   b e   r o t a t e d   a b o u t  
i t s  s t i n g   a n d  moved f o r e   a n d   a f t   i n   t h e  test  sect ion.   These  movements   permit  
t h e  mapping  of t h e   t o t a l   p r e s s u r e s   a n d   t o t a l   t e m p e r a t u r e s   t h r o u g h o u t   t h e   v o l u m e  
of t h e  test  s e c t i o n ,  

A yaw probe  w i l l  b e   u s e d   t o   m e a s u r e   t h e   f l o w   a n g l e s   t h r o u g h o u t   t h e  test  
volume,  and a c a n d i d a t e   p r o b e  is  i l l u s t r a t e d   i n   f i g u r e   5 .   T h e   s u r f a c e s   o n  
which  measurements w i l l  b e  made are  p o r t i o n s   o f  a square   pyramid   in to   which  
a re  d r i l l e d   f o u r   s t a t i c   p r e s s u r e   o r i f i c e s   n o r m a l   t o   e a c h   s u r f a c e .   T h i s   p r o b e ,  
or   one   o f  similar c o n f i g u r a t i o n ,  w i l l  be   u sed   t o   measu re   t he  mean f l o w   a n g l e s  
i n   t h e   v e r t i c a l   a n d   h o r i z o n t a l   p l a n e s   o v e r   t h e  tes t  volume. 

The mean flow  measurements w i l l  b e  made o v e r   t h e  Mach number, t o t a l   p r e s -  
s u r e ,   a n d   t o t a l   t e m p e r a t u r e   o p e r a t i n g   r a n g e   o f   t h e  NTF. B e c a u s e   o f   t h e   l a r g e  
Reynolds  number  range  of  the NTF, i t  i s  p o s s i b l e   t h a t  some adjus tment  of t h e  
test s e c t i o n  walls, t h e   r e e n t r y   f l a p s ,   a n d   t h e   d i f f u s e r   i n l e t  ramps w i l l  b e  
r e q u i r e d  as t h e   o p e r a t i n g   c o n d i t i o n s   a r e   c h a n g e d .  From t h e   a b o v e   d i s c u s s i o n s ,  
i t  a p p e a r s   t h a t   a d e q u a t e   p r o v i s i o n s   h a v e   b e e n  made t o   m e a s u r e   t h e  mean f low 
c o n d i t i o n s   i n   t h e  NTF t o   i n s u r e   t h a t   t h e  mean f l o w   q u a l i t y  i s  a d e q u a t e   t o  
i n s u r e  data o f   s u f f i c i e n t   a c c u r a c y   t o   p e r m i t   t h e   s u c c e s s f u l   t e s t i n g   o f   m o d e l s  
which  can  be  used t o   g u i d e   t h e   d e s i g n   o f   e f f i c i e n t   h i g h s p e e d   a i r c r a f t .  

DYNAMIC FLOW QUALITY 

I n   r e c e n t   y e a r s   t h e r e   h a s   b e e n   r e n e w e d   i n t e r e s t   i n   t h e   e f f e c t   o f   d y n a m i c  
f l o w   d i s t u r b a n c e s   ( v o r t i c i t y ,   s o u n d ,   a n d   e n t r o p y   f l u c t u a t i o n s )   o n  tes t  r e s u l t s  
ob ta ined  on  models i n  w i n d   t u n n e l s   a n d   t h e   e f f e c t   o f   t h e s e   d i s t u r b a n c e s   o n   t h e  
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a b i l i t y   t o   e x t r a p o l a t e  w i n d   t u n n e l   d a t a   t o   f l i g h t   c o n d i t i o n s   ( r e f .   1 ) .   T h e  
Subsonic-Transonic   Aerodynamic  Divis ion  has   an  on-going  program  to   measure  and 
document t h e   d y n a m i c   f l o w   q u a l i t y   i n  i t s  w i n d   t u n n e l s .   I n   a d d i t i o n ,   r e s e a r c h  
i s  underway t o   i n s u r e   t h a t   a d e q u a t e   i n s t r u m e n t a t i o n  is a v a i l a b l e   t o  make t h e  
necessa ry   measu remen t s   ove r   t he  Mach number, t o t a l   p r e s s u r e ,   a n d   t o t a l   t e m p e r a -  
t u r e   r a n g e s  of t h e   f a c i l i t i e s .  

For   example,   f low  qual i ty   measurements   have  been made i n   t h e   f o l l o w i n g  
wind   tunnels  : 

8-Foot   Transonic   Pressure   Tunnel  (8' TPT) 

Low Turbu lence   P res su re   Tunne l  (LTPT) 

4- by  7-Meter  Tunnel 

0.3-m Transonic   Cryogenic   Tunnel  

Measurements are  p lanned   for   the   Langley   High   Speed  7- by 10-Foot  Tunnel  and 
t h e  NTF. 

LOCATION OF DYNAMIC FLOW QUALITY MEASUREMENTS I N  THE NTF 

The i n i t i a l  dynamic   f low  qua l i ty   measurements   and   mos t   o f   the  l a t e r  mea- 
s u r e m e n t s   i n   t h e  NTF w i l l  b e  made i n   t h e  test  s e c t i o n   s i n c e   t h e   m a j o r   i n t e r e s t  
i s  i n   t h e   f l o w   q u a l i t y   t h e r e .  However, i f  problems a re  encoun te red   w i th   h ighe r  
t h a n   a c c e p t a b l e   f l u c t u a t i o n s   i n   t h e  tes t  sec t ion ,   measurements  w i l l  b e  made a t  
o t h e r   l o c a t i o n s   t o   d e t e r m i n e   t h e   o r i g i n   o f   t h e   d i s t u r b a n c e s .  A p r ime   sou rce  
f o r   h i g h  leve l  d i s t u r b a n c e s   i n   t h e  t es t  s e c t i o n   i n   t h e   f o r m   o f   s o u n d  is  t h e  
h i g h   s p e e d   d i f f u s e r ,   T h e r e f o r e ,   p r o v i s i o n s  are  be ing  made t o   m e a s u r e   f l u c t u a -  
t i o n s   i n   t h e   d i f f u s e r .  

O t h e r   l o c a t i o n s   m i g h t   b e   r e s p o n s i b l e   f o r   g e n e r a t i n g   d i s t u r b a n c e s   t h a t   c a n  
e n t e r   t h e  test s e c t i o n ,   a n d   p r o v i s i o n s  are be ing  made to   measu re   dynamic   da t a  
i n   t h e   f o l l o w i n g   l o c a t i o n s   ( s e e   f i g .  1): 

1. S e t t l i n g  chamber 

2 .  Ups t ream  and   downst ream  of   sc reens   in   se t t l ing   chamber  

3 .  Upstream  and  downstream  of  cooler 

4 .  R a p i d   d i f f u s e r  a t  e n t r a n c e   t o   s e t t l i n g  chamber 

5. Across   t u rn ing   vanes  

6 .  F a n   s e c t i o n  
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INSTRUMENTATION 

Several d i f f e r e n t   t y p e s   o f   i n s t r u m e n t a t i o n   h a v e   b e e n   u s e d   t o  make dynamic 
f low  qua l i t y   measu remen t s   i n   t r anson ic   w ind   t unne l s .   These   i n s t rumen t s   i nc lude  
h o t  wire anemomete r s ,   f l uc tua t ing  s t a t i c  p r e s s u r e   p r o b e s ,   f l u c t u a t i n g  s t a t i c  
p r e s s u r e   t r a n s d u c e r s   m o u n t e d   f l u s h   w i t h   t h e  wal l s  i n   t h e  tes t  s e c t i o n ,   a n d  
a c c e l e r o m e t e r s .  

I n   r e c e n t   y e a r s   t h e r e   h a s   b e e n   r e n e w e d   i n t e r e s t   i n   a p p l y i n g   t h e   h o t  w i r e  
anemometer   t echnique   to   t ransonic   f low  ( re f .  6 ) .  However, a t  t r a n s o n i c   s p e e d s  
t h e   h o t  w i r e  is  s e n s i t i v e   t o   t h r e e   c o e x i s t i n g   f l u c t u a t i o n s :   v e l o c i t y ,   d e n s i t y ,  
a n d   t o t a l   t e m p e r a t u r e   ( o r   v o r t i c i t y ,   s o u n d ,   a n d   e n t r o p y ) .   B e c a u s e   o f   t h i s  
c o m p l e x i t y   a n d   t h e   m e t h o d s   u s e d   t o   s e p a r a t e   t h e   t h r e e   c o e x i s t i n g   f l u c t u a t i o n s ,  
t h e r e  exists some c o n t r o v e r s y   c o n c e r n i n g   t h e   a c c u r a c y   o r   g e n e r a l i t y   o f   r e c e n t  
r e s u l t s .   B e c a u s e   o f   t h i s ,   a n   a t t e m p t   h a s   b e e n  made t o   d e v e l o p  a h o t  wire  
anemometer  technique  which w i l l  b e   a d e q u a t e   f o r   c o m p r e s s i b l e   s u b s o n i c ,   t r a n -  
son ic ,   and   l ow  supe r son ic  Mach number  regimes. A pho tograph   o f   t he   p robe   unde r  
development is  shown i n   f i g u r e  6.  The   p robe   has   t h ree  wires mounted  normal t o  
the   f l ow.  By u s i n g  a p r o p e r   c a l i b r a t i o n   a n d   d a t a   r e d u c t i o n   t e c h n i q u e ,  i t  i s  
b e l i e v e d   t h a t   t h e   r e s u l t s   f r o m   t h i s   p r o b e   c a n   s e p a r a t e   t h e   v e l o c i t y ,   d e n s i t y ,  
a n d   t o t a l   t e m p e r a t u r e   f l u c t u a t i o n s   i n   t h e   t h r e e   f l o w   r e g i m e s   n o t e d   a b o v e .  A 
b r i e f   d i s c u s s i o n   o f   t h e   c o n c e p t s   o f   t h i s   p r o b e   a n d   t h e   c a l i b r a t i o n   a n d   d a t a  
r e d u c t i o n   t e c h n i q u e  is  g i v e n   i n   t h e   a p p e n d i x .  

S t a t i c  p r e s s u r e   p r o b e s   h a v e   b e e n   u s e d   i n   t r a n s o n i c   f l o w s   t o   m e a s u r e   f l u c -  
t u a t i n g  s t a t i c  p r e s s u r e s   ( r e f .  2 )  i n  tes t  s e c t i o n s .  The r e s u l t s   f r o m   t h e s e  
p r o b e s   c o m p a r e   f a v o r a b l y   w i t h   r e s u l t s   o b t a i n e d   w i t h   h o t  w i r e  anemometers. 
The re fo re ,   p robes  similar t o   t h e s e  w i l l  c o n t i n u e   t o   b e   u s e d   f o r   f l o w   q u a l i t y  
measurements.   Transducers are  a v a i l a b l e   w h i c h   c a n   o p e r a t e  a t  c ryogenic  t e m -  
p e r a t u r e s   a n d   p r o b e s   h a v e   b e e n   d e s i g n e d   a n d   b u i l t   f o r   t h e s e   t r a n s d u c e r s .  

It i s  r e l a t i v e l y   e a s y   t o   m e a s u r e   t h e   f l u c t u a t i n g  s t a t i c  p r e s s u r e s  a t  t h e  
s u r f a c e  of walls i n   t h e  t e s t  s e c t i o n   o f   t r a n s o n i c   w i n d   t u n n e l s ,   a n d   o f t e n   t h e s e  
measurements a re  a d e q u a t e   f o r  some purposes .   These  types  of   measurements   have 
been made i n  several f a c i l i t i e s   ( r e f .  2 )  and i t  is  p l a n n e d   t o   c o n t i n u e   t h e s e  
measurements i f   c i r c u m s t a n c e s   d i c t a t e .  

THE MEASUREMENT OF DYNAMIC FLOW QUALITY 

Ex tens ive   f l ow  qua l i t y   measu remen t s  were made i n   t h e  8’ TPT a n d   t h e s e  
r e s u l t s  were r e p o r t e d   i n   r e f e r e n c e s  2 ,  7,  and 8. These  measurements were 
made t o   g u i d e   t h e   a l t e r a t i o n   o f   t h e   t u n n e l   f o r   f u t u r e   L a m i n a r  Flow  Control  
Expe r imen t s   ( r e f .  9 ) .  Addi t ional   measurements  w i l l  b e  made a f t e r   t h e  al tera- 
t ions   have   been   comple t ed   t o   de t e rmine   t he   improvemen t   i n   t he   f l ow  qua l i t y  
r e s u l t i n g   f r o m   t h e   a l t e r a t i o n s .  

An example  of   f low  qual i ty   measurements  made i n   t h e  8’  TPT u s i n g  a h o t  
wi re  anemometer i s  p r e s e n t e d   i n   f i g u r e  7. T h e s e   r e s u l t s   i n d i c a t e   t h a t   t h e  
n o r m a l i z e d   v e l o c i t y   f l u c t u a t i o n s   v a r y   s i g n i f i c a n t l y   w i t h  Mach numbers  but 
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modes t ly   w i th   un i t   Reyno lds   number .   The   ve loc i ty   f l uc tua t ions  a re  about  
0 .10   percent  a t  M, = 0.2 and increase t o  0.30 t o  0.40 p e r c e n t  a t  = 0.8. 

F i g u r e  8 shows some d a t a   o b t a i n e d   w i t h  a f l u c t u a t i n g  s t a t i c  p r e s s u r e   p r o b e  
i n   t h e  8 '  TPT. There  is  a v e r y   l a r g e   v a r i a t i o n   i n   t h e   n o r m a l i z e d   f l u c t u a t i n g  
s ta t ic  p r e s s u r e   w i t h  Mach number  but  only a m o d e s t   v a r i a t i o n   w i t h   u n i t   R e y n o l d s  
number. A t  M, = 0.2 t h e   f l u c t u a t i n g  s t a t i c  p r e s s u r e s  are o n l y   a b o u t   0 . 0 1 p e r -  
c e n t   b u t  increase t o  0.60 p e r c e n t  a t  M, = 0.9. 

Some v e r y   p r e l i m i n a r y   f l o w   q u a l i t y   m e a s u r e m e n t s  were made i n   t h e  
0.3-m Transonic  Cryogenic  Tunnel.   These  measurements were made p r i m a r i l y   t o  
d e v e l o p   i n s t r u m e n t a t i o n   t h a t   m u s t   n o t   o n l y   o p e r a t e   p r o p e r l y   i n   t r a n s o n i c   f l o w s ,  
b u t   m u s t   a l s o   o p e r a t e   p r o p e r l y  a t  c ryogen ic   t empera tu res .  Data o b t a i n e d   w i t h  
t h e   t h r e e - w i r e   h o t  wire p robe   desc r ibed   above  i s  p r e s e n t e d   i n   f i g u r e  9. These 
r e s u l t s  show t h a t   t h e   n o r m a l i z e d   v e l o c i t y   a n d   d e n s i t y   f l u c t u a t i o n s  are n e a r l y  
equal   and   vary   f rom  about  0.4 t o  2.0 p e r c e n t   o v e r   t h e   v e l o c i t y   r a n g e   f r o m  70 
t o  200 m/sec. The t o t a l   t e m p e r a t u r e   f l u c t u a t i o n s   v a r i e d   f r o m   a b o u t   0 . 1  
t o  0.25 p e r c e n t   o v e r   t h e  same v e l o c i t y   r a n g e .  

An e x a m p l e   o f   t h e   f l u c t u a t i n g   s t a t i c   p r e s s u r e s   m e a s u r e d  a t  t h e  w a l l  o f  
t h e  test  s e c t i o n   u s i n g  a f lush-mounted   t ransducer  i s  shown i n   f i g u r e  10. These 
r e s u l t s   a l s o  show a s i g n i f i c a n t   i n c r e a s e   i n   t h e   f l u c t u a t i n g  s t a t i c  p r e s s u r e s  
w i t h   i n c r e a s i n g  Mach number  but a modes t   va r i a t ion   w i th   un i t   Reyno lds   number .  
The v a r i a t i o n   w i t h   t o t a l   t e m p e r a t u r e  was small (and  not  shown).  Any a p p a r e n t  
v a r i a t i o n   o f   t h e   f l u c t u a t i n g   p r e s s u r e   w i t h   t o t a l   t e m p e r a t u r e   c a n   b e   a c c o u n t e d  
f o r  by   us ing   the   un i t   Reynolds   number .  

Considerable   problems were encoun te red   i n   mak ing   ho t  wire measurements   in  
t h e  0.3-m Transonic  Cryogenic  Tunnel.   These  problems  included: 

1. Wire r e s i s t a n c e  

2. Tunne l   con t ro l  

3. L i q u i d   n i t r o g e n  

4 .  Wire breakage  

A h o t  wire p r o b e   t h a t   h a s   s u f f i c i e n t  wire r e s i s t a n c e  a t  room t e m p e r a t u r e  
can  have a v e r y   l o w   r e s i s t a n c e  a t  l o w   t e m p e r a t u r e s .   T h i s ,   i n   t u r n ,   c a n   r e s u l t  
i n  excessive cur ren t   f low  f rom  the   anemometer .   The  wire r e s i s t a n c e   c a n   b e  
i n c r e a s e d   e i t h e r   b y   i n c r e a s i n g   t h e   l e n g t h   o f   t h e  w i r e  o r  by d e c r e a s i n g  i t s  
d iameter .   However ,   bo th   o f   these   ac t ions  w i l l  r e s u l t   i n   i n c r e a s e d  wire stress 
and   i nc reased  wire b reakage .   The re fo re ,  some compromise  must  be made between 
w i r e  r e s i s t a n c e   a n d  w i r e  s t r e n g t h .  

T h e   c a l i b r a t i o n  of a h o t  wire probe  a t  t r a n s o n i c  Mach numbers   r equ i r e s  a 
v e r y   g o o d   c o n t r o l   o f   v e l o c i t y ,   d e n s i t y ,   a n d   t o t a l   t e m p e r a t u r e   i n   t h e   w i n d  
tunne l .   Dur ing   r ecen t  tests, t h e   c o n t r o l s   o f   t h e  0.3-m Transonic   Cryogenic  
Tunnel were o n l y   f a i r .   A f t e r   t h e  tests, i t  w a s  f o u n d   t h a t   o n e   o f   t h e   d i g i t a l  
valves c o n t r o l l i n g   t h e  mass f l o w   o f   l i q u i d   n i t r o g e n   t o   t h e   t u n n e l  w a s  f a u l t y .  
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This  valve has   been   r epa i r ed   and  now t h e   c o n t r o l s   o f   t h e   t u n n e l   a p p e a r   t o   h o l d  
v e l o c i t y ,   d e n s i t y ,   a n d   t o t a l   t e m p e r a t u r e   c o n s t a n t   t o  good accuracy.  

The data  f r o m   t h e   h o t  wire p r o b e   i n d i c a t e d   t h e   p o s s i b i l i t y   o f   l i q u i d  
n i t r o g e n   i n   t h e  test s e c t i o n  a t  low l i q u i d   n i t r o g e n   f l o w  rates. T h e   t u n n e l   h a s  
o n l y   f o u r   n o z z l e s   t o   i n j e c t   l i q u i d   n i t r o g e n   i n t o   t h e   c i r c u i t   a n d   t h e s e   n o z z l e s  
m u s t   b e   s i z e d   t o   p a s s   t h e   h i g h   f l o w  rates r e q u i r e d  a t  h i g h  Mach numbers  and 
h i g h   t o t a l   p r e s s u r e s .  A s  a consequence   o f   t h i s ,  a t  low p res su res   and   l ow Mach 
numbers ,   the   f low rate  o f   l i q u i d   n i t r o g e n   r e q u i r e d  i s  very  low,   and i t  i s  sus-  
p e c t e d   t h a t   u n d e r   t h e s e   c o n d i t i o n s   t h e   f o u r   n o z z l e s   c a n n o t   a d e q u a t e l y   a t o m i z e  
t h e   l i q u i d   n i t r o g e n .   T h i s   i n a d e q u a t e   a t o m i z a t i o n   m a k e s  i t  p o s s i b l e   f o r   d r o p s  
o f   l i q u i d   n i t r o g e n   t o   r e a c h   t h e  tes t  s e c t i o n .  The c o n t r o l s   h a v e  now been 
changed t o   p e r m i t   t h e   c u t t i n g   o f f   o f   t h r e e   n o z z l e s  a t  low  flow rates t o  improve 
t h e   a t o m i z a t i o n   o f   l i q u i d   n i t r o g e n   u n d e r   t h e s e   c o n d i t i o n s .  

F o r   t h e   i n i t i a l  tes t  o f   t h e   h o t  w i r e  probe,  wire breakage  was excess ive .  
This  was due t o  several f a c t o r s .  Under   s teady s ta te  c o n d i t i o n s ,   t h e   l i q u i d  
n i t rogen   problem  noted   above  was p robab ly   t he   ma jo r   cause   o f  wire breakage.  
I f   t h e   t u n n e l   c o n d i t i o n s  were changed   t oo   r ap id ly ,   l i qu id   n i t rogen   wou ld   no t  
e v a p o r a t e   b e f o r e  i t  e n t e r e d   t h e  test  s e c t i o n .   T h i s   a l s o   r e s u l t e d   i n   e x c e s s i v e  
wire  b reakage .   Because   o f   t h i s ,   t unne l   cond i t ions  were changed  slowly  and 
wire breakage w a s  r e d u c e d   s i g n i f i c a n t l y .  

CONCLUSIONS 

From pas t   expe r i ence   ga ined   i n   mak ing  mean f low  and   dynamic   f low  qua l i ty  
measurements i n   t r a n s o n i c   a n d   c r y o g e n i c   w i n d   t u n n e l s ,  i t  a p p e a r s   t h a t   t h e  
fo l lowing   conc lus ions   can   be  made: 

1. Mean f low  qua l i t y   measu remen t s   i n   t r anson ic   f l ow  and   c ryogen ic   w ind  
t u n n e l s  are  r a t h e r   r o u t i n e   a n d  it  a p p e a r s   t h a t   a d e q u a t e   p r o v i s i o n s   h a v e   b e e n  
made t o   i n s u r e   t h a t   s u i t a b l e  mean f low  qua l i t y   measu remen t s   can   be  made i n  
t h e  NTF. 

2. Even though  dynamic  f low  quali ty  measurements a re  n o t   r o u t i n e ,   p a s t  
e x p e r i e n c e s   i n d i c a t e   t h a t   a d e q u a t e   d y n a m i c   f l o w   q u a l i t y   m e a s u r e m e n t s   c a n   b e  
made a t  t r a n s o n i c   s p e e d s  a t  c ryogen ic   t empera tu res ,   and   adequa te   p rov i s ions  
have  been made t o  make s u i t a b l e  dynamic   f l ow  qua l i t y   measu remen t s   i n   t he  NTF. 
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A PROBE AND DATA REDUCTION TECHNIQUE FOR OBTAINING 

HOT W I R E  DATA AT TRANSONIC SPEEDS 

P.  Calvin Stainback  and  Charles B. Johnson 
NASA Langley  Research  Center 

I n  gene ra l ,   t he  mean voltage  measured  across a hot  w i r e  can  be  expressed 
as fo l lows   ( re f .  5):  

where  u, p ,  To, and Tw are  t h e  mean v e l o c i t y ,   d e n s i t y ,   t o t a l   t e m p e r a t u r e ,  
and wire t empera tu re   ( t he   quan t i t i e s  of i n t e r e s t  a t  the   p re sen t   t ime) .  The 
t o t a l  change i n  E due t o  a change in   u ,  p, T o ,  and Tw i s :  

I f  a constant   temperature   hot  w i r e  anemometer is used, dTw = 0 w i t h i n   t h e  
limits of the   feedback   ampl i f ie r .   Therefore ,  up t o  some frequency,  fmax, 
dTw = 0 and  equation ( 2 )  can b e  w r i t t e n  a s  : 

o r  

Attempts  have  been made to   so lve   the   above   equat ion   in   t e rms   of  i t s  mean square  
value.  However, when the   equat ion  is  squa red ,   s ix  unknowns r e su l t .   Opera t ing  
a s i n g l e  wire a t  s ix   "ove rhea t s "   g ives ,   i n   p r inc ip l e ,  a method f o r   s o l v i n g   t h e  
sys tem  of   s ix   equat ions   wi th   s ix  unknowns.  However, when t h i s  w a s  t r i e d ,  
d i f f i c u l t i e s  were encountered   in   inver t ing   the  6 x 6 m a t r i x   ( r e f .  10). 

The p resen t   p roposa l   sugges t s   t ha t  a s o l u t i o n   f o r   u ' ,  p ' ,  and To' can 
be  obtained  using  equat ion ( 4 )  without  squaring.  This  concept,   however,  
r e s u l t s   i n   o n e   e q u a t i o n   w i t h   t h r e e  unknowns. One  way t o   o b t a i n  a s o l u t i o n  
would b e   t o  make a probe   wi th   th ree  wires placed  normal  to  the  f low. Then 
equat ion ( 4 )  can  be wr i t t en  for   each  of   the wires as fol lows:  
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Equat ion ( 5 )  i s  t h e   t h r e e   e q u a t i o n s   t h a t   m u s t   b e   s o l v e d   f o r   t h e   t h r e e  unknowns 
af ter  t h e   s e n s i t i v i t y   c o e f f i c i e n t s  Su ,  Sp, and STo have  been  determined 
from mean f l o w   c a l i b r a t i o n s   a n d  e '  and E have  been  measured. 

A problem was e n c o u n t e r e d   i n   t h e   c a l i b r a t i o n   o f   t h e  wires t o   o b t a i n   v a l u e s  
f o r   S u ,  S p y  and ST . The  above  equat ions s ta te  t h a t  S, mus t   be   eva lua ted  
by   vary ing  u w h i l e   g e e p i n g  p, To: and TW cons tan t .   The  same re la t ive  
s i t u a t i o n   e x i s t s   f o r   t h e   o t h e r   q u a n t l t i e s ,  sP and ST,. T h i s   r e q u i r e s  a 
f a c i l i t y   w h i c h   c a n   i n d e p e n d e n t l y   v a r y   u ,  p,  and To and   ho ld   them  cons tan t  
f o r   t h e  time r e q u i r e d   t o  make the   necessary   measurements .   Once  S, i s  
o b t a i n e d   f o r   o n e   v a l u e   o f  p and To,  t h e   q u a n t i t y  p must  be  changed  and 
t h e   p r o c e s s   r e p e a t e d .   T h i s   c o n t i n u e s   u n t i l  a s u f f i c i e n t  amount   o f   da ta   has  
b e e n   o b t a i n e d   t o   d e f i n e  Su as a f u n c t i o n   o f  u and p. Then To must  be 
changed   and   t he   p rocess   r epea ted ;   t h i s   becomes  a v e r y   l e n g t h y   p r o c e s s .  

Now t o   i n s u r e   t h a t   t h e  3 x 3 m a t r i x  i s  w e l l - b e h a v e d ,   t h e   s e n s i t i v i t y  
c o e f f i c i e n t s  (S,) , (Su)2,  (Su)g' e tc . ,  m u s t   b e   s u f f i c i e n t l y   d i f f e r e n t   t o  
p r o v i d e  a s t a b l e   s o l u t i o n .   T h i s   c a n   b e   a s s u r e d   b y   o p e r a t i n g   t h e   t h r e e  wires 
a t  d i f f e r e n t   " o v e r h e a t s "   o r   d i f f e r e n t  w i r e  t empera tu res .   Th i s  was done as 
f o l l o w s .  The t u n n e l  w a s  o p e r a t e d  a t  a g i v e n   t o t a l   t e m p e r a t u r e   a n d  a t  t h e  
maximum d e n s i t y   a n d   v e l o c i t y   f o r   w h i c h   t h e   c a l i b r a t i o n  was t o   b e   c o n d u c t e d .  
T h e   c o l d   r e s i s t a n c e   o f   e a c h  wire was measured   and   mul t ip l ied   by   an   "overhea t"  
value.   For  example: 

( R h o t ) 3  =, ( Rcold)3  x 

T h e s e   h o t   r e s i s t a n c e s  were h e l d   c o n s t a n t   f o r   t h e   r e m a i n d e r   o f   t h e   c a l i b r a t i o n  
as r e q u i r e d  by t h e   m a t h   u s e d   t o   o b t a i n   e x p r e s s i o n s   f o r   t h e   s e n s i t i v i t y  
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coef f ic ien ts .   [Here in   might   be  a problem t h a t   r e q u i r e s   a d d i t i o n a l   i n v e s t i g a -  
tion.  For  example, are the   "ove rhea t s "   su f f i c i en t ly   d i f f e ren t   t o   p roduce   t he  
r e q u i r e d   d i f f e r e n c e s   i n   t h e   v a l u e s   o f  (Su)l, (su)p,   (su)3,  etc.1 

A f t e r   t h e   s e n s i t i v i t i e s   h a v e  been  evaluated  and  the  instantaneous  f luc-  
t ua t ing   vo l t ages   r eco rded  on t ape ,   t hese   da t a  are d i g i t i z e d  a t  a s u f f i c i e n t  
rate t o  produce   va l id   da ta  up t o   t h e  maximum frequency  required.   Equat ion (5) 
i s  then  solved a t  eve ry   i n s t an t   t o   p roduce   an   a r r ay   o f   da t a   fo r   u ' ,  p ' ,  
and T o 1  as a func t ion   of  t i m e .  I n   a d d i t i o n ,   t h e   c r o s s   p r o d u c t  terms can   a l so  
be   ca l cu la t ed  a t  t h e  same time - namely,  u1 p ' ,  u '  T o ' ,  p '  To1, etc. A t ape  
of t h e s e   q u a n t i t i e s   u ' ,  p ' ,  T o 1 ,  p '  To1, etc . ,   can  be  used  to   analyze  these 
da t a   u s ing   s t anda rd  random d a t a   a n a l y s i s   t e c h n i q u e s   t o   o b t a i n  mean va lues ,  
RMS va lues ,   au tocor re l a t ions ,   spec t r a ,  e tc .  

I n   t h e  p a s t ,  d i f f i c u l t i e s  were encountered   in   ob ta in ing  Su, Sp,  and 
f o r   t h e   t h r e e  wires u s i n g   t h e  mean flow  measurements. A t  t h e   p r e s e n t  time a 
mul t ip le   regress ion   technique  i s  b e i n g   u s e d   t o   o b t a i n   t h e   s e n s i t i v i t i e s .  The 
equa t ion   t ha t  appears to   be   adequa te  is:  

[Note t h a t   t h i s   t e c h n i q u e   d o e s   n o t   r e q u i r e   t h e   c o n s t a n t   c o n d i t i o n   c o n s t r a i n t s  
on t h e  wind tunnel   noted  above,   but   the   constant   condi t ions are s t i l l  d e s i r e d  
to   he lp   fo rmula t e   equa t ion   (7 ) . ]  

Equation ( 7 )  i m p l i e s  t h a t   t h e   f o l l o w i n g  are t r u e :  

The c a l i b r a t i o n   d a t a  seem t o   a g r e e   w i t h   t h e s e   e q u a t i o n s   t o   t h e   e x t e n t   t h a t  S, 
was a cons t an t   fo r   g iven   va lues   o f  p and To f o r   t h e  wire Reynolds  numbers 
of t h e   p r e s e n t  test. This  w a s  a l s o   t r u e   f o r  Sp and ST . Equation ( 7 )  might 
not   be  general  enough f o r   v e r y  low wire Reynolds  numbers.0  For  these  conditions 
a second  degree  equat ion  in   u ,  p,  and To might  be  required.  
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F i g u r e  8.- P r e s s u r e   f l u c t u a t i o n s   i n  test  s e c t i o n  of 8‘ TPT (ref. 2). 
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F i g u r e  9.- RMS of f l u c t u a t i n g   q u a n t i t i e s   m e a s u r e d   w i t h  a h o t  w i r e  i n  t e s t  
s e c t i o n   o f  0.3-m Cryogenic Wind Tunnel. & = 2.4 kg/m3; To = 280 K.  
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F i g u r e  10.- F l u c t u a t i n g  s t a t i c  p r e s s u r e  a t  t h e  tes t  s e c t i o n  w a l l  of 
0.3-m Cryogenic Wind Tunnel.  100 5 To; K 5 350. 
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WALL-INTERFERENCE  EFFECTS:  STATUS  REVIEW 

AND PLANNED  EXPERIMENTS IN NTF 

P. A. Newman  and  W. B. Kemp, Jr. 
NASA  Langley  Research  Center 

INTRODUCTION 

The possibility  of  simultaneously  controlling  and  matching  both  Mach  number 
and  Reynolds  number  over  a wide range  for  wind  tunnel  tests  in  the  National 
Transonic  Facility (NTF) requires a closer  look  at  other  free-flight  conditions 
for  which  lack  of  simulation  in  the  tunnel  is  a  potential  source of error.  Even 
though  this new independent  control  over  both  Mach  and  Reynolds  numbers  should 
allow  for  better  experimental  assessment  of  some  remaining  error  sources  for 
the  NTF  more  precisely  than  has  been  possible  for  other  test  facilit$es,  the 
need  for  more  accurate  assessment or elimination of these  error  sources  assumes 
greater  importance. 

An  expanded  NASA  Langley  research  effort  related  to  transonic  wind-tunnel- 
wall  interference  was  briefly  reviewed  (ref. 1) at  the  last  NTF  High  Reynolds 
Number  Workshop  in 1976. The present  paper will  review  the  status  of  wall- 
interference  technology  in  terms  of  that  incorporated  into  the  NTF  design 
(hardware)  and  the emerging  transonic  wall-interference  assessment  correction 
procedures  (software)  to  be  employed  when  the  NTF  becomes  operational.  It  is 
envisioned  that  all  of  the  early  experiments  in  NTF  will  provide  data  relevant 
to wall-interference  effects. Use of  such  data  is  discussed  in  the  last  sec- 
tion.  An attempt is made  herein to convey  these  wall-interference  ideas  without 
getting  into  mathematical  detail. In so doing, we have  likewise  quoted  only a 
few sample  references;  it  was  not  our  intention to review  the  extensive  wind- 
tunnel-wall-interference  literature. 

SYMBOLS 

C 

c!L 

cP 

M 

airfoil  chord  length 

airfoil  or  section  lift  coefficient 

pressure  coefficient 

Mach  number 

nondimensional  perturbation  velocity  components 

Cartesian  coordinates; x is  streamwise 

angle  of  attack 
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e flow direction angle 

A4 correction to quantity q 

uqn jump  discontinuity in quantity q 

WIND-TUNNEL  SIMULATION OF TRANSONIC FLIGHT CONDITIONS 

In wind-tunnel  simulation of free flight, the relative importance  of  vari- 
ous  conditions  required to be  matched  depends upon the  flight  regime and  spe- 
cific  investigation.  Throughout  the  transonic flight range, however,  many of 
the conditions  which one would  like to simulate are not realized  independently 
of one  another  due to  the basic  nonlinearity of the flow and  interference  due 
to  the boundedness.  For  a  wind-tunnel simulation, one must either  correlate 
data and then extrapolate to  free-flight  conditions  or match the  conditions. 
Traditionally, one used  theory  and  computers for the correlation/extrapolation 
approach; whereas, a hardware device has been used to effect a  match o r  true 
simulation of flight  conditions. 

A list  of  important  conditions  which  one  would like to see simulated  would 
include : 

Mach  number 
Reynolds  number 
Unboundedness 
Flow quality 
Model  fidelity 

These  roughly  trace the continuing  development of  wind-tunnel  simulation of free 
flight. A number  of  these aspects and their relation to NTF  have  already  been 
discussed  in  previous  papers  of  this  present  volume. Simulation of  the 
unboundedness  condition of free flight is hampered  not  only by  the wind-tunnel 
walls but  also by model supports  and  measurement  probes. We simply  note  here 
that for  transonic flow, these  conditions  and the devices  used to attempt  a 
match  interact  critically. For example, if one increases  the  pressure  or 
decreases  the  temperature in order to increase the Reynolds number, one  gen- 
erally  pays  for  it  by  adversely  affecting  the flow quality  and/or model fidelity. 
Likewise, the  tunnel-wall  treatment  to  simulate  unboundedness  also  influences 
how or how well the Mach  number  may  be  simulated.  If  one  is to use  a  device to 
perform  a  match  of  conditions  over  a wide range, then  that  device will, in all 
probability, be active  and  thus  need to be  controlled. One must  therefore 
interact theory  and computers with  hardware  devices  in order to achieve  a 
match,  particularly  through  the  transonic  flow  regime. 

The  discussion here concerns wind-tunnel-wall interference; it  is  the  pri- 
mary consequence of not simulating the unboundedness  condition  of  free  flight. 
In the past,  neither  experimental nor analytical  solutions have been  satisfactory 
at  transonic flow speeds where ventilated  test  sections are used.  Several  recent 
concepts  have  been  proposed  and  technology  is now being  developed to implement 
them. These are  discussed here in  relation to the NTF. 
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WALL-INTERFERENCE  TECHNOLOGY IN NTF 

In many  programs  involving  extensive  hardware  and new technology,  certain 
basic  design  decisions  must be frozen early  in  the  development. Some time 
later, when the device becomes  operational,  parts  of it may  not  contain  the 
latest  technology in some areas. Some may view the  NTF  test  section  this way, 
so we digress for the  moment to look at wall-interference  technology  in the NTF 
historical  context. 

Historical  Context 

In the  1975-76  time frame certain basic  design  decisions  had to be made for 
the  NTF. We have tried  to graphically  illustrate, in figure l(a), some  mile- 
stones in wall-interference  and  transonic testing technologies which led  to  the 
basic decisions  which were made. In figure 1, time proceeds  from  left to right. 
Classical  wall-interference  theory  began in 1919 with Prandtl (ref. 2), and has 
since grown  through  many  geometric  extensions  and  refinements.  It  is  based 
upon  linear theory  and predicted wall interference  satisfactorily in the  open- 
jet  and  solid-wall  wind  tunnels  used for subsonic  testing.  Introduction  of  the 
ventilated wall test  section  around 1948 (ref.  3) allowed for successful  tunnel 
testing  through  the  transonic  range.  Its  impact upon wall-interference  theory, 
however,  was that  the homogeneous wall boundary  condition  became  suspect and 
even  the  derivation of an effective one involved  consideration of  the  nonlinear 
viscous  effects on the  wall. In addition, the inviscid  transonic flow is  also 
nonlinear so there was  no a  priori  reason to believe that  the classical  linear 
superposition  techniques  should  even be applicable.  Attempts to obtain 
(refs. 4-6) and  successfully use homogeneous  boundary  conditions  appropriate to 
ventilated  transonic  test-section walls still  continue to be made (see, for 
example, refs. 7 and 8). The advent of practical  transonic  computational  fluid 
dynamic  calculations  around 1970 (ref. 9) has  allowed one to perform  numerical 
experiments  related to tunnel-wall  effects. The general  conclusions  which  have 
emerged are that: (1) somewhere in the  transonic  regime  linear  superposition 
does  break  down  (ref.  lo)  and (2) wall characteristics  are very nonlinear at 
transonic  conditions  and  dependent upon the model pressure  field (ref. 11) even 
for  solid  walls (ref.  12). 

In 1972, the concept of obtaining  high  Reynolds  number by operating  a  wind 
tunnel  at  cryogenic conditions was shown to be  feasible (ref. 13). It is 
interesting to note that  initial  studies  at  Langley of  the cryogenic  concept 
were  for  a  small  tunnel in support of work on the magnetic  suspension/balance 
concept; that is, a  device  related to simulating one aspect of the unboundedness 
condition  of  free  flight. The concept  of  simulating  another aspect of  unbounded- 
ness by adapting  the  wind-tunnel walls as the  test proceeds was independently 
put forward (refs. 14 and 15) around  1973. By 1974, the transonic  cryogenic 
tunnel  concept  had been demonstrated to be  feasible  in  a  pilot  facility 
(refs. 16 and 17). The transonic  adaptive wall technology for 3-D applications 
has  been  actively  pursued  by several groups  but had not been demonstrated,  even 
for  2-D, as a  practical means of  achieving  the  stated  NTF objectives (ref. 18) 
by 1975-76,  the  basic  decision time. These basic  decisions  then, as given in 
reference 18, were to use  the  newly  demonstrated  cryogenic  concept in order to 
obtain  the  high  Reynolds  number  condition  and to use  a  slotted  test  section  in 
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order to operate over  the  required  Mach  number  range.  Both of these  concepts 
were compatible with the  additional  requirements  concerning  continuous  operation 
and high  productivity (ref. 18). This was the situation at the  time  of  the 
first  NTF High Reynolds  Number  Workshop in 1976. 

The post-1976  NTF  wall-interference  technology picture shown in figure l(b) 
resulted  from  the  basic  design  decisions  of  1975-76. The structural  layout was 
required in 1977 and it was not  inconsistent with a future installation  of an 
adaptive wall test  section.  As  indicated in an earlier  paper in this  volume 
(ref. 19) the  test section is flanged  into  the  rest of  the  tunnel  circuit  allow- 
ing  for  later  removal  and  replacement. However, it  should be noted  that  this 
test section  is massive; and, in terms  of  time and cost, such an undertaking 
would  be  a  major  change.  Slot  shape  details were required  this  year and  the 
improvements  introduced  there were based on accumulated  experiences (art)  and a 
computer  design  method (theory) for low supersonic flow based on the  method  of 
characteristics (ref. 20). 

The third element  required is the  timely  development  of an adequate tran- 
sonic Wall-Interference  Assessment  Correction Procedure (WIAC). A s  indicated 
in figure l(b), this  endeavor  was  begun in 1974 and is based  upon  ideas  drawn 
from  classical  wall-interference  theory,  transonic  computational  fluid  dynamics, 
and  the  adaptive wall concept. The basic  idea of WIAC was  summarized  in  refer- 
ence 1 and will be reviewed in a  subsequent  section. 

Test Section 

The NTF slotted-wall test section design is an update (hopefully  improved) 
of  that in the NASA  Langley  8-Foot  Transonic Pressure Tunnel (TPT). Figure 2 
is a  sketch of  the  NTF  test  section  which  indicates  the areas where  improvements 
in  slotted-wall  technology have been  incorporated. A s  already  mentioned, the 
slot  shape  has  been  designed  numerically for better flow at low supersonic  flow 
conditions (ref. 20). Slot  shapes  for  the  8-Foot TPT were determined  experi- 
mentally by testing  a  number of  wooden  inserts  before  arriving  at the final 
design  which  was  then  fabricated  and  permanently  installed. The present  design 
incorporated  the  insert concept; hopefully, the numerical design will circumvent 
a  long  empirical  determination of  the slot  shapes. 

Experience with current  NASA  slotted-wall  transonic  tunnels  indicates  that, 
for  many  test  conditions,  the  slotted-wall  test sections should be longer  in 
order to lessen  the wall interference. Thus, the NTF  test-section  slots are 
relatively  longer  than  those  of  the  8-Foot  TPT. Experience has also  shown that 
a  variable  test section and diffuser  divergence angle would  provide  some  possi- 
bility  for  improved  control of test  conditions.  Since  this  may  be  of  greater 
concern  with  independent  control  over wide ranges of both  Reynolds and Mach 
numbers,  this  added  variability  has  been  included in the  NTF  design. Finally, 
very  early three-dimensional  transonic  calculations for a wing in a  simulated 
tunnel (ref. 21) indicated  a  need for some sidewall  relief. The two slots 
incorporated on each  sidewall  provide  this  relief  and are compatible  with the 
mechanical  and  optical  requirements on the  NTF  test  section. 
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WALL-INTERFERENCE  ASSESSMENT  CORRECTION PROCEDURE 

As  indicated  earlier,  the  WIAC  concept  for  transonic flow conditions was 
initiated  around 1974 in order to support  the  NTF technology. A number  of other 
groups  are  also  actively  working on the  concept since it  should improve the 
productivity  and  extend  the usefulness of  existing  facilities  which will not be 
retrofitted with  an adaptive o r  partially  adaptive  wall. Even for those  facil- 
ities which will have an adaptive wall capability,  one may require an assessment/ 
correction  procedure in order to achieve an acceptable  level of  productivity. 
This  general  discussion of the  WIAC  procedures will first  contrast  the  concept 
with that  of  the more  easily  understood  adaptive  wall,  then show a recent 
2-D result, and finally  indicate  the  current  status of both 2-D and 3-D 
procedures. 

Contrast  With  Adaptive Wall 

The 2-D adaptive wall concept is depicted  graphically in.figure 3 .  There 
are  two  basic  elements:  the  tunnel  which  "solves" an internal flow problem and 
the computer  which  solves an "external-flow"  problem.  The  solutions  produced 
by these two devices  are  iterated by changing  boundary  conditions on the  inter- 
face  between the solution  domains (that is, the  measurement  surface) until some 
specified  convergence  criterion (which indicates  a match) has  been  met.  Measure- 
ment  is  required  of  the  distributions  of  two  independent  parameters  along  the 
measurement  surface  or the equivalent, that is, Cp(x) and e(x) or u(x) 
and v(x) or Cp(x) and  ywall(x) along  a  single  surface or one parameter 
along two noncoincident  surfaces  depending on the  particular  implementation. 
One  is  used  as an input  boundary  condition  for  the  (fictitious)  external flow 
problem  whereas  the  second  is  compared  with  the  prediction  of  the  external  flow 
calculation  in  order to obtain an input to the  wall  adaptation  logic. This pro- 
cedure  is  iterated  until  the wall adaptation  meets the specified  tolerance 
criterion.  From  the  numerical  point of view, two  coupled  boundary value prob- 
lems are being solved, one on an analog  machine (the  tunnel)  and  the other on 
the digital  machine (the  computer). 

The adaptive wall of the  tunnel is an active  element  and  it  must be auto- 
matically  controlled  and  adjusted in a  reasonable time while  the  tunnel is 
operating  in  order to achieve any  practical testing productivity. This will 
involve  extensive  hardware and  software. In addition, the  required  data  acqui- 
sition  and  processing  tasks are greatly  expanded  over  those  associated with con- 
ventional tunnels. This technology  is  being  pursued  by  a  number  of  groups. 
Conceptually,  it  allows for transonic  testing with minimal  interference since 
consistently  matched  internal  and  external  flows are obtained  before model data 
are  taken.  Some of the  tasks to be  accomplished in a  successful  adaptive wall 
procedure have similar  counterparts in the WAC. 

The 2-D WIAC  concept is depicted  graphically in figure 4 .  There are like- 
wise two basic  elements:  the  tunnel  which  generates  the flow in which measure- 
ments are made, and  the computer  which now solves two  related flow problems. 
The tunnel is a  passive  device where one  takes  more  measurements  than in con- 
ventional  tunnel  tests  but less than  in an adaptive wall tunnel. In the full 
nonlinear  correction  procedure two transonic flow problems are solved on the 
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computer.  The f i r s t  is  a n   e q u i v a l e n t   i n v i s c i d   t u n n e l   f l o w   w h e r e   m e a s u r e d  
p r e s s u r e s   n e a r   t h e  w a l l  and  on  the  model  are used as boundary   condi t ions .   The  
r e s u l t   o f   t h i s   f i r s t   c a l c u l a t i o n  i s  a n   e q u i v a l e n t   i n v i s c i d   m o d e l   d e f i n e d   i n  
terms o f   e i t h e r  i t s  s h a p e   o r  i t s  d i s t r i b u t i o n   o f   s i n g u l a r i t i e s .  The  second 
p rob lem  to   be   so lved   on   t he   compute r  is  a s e q u e n c e   o f   i n v i s c i d   t r a n s o n i c   c a l c u -  
l a t i o n s   u s i n g   f r e e  a i r  ou te r   boundary   cond i t ions   and   t he   equ iva len t   mode l  as 
t h e   i n n e r   b o u n d a r y   a n d   p e r t u r b i n g   t h e   f r e e - s t r e a m  Mach number  and a i n   o r d e r  
t o   s a t i s f y  a b e s t   f i t   c r i t e r i o n  a t  t h e   m o d e l .   I n   r e f e r e n c e  22 ,  t h e   e q u i v a l e n t  
model   boundary  condi t ion is  i n p u t  as t h e  jump i n   p e r t u r b a t i o n   v e l o c i t i e s   a c r o s s  
t h e   m o d e l   ( t h a t  is, [u(x)  I] and  [Tv(x) 1) a n d   t h e   v e l o c i t y   v e c t o r  a t  a p o i n t  
on t h e   m o d e l   j u s t   a h e a d   o f  a shock i s  m a t c h e d   t o   t h a t   i n   t h e   t u n n e l   f l o w .   I n  
r e f e r e n c e  2 3 ,  t h e   e q u i v a l e n t   m o d e l   b o u n d a r y   c o n d i t i o n  i s  t h e   c o n v e n t i o n a l   s h a p e  
s p e c i f i c a t i o n   o f   v ( x )   f o r   b o t h   u p p e r   a n d   l o w e r   s u r f a c e s ,   w h i l e   t h e   m a t c h i n g  
c r i t e r i o n   f o r  M and a i s  s p e c i f i e d  as  a b e s t - f i t   w i t h   t h e   m e a s u r e d   m o d e l  
p r e s s u r e s   i n  a l e a s t - s q u a r e s   s e n s e .  Two r e s u l t s  are t h e n   o b t a i n e d   f r o m   t h e s e  
c o m p u t e r   c a l c u l a t i o n s :   c o r r e c t i o n s   t o   t h e   f r e e - s t r e a m   c o n d i t i o n s  M and a 
and a measure of r e s i d u a l   i n t e r f e r e n c e .   I f   t h e   r e s i d u a l   i n t e r f e r e n c e  i s  deemed 
t o   b e   l a r g e ,   t h e n   c o r r e c t i o n s   t o  M and a a l o n e  are n o t   s a t i s f a c t o r y .  It  i s  
s u g g e s t e d   i n   r e f e r e n c e  24 t h a t   t h i s   r e s i d u a l   i n t e r f e r e n c e   c o u l d   b e   r e d u c e d   t o  
a c c e p t a b l e   l e v e l s   b y  a v e r y   s i m p l i f i e d   a p p l i c a t i o n   o f   t h e   a d a p t i v e  w a l l  c o n c e p t .  
It shou ld   be   no ted   t ha t   t he   measu red   mode l   p re s su re   da t a  a re  cus tomar i ly   reduced  
t o   c o e f f i c i e n t   f o r m   u s i n g  a r e f e r e n c e  Mach number ;   t he re fo re ,   one   mus t   t ake   i n to  
a c c o u n t   t h e   e f f e c t   o f   t h e  Mach number c o r r e c t i o n  on t h e s e   c o e f f i c i e n t s .  

An Example  of 2-D WIAC R e s u l t s  

A recent   example   to   which   the  2-D t r a n s o n i c  WIAC p r o c e d u r e   o f   r e f e r e n c e  22 
h a s   b e e n   a p p l i e d  i s  f o r   t h e   s u p e r c r i t i c a l  BGK-1 a i r f o i l   o f   1 0 - i n c h   c h o r d   w h i c h  
was e x t e n s i v e l y   t e s t e d   i n   t h e  Ottawa NAE 15” x 60” Tunne l .   Wal l - in t e r f e rence  
r e s u l t s  are  i l l u s t r a t e d   h e r e i n   f o r  two cases a t  a Mach number  of  about 0 . 7 7  w i t h  
d i f f e r e n t  wa l l  p o r o s i t i e s .   T h e   c a s e   f o r  20  p e r c e n t   p o r o s i t y  i s  o n e   f o r   w h i c h  
o t h e r   v e r s i o n s   o f   c o r r e c t i o n   p r o c e d u r e s   h a v e   a l s o   b e e n   a p p l i e d  by d i f f e r e n t  
g r o u p s   ( s e e ,   f o r   e x a m p l e ,   r e f .   2 5 ) .  

Wall p e r t u r b a t i o n   v e l o c i t i e s  Au and Av a long   t he   mode l  mean p l a n e  are  
shown i n   f i g u r e  5 f o r  wal l  p o r o s i t i e s   o f  20 pe rcen t   and  6 pe rcen t .   The  stream- 
wise loca t ion   o f   t he   mode l  i s  denoted  by a h e a v i e r   l i n e   a n d   t h e   d i s t r i b u t i o n   o f  
p r e s s u r e   c o e f f i c i e n t s   o n   t h e   u p p e r   a n d   l o w e r   m o d e l   s u r f a c e s  i s  p l o t t e d   a b o v e  i t .  
C o r r e c t i o n s   t o  Mach number  and a n g l e   o f   a t t a c k ,  AM and Aa, should   p roduce  
c o n s t a n t  Au and Av s o  t h a t   d e p a r t u r e   f r o m  a h o r i z o n t a l   l i n e   o n   t h e s e   p l o t s  
is  a measure of t h e   r e s i d u a l   i n t e r f e r e n c e .   I n   t h i s   s e n s e   t h e n ,  i t  can   be   s een  
f r o m   f i g u r e  5 t h a t   o n e  may w e l l  have less r e s i d u a l   i n t e r f e r e n c e   w i t h   l a r g e r   c o r -  
r e c t i o n s  AM and Oa. Tha t  i s ,  one may n o t   w a n t   t o   a d j u s t   e v e n   g r o s s  w a l l  
pa rame te r s  s o  as to   min imize  AM and Aa i n   t h e   c o n t e x t   o f   t h e  WIAC p rocedure .  
I t  c a n   a l s o   b e   s e e n   t h a t   t h e r e  are s e v e r a l   l e n g t h   s c a l e s   t o   t h i s   r e s i d u a l   i n t e r -  
f e r e n c e :   t h e   v e r y  small l e n g t h   s c a l e s   a p p e a r   t o   b e   t h o s e  of t h e   i n d i v i d u a l  
l a r g e   p r e s s u r e   g r a d i e n t s   w h i c h   b o u n d   t h e   s u p e r c r i t i c a l   r e g i o n   o n   t h e   a i r f o i l  
uppe r   su r f ace   and   t hese ,   i n   t u rn ,   appea r   t o   be   supe r imposed   upon   t he   l a rge r  
model  chord scale.  
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Figure 5 shows the residual interference  for  the  6-percent  porous wall to 
be much larger  than  that for the 20-percent  porous wall case. Figure 6, how- 
ever,  shows  that even for the  6-percent  porous wall case, the agreement  between 
airfoil  surface  pressure  coefficient  distributions from the  experimental  data 
(corrected for AM) and from the calculated  free-air flow (for the  equivalent 
shape at corrected M with Ct matched)  is  very  good  and  the  effect of the 
nonuniform wall perturbation is very small.  Results from either wall porosity 
therefore  appear  amenable to correction by the  WIAC  procedure. 

In obtaining  the Aa correction,  it  appears  that one absolute  measurement 
of the flow angularity needs to be made somewhere in the  test  section. For the 
results  presented in figures 5 and 6, a  value was assumed  upstream of the  model. 

Status of  2-D WIAC 

As one might  expect, the  2-D WIAC  procedures  are  much  further  along  than 
any for the 3-D case. There are inherent as well as  practical  differences and 
these will be  discussed  from  the  3-D  point of view  in the next section. For the 
2-D case,  several  methodologies have been  published  and  both  method  validation 
and  technique  development  continue to be  investigated by a  number of  groups. 
Excluded  from  WIAC  methodologies in the  sense  considered  herein are those  direct 
calculations  which  employ  the  homogeneous wall boundary  conditions (refs. 10, 
20, 21, 26, 27, and 28, for example). However, by imposing  experimentally 
measured wall (or reference plane) and  model  boundary  conditions in them,  one 
generates  assessment  correction  codes of interest. 

Linearized 2-D WIAC  methods  applied to transonic  flows or perturbations 
from  transonic  flows have been  reported by groups  in the USA (refs. 24, 29, 
and 30), France (ref.  31), Canada (refs. 25, 32, 33, and 34), Japan (ref.  35), 
Germany  (ref. 36), and  the  Netherlands (ref. 37). Nonlinear 2-D transonic 
methodologies have been  developed  and  reported in references  22  and 23.  Even 
though  details of these  various  implementations differ, corrections for one 
sample  transonic  test  case as determined  from  five of  the above methods 
(refs. 22, 25, 31, 35, and 37) were  essentially the same. These results (as 
yet  unpublished)  were  presented  at  the 1980 meetings of  the  AGARD  Fluid Dynamics 
Panel Conveners  Group on Transonic Test Sections. 

Method  validation and  technique  development  continues  using data bases in 
which  pressure  data (and also velocity  data for some procedures) are measured 
not  only on the model but  also  near  the  tunnel  wall.  Such data bases are being 
generated by groups  interested in WIAC and  also  adaptive wall applications. 
Both  method  validation  and  technique  development  are  guided  by  the  specific 
application one has in mind. Fast linearized  methods  could  conceivably be used 
on-line  for  test  guidance while more  exact  nonlinear  formulations  might be used 
in  formal  data  reduction.  It is not  yet  clear  what  the range of applicability 
is for either formulation; surely there is some difference between that  of  the 
linear  and  nonlinear  cases. One conclusion  which can be drawn, however, is that 
at  least  one flow angularity  measurement  needs to be made somewhere in the  test 
section; that is, in the region where pressure  measurements are being  made. 
This flow angularity  value  corresponds to an integration constant in these 
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formulations.  Without it,  one  can  only  assume  some  value  for  a  flow  direction, 
generally  taken  at  the  upstream  extent  of  the  pressure  data  measurements. 

Status  of 3-D WIAC 

Several  aspects  of  extending  the 2-D WIAC  to 3-D need  to  be  discussed. 
First,  a  straightforward  direct  extension  of  the 2-D procedure  (as  outlined 
earlier)  to 3-D is  certainly  possible  from  the  software  or  computer  point-of- 
view.  However,  an  excessive  amount  of  pressure  data  would  be  required  both  near 
all  walls  and  on  the  model.  Tests  will  continue  to  be  conducted  on  many  models 
where  pressure  data  are  not  taken  on  the  model  and  this  then  impacts  how  or 
whether  one  will  solve  the  inviscid  tunnel  flow  to  obtain a  computational  model 
of  the  equivalent  body. These two  aspects  of  how  much  and  what  kind  of  data 
are  needed  as  well  as  where  it  is to  be  taken will be  governed  by  the  hardware 
or  tunnel/model  aspects.  Our  current  thinking  is  that  representative  pressure 
data  near  the  walls  (perhaps  several  streamwise  traces  as  opposed  to  sparse 2-D 
arrays  for  each  wall)  and  model  force  and  moment  data  are all that  one  could 
reasonably  expect  to  get  in  most  tests. 

Another  aspect  is  related to  the  inherent  difference  between 2-D and 3-D 
flows.  The  transonic  relief  effect  afforded  by  the  third  dimension  compresses 
the  Mach  range  of  nonlinear  (transonic)  effects.  Thus,  the  linearlnonlinear 
methodology  mix  which  will  be  required  for  an  adequate 3-D WIAC  may  differ  from 
the 2-D case.  As  already  indicated,  this  issue  has  not  yet  been  resolved  for 
2-D; we expect  that  the 3-D case  might  be  more  tolerant  of  linear  aspects  except 
very  near  Mach 1. The  case of  transonic  axisymmetric  flow  which  exhibits 3-D 
relief, but  is  mathematically 2-D,  may allow  some  insight  into  these  aspects; 
we  have  therefore  included  it  in  this  discussion. 

Just  as  in  the 2-D case,  homogeneous  tunnel-wall  boundary  conditions  have 
been  used  in  the  earliest  direct  transonic  axisymmetric  (refs. 38 and 39) and 
3-D wing  (ref. 21)  codes.  Again,  with  changes  to  allow  for  measured  data  as  bound- 
ary  conditions,  one  could  base a  WIAC  procedure  upon  these  codes.  In  this  regard, 
a nonlinear  (transonic)  axisymmetric  code  has  been  modified  to  take  measured 
pressures  as  outer  flow  boundary  conditions  and  results  have  been  published  in 
reference 40. These  results  are  encouraging  since  the  agreement  for  model  press- 
ure  distribution  was  good  even  though  the  equivalent  body  model  was  taken  as  the 
solid  geometric  shape.  Likewise,  several  transonic 3-D wing  alone  and  wing-body 
codes  have  been  modified  to  accept  measured  pressures  as  outer  field  boundary  con- 
ditions  (refs. 41 and  42). In reference 41, experiments  were  tailored  to  produce 
transonic  data  to  be  used  in 3-D transonic  code  evaluations.  In  order  to 
account  for  the  transonic  wall  interference,  the  tested  codes  were  modified to 
accept  measured  pressures  as  outer  field  boundary  conditions.  The  good  agree- 
ment  between  experimental  and  numerical  (with  experimental  pressure  values  for 
outer  flow  boundary  data)  wing  surface  pressures  is  encouraging  for a 3-D WIAC. 
It  was  seen,  however,  that  for  agreement  over  the  aft  portion  of  the  wings,  an 
account  of  the  boundary  layer  was  needed.  That  is,  one  may  not  be  able  to  use 
only  the  solid  geometric  shape  as  the  equivalent  model  shape  in a WIAC.  The 
3-D wing-body  code  of  reference 42 was  developed  in  order  to  model  the  tunnel  in 
numerical  simulations  of  adaptive  wall  control  in  support  of  the  USAFIAEDC 
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program.   Th i s   code   a l lows   fo r  several " w a l l "  models,   one of which i s  f o r   p r e s -  
s u r e   d a t a   p r e s c r i b e d .  I t  is j u s t  now b e g i n n i n g   t o   b e   e x e r c i s e d .  

An NASA s t u d y   c o n t r a c t  (NAS1-16262) w a s  c o m p e t i t i v e l y  won by  Flow  Research 
Company (FRC) a n d   i n i t i a t e d   i n   S e p t e m b e r   1 9 8 0   i n   o r d e r   t o   e x a m i n e   t h e   a s p e c t s  
noted  above. It i s  e n v i s i o n e d   t h a t   t h e y  w i l l  d e v e l o p   p i l o t  3-D codes  which w i l l  
b e   a v a i l a b l e  when t h e  NTF comes  on l i n e   i n   1 9 8 2 .  A 3-D v e r s i o n   o f   t h e  2-D 
l i n e a r  method o u t l i n e d   i n   r e f e r e n c e   2 5   h a s   b e e n   c o d e d   b y  FRC b u t   n o t   y e t   e x e r -  
c i s e d   n o r   p u b l i s h e d .  It h a s  come t o   o u r   a t t e n t i o n   t h a t   t h e   C a n a d i a n s   a l s o   h a v e  
a 3-D v e r s i o n   o f   t h e i r  2-D method  ( re f .   25)   bu t  w e  have   no t   found  the   publ ica-  
t i o n   o f  i t .  

WALL-INTERFERENCE  EXPERIMENTS 

I t  i s  e n v i s i o n e d   t h a t  a l l  o f   t h e   e a r l y   e x p e r i m e n t s   i n  NTF w i l l  p r o v i d e   d a t a  
r e l e v a n t   t o  w a l l  i n t e r f e r e n c e   e f f e c t s   a n d   s h o u l d ,   i n   t h e   b r o a d e s t   s e n s e ,   b e   c o n -  
s i d e r e d  as wa l l - in t e r f e rence   expe r imen t s .   The   i ndependen t   ma tch ing  of b o t h  Mach 
and  Reynolds  number  on  the  one  hand places added   emphas is   on   p roper ly   account ing  
for   wind- tunnel -wal l   e f fec ts   whi le   on   the   o ther   hand  i t  p r o v i d e s   t h e   p o s s i b i l i t y  
of a b e t t e r   e x p e r i m e n t a l   a s s e s s m e n t   o f   t h e s e   e f f e c t s   ( i n  NTF) than  has  been  pos- 
s i b l e   f o r   o t h e r   f a c i l i t i e s .   S i n c e   o n e   o f   t h e   p u r p o s e s  of t h i s  workshop i s  t o  
p r o v i d e   i n p u t   f o r   i m p a c t   u p o n   e a r l y  NTF u s e ,  w e  w i l l  d i s c u s s   w a l l - i n t e r f e r e n c e  
e x p e r i m e n t s   i n  terms o f   g e n e r a l   i d e a s   a b o u t  tests a l ready   p lanned   which   involve  
two d i f f e r e n t   m o d e l   s i z e s   a n d ,   m o r e   s p e c i f i c a l l y ,   f o r  a proposed  body-of- 
r e v o l u t i o n   d r a g - r i s e   e x p e r i m e n t .  

Independent   Experimental   Wall-Interference  Assessment  

An independent   exper imenta l   assessment   o f   the  symptoms o f   w a l l   i n t e r f e r e n c e  
can  be made by t e s t i n g  two d i f f e r e n t   m o d e l   s i z e s   i n   t h e  same t u n n e l .   I n   a d d i -  
t i o n ,   i f   o n e   c a n   i n d e p e n d e n t l y   a d j u s t  Mach and  Reynolds  numbers  then  the  wall-  
i n t e r f e rence   e f f ec t   can   be   uncoup led   f rom  the   Reyno lds   s ca l ing   due   t o   mode l  
s i z e .   S e v e r a l   e x p e r i m e n t s  are  planned  where two model s i z e s  are  e n v i s i o n e d   f o r  
r e a s o n s   i n   a d d i t i o n   t o   w a l l - i n t e r f e r e n c e   s t u d i e s .   F i g u r e  7 d e p i c t s   ( n o t   t o  
s c a l e )   t h r e e   s u c h   s t u d i e s .   F o r   e x a m p l e ,   t h e   l a r g e  SCR model i s  t o  b e   u s e d   i n  
low-speed ,   h igh - l i f t  tests w h i l e  a smaller s i z e  model w i l l  b e   r e q u i r e d   f o r   h i g h -  
s p e e d   t e s t i n g .  Two m o d e l   s i z e s  are  a l s o   p l a n n e d   f o r   t h e   P a t h f i n d e r  I EET model. 
Drag- r i se   exper iments  w i l l  be   done   on   bodies   o f   revolu t ion   and   here  a t  l eas t  
two model s i z e s  w i l l  b e   u s e d .   I n  ear l ie r  NASA Langley  experimental   work 
( r e f .  4 3 )  a number of m o d e l   s i z e s  were t e s t e d   i n   o r d e r   t o   u n d e r s t a n d   t u n n e l  
i n f luence   upon   d rag .  I t  is  f e l t   t h a t   t h e s e   d r a g - r i s e   e x p e r i m e n t s   o n   b o d i e s   o f  
r e v o l u t i o n ,   v e r y   n e a r  Mach 1, r e p r e s e n t  a s i t u a t i o n   i n   w h i c h   a n   a s s e s s m e n t   o f  
w a l l  i n t e r f e r e n c e  may b e   e s s e n t i a l   f o r   i n t e r p r e t i n g   t h e   o u t c o m e .  

Body of   Revolut ion 

The i n t e r p r e t a t i o n   o f  many e x p e r i m e n t s   i n  NTF may depend  upon  be ing   ab le   to  
unsc ramble   t he   t unne l  w a l l  i n t e r f e r e n c e .  A proposed   body-of - revolu t ion   drag  
s tudy   t h rough  Mach 1 c e r t a i n l y   f a l l s   i n t o   t h i s   c a t e g o r y   a n d  w e  p r o p o s e   h e r e   t o  
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design  the  experiment  and  procedures so that  data are taken  to  allow an early 
application of WIAC  procedures to  the  NTF  test  section. For axisymmetric flow, 
the 2-D mathematics  allow  for  ease in studying  different  WIAC  approximations 
while  the  flow  itself  exhibits  some  of  the  3-D  phenomena.  Some  suggested 
aspects of such an experiment  are  depicted in figure 8. As  indicated,  the 
emphasis  would  be  about M = 1; we would  use  axisymmetric  WIAC  procedures in 
attempting  to  assess wall  interference  for  the  experiment  while  at  the  same 
time  using  the  experimental  data for  a  validation of  the adequacy of the  WIAC 
procedure.  At  least  two model  sizes,  perhaps  scaled  for  similar  flow  between 
the  larger  one in the NTF and  the  smaller one in the 0.3-m TCT, would be tested. 
The smaller one would, of  course,  be  available  for  testing in the  NTF.  Pressure 
measurements  would  be  taken on the  model,  sting,  tunnel walls, and  at several 
places in the flow field  (at  least  for  the NTF). One would  like  to  ascertain  that 
a  region of axisymmetric  flow  does  exist so that  results  could  be  obtained  prior 
to  the  development  of a  nonaxisymmetric  WIAC  procedure. 

NTF  WALL-INTERFERENCE  TECHNOLOGY  OUTLOOK 

The  near-term  aspects  of  the  NTF  wall-interference  technology  are  shown 
schematically  in  figure 9. Several of the  early  tests in NTF  will  involve  two 
model  sizes. Data  from such  pairs  of  tests will  show  the  symptoms of wall 
interference,  perhaps  parameterized  over  Mach  and  Reynolds  number  ranges  in  a 
way  which  was  not  possible  in  the  past.  This  would  represent  an  independent 
experimental  assessment  of wall interference.  At  the same time,  these  data  pro- 
vide a base  for  validation  of  WIAC  procedures since  pairs of tests,  with  most 
other  conditions  matched,  will  have  different  wall  interferences.  All  tests  in 
NTF will  contribute to generation of a  statistical  data  base  for  wall  inter- 
ference. The  near-term  use as indicated in figure 9 would  be  for  predicting 
corrections,  defining  the  range  of  Mach  number,  lift,  model  size,  etc.,  where 
the  data are  correctable  and  hopefully  to  guide  future  wall  and  procedure 
improvements. 

Far-term  aspects  will  certainly  follow  progress in the  related  technologies 
of  computational  fluid dynamics, tunnel-wall  boundary-layer  control,  data  acqui- 
sition,  and  adaptive  tunnel  walls. A s  indicated  earlier,  the  major  simulations 
not  yet  achieved are related  to  matching  the  unboundedness  condition of free 
flight. The prospect  of  eliminating  interferences  due  to  tunnel  walls,  model 
support,  and  measurement  probes  via  hardware  devices  has  been  discussed in this 
workshop  and  is  being  pursued  and  funded  here at NASA  Langley. The long-range 
plan  for  NTF  includes  consideration  of an adaptive  wall.  From  the  productivity 
standpoint, it  is not  yet  clear  just  how  adaptive  though.  Conceptually,  it 
seems  at  this  time  to  be  the  proper  way  to  go. The experience to be gained  by 
use  of  WIAC in  the  present  NTF  test  section should,  however,  be used  to  opti- 
mize  the  present  test  section  and  its  use  in  conjunction with WIAC  should  then 
be  evaluated  to  determine  the  need  for  adaptive  features. 
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F i g u r e  2.-  S k e t c h  of  NTF s l o t t e d - w a l l  tes t  s e c t i o n .  
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F i g u r e  3 . -  Adap t ive  w a l l  c o n c e p t .  
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COMMENTS ON REYNOLDS NUMBER EFFECTS AND THE ROLE 

OF  NTF I N  THE DEVELOPMENT  OF A I R  VEHICLES 

A. L. Nagel 
Boeing  Commercial  Airplane Company 

The advent   o f   the   Nat iona l   Transonic   Fac i l i ty  (NTF) wi th  i ts  c a p a b i l i t y  
f o r   m a t c h i n g   t h e   f u l l  scale Reynolds  numbers  of a l l  b u t   t h e   l a r g e s t   a i r p l a n e s  
i s  a major  advance i n   t e s t i n g   c a p a b i l i t y .   B o e i n g  welcomes t h e   o p p o r t u n i t y   t o  
he lp   formula te   deve lopment   p lans   for   th i s   un ique  new f a c i l i t y  by p a r t i c i p a t i n g  
i n   t h i s  second  high  Reynolds number workshop.   Conversion  factors   to   enable  
c a l c u l a t i o n   o f   S I - u n i t   e q u i v a l e n t s   f o r  a l l  U. S .  u n i t s   u s e d   i n   t h i s   p a p e r  are 
l i s t e d   i n   T a b l e  1. 

TABLE 1 

To convert   from to Mul t ip ly  by 

inch  cen t ime te r  2.54 
f o o t  meter 0.3048 
microinch micron 2.54 x 

REYNOLDS NUMBER RANGE OF INTEKKST TO BOEING 

F igure  1 i l l u s t r a t e s   t h e   R e y n o l d s  number range  of   current   and  forseeable  
Boeing  products. It is  s e e n   t h a t   t h e  NTF w i l l  encompass much b u t   n o t  a l l  of 
t h e   r e g i o n   o f   i n t e r e s t .  I n  the   pas t ,   Boeing  Company products  have  been  devel-  
oped p r imar i ly   i n   t he   Boe ing   T ranson ic  Wind Tunnel (BTWT), an  atmospheric  wind 
tunne l   w i th   an  8- by  12-foot tes t  s e c t i o n .  Becaase o f   t h e   l a r g e   d i f f e r e n c e s  
shown between  the  Reynolds  numbers  available  in BTWT and f l i g h t ,  Boeing  has 
made e x t e n s i v e   u s e   o f   o t h e r   f a c i l i t i e s ,   i n c l u d i n g   t h o s e   o f  NASA, t h e  A i r  Force,  
and p r iva t e   o rgan iza t ions .   Us ing   da t a  f r o m   s e v e r a l .   f a c i l i t i e s ,   a n a l y t i c  
methods,   and  an  extensive  backlog  of   f l ight  test  data,   Boeing  has  been  suc- 
c e s s f u l   i n   d e v e l o p i n g   c o m p e t i t i v e   a i r c r a f t   i n   t h e   r e l a t i v e l y  low  Reynolds 
numbers a v a i l a b l e   i n  BTWT. Although  there   has   not   yet   been a case  of  a major 
d i screpancy   be tween  the   cor rec ted   wind   tunnel   da ta   and   the   charac te r i s t ics   o f  
t h e   f u l l   s c a l e   a i r p l a n e s ,   B o e i n g  w i l l  b e   q u i c k   t o   t a k e   a d v a n t a g e   o f   t h e   b e t t e r  
s imula t ion   o f f e red  by NTF. A s  shown i n   t h e   f i g u r e ,  NTF w i l l  o f f e r   t he   capa -  
b i l i t y  o f   ob ta in ing   da t a  a t  f u l l  scale Reynolds  numbers i n   t h e   c r u i s e   c o n d i -  
t i o n   f o r  most  of the   forseeable   Boeing   products ,  2nd w i l l  be much c l o s e r   t h a n  
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p r e v i o u s   t u n n e l s   t o   f u l l  scale Reynolds number f o r   t h e   o p e r a t i n g   e n v e l o p e s .  
Great care w i l l  s t i l l  b e   r e q u i r e d   i n   a p p l y i n g   t h e   d a t a ,   h o w e v e r ,   b e c a u s e  i t  is 
p r i m a r i l y   o n   t h e   o p e r a t i n g   e n v e l o p e   t h a t   R e y n o l d s   n u m b e r   e f f e c t s  are most 
important   and least  p r e d i c t a b l e .  

BOEING CRYOGENIC AIRFOIL MODEL  AND DATA 

I n   J u n e   1 9 8 0   B o e i n g   b e c a m e   t h e   f i r s t   o f   t h e   a i r p l a n e   i n d u s t r y   t o   c o n d u c t  
a n   a i r f o i l  test in   t he   Lang ley   9 .3 -Mete r   T ranson ic   Cryogen ic   Tunne l  (0.3-m TCT). 
F i g u r e  2 shows t h e   m o d e l   t h a t  w a s  u s e d   f o r   t h i s  test: an  8-inch  span,  6-inch 
chord,  2-dimensional  wing  having a p r o p r i e t a r y   B o e i n g   a i r f o i l   s e c t i o n .  The 
model w a s  smoothed t o   a n  RMS r e a d i n g   o f  4 t o  6 micro inches   and  a l l  o f   t he  
c o o r d i n a t e s  were wi th in   . 0012   i nches .  The smoothness   requirement  w a s  based  on 
c lass ical  s k i n   f r i c t i o n   d a t a .  The s u r f a c e   c o n t o u r   r e q u i r e m e n t s  were e v a l u a t e d  
b y   a n a l y z i n g   c o n t o u r   e r r o r   e f f e c t s   w i t h   t r a n s o n i c   a i r f o i l   c o d e s .  

F i g u r e  3 shows t h e   c o m p a r i s o n   o f   t h e   d a t a   o b t a i n e d   i n   t h i s  test w i t h  
t h e o r e t i c a l   m e t h o d s .  The d a t a   a n d   t h e o r y  are n o r m a l i z e d   b y   t h e   t h e o r e t i c a l  
t u r b u l e n t   f l a t   p l a t e   s k i n   f r i c t i o n .  The d a t a   o f   t h i s   f i g u r e  are taken  a t  a 
Mach number of  0.6 so  as t o   b e  f ree  f r o n   s h o c k - b o u n d a r y   l a y e r   i n t e r a c t i o n  
e f f e c t s .   T h i s   c o n d i t i o n  is  c o n s i d e r e d  t o  b e   t h e   b a s i c   s t a r t i n g   p o i n t   f o r  
eva lua t ing   Reynolds  number e f f e c t s .   A l t h o u g h   n o   t r a n s i t i o n   d e t e c t i o n   m e t h o d  
was a v a i l a b l e   f o r   t h i s  tes t ,  it w a s  e s t a b l i s h e d   b y   c o m p a r i n g   f r e e   t r a n s i t i o n  
d a t a   w i t h   t r i p p e d   d a t a   t h a t  a t  the  lowest   Reynolds   number shown t r a n s i t i o n  
o c c u r r e d  a t  approximate ly  10  pe rcen t   cho rd .  When the  low  Reynolds  number 
d a t a  are c o r r e c t e d   f o r   t h i s   i n i t i a l   l a m i n a r   r u n   t h e   a g r e e m e n t   w i t h   t h e   t h e o r y  
i s  very  good. A t  h i g h e r   R e y n o l d s   n u m b e r s   w h e r e   t h e   t r a n s i t i o n   p o i n t  i s  unknown, 
t h e   d a t a   t h e o r y   c o m p a r i s o n   c a n n o t   b e  s o  d i s c r i m i n a t i n g .  An upper   bound  for  
t h e   e f f e c t   o f   t h e   l a m i n a r   r u n  w a s  es t imated   by   assuming 10  p e r c e n t   l a m i n a r  
f low a t  a l l  Reynolds  numbers. A lower  bound was es t imated   by   assuming a con- 
s t an t   t r ans i t i on   Reyno lds   number ,   wh ich   appea r s   t o   be   more  real is t ic .  The 
d i f f e r e n c e   b e t w e e n   t h e  two me thods   o f   co r rec t ing   fo r   l amina r   run  i s  i n d i c a t e d  
by t h e   s h a d e d   b a n d   i n   t h e   f i g u r e .  The d a t a   a g r e e  w e l l  w i t h   t h e   t h e o r y ,   b u t  
f o r   t h e  case shown t h e   v a r i o u s   t h e o r i e s  are a l l  i n   q u i t e   c l o s e   a g r e e m e n t .  
The a c t u a l   c u r v e  shown h e r e  is  based   on   the   method  of   Meln ik ,   bu t   o ther  
methods are a l s o   i n   c l o s e   a g r e e m e n t   w i t h   t h e   d a t a ,  a s  are  t h e  RAE d a t a   s h e e t s  
( r e f .  1). 

The l a r g e s t   s o u r c e   o f   u n c e r t a i n t y   i n   t h i s   c o m p a r i s o n  i s  t h e  unknown e x t e n t  
of   the   l aminar   f low,   which  may a l s o   b e  a d i f f i c u l t   p r o b l e m   f o r   f u t u r e  NTF 
t e s t i n g .  The l o c a t i o n   o f   b o u n d a r y   l a y e r   t r a n s i t i o n   m u s t   b e   e x p e c t e d   t o   a f f e c t  
a l l  Reynolds-number-dependent  phenomena,  and s o  must  be  determined.  However,  
a t  the   ve ry   h igh   un i t   Reyno lds   numbers   o f  NTF, f l o w   v i s u a l i z a t i o n  materials 
may a f f e c t   t r a n s i t i o n   l o c a t i o n s .  On t h e   o t h e r   h a n d ,   s u r f a c e   i n s t r u m e n t a t i o n  
t echn iques   such  as t h i n   f i l m   g a u g e s   h a v e   t h e   d i s a d v a n t a g e   t h a t   f o r   t h e  
i r r e g u l a r   p a t t e r n s   o f   t r a n s i t i o n   t h a t   o f t e n   o c c u r   o n   c o m p l i c a t e d   s h a p e s ,   a n  
i m p r a c t i c a l l y   l a r g e  number of   gauges may b e   r e q u i r e d .  

1 R .  E. Melnik; R. R. Chow; H. R. Mead; and A .  Jameson: An Improved  Viscid/ 
~ ~ ~ " ". . 

I n v i s c i d   I n t e r a c t i o n   P r o c e d u r e   f o r   T r a n s o n i c   A i r f l o w  Over A i r f o i l s .  Grumman 
Aerospace   Corpora t ion ,   p repared   under   cont rac t   no .  NAS1-12426, February  1980. 
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DRAG RISE VARIATION WITH REYNOLDS NUMBER 

F i g u r e  4 i l l u s t r a t e s  a more   compl i ca t ed   s i t ua t ion .  Here w e  p r e s e n t  the 
d r a g   i n c r e a s e   a b o v e  a " s u b c r i t i c a l "  Mach number a t  wh ich   no   shock   i n t e rac t ion  
e f f e c t s   o c c u r .   F o r   d i f f e r e n t  classes o f   a i r f o i l s   t h i s   o n s e t   o f   t r a n s o n i c   f l o w  
e f f e c t s   o c c u r s  a t  s l i g h t l y   d i f f e r e n t  Mach numbers.  The d a t a  shown i n   t h i s  
f i g u r e  are ob ta ined   f rom  p ropr i e t a ry   Boe ing  tests. 

The p o i n t   i l l u s t r a t e d   b y   f i g u r e  4 is  that   Reynolds   number effects may b e  
i n   o p p o s i t e   d i r e c t i o n s   f o r   d i f f e r e n t   a i r f o i l s .  We do n o t  know of a t h e o r e t -  
i c a l  method t h a t   c a n   s u c c e s s f u l l y   p r e d i c t   t h e   d i f f e r e n t   e f f e c t   o f   R e y n o l d s  
number on   drag  rise obse rved   on   t hese  two a i r f o i l s .  Hence, even f o r  th is  
r e l a t ive ly   s imp le   two-d imens iona l   f l ow  cond i t ion ,   r e l i ab le   w ind   t unne l   da t a  
are requ i r ed .   Fo r   more   compl i ca t ed   s i t ua t ions   i nvo lv ing   t h ree -d imens iona l  
wing-body  combinations, w e  m u s t   a n t i c i p a t e   t h a t   h i g h   q u a l i t y   w i n d   t u n n e l   d a t a  
w i l l  b e   r e q u i r e d   t o   d e t e r m i n e   R e y n o l d s  number e f f e c t s   f o r   t h e   f o r s e e a b l e   f u t u r e .  

ADDITIONAL SIMULATION  REQUIREMENTS 

Reynolds number i s  only   one   o f  many p o s s i b l e   s o u r c e s   o f   d i f f e r e n c e s  
b e t w e e n   t h e   w i n d   t u n n e l   d a t a   a n d   f u l l   s c a l e   d a t a .   O t h e r   s o u r c e s   i n c l u d e  w a l l  
e f f e c t s ,  model   suppor t   e f fec ts ,   model   and   model   suppor t   def lec t ions ,   f low 
qua l i ty ,   mode l   su r f ace   smoo thness ,   and   mode l   su r f ace   t empera tu re .  

The e f f e c t s   o f   t h e s e   v a r i a b l e s  w i l l  n o t   d i s a p p e a r  as f u l l  scale Reynolds 
numbers are ach ieved   i n   t he   w ind   t unne l s .  Some, such as w a l l  e f f e c t s ,  are 
themselves  Reynolds number dependen t .   I f   t he   t unne l   dynamic   p re s su re  varies 
wi th   Reyno lds   number ,   de f l ec t ions   o f   t he   mode l s   and   suppor t s   unde r   a i r loads  
may d i s t o r t   o r   e v e n   r e v e r s e   t h e   a p p a l ' e n t   e f f e c t   o f   R e y n o l d s   n u m b e r .   T h e  new 
c a p a b i l i t y   o f  NTF t o   i s o l a t e   s u c h   e f f e c t s   b y   v a r y i n g   d y n a m i c   p r e s s u r e   a n d  
Reynolds number independent ly  may be   a lmost  as v a l u a b l e  as the   Reynolds  number 
c a p a b i l i t y  i t s e l f .  

Flow q u a l i t i e s   i n c l u d e   a n g u l a r i t y ,  s w i r l ,  no i se ,   and   t u rbu lence .   F low 
a n g u l a r i t i e s   i n t r o d u c e   u n c e r t a i n t i e s   i n   r e s o l v i n g   b a l a n c e   m e a s u r e m e n t s   i n t o  
p u r e   l i f t  a n d   d r a g .   N o i s e   a n d   t u r b u l e n c e   a f f e c t   b o u n d a r y   l a y e r   t r a n s i t i o n ,  
which may t h e r e f o r e   o c c u r  a t  d i f f e r e n t   l o c a t i o n s   t h a n   o n   t h e   f u l l  scale 
a i r c r a f t ,   e v e n  a t  iden t i ca l   Reyno lds   numbers .  The r e s u l t  may b e   d i f f e r e n c e s  
i n  s h o c k - b o u n d a r y   l a y e r   i n t e r a c t i o n s   a n d   s e p a r a t i o n ,   l e a d i n g   t o   d i f f e r e n c e s   i n  
d r a g ,   d r a g  rise Mach number ,   buf fe t ,   and  s t a l l  behavior .  

Model s u r f a c e   s m o o t h n e s s   c a n n o t   b e   e x p e c t e d   t o   s i m u l a t e   t h a t   o f   t h e   f u l l -  
scale a i r p l a n e s .   S c a l e d   e x c r e s c e n c e s   a n d   r o u g h n e s s e s   w o u l d   b e   i m p r a c t i c a l l y  
small. I n  a c ryogen ic   w ind   t unne l   o f   sho r t   du ra t ion   f l ow  the  w a l l  t empera ture  
r a t i o  w i l l  t e n d   t o   b e   h i g h e r   t h a n  a t  t h e   f u l l  scale f l i g h t   c o n d i t i o n ,   u n l e s s  
e f f e c t i v e   m o d e l   c o o l i n g   m e t h o d s  are  d e v i s e d .   T h e o r e t i c a l l y ,  a t  l eas t ,  w a l l  
t e m p e r a t u r e   r a t i o s   a n d   t e m p e r a t u r e   g r a d i e n t s   a f f e c t   b o t h   b o u n d a r y   t r a n s i t i o n  
a n d   t h e   t u r b u l e n t   b o u n d a r y   l a y e r   p r o f i l e s ,   a n d   c o u l d   l e a d  t o  t h e   s e p a r a t i o n  
e f f e c t s   d i s c u s s e d   a b o v e .  
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CONCLUDING REMARKS 

The NTF w i l l  o f f e r  a major  improvement i n  test c a p a b i l i t y .  A pre l iminary  
a n a l y s i s  of d a t a  from t h e  0.3-Neter TCT ind ica t e s   t ha t   va l id   h igh   Reyno lds  
number da t a   can   be   ob ta ined   i n  a cryogenic  environment. The l a r g e s t   s o u r c e  of 
uncertainty  found so f a r  i s  i n   t h e  unknown extent  of  laminar  f low.  Research 
i n t o   t r a n s i t i o n   d e t e c t i o n  and t r a n s i t i o n   e f f e c t s   i n  NTF shou ld   r ece ive   h igh  
p r i o r i t y .  

I n  a previous  communication ( l e t t e r  B-8020-00-05, da ted  2-4-75, t o  W. B .  
LaBerge,  Dept.  of A i r  Force,  from H. W.  Withington)   Boeing  has   indicated  that  

use of NTF would on ly   be   fo r   ve r i fy ing   o r   f i ne   t un ing   pa r t i cu la r   con f igu ra -  
t i o n s   t h a t  are expec ted   to   be   sens i t ive   to   Reynolds  number e f f e c t s . "  Even i f  
c o s t  and l o g i s t i c s  were no t   impor t an t   cons ide ra t ions ,   t he   t o t a l  NTF t e s t i n g  
time ava i l ab le   t o   any   one   u se r  would preclude i t s  use  for  product  development 
t e s t i n g .   F o r   t h i s   r e a s o n  i t  i s  recommended tha t   research   be   conducted   in   bo th  
t h e  0.3-Meter TCT and the  NTF wi th   t he   ob jec t  of  developing  improved  simulation 
techniques  and  methods  for   extrapolat ing model d a t a   t o   f u l l   s c a l e   i n t e r f e r e n c e -  
f r e e   c o n d i t i o n s .  The development  of  such  techniques  would  significantly 
enhance   t he   g rea t   na t iona l   i nves tmen t   i n  many e x c e l l e n t   e x i s t i n g  wind tunnels .  

1 1  
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F i g u r e  1.- Reynolds  numbers of i n t e r e s t   t o   B o e i n g .  

F i g u r e  2.- Boeing-developed  15.24-cm-chord  (6-in-chord) a i r f o i l  
r e c e n t l y   t e s t e d   i n   t h e  0.3-n Transonic   Cryogenic   Tunnel .  
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Figure 4.- Reynolds number e f f e c t  on d r a g  rise. 
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AIRCRAFT  DESIGN USING THE NATIONAL TRANSONIC FACILITY 

E.  Bonner 
Technica l   S ta f f ,   Aerodynamics  

Nor th   Amer ican   A i rc ra f t   D iv i s ion ,   Rockwel l   In t e rna t iona l  

INTRODUCTION 

The   approach ing   ava i l ab i l i t y   o f   t he   2 .5 -me te r   c ryogen ic   h igh   Reyno lds  
number tes t  f a c i l i t y   n e c e s s i t a t e s   e v a l u a t i o n   o f  i t s  uses   by   p rospec t ive   g roups .  
An a i rc raf t  m a n u f a c t u r e r ' s  views are p r e s e n t e d   i n   t h e   c o n t e x t   o f   p r o d u c t i o n  
t u n n e l   s t a t u s .   F a c i l i t y   c a l i b r a t i o n   a n d  w a l l  and   suppor t   sys t em  co r rec t ions  
are e s s e n t i a l   p r e c u r s o r  ac t iv i t i e s .  E a r l y   f l i g h t  tes t  c o r r e l a t i o n   o f   l o c a l  
c h a r a c t e r i s t i c s  is  r e q u i r e d   t o   f o s t e r   h i g h   u s e r   c o n f i d e n c e .  

GENERAL 

Greatest use  of t h e  NTF f o r  new system  development i s  a n t i t i p c a t e d   i n   t h e  
areas of 1) d e v e l o p i n g   r e l i a b l e   a t t a c h e d   a n d   s e p a r a t e d   f l o w   s c a l i n g   r u l e s   f o r  
u s e   i n   c o r r e c t i n g   e x i s t i n g  test f a c i l i t y   m e a s u r e m e n t s   t o   f u l l  scale Reynolds 
number  and 2)  e s t i m a t i o n   o f   t h e   a e r o d y n a m i c   c h a r a c t e r i s t i c s  of w e l l  des igned  
arrangements  which  have  undergone a series o f   eva lua t ion   and   r e f inemen t  tests 
i n   l a r g e   h i g h   d e n s i t y   c o n v e n t i o n a l   f a c i l i t i e s .   T h i s  l a t t e r  a c t i v i t y   a l s o  sup- 
p o r t s   t h e   i m p o r t a n t   f u n c t i o n  of va l ida t ing   advanced   computa t iona l   des ign   methods  
and   de f in ing  areas r e q u i r i n g   f u r t h e r   d e v e l o p m e n t .  

The e n v i s i o n e d   i n t e r f a c e s   b e t w e e n   t h e  NTF and   conven t iona l   w ind   t unne l s  are  
summarized i n   f i g u r e  1. It is  t a c i t l y  a s s u m e d   t h a t   e i t h e r  com any  or   government  
tes t  f a c i l i t i e s   w i t h   R e y n o l d s  tes t  c a p a b i l i t y   o f  R, - 5 X log w i t h   a n g l e   o f  
a t t a c k  (R- 10 x 10 f o r   l o a d   l i m i t e d   t e s t i n g )   a r e ' a v a i l a b l e   f o r   d e v e l o p m e n t  
e f f o r t s   i n   o r d e r   t o   r e d u c e   t h e   i m p a c t   o f   s c a l e   e f f e c t s   o n   c o n f i g u r a t i o n   d e s i g n .  

6 
C 

DESIGN CONSIDERATIONS 

Aerodynamic   per formance   es t imat ion ,   numer ica l   wing   des ign   ver i f ica t ion ,   and  
h igh   Reyno lds   number   t heo re t i ca l   ex t ens ions  are s p e c i f i c  areas of NTF u s e   t h a t  
are impor tan t   for   advanced   sys tem  deve lopment .  

R u l e s   f o r   e x t r a p o l a t i n g   v i s c o u s   d r a g   t o   f l i g h t   R e y n o l d s  number  need  to   be 
v a l i d a t e d   f o r   b o t h   h y d r a u l i c a l l y   s m o o t h   a n d   d i s t r i b u t e d   r o u g h   s u r f a c e s   s i n c e  
many a i r c r a f t   h a v e   i m p o r t a n t   f l i g h t   p o i n t s   w h i c h   s p a n   b o t h   c o n d i t i o n s .   D e v e l o p -  
ment  of tes t  t e c h n i q u e s   t o   c o n t r o l   o r   m e a s u r e   t r a n s i t i o n  i s  a n e c e s s a r y   p a r t   o f  
such a c o r r e c t i o n   p r o c e d u r e .  Two- and   t h ree -d imens iona l   boundary   l aye r   ana lys i s  
as w e l l  as f l a t   p l a t e   s k i n   f r i c t i o n   a l g o r i t h m s   s h o u l d   b e   c o n s i d e r e d   s i n c e   t h e y  
s y s t e m a t i c a l l y  treat v a r i a b l e   p r e s s u r e   g r a d i e n t   e f f e c t s   a n d   a s s o c i a t e d   d i s p l a c e -  
ment t h i c k n e s s   p r e s s u r e   d r a g .  
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A systematic   account ing  for   the  boundary  layer   developing  on  the wing is 
requ i r ed  as a r e s u l t  of t h e  modern p r a c t i c e  of  employing  wing  sections  developing 
c o n t r o l l e d   s u p e r c r i t i c a l   f l o w   i n   c o n j u n c t i o n   w i t h   s t e e p   b u t  w e l l  managed adverse  
p re s su re   g rad ien t s .   Th i s   has   g iven  rise to   the   use   o f   Reynolds  number incre-  
mented  geometry  (undercutting of p o t e n t i a l   d e s i g n   c o o r d i n a t e s )   o r   t r a n s i t i o n  
s t r i p s   l o c a t e d  well back   f rom  the   l ead ing   edge   to   s imula te   fu l l  scale d isp lace-  
ment t h i ckness   app roach ing   t he   t r a i l i ng   edge .  The a b i l i t y   o f   t h e s e   a p p r o a c h e s  
to   s imu la t e   des i r ed   f l ows  a t  f l i gh t   Reyno lds  number should  be  demonstrated.  

The use of adapt ive  wing  geometry  (e.g. v a r i a b l e  camber, a e r o e l a s t i c  twist, 
e t c . )   t o  expand the   h igh   aerodynamic   e f f ic iency   opera t ing   envelope   resu l t s   in  
boundary  layer   interact ions  which are not   fu l ly   cont ro l led   and   consequent ly  are 
of t h e   s t r o n g   ( a t  least l o c a l l y )   v a r i e t y .  The wing  performance  for  such  condi- 
t i o n s  i s  sub jec t   t o   l oca l   s epa ra t ed   f l ow scale e f f e c t s  which are gene ra l ly  
diminished as the  Reynolds number is increased .  

I n   t h e  area of high  Reynolds number t h e o r e t i c a l   e x t e n s i o n s ,   v a l i d a t i o n  of 
a t t a i n a b l e   p o t e n t i a l   l e a d i n g   e d g e   s u c t i o n  i s  required  to   support   emerging wing 
planform  design  s tudies   based on such  concepts.  Present  knowledge i s  based  on 
l imi t ed  test r e s u l t s   f o r  R - 6 x 10  . 6 

Component estimates of s t a t e - o f - t h e - a r t   i n t e g r a l   a n d   f i n i t e   d i f f e r e n c e  
boundary   l aye r   ana lys i s   u se   va r ious   na tu ra l   t r ans i t i on   and   s epa ra t ion   c r i t e r i a .  
I n   g e n e r a l ,   t h i s   e n t i r e  methodology  requires   val idat ion a t  high  Reynolds number 
and i n  a l l  p r o b a b i l i t y  w i l l  need   r ev i s ion   t o   b r ing  i t  in to   conformi ty   wi th  new 
low turbulence  test  information.  

The foregoing   cons idera t ions  are  summarized i n   f i g u r e  2 .  The t o p i c s  are  
not   cons idered   to   be   exhaus t ive   bu t   represent   impor tan t  areas f o r  which t h e  NTF 
should  markedly  improve  the s t a t e  of  knowledge. 

USE PRIORITY 

Ranking  of NTF uses  from  an  airframe  development  viewpoint i s  p r e s e n t e d   i n  
f i g u r e  3. F i r s t  p r i o r i t y  i s  a s s i g n e d   t o   a c t i v i t i e s   1 )   p r o v i d i n g  estimates of 
new system  six-component  aerodynamic  force  and moment c h a r a c t e r i s t i c s  a t  f u l l -  
s c a l e  R and 2) es tab l i sh ing   convent iona l   tunnel  limits and  Reynolds number 
sca l ing   procedures .  A s l i g h t l y  lesser p r i o r i t y  is  a s s i g n e d   t o   t h e   v a l i d a t i o n  
of numerical   design  methodology  and  support   of  theoretical   extension  concerned 
w i t h   c o r r e c t i n g   i d e n t i f i e d   d e f i c i e n c e s .  

It is recognized   tha t   the   ind ica ted   ranking  is  q u i t e   d i f f e r e n t  from t h a t  
required  for  basic  research,  fundamental   methods  development,   etc.  
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DEVELOPMENT 
" _  VAL I DAT I ON 

I 

1 

I I I 

I t 
INDUSTRY ADVANCED - EXISTING SCALING _____c FULL SCALE 
CONFIGURATIONS TUNNELS TECHN I QUES CHARACTERISTICS 

Figure 1.- Envisioned NTF role in new configuration  development. 

PERFORMANCE VALIDATION 

A )  VISCOUS  SCALING 

B) ROUGHNESS EFFECTSKUTOFF  BEHAVIOUR 

NUMERICAL WING DESIGN  VALIDATION 

A )  REYNOLDS NUMBER IMCREMEMTED  GEOMETRY 

B) VARIABLE CAMBER  PERFORMANCE 

c )  ELASTIC AERODYNAMI C CHARACTER I ST I CS 

*HIGH RN THEORETICAL  EXTENSIONS 

A )  ATTAINABLE EDGE SUCTION  PREDICTION 

B) TRANSITION  PREDICTION 

c )  SEPARATIONIREATTACHMENT CRITERIA 

Figure 2.- Specific NTF uses  in  new configuration  development. 
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FIRST  PRIORITY 

1, NEW SYSTEM  AERODYNAMIC VALIDATION 

2 ,  ESTABLISH LIMITS WITHIN WHICH CONVENTIONAL  TUNNELS 
CAN BE  EFFECTIVELY AND RELIABLY USED 

3 ,  VALIDATE/DEVELOP MODERATE  REYNOLDS  NUMBER SCALING 
PROCEDURES  FOR  ATTACHED  AND SEPARATED FLOWS 

.LESSER PRIORITY 

1, VALIDATE ADVANCED  THREE DIIIENSIONAL NUMERICAL 
DES I GN TOOLS 

2, SUPPORT NEW THEORET I CAL DEVELOPMENTS 

F i g u r e  3 . -  NTF use p r i o r i t y   f r o m  an a i rcraf t  des ign   v i ewpo in t .  
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PROPOSED AEROELASTIC AND FLUTTER  TESTS  FOR THE NATIONAL TRANSONIC FACILITY 

J. R. Stevenson 
R o c k w e l l   I n t e r n a t i o n a l ,  Nor th   Amer ican   A i rc ra f t   D iv i s ion  

INTRODUCTION 

B a s e d   o n   o u r   e x p e r i e n c e   i n   a e r o e l a s t i c i t y   a n d   f l u t t e r  a t  the  North  American 
A i r c r a f t   D i v i s i o n   o f   R o c k w e l l   I n t e r n a t i o n a l ,  a number of tests come t o  mind 
t h a t   c a n   e i t h e r   e x p l o i t   t h e   u n i q u e   h i g h   R e y n o l d s  number c a p a b i l i t i e s   o f   t h e  
N a t i o n a l   T r a n s o n i c   F a c i l i t y   a n d   t h e  0.3-m T r a n s o n i c   C r y o g e n i c   T u n n e l   o r   l e a d   t o  
improvemen t s   t ha t   cou ld   enhance   t e s t ing   i n   t hese   t unne l s .   These   p roposed  t e s t s  
are  summarized i n   f i g u r e  1. C o n v e r s i o n   f a c t o r s   t o   e n a b l e   c a l c u l a t i o n   o f   S I - u n i t  
e q u i v a l e n t s   f o r  a l l  U.S. u n i t s   u s e d   i n   t h i s   p a p e r  are  l i s t e d   i n   t a b l e  1. 

TABLE 1. 

To conver t   f rom - t o  Mul t ip ly   by  

i n c h  c e n t i m e t e r  2.54 
f o o t  meter 0.3048 
m i l e  p e r   h o u r  meter pe r   s econd  0.447 
pound  per   square  f o o t  Newton p e r   s q u a r e  meter 47.88 

SHOCK-INDUCED OSCILLATION 

The   shock- induced ,   s e l f - exc i t ed   a i r fo i l   bend ing   o sc i l l a t ion   has   been   i den -  
t i f i e d   i n  HiMAT wind   tunnel  tests, B-1 f l i g h t  tests, and B-1  f l u t t e r  model 
tests. This  is  b e l i e v e d   t o   b e  a new phenomenon t h a t   c a n   o c c u r   o n   s w e p t   a i r f o i l s  
a t  o r   n e a r  c r i t i c a l  Mach number cond i t ions .   Cond i t ions  of  o c c u r r e n c e   d i d   n o t  
s i g n i f i c a n t l y   i m p a c t   f l i g h t   m i s s i o n   r e q u i r e m e n t s   i n   t h e s e   i n s t a n c e s   b u t   c o u l d  
a f f e c t   f u t u r e   f l i g h t   s y s t e m s .   T h e   o s c i l l a t i o n s  were d ive rgen t ,   ang le -o f -a t t ack  
dependent  and  not classical  f l u t t e r .  

F i g u r e  2 s h o w s   a n   u n s t a b l e   o s c i l l a t i o n   o f   t h e   c a n a r d   o f   t h e  HiMAT aero-  
e las t ic  m o d e l   e n c o u n t e r e d   i n   t h e   f i r s t  symmetrical canard  bending mode a t  a 
dynamic p r e s s u r e  less t h a n   h a l f   o f   t h e   c a l c u l a t e d   d y n a m i c   p r e s s u r e   f o r  c lass ical  
f l u t t e r .  The o s c i l l a t i o n  w a s  s e l f - i n i t i a t e d   a n d   i n c r e a s e d   i n   a m p l i t u d e  when t h e  
s t i n g   a n g l e  w a s  d e c r e a s e d   t o  - 3 . 8 O ,  and damped o u t  when t h e   s t i n g   a n g l e  w a s  
reduced   toward   zero .   In   one  case t h e   a m p l i t u d e  w a s  a l l o w e d   t o   d i v e r g e   t o  a 
m a g n i t u d e   t h a t ,   w h i l e  i t  d i d   n o t   c a u s e   f a i l u r e   o f   t h e   m o d e l   w i t h  i t s  s o l i d  steel  
s p a r   l o c a t e d  w e l l  w i t h i n   t h e  mold l i n e ,  w o u l d   b e   e x p e c t e d   t o   r e s u l t   i n   f a i l u r e  
f o r  a t y p i c a l   f u l l  scale s t r u c t u r e   w i t h   s t r u c t u r a l   s k i n s   j u s t   i n s i d e   t h e  mold 
l i n e .  
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F i g u r e s  3 and 4 d e s c r i b e  the t h e o r e t i c a l  rnechanisn! fo r   shock- induced   o sc i l -  
l a t i o n s   o f  a s w e p t   a i r f o i l .   F i g u r e  3 shows t h e  HiMAT a e r o e l a s t i c  model  canard 
first b e n d i n g   v i b r a t i o n  mode, t y p i c a l   o f   a f t - s w e p t   a i r f o i l s .   I n   t h i s  mode i t  
c a n   b e   s e e n   t h a t  streamwise a i r f o i l   s e c t i o n s   i n   t h e   o u t e r   p o r t i o n   o f   t h e   s p a n  
o s c i l l a t e   i n   p i t c h   a b o u t   n o d e   l i n e  axes a h e a d   o f   t h e   l e a d i n g   e d g e .   T h e   l e f t  
h a n d   p o r t i o n   o f   f i g u r e  4 i l l u s t r a t e s   t h e   o s c i l l a t i o n   o f   a n   o u t b o a r d  streamwise 
s e c t i o n   o f   t h e  HiMAT canard  about  a f o r w a r d   n o d e   l i n e   i n   t h e   f u n d a m e n t a l  
bending mode w i t h   t h e   c a n a r d  a t  a n e g a t i v e  mean a n g l e   o f   a t t a c k  a,. The  shock 
o n   t h e   l o w e r   s u r f a c e  moves a f t   f o r   i n c r e a s i n g  (-Acu) a n g l e   o f   a t t a c k   a n d   f o r w a r d  
f o r   d e c r e a s i n g  (+Aa) a n g l e   o f   a t t a c k .   S i n c e   t h e   p r e s s u r e  P2  downstream  of 
t h e   s h o c k  is  g r e a t e r   t h a n   t h e   p r e s s u r e  P1 ups t ream  of   the   shock ,  i t  can   be  
s e e n   t h a t   t h e   p r e s c r i b e d   s h o c k   m o t i o n   w i t h  Aa r e s u l t s   i n  a AL v a r i a t i o n  
w i t h  Aa t h a t  is  o u t   o f   p h a s e   w i t h   t h e  ve r t i ca l  d isp lacement  Z. This   phase 
r e l a t i o n   o f  AL w i t h  2 w i t h   n o   l a g  i s  shown i n   t h e  Argand  diagram  on  the 
r i g h t   s i d e   o f   f i g u r e  4 .  Since   t he   speed   w i th   wh ich   t he   shock   can   change  i ts  
l o c a t i o n  when t h e   a n g l e  of a t t a c k   c h a n g e s  i s  l i m i t e d  by the   speed   of   sound,  a 
p h a s e   l a g  $ m u s t   b e   i n t r o d u c e d .   T h i s   r e s u l t s   i n  a componen t   o f   t he   r e s to r ing  
f o r c e ,  AL s i n  $, i n   p h a s e   w i t h   t h e   v e l o c i t y   o f   m o t i o n  2. It i s  t h i s  component 
t h a t   d o e s   p o s i t i v e  work  on t h e   m o t i o n .   H o w e v e r ,   f o r   t h e   o s c i l l a t i o n   t o   b e  
d i v e r g e n t ,  AL s i n  $., must   exceed  the  damping  force,  FD, w h i c h   i n c l u d e s   t h e  
s t r u c t u r a l  damping  and the  aerodynamic  damping  that  exis t  w i t h o u t   c o n s i d e r a t i o n  
o f   t h e   e f f e c t s   o f   s h o c k s .   I n   t h i s  case it  can   be  shown t h a t   o n   t h e   u p p e r   s u r -  
f a c e  a fo rward   mov ing   shock   w i th   i nc reas ing   (nega t ive )   ang le   o f   a t t ack   wou ld   be  
d e s t a b i l i z i n g .   A l s o   f o r   a f t   s w e p t   a i r f o i l s   f o r   a n g l e - o f - a t t a c k   r a n g e s   w h e r e  
t h e   s h o c k s  move i n   t h e   o p p o s i t e   d i r e c t i o n   t o   t h e   a b o v e   w i t h   i n c r e a s i n g   a n g l e   o f  
a t t a c k   ( p o s i t i v e   o r   n e g a t i v e ) ,   t h e   e f f e c t   w o u l d   b e   s t a b i l i z i n g .   F o r   f o r w a r d -  
swept a i r f o i l s  it can   be  shown t h a t   t h e  cr i ter ia  f o r   s t a b l e   o r   u n s t a b l e   s h o c k  
m o t i o n s   w i t h   a n g l e   o f   a t t a c k  are r e v e r s e d  as c o m p a r e d   w i t h   a f t - s w e p t   a i r f o i l s .  

F i g u r e  5 shows a n   o s c i l l a t i o n   o b t a i n e d   o n   t h e  B-1 wing a t  limit l o a d   d u r i n g  
a w i n d u p   t u r n .   T h e   p i l o t   a l l o w e d   t h e   a m p l i t u d e   t o   b u i l d  up t o  k15   inches  a t  t h e  
wing t i p   b e f o r e   h e   r e d u c e d   t h e   a n g l e   o f   a t t a c k .   F i g u r e  6 shows a small and 
s h o r t - d u r a t i o n   o s c i l l a t i o n   t h a t   o c c u r r e d   i n   t h e   s e c o n d   s y m m e t r i c a l   b e n d i n g  mode 
when t h e   a n g l e  of a t t ack   exceeded  +5O i n  a p i t c h   d o u b l e t   m a n e u v e r   w i t h   t h e   w i n g s  
a t  25O sweep. It shou ld   be   emphas ized   t ha t   t he   cond i t ions   where   t he  HiMAT and 
B-1 o s c i l l a t i o n s   o c c u r r e d  do n o t   s i g n i f i c a n t l y   i m p a c t   f l i g h t   m i s s i o n   r e q u i r e -  
ments .   Figure 7 shows B-1 w ing   ou te r   pane l  c r i t i c a l  Mach number   cond i t ions   fo r  
several sweep  angles .  It c a n   b e   s e e n   t h a t   t h e  B-1 f l i g h t   o s c i l l a t i o n s   c o r r e l a t e  
c l o s e l y   w i t h   o u t e r   p a n e l  c r i t i c a l  Mach number   condi t ions .   Also  shown a re  f l u t -  
ter  model test  r e s u l t s   w h e r e   t h e   o s c i l l a t i o n s   c o u l d   b e   o b t a i n e d   f o r  a sweep 
a n g l e  of 5 5 O  on ly .   Lack   of   good  cor re la t ion   o f   model   and   fu l l  scale  d a t a  may 
be   due   t o   t he   l ow  ( . 022)   r a t io   o f   mode l   t o   fu l l - s ca l e   Reyno lds   number .   Ano the r  
f a c t o r   i n f l u e n c i n g   s h o c k  phenomena is model   sur face   roughness   compared   wi th  
f u l l   s c a l e .   F o r   t h e   f u r t h e r   i n v e s t i g a t i o n   o f   s h o c k - i n d u c e d   o s c i l l a t i o n   p h e -  
nomena, the   c ryogenic   tunnel   can   no t   on ly   p rovide   h igh   Reynolds   numbers   bu t  
a l so   a l low  the   des ign   o f   dynamica l ly   s ca l ed   (mach ined   me ta l )   mode l s   w i th   ae ro -  
dynamic  smoothness similar t o   t h a t   a t t a i n a b l e  on   h igh   qua l i t y   ae rodynamic   fo rce  
models. 
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SUPERSONIC  SINGLE-DEGREE CONTROL SURFACE  FLUTTER 

Figure 8 presents  Rockwell-developed c r i t e r i a  fo r   t he   p reven t ion   o f   s ing le -  
degree-of-freedom  control   surface  rotat ion  f lut ter .  The c r i t e r i a  are based  on 
l inear   uns teady   aerodynamic   theor ies   cor re la ted   wi th   on ly  a small amount of 
experimental   data .  The i m p a c t   o f   t h e s e   s t r i n g e n t   c r i t e r i a  on we igh t ,   a c tua to r  
space  requirements,   design  complexity,   and  cost   can  be  significant,   and  Reynolds 
number may be   an   impor t an t   va r i ab le   i n   de t e rmin ing   f l u t t e r   boundar i e s   i n  
s p e c i f i c  cases. I n  view of the  above,  model tests i n  the   c ryogenic   tunnel  a t  
f l i g h t  Reynolds   numbers   would  be  useful   to   invest igate   the  effects   of   parameters  
such as c o n t r o l   s u r f a c e   r o t a t i o n a l   f r e q u e n c y ,  Mach number,  Reynolds  number, 
a i r f o i l   s h a p e ,   c o n t r o l   s u r f a c e   a i r f o i l   s h a p e ,  damping, ang le   o f   a t t ack ,   con t ro l  
s u r f a c e   d e f l e c t i o n ,   a i r f o i l  sweep, etc. 

TRANSONIC FLUTTER  SPEED DIP AS A FUNCTION  OF R 

I n v e s t i g a t i n g   t h e   e f f e c t  of Reynolds number on the  magni tude  of   the impor- 
t a n t   c h a r a c t e r i s t i c   t r a n s o n i c   f l u t t e r   s p e e d   d i p   ( f i g .   9 )  i s  another  area i n  
which the   c ryogenic   tunnels   could   p rovide   usefu l   da ta .  

HONEYCOMB VS. SCREENS TO SMOOTH TUNNEL FLOW 

A t  Rockwell t h e  re la t ive merits of screens  and honeycomb i n   t h e   s e t t l i n g  
chamber t o  smooth tunnel  test section  f low  have  been  evaluated. The inves t iga -  
t i o n   s t a r t e d   i n   o u r  8- X 11-foot low speed wind t u n n e l   i n   1 9 5 8   a f t e r   i n i t i a l  
tests of  an XB-70 f l u t t e r  model displayed  excessive dynamic r e s p o n s e   t o   t u n n e l  
tu rbulence  on i t s  low frequency  "free-fl ight"  suspension  system. Model response 
ampl i tude   in   the  ver t ica l  d i r e c t i o n  w a s  as l a r g e  as f 0 . 5   f e e t .  The XB-70 model 
w a s  ev iden t ly  a s e n s i t i v e   i n d i c a t o r  of t u n n e l   t u r b u l e n c e   d u e   t o   i t s ' r e l a t i v e l y  
l a r g e  wing area. 

Measurements were then made i n   t h e  test sec t ion   f l ow  wi th   an   ava i l ab le  
small weather  vane  type of flow  angle  transducer.   These  measurements  indicated 
the   p resence   in   bo th  ver t ica l  and la te ra l  d i r e c t i o n s   o f  what was r e f e r r e d   t o  as 
"dynamic  flow angu la r i ty"  a t  several f r e q u e n c i e s   s t a r t i n g  a t  t h e  low  end o f   t he  
spectrum a t  approximately  one Hz. 

To i n v e s t i g a t e   t h e   e f f e c t i v e n e s s   o f  honeycomb i n   r e d u c i n g   t h e  dynamic flow 
a n g u l a r i t y ,   s e v e r a l  test specimens  measuring 3 X 3 f e e t  and  containing honey- 
comb of va r ious  c e l l  s i z e s  and c e l l  wid th- to- length   ra t ios  were f a b r i c a t e d .  
These were placed on t h e   t u n n e l   f l o o r   i n   t h e   s e t t l i n g  chamber normal   to   the  
f low  d i r ec t ion  and the   t unne l  was run up t o  200 mph g iv ing  a s e t t l i n g  chamber 
v e l o c i t y  of 25 mph. The vane  t ransducer  was p l a c e d   o u t   i n   t h e   s e t t l i n g  chamber 
stream and  then  behind  each honeycomb sec t ion .  It w a s  found t h a t   t h e  honeycomb 
w a s  ve ry   e f f ec t ive   i n   r educ ing  dynamic f low  angu la r i ty  and t h a t   t h e  honeycomb 
design parameters were not  c r i t i ca l .  A l l  honeycomb specimens  reduced  the  dynamic 
f low  angular i ty  by approximately  an  order  of  magnitude. 
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The f irst  f i x   i n s t a l l e d   i n   t h e   t u n n e l  w a s  a s c r e e n  a t  the  downstream  end 
o f   t he   s e t t l i ng   chamber .   Th i s   s c reen   had  a 50% p o r o s i t y .   W h i l e   t h e   s c r e e n  no 
doubt  improved  the test s e c t i o n  streamwise v e l o c i t y   d i s t r i b u t i o n   a n d   r e d u c e d  
high-frequency  turbulence,   vane  measurements   showed  that  i t  had a n e g l i g i b l e  
e f f e c t   i n   r e d u c i n g   l o w - f r e q u e n c y ,   l a r g e - s c a l e   d y n a m i c   f l o w   a n g u l a r i t y .  Honey- 
comb w a s  t h e n   i n s t a l l e d  i n  t h e   s e t t l i n g  chamber   ups t ream  of   the   sc reen .   The  
honeycomb  had a 6- inch-square ce l l ,  a 36- inch  streamwise length  and  spanned 
the   24 - foo t   he igh t   and   %- foo t   w id th   o f   t he   s e t t l i ng   chamber .  Test s e c t i o n  
measu remen t s   o f   dynamic   f l ow  angu la r i ty   i nd ica t ed   t ha t   t he  honeycomb reduced 
the   dynamic   f l ow  angu la r i ty  by a f a c t o r   o f   f r o m  5 t o  10 depend ing   on   t he   f r e -  
quency.  Also,   fan swirl w a s  c o m p l e t e l y   e l i m i n a t e d   a n d   t h e r e  w a s  n o   a p p r e c i a b l e  
e f f e c t   o n  power r e q u i r e d .  Of even  more  importance,   model   "bounce"  on  the  f ree-  
f l i g h t   s u s p e n s i o n   s y s t e m  w a s  v i r t u a l l y   e l i m i n a t e d .   T h e   f l o w  was so  smooth t h a t  
t h e   a p p r o a c h   t o   f l u t t e r   c o u l d   b e  more r e a d i l y   d e t e c t e d  by  viewing a h i g h l y  
a m p l i f i e d   s t r i p   c h a r t   s t r a i n   g a g e   s i g n a l   t h a n  by d i r e c t   o b s e r v a t i o n   o f   t h e  
model. 

When t h e  same  dynamic  f low  angular i ty   problem showed up i n   t h e   R o c k w e l l  
7- x 7- foo t   T r i son ic  Blowdown T u n n e l   i n   a t t e m p t s   t o  t es t  " f r e e - f l i g h t "  B-70 
f l u t t e r   m o d e l s ,   o u r   e x p e r i e n c e   i n   t h e  low  speed   t unne l   po in t ed   t oward   t he   so lu -  
t i o n .  The T r i s o n i c   t u n n e l  had 6 s e t t l i n g  chamber   screens  but  no honeycomb i n  
t h e   o r i g i n a l   d e s i g n .  The  honeycomb i n s t a l l e d  a t  t h a t  time i n   t h e   s e t t l i n g  
chamber  had a 6- inch-square c e l l ,  48-inch streamwise l eng th   and   24 - foo t   d i ame te r .  
The v a n e   p i c k u p   i n d i c a t e d   t h e  same l a r g e   r e d u c t i o n   f a c t o r   f o r   d y n a m i c   f l o w  
a n g u l a r i t y  as f o r   t h e  low  speed  tunnel.   The  f low w a s  made s o  devoid  of  low- 
f r e q u e n c y ,   l a r g e - s c a l e   t u r b u l e n c e   t h a t   c o m p l e t e   a i r c r a f t   f l u t t e r   m o d e l s   o n   l o w -  
t ravel  i n t e r n a l   s t i n g - m o u n t e d   f r e e - f l i g h t   s u s p e n s i o n s   h a v e   b e e n   t e s t e d   t h r o u g h  
e n t i r e  test  programs  without ever i l l u m i n a t i n g   t h e   s t o p  l i m i t  l i g h t s .   E v a l u a -  
t i o n s   o f  honeycomb i n   t h e  0.3-meter   tunnel  may b e   a p p r o p r i a t e   t o   p r o v i d e   d a t a  
f o r  a d e c i s i o n   t o   i n s t a l l  honeycomb pe rmanen t ly   i n   bo th   t unne l s .  

WID ACTING TUNNEL q REDUCER TO PREVENT  FLUTTER MODEL DESTRUCTION 

A r a p i d  means o f   r educ ing   t he  tes t  sec t ion   dynamic   p re s su re  i s  a n e c e s s i t y  
f o r  wind t u n n e l   f l u t t e r  model t e s t i n g   t o   e l i m i n a t e   o r   m i n i m i z e   t h e   f l u t t e r  
d e s t r u c t i o n  of t h e   m o d e l s .   F i g u r e   1 0   i l l u s t r a t e s   t h e   p e r f o r m a n c e   a t t a i n e d   i n  
a q r educe r   deve loped   fo r   t he   Rockwel l  8- x 11-foot  low  speed  tunnel.   The 
graph shows a n   i n i t i a l  q r educ t ion   o f  15% i n   o n l y  0.2 seconds  and a cont inued  
r e d u c t i o n   t h e r e a f t e r .   T h i s   s y s t e m   h a s   p r o v e d   t o   b e  so e f f e c t i v e  as t o   p e r m i t  
t h e   a t t a i n m e n t   o f   o v e r   1 0 0   h i g h   f r e q u e n c y   f l u t t e r   p o i n t s   o n   o n l y   o n e   m o d e l   f o r  
v a r i o u s   c o n f i g u r a t i o n s   w i t h o u t   l o s s   o f   t h e   m o d e l .   T h e   s y s t e m   c o n s i s t s   o f   f l o o r  
and   ce i l i ng   moun ted   t abs   j u s t   downs t r eam  o f   t he  tes t  s e c t i o n .  The t a b s  a re  
11 f e e t   l o n g   w i t h   a n   8 - i n c h   c h o r d   a n d   r u n   t h e   f u l l   w i d t h   o f   t h e  test s e c t i o n .  
They are  hinged a t  t h e i r  downstream  edge  and are  n o r m a l l y   p a r a l l e l   t o   t h e   f l o w .  
Lead ing   edge   l a t ches  a r e  a u t o m a t i c a l l y   r e l e a s e d  a t  prede termined   va lues   o f  
f l u t t e r  stresses i n   t h e  model o r   m a n u a l l y   r e l e a s e d  by a switch.   Tunnel   f low 
r o t a t e s   t h e   t a b s   n o r m a l   t o   t h e   f l o w   w h e r e   s t o p s   p r e v e n t   f u r t h e r   r o t a t i o n .  A t  
t h e  same t i m e  power t o   t h e   t u n n e l   f a n   m o t o r  is c u t   o f f .  

The   Lang ley   0 .3 -me te r   t unne l   appea r s   t o   be   t he   appropr i a t e   p l ace   t o  
d e v e l o p   a n   e f f e c t i v e  q r e d u c e r   f o r   a p p l i c a t i o n   t o   b o t h   t u n n e l s .  
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0 2.5 - METER TUNNEL 

- SHOCK-INDUCED OSCILLATION 
- SUPERSONIC SINGLE-DEGREE  CONTROL  SURFACE FLUTTER 
- TRANSONIC  FLUllER 9 D I P  AS  FUNCTION  OF R 

0 0.3 - METER TUNNEL 

- HONEYCOMB  VS SCREENS IN SETTLING  CHAMBER TO SMOOTH FLOW 
- RAPID  ACTING TUNNEL q REDUCER TO PREVENT FLUllER  MODEL 

DESTRUCTION 
Figure 1.- Proposed NTF a e r o e l a s t i c i t y  and f l u t t e r  tests, 

= REDUCED  TOWARD 0" 

Figure  2.- Cana rd   o sc i l l a t ion .  
HiMAT a e r o e l a s t i c  model - no t i p  mass. Model s c a l e  = 0.22. 

1st symmetrical canard  bending mode, f = 56.0 Hz; M = 0.95; q = 1070  ps f ;  
a s t i n g  = - 3 . 8 O ;  u n s t a b l e  damping = .009 g. 
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F i g u r e  3 . -  Measured f i r s t   b e n d i n g  mode. 
HiMAT c a n a r d   a e r o e l a s t i c  model - no t i p  mass. Frequency = 41.0 HZ. 
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(SONIC) SPEED OF SHOCK 

STRONG  SHOCK ON LOWER SURFACE OF CAMBERED RELOCATION 
AIRFOIL  AT  NEGATIVE 4 SHIFTS ITS CHORDWISE 
LOCATION  WITH A@ BY  A GREATER AMOUNT  THAN 
NORMAL, DUE TO EFFECTS OF CONCAVE LOWER 
SURFACE ON PRESSURE GRADIENT 

=?r 2 ( A L  SINO-FD) 
CYCLE 

F i g u r e  4.- Theore t i ca l   mechan i sm  fo r   shock- induced   s e l f - exc i t ed  
b e n d i n g   o s c i l l a t i o n   o f  a s w e p t b a c k   a i r f o i l .  
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QI REDUCED T W A R D  0" 

MAX W I N G   T I  P DEFLECTION = *15 I NCHES 
UNSTABLE DAMPING = .034 g 

Figure 5.- B-1 wing oscillation. 
1st symmetrical  bending mode. A = 67O; M = 0.94 ;  

altitude = 32 000 ft; ~1 = +loo ;  f = 2.1 HZ. 
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Figure 6.- B-1 wing oscillation. 
2nd symmetrical bending mode. = 25O; M = 0.73; 

altitude = 33 500 ft; f = 7.6 HZ. 
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F i g u r e  7.- B-1 wing   ou te r   pane l  c r i t i c a l  Mach number 
and test  o s c i l l a t i o n   c o n d i t i o n s .  
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F i g u r e  8.- S i n g l e - d e g r e e - o f - f r e e d o m   c o n t r o l   s u r f a c e   r o t a t i o n  
f l u t t e r  c r i t e r i a .  
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Figure 9.- Determine  transonic  flutter speed dip as a  function of 
R for representative configurations. The magnitude of the 
important characteristic  transonic dip in flutter  speed  due to 
Mach effects may be significantly  affected by Reynolds num3er. 
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Figure 10.- Rockwell NAAL 8- x 11-foot low-speed tunnel 
g reducer performance. 
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PRELIMINARY  USER  PLANNING  FOR  THE 

NASA NATIONAL  TRANSONIC FACILITY 

3 .  D .  Cadwell 
Branch  Chief ,  Wind Tunnel T e s t  & Development, 

Aerodynamics  Subdivis ion 
Douglas   Aircraf t   Co. ,   McDonnel l   Douglas   Corporat ion 

The   comple t ion   o f   t he   cons t ruc t ion   phase   o f   t he  NTF i n  l a t e  1 9 8 1   w i t h  a mid 
1 9 8 2   t a r g e t   t o  s tart  the   shakedown  and   ca l ibra t ion   of   the   c ryogenic   wind   tunnel  
i n d i c a t e s   t h a t   t h e   r e a l i t y   o f  a f a c i l i t y   c a p a b l e   o f   s i m u l a t i n g   f u l l  scale 
Reynolds  numbers w i l l  s o o n   b e   f u l f i l l e d .  

MDC UTILIZATION OF  NTF 

F i g u r e  1 i n d i c a t e s  how MDC w i l l  u t i l i z e   t h e  NTF d u r i n g   t h e   i n i t i a l   y e a r s  
o f   o p e r a t i o n .   T h e   f i r s t   o r d e r   o f   p r i o r i t y  i s  t o   b u i l d   o u r   c o n f i d e n c e   l e v e l   i n  
t h e  t e s t  r e s u l t s   o b t a i n e d   i n   t h e   c r y o g e n i c   t u n n e l .   T h i s   c o u l d   b e s t   b e  accom- 
p l i s h e d   i n   t h e  NTF by t e s t i n g  a known conf igu ra t ion   t h rough   t he   b road   spec t rum 
of  Reynolds  numbers - f rom  those   comparab le   t o   wha t   can   be   ob ta ined   i n   cu r ren t  
f a c i l i t i e s   t o   t h o s e   a c h i e v e d   i n   f l i g h t .  The c o r r e l a t i o n   t y p e  tests w i l l  n o t  
o n l y   b u i l d   c o n f i d e n c e   i n   t h e  NTF b u t   c a n   a l s o   b e   u s e d   t o  assist the  aerodynami-  
c i s t   i n   e x t r a p o l a t i n g   d a t a   f r o m   c u r r e n t   f a c i l i t i e s ,   w h e r e   t h e   m a j o r i t y   o f   h i s  
test  d a t a  w i l l  c o n t i n u e   t o   b e   g e n e r a t e d ,   t o   t h e   f u l l  scale o r   f l i g h t   R e y n o l d s  
number. A t  t h i s  t i m e  s p e c i f i c   r e s e a r c h   a n d   d e v e l o p m e n t   t e s t i n g   s c o p e d   f o r  NTF 
h a s   n o t   b e e n   i d e n t i f i e d   b y   t h e   D o u g l a s   A i r c r a f t  Company. The R&D programs 
where   poss ib l e  w i l l  b e   d i r e c t e d   t o   t h e   0 . 3 - m e t e r   f a c i l i t y   r a t h e r   t h a n   t h e  NTF 
i n   o r d e r   t o   m i n i m i z e   c o s t .   F o r   t h o s e   c a s e s   r e q u i r i n g  a l a r g e r   f a c i l i t y  i t  would 
be  hoped  that  a coope ra t ive   p rog ram  wi th  NASA c o u l d   b e   a r r a n g e d .  Once an  
a c c e p t a b l e  l eve l  o f   c o n f i d e n c e   i n   d a t a   g e n e r a t e d   i n   t h e  NTF has   been   reached ,  
t h e   c r y o g e n i c   t u n n e l   w o u l d   b e   u s e d   e a r l y   i n   t h e   d e v e l o p m e n t   o f  a new conf igura-  
t i on   where   ques t ions   r ega rd ing   Reyno lds  number e f f e c t s  were c o n s i d e r e d   c r i t i c a l .  
F i g u r e  2 shows a c a s e   w h e r e   i n c r e a s e d   i n s i g h t   i n t o   t h e   R e y n o l d s  number e f f e c t s  
would d i r e c t l y   a f f e c t   t h e   e v a l u a t i o n   o f  a conf igu ra t ion .   A l though   t he   p i t ch -up  
shown i s  de layed  as the   Reynolds  number i s  inc reased   t he   des igne r   wou ld   no rma l ly  
e x p e n d   c o n s i d e r a b l e   e f f o r t   t o   a s s u r e  a c o n f i g u r a t i o n   t h a t   w o u l d   h a v e   a c c e p t a b l e  
l o n g i t u d i n a l   c h a r a c t e r i s t i c s  a t  t h e  s t a l l .  An e a r l y   e v a l u a t i o n   o f  a conf igura-  
t i o n  a t  f u l l  scale Reynolds  number  would  therefore  be a k e y   u s e   o f   t h e  NTF. A 
c o m p l e t e   e v a l u a t i o n   o f   t h e   a e r o d y n a m i c   c h a r a c t e r i s t i c s   o f   t h e   a i r p l a n e   t o   b e  
u s e d   f o r   f i n a l   c o n f i g u r a t i o n   r e f i n e m e n t   w o u l d   a l s o   b e  a k e y   m i l e s t o n e   i n  a new 
a i r c r a f t   p r o g r a m .  

AREAS OF INVESTIGATION 

The  aerodynamic areas o f   i nves t iga t ion   where   Reyno lds   number   e f f ec t s  are 
known t o   b e   s i g n i f i c a n t  are shown i n   f i g u r e  3 f o r   b o t h   h i g h   s p e e d  (Mach numbers 
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above 0.5) and  low  speed  (those  Mach  numbers  in  the 0.2 range). The  propulsion 
system  and  airframe  integration  investigations  will  require  significant  test 
technique  development  in  order  to  provide  the  power  simulation  necessary  to 
optimize  the  nacelle-pylon-wing  configuration  at  high  speed.  The  dominant 
challenge  to  obtaining  representative  data  in low speed  lies  in  the  manufacture 
of  the  model  including  the high.lift devices  such  as  flaps,  slats,  etc. 

TYPES OF DATA  DESIRED 

The  cryogenic  tunnel  does  not  introduce new  requirements  for  the  types  of 
data  required  at  high  Reynolds  numbers,  but  it  does  present a  formidable  chal- 
lenge to obtain  the  types of data  shown  in  figure 4 under  very  cold  temperature 
conditions. The primary  requirement,  force  and  moment  data,  appears  to  be  well 
in  hand  with  the  apparent  success  that  Langley  is  having  in  making a cryogen- 
ically  compatible  six  component  force  and  moment  balance.  Surface  pressures, 
also an  important  data  requirement,  should  not  be a particular  problem  as  long 
as the  electronic  pressure  sensor  modules  can  be  maintained  in a controlled 
temperature  environment. 

The  wide  variation  in  Reynolds  number  increases  the  need  for  rapid  and 
reliable  detection  of  the  location  of  boundary  layer  transition.  Flow  visual- 
ization  is  considered  to  be an  essential  diagnostic  tool  to  investigate  flow 
conditions  where a qualitative  understanding  of  aerodynamic  phenomena  is 
required. 

A s  indicated  earlier,  power  effects  simulation  is a  definite  requirement 
and  will  require a major  effort  to  enable  operation  of  turbine-powered  simu- 
lators  at  cryogenic  temperatures.  The  root  bending  and  unsteady  measurements 
are desired  data  for  the  determination  of  buffet  onset.  Hinge  moments  from 
aerodynamic  control  surfaces  are  desired  since  they  are  generally  sensitive  to 
Reynolds  number  changes.  Hopefully,  the  technology  improvements  that  are  being 
demonstrated  in  the  cryogenically  compatible  internal  strain  gage  balances  can 
also  be  applied  to  hinge  moments  measurement  devices. 

The  wing  deformation  measurements,  although  relatively  low  on  our  priority 
list  of  data  desired,  continue  to  be  important  in  analyzing  data  obtained on 
high speed  wind  tunnel  models. It would  appear  that  work  underway  at  Langley 
directed  at  making  model  deformation  measurements  in  the  NTF  is  well  advanced 
and a workable  system  will  be  available  when  the  facility  becomes  operational. 

In  conclusion  the  McDonnell  Douglas  Corporation is looking  forward  to  the 
completion,  calibration,  and  verification  of  the  NTF as a  full  scale  Reynolds 
number  development  tool. A s  the  NTF  operational  experience  increases  and  the 
effects  of  Reynolds  number  are  demonstrated on known  configurations,  the 
requirements  for  increased  utilization of the  cryogenic  wind  tunnel  for  on-going 
programs  will  increase. 
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I T   I S  ENVISIONED THAT MDC WILL UTIL IZE THE NATIONAL TRANSONIC FACILITY 
I N  THE FOLLOHING FASHION: 

0 CORRELATION TEST - I N I T I A L  ENTRY  TO PROVIDE CORREIA 
A SPECIFIC CONFIGURATION TESTED I N  OTHER FACILITIES 

0 RgD TFSTING - PROBABLY  ACCOMPLISHED  ONLY ON A CO-OP 
HIGH COST. 

TION 
AND 

BAS 

.TS ON WITH TEST RESUL 
1 FLIGHT, 

IS WITH  NASA DUE TO 

0 CONFIGURATION DEVELOPMENT - TYPICALLY WOULD BE FOR FINAL CONFIGURATION 
REFINEMENT WHEREIN  REYNOLDS  NUMBER EFFECTS ARE IMPORTANT, COULD POSSIBLY 
INCLUDE PRELIMINARY CONFIGURATION TESTING WHERE  REYNOLDS  NUMBER EFFECTS 
COULD BE A MAJOR  CONCERN. 

Figure 1.- MDC utilization of NTF. 

3 - 1  

I 1 
0 34 
0 

'0.3 
J7 4 . 3  

Figure 2.- Effect of Reynolds  number  on  the low-speed  high-lift 
characteristics  on  a high-aspect-ratio supercritical  wing. 
Cruise  wing;  Mach = 0.20; nacelle  and  pylon  on; iH = 0'. 

165 



HIGH  SPFFD 

PROPULSION  SYSTEM - AIRFRAME  INTEGRATION 

PITCH  CHARACTERISTICS 

COMPONENT INTERFERENCE  EFFECTS 

BUFFET 

HIGH ANGLE OF ATTACK  WING  LOADS 

S T A B I L I T Y  AND CONTROL CHARACTERISTICS 

I OW SPFFD 

MAXIPlUM L I F T  

NACELLE  INTERFERENCE  EFFECTS 

PITCH  CHARACTERISTICS 

Figure 3 . -  Aerodynamic  areas of investigation. 
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S I X  COMPONENT  FORCE  AND  MOMENT DATA 

SUEFACE PRESSURES 

TRANSITION  DETECTION 

FLOW VISUALIZATION 

REYNOLDS NUMBER  SWEEPS 

MACH  NUMBER  SWEEPS 

POWER EFFECTS  SIMULATION 

ROOT BENDING MOMENT 

DYNAMIC MEASUREFENTS FOR BUFFET 

HINGE MOMENTS 

WING DEFORMATION MEASUREMENTS 

F i g u r e  4.- Types of data d e s i r e d .  
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REPORT  OF THE PANEL ON FLUID  DYNAMICS 

Percy J. Bobbit t  
NASA Langley  Research  Center 

INTRODUCTION 

Fluid  dynamics areas t h a t  would b e n e f i t  from the   un ique   capabi l i t i es   o f  
t he   Na t iona l   T ranson ic   Fac i l i t y  (NTF) were i d e n t i f i e d  as a necessary   par t   o f  
j u s t i f y i n g  i t s  cons t ruc t ion .   S ince   t ha t  t i m e  t hese  areas have  been  fur ther  
expanded  with a de ta i l i ng   o f   t he   a s soc ia t ed   r e sea rch   needs  as w e l l  as s p e c i f i c  
experiments  and  model  requirements. From t i m e  t o  time addi t iona l   exper iments  
have  been  added  and  the d e t a i l s  of many of the   o r ig ina l   candida tes   enhanced .  
Some of the  enhancements  resulted  from  the  recommendations of the  1976  high 
Reynolds number workshop ( r e f .  l), and f u r t h e r  improvements  have  been made by 
Langley  researchers  as p a r t  of a c o n t i n u i n g   e f f o r t .  With  completion  of  the 
NTF  now j u s t  a year  away t h e  need is evident   for   the   research   program,   par t icu-  
l a r l y   t h a t  p a r t  t o  be  undertaken  during  the  f i rs t   months of o p e r a t i o n ,   t o   t a k e  
on i t s  f i n a l  form.  This  workshop  provided,  then,  the l a s t  oppor tun i ty   fo r  most 
of t h e   p a r t i c i p a n t s   t o   a f f e c t   t h e  program makeup and t o   i n s u r e   t h a t   t h e   s e l e c t -  
ed   exper iments   p rovide   the   h ighes t   sc ien t i f ic   y ie ld .  

Some of t h e   p a n e l   r e p o r t s  of t h e  1976 workshop  proposed s p e c i f i c   e x p e r i -  
men t s ,   i nc lud ing   de t a i l s  of the   models   and   ins t rumenta t ion   requi red ;   in   o thers  
only  the  problems were o u t l i n e d   a n d / o r   i l l u s t r a t e d  by da ta .   These   inputs   a long  
wi th   those  of the  Langley  Research  Center   s taff  were assessed  and,  as a l r eady  
no ted ,   t he   ex i s t ing   r e sea rch  program  modified  accordingly. The f l u i d  dynamics 
pane l   o f   four   years   ago   chose   no t   to   p ropose   spec i f ic   exper iments  (some of those 
put  forward  by  other  panels w e r e  r e l e v a n t   t o   f l u i d s  as w e l l  as t o   t h e i r  own 
area) .   Consequent ly   the  panel   represent ing  f luid  dynamics  in   the  present  
workshop w a s  cha rged   w i th   t he   r e spons ib i l i t y  of formulat ing  experiment   descr ip-  
t i ons   fo r   t he   t op ic s   cons ide red  by the   p rev ious   pane l  as w e l l  as any new ones 
deemed to   be   appropr ia te .   There  w a s  no  requirement  that   the  experiments  be 
c a r r i e d   o u t   i n   t h e  NTF - experiments  for  the  0.3-meter  Transonic  Cryogenic 
Tunnel(0.3-m TCT) which  would  shed l i g h t  on high  Reynolds number flow  were en- 
couraged. The end r e s u l t  w a s  a mixture  of NTF and 0.3-m TCT experiments .   In  
the  subsequent   discussion some experiments are d e s c r i b e d   i n   r e l a t i v e   d e t a i l  
wh i l e   o the r s  are only  given a name because t i m e  d id   no t   pe rmi t   t he   pane l   t o  
explore  a l l  p o s s i b i l i t i e s   e q u a l l y .  

The pane l   a l so   gave   cons ide rab le   a t t en t ion   t o   t heo ry   va l ida t ion ,  test 
techniques ,   and   the   impor tance   o f   tunnel   f low  qua l i ty   and   ca l ibra t ion   of   the  
NTF. These items w i l l  b e   d i s c u s s e d   i n   t h i s   r e p o r t   b u t   t h e   d e p t h  of d e t a i l  
provided  on  any  given i t e m  is  n o t   n e c e s s a r i l y   p r o p o r t i o n a l   t o   t h e   i m p o r t a n c e  
a t t a c h e d   t o  i t  by the   pane l .  A discussion  of   the  technology  advances  s ince  the 
prev ious   workshop,   p resented   pr ior   to   the   pane l ' s   de l ibera t ions ,  is a l so   g iven .  
This   provides  a b e t t e r   o v e r a l l  view of  what the  problems are and the   p rog res s  
being made i n   s o l v i n g  them.. 
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SYMBOLS 

C 

- 
C 

CB 

'd 

'n 

f 

k 

L 
a 

P 

M, 

P' 

P 

4, 

R 

R- 
C 

RC 

'ref 

T 

U' 

V' 

chord  of  airfoil 

mean  chord  of  wing 

bending  moment  coefficient (= bending  moment c 1 
q, 'ref 

section  drag  coefficient (= drag  force 1 
4,c 

section  normal-force  coefficient (= normal  force 1 
qm 

frequency 

admissible  roughness  height 

sound  pressure  level 

free  stream  Mach  number 

fluctuating  pressure 

pressure 

free-stream  dynamic  pressure 

Reynolds  number  based  on a  unit  length (= 'a) 

P, v, 
1-I, 

Reynolds  number  based  on  mean  aerodynamic  chord (= 1 

P, v, 
1-1, 

Reynolds  number  based  on  airfoil  chord (= 1 

exposed  wing  area  of  wall-mounted  model 

temperature 

fluctuating  longitudinal  velocity 

fluctuating  lateral  velocity 

free-stream  velocity 

angle  of  attack 

free-stream  viscosity 
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p, f ree-s t ream  dens i ty  

Subscr ip ts :  

t t o t a l   c o n d i t i o n s  

L l o c a l  

W w a l l  

a w  a d i a b a t i c  wa l l  

RECENT ADVANCES 

Befo re   desc r ib ing   t he   r e su l t s  of t h e   p a n e l ' s   d e l i b e r a t i o n  i t  is important 
t o   n o t e   t h a t   s i n c e   t h e  1976  high  Reynolds number workshop a number  of advances 
have  been made i n   t h e   u n d e r s t a n d i n g  of  high  Reynolds number flows. They have 
come from a number of i nves t iga t ions ,   bo th   he re  and abroad, and i n   t h e o r y  and 
experiment. A wide   va r i e ty  of  Langley  in-house and sponsored  research  programs 
are aimed a t  t h i s   a r e a  and many s ign i f i can t   r e su l t s   have   been   ob ta ined   ove r   t he  
p a s t  few yea r s .  Some typical  examples were p resen ted   t o   t he  workshop t o   i n s u r e  
that   everyone had t h e  same frame  of r e fe rence  and t o   s o l i c i t   c o n s t r u c t i v e  com- 
ment  on future   emphasis .  

T r a n s i t i o n   S t r i p s  

One r e sea rch  area tha t   dese rves   a t t en t ion   i n   h igh   Reyno lds  number f a c i l i -  
t ies  is how b e s t   t o   u s e   t r a n s i t i o n   s t r i p s  a t  low  Reynolds number t o   s i m u l a t e  
high  Reynolds number flows. A r ecen t  test i n   t h e  0.3-m TCT of an  advanced 
s u p e r c r i t i c a l   a i r f o i l   p r o v i d e s  some i n d i c a t i o n  of the   type  of r e s u l t s  one  might 
expect . 

Figure 1 shows both   f ixed  and f r e e   t r a n s i t i o n   d a t a   f o r   d r a g   c o e f f i c i e n t  Cd 
as a function  of  chord  Reynolds number f o r   s e v e r a l   v a l u e s  of the  normal   force 
coef f ic ien t .   Visua l   compar ison  of t h e  two sets of d a t a   c l e a r l y  shows a l a r g e  
d i f f e r e n c e  a t  a Reynolds number  of approximately 4 x lo6 ,  whi le  a t  Reynolds 
numbers approaching lo7  t h e   r e s u l t s  are about   the  same. For s t i l l  h igher  
Reynolds  numbers i t  a p p e a r s   t h a t   t h e   t r a n s i t i o n   s t r i p   i t s e l f  is  s t a r t i n g   t o  
c o n t r i b u t e   t o   t h e   d r a g .   F i n a l l y   t h e r e  is  a la rge   d i f fe rence   be tween  the  low 
and high  Reynolds number C ' s  f o r  a l l  t h r e e  C ' s .  

d n 

Addit ional  tests similar t o   t h o s e   j u s t   d e s c r i b e d  are planned;   they  too 
w i l l  b e   c a r r i e d   o u t   i n   t h e  0.3-m TCT. The f e a t u r e s  of  one  such test are given 
i n   f i g u r e  2.  This  test d i f f e r s  from t h a t  which   y ie lded   the   resu l t s  shown i n  
f i g u r e  1 i n   t h a t   d i a g n o s t i c  measurements w i l l  be  made as w e l l  as those   necessary  
t o   o b t a i n   l i f t  and drag.   Looking  fur ther   into  the  future   one  can  expect   that  
the  Pathf inder   models  w i l l  be   u sed   i n   t he  NTP t o   f u r t h e r   t h e   u n d e r s t a n d i n g  of 
t r i p   s t r i p s   f o r   w i n g s  and  bodies.  
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Surface  Roughness 

Since  drag  estimates  of  full-scale  aircraft  are  made  by  adding  the  air- 
craft  manufacturing  roughness  drag to the  wind-tunnel  model  drag  measured  on  a 
smooth  wind-tunnel  model,  skin  friction  penalties  associated  with  the  wind- 
tunnel  model  surface  roughness  are  undesirable. A s  the  Reynolds  number  at 
which  a  model  is  being  tested  increases,  the  model  boundary  layer  becomes  thin- 
ner  and  the  admissible  surface  roughness  height  (the  maximum  roughness  height 
which  results  in  no  skin  friction  penalty)  decreases,  as  illustrated  in  figure 
3 (see  ref. 2). In  addition,  increased  skin  friction  can  result  in  early 
boundary-layer  separation  or  erroneous  shock  location;  either  of  these  condi- 
tions  can  potentially  produce  large  errors  in  lift,  drag,  and  pitching  moment. 
The  data  in  figure 3 show  the  variation  of  admissible  roughness  height, ka, in 
a  zero-pressure-gradient  turbulent  boundary  layer  with  Reynolds  number 
RE, where  the  mean  chord, E ,  is  taken  as 0.20  m (0.65  ft). This  mean  chord  is 
representative  of  a  transport  model  sized  for  the  NTF.  Shown  on  figure 3 for 
reference  are  the  maximum  NTF  Reynolds  number,  the  Boeing 747 cruise  Reynolds 
number, and  the  maximum  Reynolds  number  for  current  tunnels. At a  given 
Reynolds  number,  any  roughness  height  falling  below  the  admissible  roughness 
curve  in  figure 3 will  produce  no  skin  friction  penalty.  The  shaded  band  on 
figure 3 is  the  range  of  typically  specified  and  routinely  achievable  surface 
finishes  for  current  transonic  models.  Since  the  NTF  Reynolds  number  range, 
based  on  a  chord  of 0 . 2 0  m (0.65 ft) , is  approximately  0.5 x lo6 to 95 x lo6, 
the  current  specified  model  surface  finishes  appear  to  be  compatible  with  a 
significant  part  of  the  NTF  Reynolds  number  range;  the  surface  finishes  re- 
quired  for  high  Reynolds  number  testing  in  the  NTF  are  achievable,  but  of  course 
at  extra  cost.  However,  as  is  noted  in  figure 3 ,  the  admissible  roughness 
curve  is  for  a  surface  with  uniformily  distributed  three-dimensional  particles 
affixed  to  it. An experimental  program  is  planned  to  determine  the  equivalent 
distributed  particle  roughness  for  typical  NTF  model  surfaces. In  order  to 
carry  out  this  experimental  program,  a  good  definition  of  the  topography of a 
typical  NTF  model  surface  is  needed. 

The  instrumentation  which  is  almost  universally  used  to  measure  model  sur- 
face  roughness  is  the  stylus  profilometer  type  equipment.  However,  there  are 
at  least  two  potential  problems  associated  with  the  stylus  profilometer.  Fig- 
ure 4 depicts  these  two  problem  areas: (1) roughness  slope  is  too  steep,  and 
( 2 )  roughness  frequency Fs too  high. It should be  noted  that  the  stylus  radius 
is  typically 2.5  um (" 100 pin).  Since  there are  no  published  data  which 
verify  that  the  stylus  profilometer  accurately  determines  surface  topography 
data  on  surfaces  typical  of  NTF  models,  the  National  Bureau  of  Standards  (NBS) 
is  in  the  process  of  comparing  the  topography  of  a  surface  typical of NTF 
models  as  measured  by  a  stylus  profilometer  and  a  stereo  scannicg  electron 
microscope.  Figure 5 shows an area  mapped  by  the  stylus  equipment.  (The 
vertical  dimensions  in  this  map  are  not  the  same  scale  as  the  inplane  dimen- 
sions;  that is, the  roughness  is  exaggerated).  The  four  rather  large  lines  of 
roughness  shown  in  this  figure  are  scratches  put  in  this  stainless  steel  sur- 
face  by  an  inexpensive  shop  type  profilometer,  thus  exemplifying  that  high 
quality  stylus  profilometers are required  to  obtain  the  best  possible  stylus 
data  from  a  specimen  without  damaging  the  specimen.  In  addition,  the  stylus 
profilometer  has  great  difficulty  measuring  surface  finishes  on  curved  surfaces 
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similar t o   t h e   l e a d i n g   e d g e   r e g i o n  of  wings. The leading   edge   reg ion   of   the  
wing i s  t h e  area where the   boundary   l ayer  i s  t h e   t h i n n e s t ,  and t h e r e f o r e  
l o c a l   s k i n   f r i c t i o n  is t h e  most sensit ive to   su r f ace   roughness .  Thus, f o r  
example, i t  is  h i g h l y   d e s i r a b l e   t o   h a v e   t h e   c a p a b i l i t y  of  measuring  surface 
f in i sh   over   the   wing ' s   l ead ing   edge .  Towards t h i s   e n d ,   t h e  NBS has   des igned  a 
l i g h t - s c a t t e r i n g   s y s t e m   t o   m e a s u r e   s u r f a c e   f i n i s h   a c c u r a t e l y  on su r faces   w i th  
h i g h   c u r v a t u r e   o r   f l a t   s u r f a c e s ;   t h i s   s y s t e m  is c u r r e n t l y   b e i n g   f a b r i c a t e d   f o r  
l abora to ry  tests. 

High  Reynolds Number Tes t ing  

A number of tests have  been  conducted  over  the  past  few y e a r s   i n   t h e  0.3-m 
TCT to   ob ta in   h igh   Reynolds  number da t a .  The d a t a  of f i g u r e  1 i l l u s t r a t e   t h e  
r e s u l t s  of  one  such test. F igures  6 and 7 show d a t a  from a similar test  b u t   i n  
a somewhat d i f f e ren t   fo rma t .  A t  the   lower  value of Cn ( f i g .   6 ) t h e   s e c t i o n  
d r a g   c o e f f i c i e n t s   c o n t i n u a l l y   d e c r e a s e  from the  lowest  Reynolds number t o   t h e  
h ighes t ,  47.54 X 10 based  on  chord.  Also, i t  can  be seen t h a t   t h e   d r a g  gen- 
e r a l l y   i n c r e a s e s   w i t h  Mach number up t o   t h e   d r a g  rise Mach number which is  
about 0.8 f o r  most  Reynolds  numbers. When t h e   s e c t i o n   l i f t   c o e f f i c i e n t  is  in-  
c r e a s e d   t o  0.55, a somewhat d i f f e r e n t   v a r i a t i o n   w i t h  Mach number is obtained 
wi th  a dramatic   drag rise occurr ing  a t  M - 0.50. Change with  Reynolds number 
is a l s o   s l i g h t l y   a l t e r e d  from t h a t  a t  the  lower Cn and i s  c l e a r l y   d i f f e r e n t  
f r am  tha t   ev idenced   i n   f i gu re  1. 

6 

Most high  Reynolds number tests t o   d a t e   i n   t h e  0.3-m TCT have  yielded some 
su rp r i se s .   Th i s   po in t s  up the   need   fo r  a much higher  concentration  on  diagnos- 
t i c  measurements   and   f low  v isua l iza t ion   to   he lp   unders tand   these   surpr i ses  and 
provide   be t te r   f low  ( turbulence)   models   for   the   thcore t ic ian .  

Real-Gas E f f e c t s  

P r i o r   t o   t h e   f i r s t   h i g h  Reynolds number research  workshop ( r e f .  1) the  real- 
gas work a t  Langley had concent ra ted  on the  adequacy  of  cryogenic  nitrogen  to 
s imula t e   i nv i sc id   t ype   f l ows   ( r e f .  3) w i th   t he   gene ra l   conc lus ion   t ha t   fo r  
an t ic ipa ted   c ryogenic   tunnel   enve lopes   such   f lows  are i n s i g n i f i c a n t l y   d i f f e r e n t  
f rom  those   fo r   an   i dea l   d i a tomic   gas   ( i . e .   f l i gh t   ca se ) .   S ince   t ha t  t i m e  real- 
gas  analyses  have  been  completed  in a v a r i e t y  of areas. Probably  the  most i m -  
por tan t   o f   these  i s  the  demonstration  of  the  simulation  adequacy  of  cryogenic 
n i t rogen   fo r   v i scous   f l ows   ( r e f s .  4 and 5).  Resu l t s   i nd ica t ed   t ha t   impor t an t  
boundary  layer  parameters w e r e  n o t   s i g n i f i c a n t l y   d i f f e r e n t  f rom  those  for   an 
idea l   d ia tomic   gas   wi th  a Su the r l and   v i scos i ty   desc r ip t ion .  One rea l -gas  
e f f e c t   t h a t   d i d   a p p e a r   t o   b e   m e a s u r a b l e  w a s  a d i f f e r e n c e   i n  level o f   ad i aba t i c  
w a l l  temperature.  While t h i s  w a s  n o t   c o n s i d e r e d   t o   b e   s i g n i f i c a n t ,  a subsequent 
experiment   ( ref .  6 )  v e r i f i e d   t h e   t h e o r e t i c a l   r e a l - g a s   a d i a b a t i c  w a l l  temperatures  
and  produced a h igh  level o f   c o n f i d e n c e   i n   t h i s   v i s c o u s  work.  Another area of 
a n a l y s i s   d e a l t   w i t h  a t u n n e l   o p e r a t i o n a l   c o n s i d e r a t i o n ,   t h a t   b e i n g   t h e   f a n  
power required  to   compress   cryogenic   ni t rogen  gas   ( ref .  7 )  f o r   e q u a l   s t a g n a t i o n  
condi t ions ;  i t  w a s  de te rmined   to   be  less t h a n   t h a t   r e q u i r e d   f o r   a n   i d e a l   d i a -  
tomic  gas.  The las t  area of  real-gas work w a s  an   ana lys i s  of the  mathematical  
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description  (equations  of  state)  for  cryogenic  nitrogen  gas.  Even  after 
attempts  to  improve  this  description  (ref. 8) and  after  comparing  thermodynamic 
properties  and  flow  solutions ( ref. 9) the  simple  Beattie-Bridgeman  equation 
of  state  appears  to  be  adequate  and  as  good  as  the  more  complex  descriptions. 
It  is  felt  at  this  time  that  th-  real  gas  effects  of  nitrogen  at  cryogenic 
temperatures  are  well  understood  and  have  little  or no effect  on  the  ability  of 
this  gas  to  simulate  ambient  air  flows. 

Condensation 

Work  concerning  the  onset  of  condensation  effects  has  progressed  both 
experimentally  and  analytically  since  the  1976  workshop.  Experiments  involving 
airfoils  and  total  pressure  probes  have  been  performed,  in  addition  to  refin- 
ing of data  evaluation  procedures  for  both  the  newer  data  and  the  original 
NACA  0012-64  airfoil  data.  As an example  of  condensation  onset  for an airfoil 
with  a  moderate  maximum  local  Mach  number  of M~,max = 1.2,  the  circles  in  figure 
8 represent  the  total  pressures  and  temperatures  at  which  condensation  effects 
were  detected  by  pressure  orifices  during an experiment  with  the  NACA  0012-64 
airfoil  (ref. lo). Effects  occurred  at  total  temperatures  not  only  below  those 
which  produced  supercooled  flow  locally  over  the  airfoil  (line  labeled 
SATURATION,  ML, Illax = 1.2),  but below  those  total  temperatures  corresponding 
to  supercooled  flow  in  the  test-section  itself  (line  labeled  SATURATION, 
Moo = 0.85).  Also  shown  is  a  theoretical  prediction  by  Sivier  (ref. 11) for  the 
beginning  of  self-nucleation  of  the  nitrogen  test  gas.  The  lack  of  agreement 
between  theory  and  data  suggests  that  the  onset  of  effects is  not  due  to  self- 
nucleation  of  the  test  gas.  Instead,  the  probable  cause  of  effects  is  the 
presence  of  seed  particles  on  which  condensation  can  take  place  at  temperatures 
higher  than  those  corresponding  to  self-nucleation. 

A s  an  example of condensation  onset  for an airfoil  test  with  a  higher  maxi- 
mum  local  Mach  number, M L , ~ ~ ~  = 1.7, the  circles  in  figure 9 represent  the 
total  pressures  and  temperatures  at  which  condensation  effects  were  detected 
locally  over  the  airfoil  by  visually  looking  into  the  test  section  of  the  0.3-m 
TCT  during  a  test  with  a  British  NPL-9510  airfoil  (ref.  12).  The  circles  cor- 
relate  with  the  theoretical  prediction  of  Sivier  for  self-nucleation  of  the 
gas  and  are  above  total  temperatures  corresponding  to  saturation  in  the  test- 
section  flow.  To  summarize  the  experiments,  the  onset  of  condensation  effects 
is  model  dependent  and  can  occur  at  temperatures  above  free-stream  saturation. 
On the  analytical  front,  the  question  of  sound  speed  in  two-phase  mixtures  has 
been  addressed,  as  well  as  various  aspects  of  saturated  equilibrium  flow 
(refs. 13, 14, and  15). A  review  of  available  droplet  growth  equations  has 
been  conducted  (ref. 16) and  is  presently  being  extended. In  addition,  computer 
programming  of  the  effects  of  both  self-nucleation  and  of  seed  particles on the 
flow  is  in  progress. 

Future  work  in  the  area  of  condensation  includes  studies  of  self-nucleation 
of the  nitrogen  test  gas  as  well  as  work  involving  condensation  on  seed 
particles.  Langley  Research  Center  is  cooperating  informally  with  DFVLR- 
Ghtingen to  verify  empirical  constants  necessary  for  the  self-nucleation 
theory.  DFVLR  has  just  completed  a  one-dimensional  nozzle  apparatus  that  is 
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well-suited  for  the  nucleation  study.  Their  results  can  be  compared  to  the 
data  being  generated  in  the  two-dimensional  0.3-m  TCT.  There  are  two  important 
reasons  for  this  comparison.  First,  the  environment in the  0.3-m  TCT,  whi.le 
more  representative  of  the  NTF  than  that  of  the  nozzle,  makes  it  difficult  to 
get  the  empirical  constants  necessary  for  self-nucleation  theory  because  of  the 
presence  of  seed  particles.  Second, it should be possible  to  verify  the 
belief  that  there  should be  little  difference  between  one-,  two-,  or  three- 
dimensional  flows  as  long  as  the  Mach  number  distributions  are  similar.  Con- 
cerning  studies  involving  the  seed  particle,  an  instrument is being  procured 
which  will  allow  sizing  and  counting  of  the  seed  particles  in  the  0.3-m  TCT. 
This  information  is  vital  for  proper  mathematical  modeling  of  the  condensation 
process. 

Buff  et 

Two  semispan  buffet  wing  models  have  been  tested  in  the  0.3-m  TCT  using 
strain  gages  to  measure  the  unsteady  wing  root  bending  moment.  One  model  is 
a  slender,  sharp-leading-edge  delta  wing  with 650 leading  edge  sweep  known  to 
be  relatively  insensitive  to  Reynolds  number.  This  configuration  was  chosen 
to  provide  a  baseline  model  to  demonstrate  the  test  technique  over  the  temp- 
erature  range  in  a  cryogenic  wind  tunnel.  Results  were  obtained  for  the 
delta-wing  model  as  shown  in  figure 10 at  the  same  free-stream  velocity,  which 
gave  almost  the  equivalent  reduced  frequency  parameter fE and  the  same 

dynamic  pressure  by  adjusting  the  Mach  number  and  the  stagnation  pressure.  At 
these  low  Mach  numbers  any  Mach  number  effect  should  be  small.  Good  agreement 
for  the  nondimensionalized  unsteady  wing  root  bending  moment  Cg was obtained 
over  the  range  of  angle  of  attack  using  this  procedure.  This  good  agreement 
for  the  wing  root  bending  moment  is  considered  to  be  verification  that  the 
root  bending  moment  strain-gage  technique  for  buffet  measurements  works  satis- 
factorily  at  cryogenic  temperatures. 

vw 

Another  example  of  some  recent  buffet  measurements  from  the  0.3-m  TCT  is 
shown  in  figure 11. This  wing  is a zero  sweep  wing  of  aspect  ratio 1.5 
with  an RAE(NPL) 9510 airfoil  section  which  wes  expected  to  be  very  sensitive 
to  differences  in  Reynolds  number.  Figure 11 illustrates  a  large  shift  in  the 
buffet  onset  angle of attack  from  about 8O to 14O as  a  result  of  a  variation  in 
the  Reynolds  number. 

Plans  are  being  made  to  make  buffeting  measurements on  a  carbon-fiber- 
reinforced  epoxy  wing  to  extend  the  range  of  the  reduced  frequency  parameter. 
Also  it  is  planned  to  instrument  the  wing  of  the  NTF  Pathfinder I model  with 
a  wing  root  bending  moment  gage  for  buffet  tests  at  high  Reynolds  number  on  a 
transport-type  configuration. 

Flow  Quality 

Activities  aimed  at  measuring  and  improving  the  flow  quality in the  Langley 
8-Foot  Transonic  Pressure  Tunnel  to  enable  it  to  carry  out  valid  experiments 
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on airfoils  designed  to  have  significant  runs  of  laminar flow  have  been  under 
way  for  several  years.  Test  programs  using a variety  of  screens  with  a  honey- 
comb  and  a  test  section  choke  have  been  expedited. Data obtained  in  experiments 
in the 8' TPT to  investigate  the  effect  of  a  choke  located  at  the  rear  of  the 
test  section on disturbance  levels in the  test  section  are  plotted  in  figure  12. 
They  show  measured  fluctuating  pressure  levels  normalized  to  the  mean  value  as 
a  function  of  free-stream  Mach  number  for  both  the Mach 0.8 choke  and  for  the 
natural"  choke  (test  section  slots  were  closed). There  is  obviously  a  large 
decrease in  level, about an order  of  magnitude,  which  would  indicate  that  at 
high  subsonic  speeds  the  Goise  from  the  diffuser  and  drive  system  is  a  signifi- 
cant  source  of  test  section  noise. 

1 1  

A sample  of  some  of  the  results  from  tests  on  honeycomb  and  screen  combi- 
nations  is  given  in  figure 13.  The  lateral  component  of  vorticity v' is  seen 
to  decrease  with  increasing  number  of  screens  up  to  the  maximum  number  tested 
(five). On  the  other  hand,  the  longitudinal  component u '  bottoms  out  beyond 
three  screens.  This  is  thought  to  be  due  to  an  organ  pipe  effect  of  the  pilot 
facility  used  for  these  tests. It is  expected,  on  the  basis  of  these  results, 
that  the  four  screens  used  in  the  NTF  will  reduce  the  turbulence  level  by 
approximately  a  factor  of  three.  Further  flow  quality  improvements  can  be 
expected from the  screening  effect  of  the  cooling  coil.  If  a  choke  similar  to 
that  tested in the 8' TPT  and  slot  covers  are  employed  in  the  NTF  then  out- 
standing  flow  quality  should  be  obtained  throughout  its  speed  range.  Even 
without  the  choke  the  NTF's  flow  quality  should  be  superior  to  any  large  pro- 
duction  transonic  tunnel  in  use  today. 

Flow  Visualization 

There  are  a  number  of  flow  visualization  techniques  available  from  which 
the  researcher  can  choose,  depending  on  his  needs  and  the  type  of  model  to  be 
tested.  Unfortunately  most  of  these  techniques  deteriorate in utility  and  may 
even  become  totally  worthless  at  cryogenic  temperatures.  Research  is  under  way 
both  at  Langley  and  under  grant  to  find  other  means  of  aiding  flow  visualization 
One  approach  which  has  found  some  success  is  that  attempted  at  the  University  of 
Southampton  (ref.  17).  Liquid  propane  with  pigmentation  added  was  arranged  to 
issue  from  0.08-cm  (1/32-in)  holes  upstream  of  the  area  of  interest.  In  figure 
14 the  movement  of  the  flow  around  a  solid  obstruction  is  defined  by  the  use  of 
this  technique,  including  the  formation  of  the  vortices  aft  of  the  model.  This 
particular  experiment  was  carried  out  at  a  free-stream  temperature  of  145K. It 
is  thought  that  the  "propane"  technique  could  be  used  to  ten  atmospheres  and 
85K, which  is  beyond  the  maximum  operati.ng  conditions of the  NTF.  Several  im- 
provements  to  this  approach  are  under  investigation. 

Perhaps  the  most  common  technique  for  flow  visualization  is  that  of  tufts 
bonded  to  the  model  surface.  The  use  of  tufts  made  of  wool  and  nylon  at  cryo- 
genic  temperatures  has  been  demonstrated  at  the  University  of  Southampton. 
They  were  attached  using  an  epcxy  adhesive  in  a  region  of  vortical  flow  on  a 
delta  wing.  They  were  exercised  for  about 45  minutes  at  a  Mach  number  of 0 . 3  
and  were  found  to  have  suffered  no  degradation,  i.e.  they  did as  well  in  the 
cold  environment as  one  would  have  expected  at  normal  temperatures. 
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Diagnostic  Measurements 

Both  laser  and  hot  wire  measurements  have  been  carried  out in the  0.3-m 
TCT to  determine  if  ambient-temperature  techniques  can  still  be  used.  In  the 
case  of  the  former  the  main  interest  was on the  scattering  ability  of  liquid 
nitrogen  droplets  which  normally  exist  in  the  tunnel.  The  test,  which is 
depicted  in  figure 15, determined  that LN2 droplets  were  larger  than  those 
normally  found in kerosene-smoke-seeded  flows  and  yielded  a  much  stronger  sig- 
nal than  required. The method  of LN2 injection  has  been  improved  since  the 
laser  test  was  carried  out  (see  ref. 18) so that  the  average  droplet  size  can be 
maintained  at  a  smaller  value.  In  any  case it would  appear  that  the  natural 
seeding  afforded  by LN2 droplets  under  very  cold  conditions will be useful  for 
laser  flow  measurements in the  NTF. 

Several  hot  wire  measurements  have  been  carried  out  in  the  0.3-m  TCT  with 
variable  success.  Some  difficulty  was  encountered  with  wire  resistance  and 
breakage  as  well  as  with  large LN2 droplets.  Solutions  to  these  problems  are 
discussed  in  reference 18. Generally  it  would  seem  that  hot  wires  can  be  used 
successfully  in  a  cryogenic  environment  with  the  proper  precautions. 

PANEL RECOMMENDATIONS 

The  Fluid  Dynamics  Panel  made  recommendations  regarding  specific  experi- 
ments,  most  of  which  relate  to  basic  fluid  flows,  although  some  are  more  con- 
figuration  oriented.  Many  of  the  experiments  are  already  planned  and  the  panel 
simply  endorsed  their  expedition.  Where  the  panel  had  a  particular  concern 
regarding  the  way  an  experiment was to  be  conducted  this  is  documented  to  insure 
that  it  will  not  be  overlooked.  Test  techniques  and  tunnel  calibration  require- 
ments  were  also  discussed  by  the  panel  and  recommendations  made  for  improve- 
ments  or  emphasis.  As  noted  earlier,  experiment  suggestions  were  encouraged 
for  the  0.3-m  TCT  as  well  as  the  NTF. 

Theory  Validation 

Over  the  past  four  years  hundreds  of  papers  have  been  published  which 
present  solutions  to  all  manner  of  viscous  flow  problems  using  various forms of 
the  Navier-Stokes  equations,  especially  the  boundary  layer  approximations. 
There  have  also  been  a  number  of  experimental  programs  reported  on  which  were 
aimed  at  validating  some  aspect of theory.  At  this  workshop  several  illustrations 
were given  of  theory  developments  requfring  high  Reynolds  number  validation. 
These  related  to  shock/boundary-layer  interactions  and  massive  separation.  Any 
number  of  examples  could  have  been  cited of both  the  two-  and  three-dimensional 
variety  to  make  the  point  that  one  of  the  primary  responsibilities  of  the new 
high  Reynolds  number  facilities  is  to  provide  "certified"  data  for  theory  vali- 
dation  and  improvement. The  panel,  of  course,  supported  this  idea  with  the 
added  proviso  that  separated  flows  deserve  special  consideration.  They  also 
observed  that  a  close  connection  or  alliance  between  the  0.3-m TCT and  the  NTF 
would  benefit  this  type  of  research. 
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High  Priority  Experiments 

The panel's  recommendations  regarding  experiments were  arbitrarily  broken 
into  two  categories,  "high"  and  "second"  priority.  The  high  priority  experi- 
ments  are  not  necessarily  better  from  a  scientific  standpoint;  the  panel  simply 
thought  that  these  should  be  done  before  the  others. 

Ten-Degree  Cone. - One  of  the  most  highly  rated  experiments  for  early 
testing  in  the  NTF is a  ten-degree  cone  such  as  that  tested  already  in  a  large 
number  of  wind  tunnels  and  in  flight  (ref. 19). This  cone,  which  will  be 
equipped  with  microphones  and  surface  thin-film  gages, will  provide  a  measure 
of  the  tunnel's  flow  quality  and  test-section  environment  through  transition 
Reynolds  number  determinations.  Comparisons  of  these  data  with  those  previous- 
ly  obtained will  also  enable  a  relative  assessment  of  the  tunnel's  flow  quality. 
Tests  should  be  conducted  with  and  without  the  tunnel wall  slots  closed  and 
with the  addition  of  a  diffuser  choke  as  well.  Changing  transition  Reynolds 
numbers  by  varying  either  the  tunnel  pressure  or  temperature  is  also  proposed. 

As  in  all  careful  transition  measurements,  the  roughness  of  the  surface 
must  be  measured.  Furthermore,  the  statistical  and  spectral  characteristics 
of  the  free-stream  flow  disturbances  must  be  determined  over  the  range  of  test 
conditions.  This  latter  information  will,  of  course,  be  available  since  flow 
quality  measurements  are an integral  part  of  the  tunnel  calibration  program. 

Flat  Plate. - This  test  is  similar  in  some  aspects  to  the  previous  one  in 
that  it can be  used  to  make  transition  measurements  and  hence  obtain  some 
measure  of  the  tunnel's  flow  quality.  Unfortunately,  there  is  no  transonic 
flat-plate  data  base  similar  to  that  for  the  ten-degree  cone.  The  flow  quality 
of  the  NTF  relative  to  that  of  other  tunnels  would  consequently  be  difficult 
to  judge  based  on  this  experiment  alone.  Nevertheless,  it is  important  to 
obtain  this  type  of  data  over  as  wide  a  range  of  unit  Reynolds  number  and  wall 
temperatures  as  the  tunnel  can  provide.  Perhaps  the  most  important  feature  of 
this  test  is  the  diagnostic  data  that  would  be  obtained  at  high  Reynolds  number 
in  a  relatively  quiet  environment,  i.e.  with  slots  closed  and  diffuser  choke 
in  place.  Both  time-averaged  and  fluctuating  flow  quantities  should  be  obtained. 
In  addition,  the  direct  measurement  of  skin  friction  was  strongly  urged  by  the 
panel,  perhaps  using  several  candidate  gages.  Finally,  the  panel  wanted to 
stress  the  need  to  obtain  a  truly  two-dimensional  flow,  a  zero  pressure  gradient, 
and  a  measure of the  model  motion,  if  any. 

Airfoils. - The  panel  discussed  at  length  experiments  that  could  be  con- 
ducted  to  determine  the  details  of  flows  about  airfoils  at  high  Reynolds  number, 
including  leading-edge,  shock/boundary-layer,  and  trailing-edge  interactions 
and  unsteady  separated  flows.  It  was  finally  determined  that  most  of  these 
phenomena  could  be  examined  using  a  series  of  standard  or  baseline  models  in 
the  0.3-m  TCT. An example  set  of  airfoils  suggested was  a 12-percent  super- 
critical,  an  NACA  0012,  and  a  fighter  type.  Considerable  care  would  be  exer- 
cised  in  fabrication  to  maintain  close  tolerances  and  a  high-quality  finish. 
The  test  articles  would  have  well-defined  geometries  and an accurate  charac- 
terization  of  their  surface  roughness.  As  in  the  case  of  the NTF,  flow  environ- 
ment  should  be  well  defined.  The  types  of  data  and  calculations  proposed  for 
these  airfoil  experiments  are  as  follows: 
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T r a n s i t i o n   s t u d i e s  
Wake surveys 
Shock  and t r a i l i n g - e d g e   i n t e r a c t i o n s  
Massive sepa ra t ion ,  stall,  and b u f f e t  
Drag  creep  and  drag rise Mach number 
L i f t  and moment 
Pressures   and  shock  locat ions 
Examine u n i t  Reynolds number e f f e c t s  
Roughness  and  waviness  effects 
Companion t h e o r e t i c a l   f l o w - f i e l d  and s t a b i l i t y   a n a l y s e s  
Reynolds number s c a l i n g  

It is  recognized   tha t  many of   the same kinds  of  measurements  proposed f o r  
t h e   a i r f o i l   s t u d i e s   s h o u l d   a l s o   b e  made for   wings ,   a l though  no   spec i f ic   exper i -  
ment w a s  ou t l i ned .  One such  experiment w a s  proposed  by the   Theore t i ca l  Aero- 
dynamics  Panel a t  t h e  1976  workshop ( r e f .   1 )  and should   be   cons idered   for  
i n c l u s i o n   i n   t h e  test program f o r   t h e   P a t h f i n d e r  I model. 

Wall Temperature   Effects .  - The e f f e c t  of w a l l  temperatures on boundary 
layer   f lows  w a s  t h e   t o p i c  of much d iscuss ion ,   ind ica t ive   o f   the   pane l ' s   concern  
t h a t   t h i s   e f f e c t   s h o u l d   b e  w e l l  unde r s tood   p r io r   t o   p roduc t ion   t e s t ing   i n   t he  
NTF. The f e a t u r e s   o f   s e v e r a l  tests s o o n   t o   b e   c a r r i e d   o u t   i n   t h e  0.3-m TCT 
t h a t  w i l l  provide some of the  needed  information were desc r ibed   t o   t he   pane l .  
In   each  of   these tests the   va lues  of Tw/Tt w i l l  be   var ied  f rom  0.3  to   3 .0 .  

The f i r s t   e x p e r i m e n t   c o n s i s t s  of a n   a i r f o i l  model (33-cm (13-in))  chord 
wi th  a c h o r d w i s e   s t r i p  of thin-skin  thermocouples  which w i l l  be   used  to   measure 
h e a t   t r a n s f e r .   T h i s   s t r i p  w i l l  b e   p r o t e c t e d   i n  a s p e c i a l   h o u s i n g   i n   t h e  plenum 
p r i o r   t o   r e a c h i n g  tes t  cond i t ions .  An i n j e c t i o n  mechanism is  u s e d   t o   i n s e r t  
t h a t  p a r t  of t h e   a i r f o i l   c o n t a i n i n g   t h e   t h e r m o c o u p l e   s t r i p   i n t o   t h e  tes t  sec- 
t i o n   ( s e e   f i g .  16 ) .  From the   hea t   t r ans fe r   da t a   t he   beg inn ing  and  end  of 
t r a n s i t i o n  w i l l  be   de te rmined   ( f . e .   t rans i t ion   Reynolds  number as a func t ion  of 
Tw/Tt).  The su r face   roughness   can   be   va r i ed   i n   t h i s  t es t ,  and boundary-layer 
t r i p s   c a n   b e   a d d e d ,   t o   d e t e r m i n e   t h e i r   e f f e c t s  on the  beginning  and end  of 
t r a n s i t i o n .  The second  model w i l l  be  a p re s su re  model i n  which  the  region of 
t h e   p r e s s u r e   o r i f i c e s   ( t h e  same as with  the  thermocouple  model) w i l l  be  heated 
or   cooled .  The e f f e c t  of Tw/Tt w i l l  be  determined  on  the  shock  location,  the 
drag ,  and p o s s i b l y   t h e   s e p a r a t i o n   c h a r a c t e r i s t i c s .   I n   a d d i t i o n ,   t h e   p r e s s u r e  
model w i l l  have several chordwise  thermocouples   to   determine  the  t ransient  
response as t h e  model approaches i t s  a d i a b a t i c  w a l l  condi t ion .  

It should  be  noted  that   one  of   the few r e a l - g a s   e f f e c t s  a t  cryogenic  and 
h igh   t o t a l -p re s su re   cond i t ions  i s  t h e   r a t i o  of Taw/Tt  (AT as much as 7 O  C). 
Table I s u b s t a n t i a t e s   t h i s   p o i n t  and   suppor ts   the   conclus ions   g iven   in   the  real  
gas   d i scuss ion  earlier. It lists the   impor tan t   parameters   for   n i t rogen   ra t ioed  
t o   t h o s e  of   an   idea l   gas  a t  M, = 0.85, a l o c a l  Reynolds number of  140 x 106, a 
to ta l   p ressure   o f   n ine   a tmospheres ,   and  a t o t a l   t e m p e r a t u r e  of 120 K. 
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TABLE I 

' Parameter  Nitrogen  Value 
. - .  . 

I 

Ideal  Value 

c f 0.996 

0 0.996 

6* 1.001 

6 0.999 

TaJTt 0.967 
~ "" ~ __ 

Clearly  all  the  ratios  are  essentially  unity  except  that for  T  ITt. aw 

The  panel  urged  that  any  transition  study  including  wall  temperature  varia- 
tions  should  be  done  concurrently  with  a  stability  analysis  (over  the  range  of 
R, M, and  Tw/T ) and  flow  quality  assessment  of  the  0.3-m  TCT. It also 
supported  the  Idea  that  time  histories  of wall  temperatures  at  various  locations 
on several  three-dimensional  models  (such as the  Pathfinder  models)  should  be 
measured  in  addition  to  such  quantities as  lift,  drag,  moment,  pressure,  etc. 

f 

Second  Priority  Experiments 

A number  of  other  basic  fluids  experiments  were  discussed  by  the  panel 
but  they  were  thought  to  be  slightly  less  desirable  for  early  testing  than 
those  already  described.  Several  of  these  tests  have  already  received  consider- 
able  attention  and  substantial  documentation  exists,  except  perhaps  for  the 
effects  of  wall  temperatures  and  very  high  Reynolds  numbers.  The  second 
priority  experiments  are: 

* Protuberances  and  depressions - Steps  and  gaps - Junctures 
* Tips 

* Re-laminarization  experiment 
Turbulence  modeling  experiments 

The  turbulence  modeling  experiments  were  not  further  defined  except  that 
the  emphasis  here  would  be  on  strong  interactions.  Similarly,  the  details  of 
the  re-laminarization  experiment  were  not  spelled  out;  however;  it was thought 
to be  feasible  due  to  the  stabilizing  effect of the  very  cold  wall  temperatures 
achievable. 
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Second  Priority  Configuration  Tests 

It was  recognized  by  the  panel  that  there  are  a  number of.both old  and new 
configuration  problems  that  require  additional  testing  at  high  Reynolds  numbers 
for  confident  application  to  full-scale  designs.  There  was  also  recognition  of 
the  fact  that  while  configurations  research  was  the  primary  concern  of  another 
panel,  certain  configurations  were  of  special  importance  to  the  fluid  mechani- 
cian.  Among  those suggested,were  an airfoil  with  a  flap  control,  a  high  lift 
system,  and  a  spoiler,  and  a  variable-camber  airfoil  for  "optimum"  ascent 
and  descent.  For  wings  an  interest was expressed  in  determining  the  Reynolds 
number  sensitivity  of  a  leading  edge  notch  designed  to  inhibit  spin.  Leading 
edge  devices  to  enhance  maneuverability  of  highly  swept  wings was  another  con- 
figuration  that  attracted  considerable  interest.  Cross-flows  on  boosters  and 
fuselages  at  high  angle  of  attack  and  buildings  in  a  cross  wind  were  two  other 
types  of  tests  proposed. It should be noted  that  experiments  are 
planned in the  NTF  and  0.3-m  TCT  relating  to  high  lift  systems,  leading  edge 
devices,  and  cross  flows. 

Another  panel  recommendation  related  to  configurations  concerns  tunnel-to- 
tunnel  comparisons  for  one  or  more  three-dimensional  configurations. A s  in  the 
case  of  the  ten-degree  cone,  which  was  tested  in  a  number of facilities  to  com- 
pare  their  flow  quality  (through  transition  measurements),  it  is  of  interest  to 
know  how  force  and  moment  measurements  compare  as  well.  This  assumes,  of 
course,  that  all  the  appropriate  corrections  for  wall  effects  will be applied 
to  arrive,  in  each case, at  the  best  "free  air"  estimate.  Several  models  that 
have  been  tested  in  other  facilities  have  already  been  put  on  the  NTF  schedule; 
new  models  of  the  Shuttle  orbiter  and  ascent  configuration  are  also  being  fab- 
ricated  for  test. 

Unit  Reynolds  Number  Effects 

It  should  be.  noted  that  cryogenic  tunnels  afford  a  unique  opportunity  to 
contribute  to  the  understanding  of  unit  Reynolds  number  effects.  Normally  when 
Reynolds  number  is  increased  in  a  state-of-the-art  tunnel  this  is  done  by  in- 
creasing  the  pressure  level,  which  in  turn  requires  more  drive  power.  This 
increase  in  power will  normally  increase  the  acoustic  levels  throughout  the 
tunnel  circuit  and  may  increase  vorticity  as  well.  Both  of  these  phenomena  can 
have  an  adverse  effect  on  transition  if  they  provide  disturbances  in  the  fre- 
quency  range  that  produces  flow  instabilites. It is  thought  that  the  so-called 
unit  Reynolds  number  effect  results  basically  from  this  process. 

The  NTF  with  its  added  degree of freedom  will  have  the  capability  to  in- 
crease  Reynolds  number  while  maintaining  the  sound  pressure  level  constant.  To 
demonstrate  this  point  the  0.3-m TCT  was  run at  approximately 4 . 9  atmospheres 
total  pressure  over  a  range  of  total  temperatures  from 108 K to 322 K. Thi,s 
variation  in  total  conditions  yields  chord  Reynolds  numbers  ranging  fron: 
8 X 10 to 38 x lo6 with  virtually  no  change  in  sound  pressure  level  (see  fig. 
17). With  the  chord  fixed,  the  unit  Reynolds  number  is  changed  then  by  a 
factor  of  four.  For  contrast,  on  this  same  figure  sound  pressure  levels  are 
plotted  for  two  other  conditions  with  total  temperatures  near 100 K. These  two 
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points  plus  the  one in the  upper  right  hand  corner  (running  diagonally  across 
the  plot)  show  that an "acoustic"  penalty  of  approximately 10 dB  is  incurred 
when  Reynolds  number is increased  from 8 X lo6 to 38 x 10 by  increasing 
pressure. It should  be  noted  that  experimenters  utilizing  temperature  for 
Reynolds  number  control  in  cryogenic  tunnels  will  have  to  pay  close  attention 
to wall  temperatures  relative  to  the  total  temperature. 

6 

Flow  Visualization  and  Diagnostic  Measurements 

The panel  gave  its  most  vocal  support  to  the  continued  development  of  flow 
visualization  and  diagnostic  techniques.  Laser  and  schlieren  systems  were 
thought  to  be  indispensable  to  the  conduct  of  high  quality  fluid-flow  research. 
A  novel  skin  friction  gage  concept  with  good  potential  for  cryogenic  environ- 
ments  was  described  by  one  member.  Still  another  noted  a  probe  for  measuring 
pu,  pu',  and  flow  angle  that  may  have  some  advantages  over  a  hot  wire  in  very 
cold  and/or  high-pressure  flows.  Finally,  the  panel  suggested  that  a  mini- 
workshop  be  held  to  expose  candidate  methods,  techniques,  and  instruments  for 
flow  visualization  and  diagnostic  measurements. 

Tunnel  Calibration 

A  strong  desire  by  the  NTF  tunnel  designers  has  been  to  provide  the  lowest 
turbulence  and  sound  pressure  levels  possible.  This  goal  has  received  strong 
support  from  both  in-  and  out-of-house  scientists.  With  the  design  long 
finished  and  the  construction  nearly  complete,  the  attention  of  the  potential 
users  and  the  panels has turned  more  and  more  to  the  measurements  which will 
define  what  was  actually  achieved.  The  panel  wanted  to be assured  that  a 
thorough  calibration  of  the  tunnel  would  be  carried  out,  including  measurements 
of vorticity  and  acoustic  levels.  The  calibration  plan  was  discussed  with  the 
panel  and  presented  to  the  workshop  as  well. 

The  main  features  of  the  flow  quality  measurements  to  be  made  during  the 
calibration  of  the  NTF  are  listed  in  figure 18. In  summary  it  indicates  that 
data  should be obtained  at  all  the  important  points  using  the  best  instrumenta- 
tion  available.  Both  statistical  and  spectral  data  are  required  for  pressure, 
temperature,  and  velocity.  Further  details  are  given  in  reference 18. 

The  quantification  of  wind  tunnel  wall  interference  effects  was  not  dis- 
cussed  at  length  by  the  panel,  due  to  the  charter  given  in  this  area  to  the 
Theoretical  Aerodynamics  Panel.  However,  the  panel  wanted  to  go  on  record  as 
favoring  a  strong  program. In addition  to  the  usual  effects  of  buoyancy,  block- 
age,  lift,  and  plenum  venting  (non-uniform  flows  near  wall),  Reynolds 
number  sensitivities  of  these  factors  should  be  considered  as  well.  The  panel 
also  urged  that  theoretical  corrections  based  on  homogeneous  wall  boundary 
conditions  have  those  boundary  conditions  based on  flow field  surveys  near  the 
wall if  at  all  possible. 
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CONCLUDING REMARKS 

The  Fluid  Dynamics  Panel  engaged in discussions  on  almost  every  aspect  of 
.fluid  flows,  but  spent  the  most  time  trying  to  formulate  the  best  approaches  to 
carrying  out  basic  "classical"  experiments  at  hl.gh  Reynolds  numbers on cones, 
flat  plates,  and  airfoils.  Tests  of  this  sort  have  the  great  attraction  of 
complementing  a  large  number  of  investigations  already  accomplished  in  other 
facilities  at  lower  Reynolds  numbers.  They  are  also  configurations  which  have 
been  subjected  to  theoretical  treatment  for  a  number  of  years.  When  carried 
out  properly  they  should  yield  data on the  facility's  flow  quality  and  on 
boundary-layer  transition,  and  should  increase  understanding  of  the  utility  of 
the  various  prediction  methods. The need was stressed  to  have  a  thorough 
understanding  (measurement)  of  the  flow  quality  in  the  NTF  and  0.3-m  TCT  as an 
adjunct  to  these  tests,  along  with  the  requirement  for  models  with  smooth  and 
fully  characterized  surfaces. 

The  difficulty  of  carrying  out  diagnostic  measurements  at  low  temperatures, 
high  pressure,  and  high  Reynolds  numbers  was  fully  recognized.  Panel  members 
suggested  instruments  that  potentially  could  be  useful  in  this  environment  and 
stressed  the  need  for  increased  research in the  techniques  and  instrumentation 
area. A further  suggestion  was  made  that  this  area  be  considered  as  the  sub- 
ject  of  a  mini-workshop.  This  workshop  would  endeavor  to  get  the  best  minds 
and  practitioners  in  the  diagnostic  field  to  establish  the  state  of  the  art  and 
to  "brainstorm"  new  approaches  for  extending it. 

A large  number  of  configurations  were  suggested  for  which  high  Reynolds 
number  data  would  be  most  welcome.  Some  were  similar to those  proposed  at  the 
1976 workshop,  while  others were new.  Time  did  not  permit  detailing of the  flow 
physics  involved  or  the  preferred  test  conditions  and  instrumentation  require- 
ments  (refer  to  the  report of the  Configurations  Aerodynamics  Panel,  ref. 20, 
for  a  more  thorough  discussion  of  configuration  research  needs). 

Finally,  the  panel  strongly  supported  the  idea  of  carrying  out  a  careful 
and  complete  calibration  of  the NTF,  including  flow  quality  and  uniformity in 
the  test  section,  diffuser,  and  contraction  section  as  well  as  at  other  critical 
locations  around  the  circuit.  Increased  effort in experiments  and  analysis 
aimed  at  evaluating  wall  interference  was  urged. 
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Figure 5.- Topography of typical  NTFmmodel  surface determined by stylus 
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Figure 13.- Reduction of turbulence  with  various honeycomb-screen combinations. 
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Figure 14.- Visualization of flow around an obstacle  using liquid propane. 
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Figure 15.- Laser velocimetry in 0.3-m TCT. 
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Figure 16.- Test set-up f o r  determining effect of wall temperature on 
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Figure 18.- Fea tures  of f low  quali ty  measurements t o  be  made i n   t h e  NTF. 
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HIGH-LIFT  TECHNOLOGY 

Paul L. Coe, Jr.  and  Richard J. Margason 

NASA  Langley  Research  Center 

SUMMARY 

The  NASA  Langley  high-lift  technology  program  is  reviewed,  and  elements 
of  the  program  which  are  considered  Reynolds  number  sensitive  are  discussed. 
The  Energy  Efficient  Transport (EET) and  Supersonic  Cruise  Research  (SCR) . 
models.  propas,ed f o r  high-.li,ft  studies in the  National  Transonic  Facility (NTF) 
are  described.  Recommendations  regarding  the NTF facility  and  test  techniques 
are  presented. 

INTRODUCTION 

Aircraft  engine/airframe  sizing  studies  must,  obviously,  consider  the 
entire  operational  envelope.  Previous  experience  has  shown  that  low-speed, 
take-off,  climb,  and  landing  performance  requirements  impose  constraints  on 
aircraft  concepts  which  result  in  less  than  optimum  efficiency.  Studies  have 
demonstrated  that  the  development  of  improved  high-lift  systems  will  relax 
these  low-speed  operational  constraints,  thereby  resulting  in  the  following 
potential  benefits: 

(1) Ehgine/airframe  optimized  for  cruise  efficiency 
(2) Improved  climb  performance 
(3) Reduced  field  length  requirements 
(4) Reduced  approach  velocities  (improves  safety  and  airport  capacity) 
( 5 )  Reduced  community  noise 

The  distribution  of  block  fuel  consumption  for  the  various  operating  pha- 
ses  of  a  typical  wide-body  jet  is  shown  in  figure 1 as  a  function  of  stage 
length.  Inasmuch  as  the  typical  commercial  flight  is  in  the 500 to 1000 
nautical  mile  range,  figure 1 demonstrates  that  the  fuel  consumed  during  climb 
and  cruise  is  approximately  the  same.  The  potential  savings  achieved  by 
permitting  the  engine/airframe  to be optimizated  for  cruise  efficiency  and 
improved  climb  performance  is  substantial. 

As  an  illustration  of  the  potential  magnitude  of  the  fuel  savings  which 
could be derived  from  the  development  of  improved  high-lift  systems,  figure  2 
presents  fuel  burned  as  a  function  of  maximum  landing  lift  coefficient 
(CL,max).  Results  are  presented  for  a  contemporary  wide-body  transport  and 
for  the  same  transport  utilizing  an  aspect-ratio-12  supercritical  wing  devel- 
oped  under  the  NASA  Energy  Efficient  Transport  (EET)  program.  For  the  con- 
ditions  specified,  the  contemporary  transport  consumes  about 39 900 kg 
(88 000 lb) of  fuel  and  has  a  required  landing C L , ~ ~ ~  of  about 2.2. Simply 
replacing  the  current  wing  with  the  aspect-ratio-12  supercritical EET wing  of 
the  same  area  would  result  in  an  increased  structural  weight  (required  to 
provide  the  necessary  wing  stiffness ) which  in  turn  would  result  in  a  somewhat 
higher  wing  loading  and  a  corresponding  increase  in  required  landing C~,max. 
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The improved  performance  resulting from this modif ica t ion  would apparent ly  
r e s u l t   i n   a b o u t  a 10-percent  reduction in f u e l  burned. If t h e  wing were 
re - s i zed   t o   op t imize   c ru i se   e f f i c i ency ,   ana lys i s  shows t h a t  an 18-percent 
reduct ion  i n  fuel   burned  could be achieved. However, t h e  wing loading would 
be   s ign i f icant ly   increased   and ,  as a r e s u l t ,  the landing  C L , ~ ~ ~  would be 
r equ i r ed  to  inc rease  from  approximately 2.2 t o  about 3.1. 

A h igh - l i f t   sys t em  cons i s t en t   w i th   t he  EET cruise  geometry (see f i g .  3 )  
has  been  designed  and  tested a t  low Reynolds  numbers (RN, = 1.6 x lo6) i n  t he  
4- by 7-Meter Tunnel a t  t h e  NASA Langley  Research  Center (see r e f .  1). The 
ana lys i s   p re sen ted  i n  re ference  1 shows t h a t   t h e  maximum trimmed l i f t  coef- 
f i c i e n t   f o r   s u c h  a conf igura t ion   under   these   condi t ions  would be l i m i t e d   t o  
va lues  on the   o rder  of only 2.5. Experience  obtained by indus t ry  shows a 
s u b s t a n t i a l   e f f e c t  of  Reynolds number on C L , ~ ~ ~ .  Unfortunately,   the  Reynolds 
number e f f ec t s   appea r   t o   be   con t r ad ic to ry   i n   na tu re  and are conf igura t ion  
dependent. Hence, there   does   no t   ex is t ,  a t  p r e s e n t ,  a proven method t o   e x t r a -  
p o l a t e  
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cLtmax from t h e  low t e s t  Reynolds  numbers t o  those  of f l i g h t .  

SYMBOLS 

aspec t  ra t io  

mean aerodynamic  chord 

drag   coef f ic ien t ,   d rag /qS 

l i f t   c o e f f i c i e n t ,   l i f t / @  

maximum l i f t   c o e f f i c i e n t  

pi tching-moment   coeff ic ient ,   p i tching moment/qSc 

p r e s s u r e   c o e f f i c i e n t  

Mach number 

f ree-s t ream dynamic p res su re ,  Pa ( l b f / f t 2 )  

Reynolds number based on mean aerodynamic  chord 

wing area, m2 ( f t 2 )  

r e fe rence   f l i gh t   speed ,   kno t s  

take-of  f wing loading,  kg/m2 ( l b / f t 2 )  

nondimensional  chord  length 

angle  of a t tack ,   deg  

ang le   o f   s ides l ip ,  deg 

- 



r 

A 

dihedral,  deg 

wing  sweep,  deg 

CURRENT  STATUS AND PLANS 

The  Langley  High-Lift  Technology  Program  is  summarized in figure 4. The 
program  is  comprised  of  fundamental  investigations,  computational  methods,  and 
conceptual  applications.  The  various  elements  comprising  the  program  are 
briefly  described  in  the  following  sections. 

Fundamentals 

High-lift  airfoil  research is being  conducted  in  the  Langley  low 
Turbulence  Pressure  Tunnel  (LTPT)  rather  than  the  0.3-Meter  Transonic 
Cryogenic  Tunnel  (0.3-m XT). This  decision  was  predicated  on  the  short  chord 
lengths  required  by  the  0.3-m ET. The  short  chord  lengths  would  not  permit 
the  chordwise  pressure  distribution  to be measured  in  sufficient  detail,  and 
therefore  it  appears  that  the  LTPT  is a more  suitable  facility  for  this  type 
of  research.  At  present,  a  high-lift  balance  and  model  support  system  for  the 
LTPT  is  under  development.  Additionally,  sidewall  boundary-layer  separation 
at  high-lift  conditions  is  being  studied.  A  series  of  investigations  of  high- 
lift  airfoils  at  representative  flight  Reynolds  and  Mach  numbers  is  planned. 
These  studies  will  include  two-dimensional  parametric  studies  of  flap  and  slat 
geometries  and  will  be  used  to  validate  analytical  methods  for  multi-element 
airfoils.  Based  on  the  capabilities  of  the  LTPT,  it  would  appear  that  two- 
dimensional  airfoil  and  parametric  studies  can  be  adequately  conducted  in  this 
facility  and  will  not  require  the NTF. 

Additional  fundamental  investigations  are  being  conducted.  These  include 
a  grant  to  Wichita  State  University  to  experimentally  measure  the  charac- 
teristics  of  separated  wakes  (fig. 5 presents  a  sample of the  measured  velo- 
city  profile  for  a  spoiler-induced  separated  wake)  and  three-dimensional 
parametric  wing  studies  conducted  in  the  Langley 4- by  7-Meter  Tunnel  (see 
fig. 6). 

Computational  Methods 

A substantial  effort  in  the  development  of  relatively  fast,  reliable  com- 
putational  methods  is  in  progress.  Such  methods  will  be  verified  or  validated 
by  the  fundamental  investigations  discussed  in  the  preceding  section  and  will 
then  be  used  in  conjunction  with  conceptual  applications  as  discussed  in  a 
subsequent  section. 

An example  of  surface  panel  methods  is  shown  in  figure 7, which  repre- 
sents a mathematical  model  of  the  NASA  EET  concept.  Results  of  calculations 
of overall  forces  and  moments,  as  well  as  chordwise  pressure  distributions, 
are  presented  and  compared  with  experimental  results  in  figure 8. Results  are 
presented  for  the  inviscid  calculation  and  for  the  inviscid  calculation 
modified  to  include  a  two-dimensional  or  strip  boundary-layer  theory. As can 
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be  seen,  inclusion  of  the  strip  boundary  layer  improves  the  theory/experiment 
agreement  for  attached  flow  conditions.  Inasmuch  as  the  present  calculations 
are  for  an  aspect-ratio-12  wing  with  only  moderate  sweep,  the  two-dimensional 
boundary-layer  simulation  apparently  is  sufficient . However,  for  lower  aspect 
ratio  or  high  wing  sweeps,  the  viscous  crossflow  becomes  increasingly  impor- 
tant  and  use  of  three-dimensional  boundary-layer  theory in conjunction  with 
the  inviscid  calculation  would  be  more  appropriate.  Accordingly,  this  effort 
is in  progress.  Of  course,  when  flow  separation  occurs,  the  above  methods  are 
no longer  valid. A two-dimensional  method,  which  includes  the  separated  wake 
effects,  has  been  developed  under  contract  by  McDonnell  Aircraft  Company. 
Figure 9 shows  results  of  calculations  for  a  two-dimensional  airfoil  at  an 
angle  of  attack  of 15O and  compares  the  calculated  results  with  experimental 
data.  As  expected,  calculations  which  omit  the  separated  wake  yield  pressure 
distributions  which  are  significantly  in  excess  of  experimental  values. 
Furthermore,  the  calculated  section  lift  is  about 1.5 times  the  experimental 
values.  However,  inclusion  of  the  separated  wake  results  in  a  calculated 
pressure  distribution  and  section-lift  coefficient  which  are  remarkably  close 
to the  experimental  results. 

It  should be noted  that  the  methods  discussed  have  been  limited  to 
single-element  airfoils.  There  is  at  present  a  two-dimensional 
design/analysis  method  applicable  for  inviscid  multi-element  airfoils.  This 
method  was  also  developed  under  contract  with  McDonnell  Aircraft  Company 
(MCAIR)  and  may  be  extended  to  three-dimensional  design  methods. 
Simultaneously,  a  somewhat  different  approach  which  is  applicable  to  two- 
dimensional  multi-element  airfoils  and  which  includes  separation  effects 
(enabling  the  calculation  of C L , ~ ~ ~ )  is  under  development  at  the  NASA  Langley 
Research  Center. 

Additional  elements  of  the  computational  method  effort  include  both  in- 
house  studies  and  studies  conducted  under  grants  to  Mississippi  State 
University  for  the  development  of  fast,  efficient  solutions  to  the 
Navier-Stokes  equations.  These  studies  include  two-dimensional  multi-element 
airfoils  with  separation  and  are  to  be  extended  to  include  the  three- 
dimensional  solution. 

Conceptual  Applications 

The  understanding of and  insights  into  the  fluid  mechanical  phenomenon 
achieved  through  fundamental  investigations,  coupled  with  the  design  and  ana- 
lysis  capability  provided  by  the  development  of  advanced  computational 
methods,  are  used  in  an  attempt  to  produce  new  approaches  in  high-lift  tech- 
nology  by  their  application  to  aerodynamic  designs.  These  applications 
include  detailed  studies  of  propulsive-lift  concepts,  configuration  effects, 
and  Reynolds  number  effects. 

Propulsive  lift.-  The  Langley  Research  Center  has  studied  propulsive-lift 
concepts  for  a  wide  variety  of  applications  including  the  low-speed  flight 
regime  of  conventional  subsonic  transport  aircraft  and  advanced  supersonic 
transport  configurations.  However,  more  recently  the  military's  concern 
regarding  damaged  runways  and  denied  landing  fields  has  directed  the 
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p r o p u l s i v e - l i f t  effor t  towards  advanced  f ighter   a i rcraf t   concepts .  One such 
in-house  conceptual  design is shown i n   f i g u r e  10 .  

Conf igura t ion   e f fec ts . -  A chal lenging   aspec t  of the   h igh- l i f t   t echnology 
e f f o r t  is to e f f e c t i v e l y   i n t e g r a t e  or develop  high-l i f t   systems compatible 
wi th   par t icu lar   h igh   subsonic  or supersonic   c ru ise   des igns .  An example  of  one 
s u c h   e f f o r t  is t h e  NASA Langley  Laminar Flow Control (LFC) a i r f o i l .  ' Figure 
l l ( a )  shows t h e  Mach ,= 0.8 c r u i s e   d e s i g n ,   w h i l e   f i g u r e   l l ( b )   d e p i c t s  the air- 
f o i l  with a deployed  leading-edge s la t  and a s i n g l e - s l o t t e d   t r a i l i n g - e d g e   f l a p  
for t h e  low-speed h igh- l i f t   condi t ion .   Other   conf igura t ions   cur ren t ly   under  
s tudy   inc lude   the   p rev ious ly   d i scussed  Energy Ef f i c i en t   T ranspor t  (EET) con- 
cept and the  Supersonic  Cruise  Research (SCR) concept,   both of  which w i l l  be 
d i s c u s s e d   i n   d e t a i l  in the  sect ion  concerning  the  high-l i f t / '   h igh  Reynolds  
number research.  

High-lift/hLgh  Reynolds number research.-   Experience has shown t h a t  con- 
vent iona l   aerodynamic   per formance   charac te r i s t ics   and   the   s ta l l /pos t - s ta l l  
aerodynamic c h a r a c t e r i s t i c s  are s e n s i t i v e   t o  Reynolds number. The p a r t i c u l a r  
Reynolds number s e n s i t i v e  areas w i l l  be discussed by t h e   h i g h - l i f t   p a n e l  mem- 
be r s  and r e p o r t e d   i n  a subsequent   sect ion.  However, as an i l l u s t r a t i o n  of 
configuration-dependence  and  need  for  high  Reynolds number t e s t i n g  of high- 
l i f t   c o n f i g u r a t i o n s ,   f i g u r e  12  p re sen t s  C L , ~ ~ ~  as a func t ion  of  Reynolds 
number. For t h i s   p a r t i c u l a r   c o n f i g u r a t i o n ,   f l i g h t  Reynolds number is 
20 x lo6 .  The Reynolds number range  over which da ta  are presented  is repre- 
s e n t a t i v e  of t he  Reynolds number range  provided by ex i s t ing   subson ic  
a tmospheric   and  pressure  tunnels .  Data are p resen ted   fo r   t he   con f igu ra t ion  
with a c lean  wing and for   the   conf igura t ion   having  wing leading-edge  devices 
and  an  extended  two-segmented  trailing-edge  flap  system. The extended 
t r a i l i ng -edge   f l ap  is e i the r   unde f l ec t ed  ( 6 f  = Oo) or   de f l ec t ed  as ind ica ted .  
Of p a r t i c u l a r   i n t e r e s t  is t h e  marked inc rease   i n  C ~ , ~ a x  wi th   increas ing  
Reynolds number for  both  the  clean-wing  configuration  and  the  configuration 
employing  the s la t ted  leading  edge. By contrast ,   the   configurat ion  employing 
the   Var iab le  Camber Kreuger (VCK) leading  edge  general ly   exhibi ts  a less pro- 
nounced i n c r e a s e   i n  CL,max with  increasing  Reynolds number. The p o i n t  t o  be 
drawn  from f i g u r e  1 2  is t h e   i n h e r e n t   u n c e r t a i n t y   i n   t h e   p r e d i c t i o n  of C L , ~ ~ ~  
from the   ex t r apo la t ion  of  wind-tunnel data. 

The Langley  Research  Center ,   af ter   extensive  interact ion  with  industry,  
is  proposing  in-depth NTF s tud ie s   o f   t he  low-speed h i g h - l i f t   c h a r a c t e r i s t i c s  
of two wide ly   va ry ing   a i r c ra f t   concep t s .  These  concepts are t h e  EET and SCR 
configurations  mentioned  previously.   Figures 13 and 14 show photographs of 
models   o f   these   respec t ive   conf igura t ions  which were used  in   pr ior   Langley 
wind-tunnel  studies.   These  studies were conducted a t  r e l a t i v e l y  l o w  Reynolds 
numbers ranging  from  1.5 x l o 6  t o  2.5 x lo6. Present   p lans  are t o  conduct 
a d d i t i o n a l  tests i n   t h e  Ames Research  Center  12-Foot  Tunnel  with similar 
smaller models a t  somewhat higher  Reynolds number followed by tests i n   t h e  NTF 
a t  f l i g h t  Reynolds  numbers.  These  proposed NTF low-speed h i g h - l i f t   s t u d i e s  
are summarized i n   f i g u r e s  15 and 16. Figure 15 i l l u s t r a t e s  what is r e f e r r e d  
t o  as the  EET/Pathfinder 1 model. The model w i l l  be comprised of t h e  EET wing 
as shown i n   f i g u r e s  3 and 13 and w i l l  use t h e   e x i s t i n g   P a t h f i n d e r  1 fuse l age  
which is v i r t u a l l y   t h e  same as t h e  EET fuse lage  shown i n   f i g u r e  13. The model 
is intended to  s tudy   t he   e f f ec t iveness  of  various  leading-  and  trail ing-edge 
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sys t ems   and   t o   exp lo re   t a i l o r ing  of leading-edge  devices   in   order  to con t ro l  
s t a l l  progression and t h e   e f f e c t  of s ta l l  on wing con t ro l   su r f aces .  The tests 
w i l l  produce  conventional  force  and moment data and  wing su r face   p re s su re  data 
( inc lud ing   f l ap   and  s la t  elements)   over  a r e p r e s e n t a t i v e  a-6 range and w i l l  
permit t h e   e f f e c t s  of  Reynolds number t o  be determined f r o m  values  up to  
40 x lo6. Because  of the   l engthy  t i m e  i n t e r v a l s   i n v o l v e d  in br inging   the   tun-  
n e l  down f o r  model changes, it is h igh ly   des i r ab le  to  remote ly   ac tua te  as many 
movable su r faces  as possible. 

The proposed  low-speed  high-lift SCR model is i l l u s t r a t e d   i n   f i g u r e  16. 
T h i s   p a r t i c u l a r   c o n f i g u r a t i o n   d i f f e r s   s l i g h t l y  from  previous SCR geometries 
(see re f .  2 f o r   d e t a i l s )  and is t h e   s u b j e c t  of a coopera t ive  NASA/industry 
r e s e a r c h   e f f o r t .  It is p r o p o s e d   t h a t   i n i t i a l   s t u d i e s   c o n c e n t r a t e  on t h e  
e f f e c t s  of leading-edge  radius   and  def lect ion  with  fol low-up  s tudies  of a l ter-  
nate  leading-edge  devices.  The leading-edge  radius   s tudy is intended  not   only 
t o  de te rmine   the   e f fec t   o f   rad ius ,   bu t   a l so  to  de te rmine   i f  it is p o s s i b l e   t o  
simulate  higher  Reynolds number condi t ions  by us ing  a su i tab ly   modi f ied  
leading-edge  radius.   This would permit substant ia l   development  work to  be 
conducted   in   re la t ive ly   inexpens ive   tunnels   wi th   l imi ted   va l ida t ion   tes t ing   in  
high  Reynolds number f a c i l i t i e s .  A s  such ,   the   successfu l   conc lus ion  of t h i s  
undertaking would r ep resen t  a major  breakthrough  in  aerodynamics.   For  this 
configurat ion,   leading-edge  def lect ion  schemes  range f r o m  simple cons tan t  
d e f l e c t i o n  of t h e   e n t i r e   l e a d i n g  edge to  a more complex scheduled   def lec t ion  
for which the   de f l ec t ion   ang le s  are h e l d   t o  a minimum inboard and increased  
a long   the   span   to  a maximum a t  t h e  wing t ip .  Such schedules  have  demonstrated 
marked  improvement in  flow  attachments,  and  hence  aerodynamic  performance,  for 
t h e  low-speed h igh- l i f t   condi t ion .   Unfor tuna te ly ,  tests of these  concepts  
have a l l  been  conducted a t  r e l a t i v e l y  l o w  Reynolds  numbers.  In  addition to 
convent ional   force  and moment data  and wing sur face   p ressures ,   exper ience   has  
shown t h a t   f l o w   v i s u a l i z a t i o n  is p a r t i c u l a r l y   u s e f u l   i n   d e f i n i n g   t h e   t y p e  of 
f low  separa t ion  on t h i s  class of  wings. It is, therefore ,   cons idered  impor- 
t a n t   t h a t  some e f f o r t  be  directed  towards  development  of  effective  f low 
v i s u a l i z a t i o n  schemes f o r   t h e  NTF. The conven t iona l   l i € t /d rag   po la r s  shown i n  
t h e  lower right-hand  corner of f i g u r e  16 i l l u s t r a t e   t h e   t h e o r e t i c a l  bounding 
p o l a r s  of 100-percent  and  0-percent  leading-edge  suction. It is a n t i c i p a t e d  
t h a t   i n c r e a s i n g  Reynolds number w i l l  s h i f t   t h e  polar f u r t h e r  away from the  
0-percent  boundary  and closer to   100-percent   boundary,   but   the   degree  to  which 
t h i s  w i l l  occur,  while  of  extreme  importance, is unknown. 

PANEL  DISCUSSION AND RECOMMENDATIONS 

Reynolds-Number-Sensitive Areas 

The high-l i f t   panel   considered  Reynolds-number-sensi t ive areas f o r  sub- 
son ic  and supersonic   des igns   in   the   t akeoff ,   l anding ,   and   t ransonic   h igh- l i f t  
configuration.  These areas are summarized  and d i scussed   i nd iv idua l ly  as 
fol lows : 
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(1) Performance  characteristics 
[a)  Leading-edge  flow  separation 
(b)  Leading-edge  suction 
(c)  Vortical  flows 
(d) Leading-  and  trailing-edge  flap  effectiveness 
(e) Control  surface  effectiveness 

( 2 )  Stall/post-stall  characteristics 
(a) Maximum  lift 
(b) Longitudinal  stability  and  control 
(c) Lateral  stability  and  control 

In  the  area  of  performance,  the  most  obvious  Reynolds-number-sensitive 
effect  is  leading-edge  flow  separation.  This  is  apparently  most  pronounced 
for  airfoils  having  small  leading-edge  radii  and  high  wing  sweeps.  This 
effect  is  universally  recognized  and  raises  significant  uncertainty  in  data 
from  conventional  low-Reynolds-number  wind  tunnel  tests.  Furthermore, 
leading-edge  flow  separation  is  related  to  most  of  the  areas  summarized,  par- 
ticularly  leading-edge  suction. 

Bodies  at  high  angles  of  attack  experience  substantial  crossflow  and  sub- 
sequent  vortex  separation.  The  mechanism  of  body  vortex  formation  and  vortex 
shedding  appears  to  be  Reynolds  number  sensitive,  and  consequently  may  have  a 
substantial  effect  on  aerodynamic  performance. 

Leading-  and  trailing-edge  flap  effectiveness is, of  course,  directly 
related  to  separation  effects  and  is  sensitive  to  Reynolds  number. 
Furthermore,  based  on  the  data  presented  in  figure 12, it  would  appear  that 
the  nature  of  the  Reynolds  number  effect  is  dependent  on  the  leading-edge  con- 
figuration.  In  a  similar  fashion,  control  surface  effectiveness,  while  a 
major  factor  in  sizing  aircraft  components,  is  considered  Reynolds  number  sen- 
sitive.  For  example,  horizontal-tail  effectiveness  is of paramount  concern 
with  regard  to  pitchup.  However,  in  typical  high-lift  studies,  the  horizontal 
tail  operates  at  exceptionally  low  values  of  Reynolds  number  and,  hence,  is 
particularly  deserving  of  attention. 

Turning  to  the  area of the  stall  and  post-stall  aerodynamic  charac- 
teristics,  the  most  obvious  area,  as  discussed  previously  (see  fig. 12), is 
the  area  of  maximum  lift,  which  is  closely  related  to  leading-edge  flow 
separation  and  leading-  and  trailing-edge  flap  effectiveness.  Longitudinal 
and  lateral  stability  and  control  characteristics  are  considered  to be largely 
dependent  on  the  stall  pattern  and  spanwise  progression  of  the  stall. 
Consequently,  these  characteristics  will  also  exhibit  Reynolds  number  depen- 
dence  and  warrant  further  attention. 

Facility  and  Test  Technique 

In  order  to  insure  maximum  cost  effectiveness  and  full  utilization  of  the 
unique  capabilities  afforded  by  NTF,  considerable  attention  was  given to faci- 
lity  and  test  technique  development.  Specific  recommendations  are: 
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(1) Develop  flow  visualization  techniques 
(2) Develop  means  to  verify  model  component  position  under  test 

(3) Alternate  model  support  system 
( 4 )  Maximize  automation  of  model  component  parts 
(5) Closed  slots  for  subsonic  high-lift  development  studies 

condition 

Development  of  flow  visualization  techniques  is  considered  to be essen- 
tial.  One  concept,  in  particular,  appears  promising  for  application in the 
NTF. This  concept,  which  was  developed  at  the  Boeing  Company,  employs  rapidly 
traversing,  pressure-sensitive  diode  lights.  It  is  recommended  that  prelimi- 
nary  verification  tests  of  this  concept  be  conducted  in  the  0.3-m ET. Laser 
velocimeter  (LV)  techniques  were  generally  considered  inappropriate  for KCF 
flow  visualization  application.  This  was  due  to  the  LV  requirement  for  the 
introduction  of  seeding  particles  which  would  create  condensation  problems. 
Holographic  techniques,  on  the  other  hand,  were  considered  promising,  and  it 
was  recommended  that  the  work  at  Ames  and  Langley  (in  particular  the  planned 
holographic  study  in  the 4- by  7-Meter  Tunnel) be strongly  supported. 

Verification  of  model  component  position  under  test  conditions  was  con- 
sidered  to  be  of  particular  importance  for  high-lift  investigations.  This  is 
predicated  on  the known sensitivity  of  results  to  parameters  such  as  slat 
and/or  slot  gap  and  overlap.  It  is  specifically  recommended  that  photographic 
techniques  be  tested  with  a  representative  high-lift  system  in  the  0.3-m TCT. 

Substantial  concern  was  expressed  about  large  sting  tare  effects  par- 
ticularly  on  horizontal  tail  characteristics  and  on  the  limited  angle-of- 
attack  capability  provided  by  the  proposed  sting  arrangement.  It  is 
specifically  recommended  that  alternate  support  systems - for  example,  a  side- 
wall-mounted  strut  support  system - be developed.  The  development  of  such  a 
strut  support  system  should  enable  sting  tare  effects  to  be  determined  and 
should  also  permit  data  to  be  obtained  at  high  angles  of  attack  (i.e.,  up  to 
g o o )  for  stall/spin  research. 

Recognizing  that  pressurization  and  thermal  equilibrium  considerations 
will  result  in  extensive  time  delays  associated  with  model  changes,  it  is 
recommended  that  substantial  effort  be  directed  towards  developing  means  for 
remote  actuation  of  model  components. 

Lastly,  it  is  recognized  that  slotted  wind  tunnels  present  a  problem in 
determining  wall  corrections  for  high-lift  configuration  studies.  It  is, 
therefore,  suggested  that  the  high-lift  research  be  conducted  with  the  closed 
slot  test  configuration  and  that  existing  wall  pressure  taps  be  used in corre- 
lating  wind  tunnel  correction  techniques  to  insure  proper  corrections  for  wall 
effects . 
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High-Lift  Configuration  Studies 

The panel  strongly  supported  Langley's  proposed EET and SCR h i g h - l i f t  
r e sea rch   i n  NTF ( see f igs .   15 and  16 ) The panel  noted  that  an i n t e g r a l  
part  of t hese   s tud ie s  would center  on t h e   a b i l i t y  t o  develop  techniques and 
methods for   des ign  and construct ion of f l a p   b r a c k e t s   t h a t  w i l l  produce  the 
required geometry ( f o r  example,  gap  and overlap)  throughout  the NTF opera- 
t ional  envelope. 

Applications  Adequately Covered in Other Facilities 

In   addi t ion  to  app l i ca t ions   fo r  NTF, t he  members of the   h igh- l i f t   pane l  
thought it appropriate to  list areas  where t e s t i n g  is adequately  performed in 
o t h e r   f a c i l i t i e s .  These include : 

(1) Two-dimensional h i g h - l i f t  
( a )  Parametr ic   invest igat ions 
( b )  Code v e r i f i c a t i o n  

(2 Rotorcraf t  
( 3 )  V/STOL a i r c r a f t  
( 4 )  General  aviation 
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HIGH-LIFT TECHNOLOGY 
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Figure 5.- Example  of  velocity  profiles  for  flap  and  spoiler  obtained 

using  dual  split  film.  WSU-Grant  NSG-1165. 
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Figure 9.- Experiment/theory  comparison  for 
airfoil-wake  solution method. 

Figure 10.- Photograph of NASA-LaRC powered-lift wing-canard model 
mounted for tests in 4- by 7-Meter Tunnel. 
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(a) Cruise geometry. 

(b) Low-speed  high-lift geometry. 

Figure 11.- Sketch of  the  NASA-LaRC LFC  airfoil. 
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Figure 12.- Effect of RN on ‘Lax for high-lift 
configuration (tail off). Douglas  Aircraft 
Company  contract  NAS1-14744. 
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F i g u r e  1 3 . -  Pho tographs   o f  NASA-LaRC EET h i g h - l i f t  model. 

F i g u r e  14.- Photographs  of  NASA-LaRC SCR h i g h - l i f t  models. 
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Figure 16.- NASA-LaRC  proposed high-lift investigation 
of SCR  configuration. 
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CONFIGURATION  AERODYNAMICS 

Edward C.  Polhamus  and Blair B. Gloss  
NASA Langley  Research  Center  

INTRODUCTION 

It is  a n t i c i p a t e d   t h a t  a r a t h e r   s i z e a b l e   p o r t i o n   o f  tes t  t i m e  i n   t h e  
N a t i o n a l   T r a n s o n i c   F a c i l i t y  w i l l  be   devo ted   t o   ae rodynamic   conf igu ra t ion  
r e s e a r c h   a n d   d e s i g n   c o n c e p t   o p t i m i z a t i o n   s t u d i e s   a p p l i c a b l e   t o   t h e   v a r i o u s  
classes o f   a e r o s p a c e   v e h i c l e s .   I n   o r d e r   t o   c o v e r   t h i s   b r o a d   s u b j e c t   a d e q u a t e l y ,  
t h e  Workshop f o r m a t   p r o v i d e d   f o r   a d d i t i o n a l   a i r c r a f t   c o n f i g u r a t i o n - r e l a t e d  
p a n e l s   i n   t h e   t e c h n o l o g y  areas of   h igh- l i f t   sys tem  deve lopment   and   aero-  
e l a s t i c i t y   a n d   f l u t t e r   w h i l e   t h e   s p a c e c r a f t   c o n f i g u r a t i o n   r e s e a r c h   a n d   d e v e l o p -  
ment  requirements were covered   by   the   Space   Vehic les   Pane l .  The C o n f i g u r a t i o n  
Aerodynamics   Panel ,   therefore ,   l imi ted  i t s  d i s c u s s i o n s   p r i m a r i l y   t o   t h e  s t a t i c  
a e r o d y n a m i c   r e s e a r c h   r e l a t e d   t o   a i r c r a f t - t y p e   c o n f i g u r a t i o n s   i n   t h e i r   c r u i s e  
o r  combat  maneuver  modes. The d i s c u s s i o n s  were c e n t e r e d   o n   t h r e e   g e n e r a l  
classes o f   a i r c r a f t :   s u b s o n i c   t r a n s p o r t   a i r c r a f t ,   t r a n s o n i c   t a c t i c a l  a i r c r a f t ,  
a n d   s l e n d e r   w i n g   a i r c r a f t ;   t h e s e   p a r t i c u l a r   c l a s s i f i c a t i o n s   t e n d e d   t o   a l s o   g r o u p  
t h e   c o n f i g u r a t i o n s   b y   a i r c r a f t   w i n g   p l a n f o r m   t y p e s .  The purposes  of t h i s   p a p e r  
are to :   (1 )  review t h e   s t a t u s   a n d   p l a n s   o f   L a n g l e y ' s  NTF c o n f i g u r a t i o n   r e s e a r c h  
program  which w a s  p r e s e n t e d   t o   t h e   p a n e l  as a background   fo r   an   i n t e rchange   o f  
i d e a s   w i t h   r e g a r d   t o   t h e   n e e d s   a n d   p r i o r i t i e s   i n   t h e   c o n f i g u r a t i o n   a e r o d y n a m i c s  

( 2 )  t o  document t h e   m a i n   t h r u s t s   o f   t h e   p a n e l   d i s c u s s i o n   a n d   t h e  
r e c o m m e n d a t i o n s   r e l a t e d   t o   n e a r - t e r m   c o n f i g u r a t i o n   r e s e a r c h   i n   t h e  

area, and 
r e s u l t i n g  
NTF . 

SYMBOLS 

mean geometr ic   chord  

dynamic  wing  root  bending moment c o e f f i c i e n t ,  - 
l i f t  l i f t   c o e f f i c i e n t ,  - qs 

p r e s s u r e   c o e f f i c i e n t ,  

f requency  

f r e e - s t r e a m  Mach number 

t ime-averaged r m s  va lue   o f   dynamic   wing   roo t   bending  moment 

maximum s e c t i o n   n o r m a l   f o r c e - t o - d r a g   r a t i o  

f ree-s t ream s t a t i c  r e f e r e n c e   p r e s s u r e  

YD 

q s c  

' s  - 
q 
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l o c a l  s t a t i c  p r e s s u r e  

free-stream s t a g n a t i o n   p r e s s u r e  

f ree-s t ream  dynamic   p ressure  

Reyno lds   number   pe r   un i t   l eng th  

Reynolds  number  based  on mean geometr ic   chord  

d i s t ance   measu red   a long   w ing   su r f ace ,  see f i g u r e   1 0  

r e f e r e n c e  area 

f r ee - s t r eam  s t agna t ion   t empera tu re  

f r e e - s t r e a m   v e l o c i t y  

a n g l e   o f   a t t a c k  

leading-edge  sweep  angle 

f l a p - d e f l e c t i o n   a n g l e  

CURRENT STATUS AND PLANS 

The p r e s e n t a t i o n   o f   L a n g l e y ' s   c u r r e n t   s t a t u s   a n d   p l a n s   f o r   u t i l i z a t i o n  
o f   t h e   N a t i o n a l   T r a n s o n i c   F a c i l i t y   f o r   c o n f i g u r a t i o n   r e s e a r c h   o f   v a r i o u s  
classes included:   (1)  some o f   t h e  more p e r t i n e n t   r e s e a r c h  areas t h a t  i t  was 
f e l t   s h o u l d   b e   a d d r e s s e d   i n   t h e   i n i t i a l   p h a s e s   o f   t h e  NTF a i r c r a f t   c o n f i g u r a t i o n  
research   program,  (2)  a d e s c r i p t i o n  of p r e c u r s o r   r e s e a r c h   b e . i n g   c a r r i e d   o u t  
which is r e l a t e d   t o   t h e  NTF re sea rch   p rog ram  o r   a s soc ia t ed   w i th   t he   deve lopmen t  
o f   c r y o g e n i c   t e s t i n g   t e c h n i q u e s   r e q u i r e d   f o r  NTF r e s e a r c h ,   a n d  ( 3 )  a b r i e f  
d e s c r i p t i o n   o f   t h e   c u r r e n t   p l a n s   w i t h   r e g a r d   t o   t h e   i n i t i a l   m o d e l s   a n d   g e n e r a l  
t e s t ing   p rog ram.  

S u b s o n i c   A i r c r a f t  

D e s i g n   t r e n d s   r e l a t e d   t o   s u b s o n i c   t r a n s p o r t   a i r c r a f t ,   s u c h  as the a p p l i c a -  
t i o n   o f   s u p e r c r i t i c a l   t e c h n o l o g y   a n d   t h e   l a r g e   i n c r e a s e s   i n   s i z e   b e i n g  con- 
s i d e r e d   f o r   f u t u r e   a i r c r a f t ,   h a v e   a c c e n t u a t e d   t h e   n e e d   f o r   i m p r o v e d   s i m u l a t i o n  
of   the   aerodynamic   charac te r i s t ics   wi th   regard   to   Reynolds   number .  Some 
examples of p o s s i b l e   f u t u r e   l a r g e   t r a n s p o r t   a i r c r a f t   t y p e s  are i l l u s t r a t e d   i n  
f i g u r e  1. Gross   we igh t s   i n   t he   r ange   o f  two mi l l i on   pounds  are being  con- 
s i d e r e d   a n d ,   f o r   t h i s   s i z e   a i r c r a f t ,   c r u i s e   R e y n o l d s   n u m b e r s   o n   t h e   o r d e r   o f  
100   mi l l ion   could   be   encountered .   Inasmuch as i t  is  a n t i c i p a t e d   t h a t   s u p e r -  
c r i t i c a l  technology w i l l  b e   u t i l i z e d   f o r   t h e   w i n g   d e s i g n s ,   a n   i m p r o v e d   s i m u l a -  
t i o n   o f   s h o c k   b o u n d a r y   l a y e r   i n t e r a c t i o n s  i s ,  o f   c o u r s e ,   a n   i m p o r t a n t   a s p e c t  
t h a t  w i l l  b e n e f i t   f r o m   t h e   u n i q u e   c a p a b i l i t i e s   o f   t h e  NTF. R e l a t e d   i n t e r a c t i o n s  
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i nc lude   t hose   a s soc ia t ed   w i th   nace l l e s ,   py lons ,   s t ab i l i z ing   su r f aces ,   con t ro l s ,  
etc. With r e g a r d   t o   c o n t r o l s ,  i t  would appear   tha t ,   because   o f   the   h igh  
i n e r t i a s   o f   t h e s e   l a r g e   a i r c r a f t  and   t he   con t ro l   s ens i t i v i ty   t o   Reyno lds  number, 
a cons iderable  amount of  research  and  development may be   r equ i r ed   i n   t he   ae ro -  
dynamic c o n t r o l  area. S t a t i c   a e r o e l a s t i c i t y  and  high  speed  buffet  are addi- 
t i o n a l  areas i n  which  the NTF w i l l  be   expec ted   to   p rovide   va luable   in format ion .  
I n  add i t ion   t o   t he   ex t ens ive   r e sea rch   p rog ram  in   t he   Lang ley  0.3-Meter Transonic 
Cryogenic   Tunnel   re la ted  to   cryogenic  wind tunnel   operat ional   procedures   and 
techniques,   aerodynamic  research  re la ted  to   that   which w i l l  b e   c a r r i e d   o u t   i n  
t h e  NTF i s  underway  and is providing  precursor   type  experience  and  data   of  
v a l u e   t o   t h e  NTF program. 

Precursor   s tud ies . -  A high  Reynolds number aerodynamic  research  program 
t h a t  is c l o s e l y   r e l a t e d   t o   t h e   w i n g   d e s i g n   a s p e c t s   o f   s u b s o n i c   t r a n s p o r t  
conf igu ra t ions  i s  t h e   a i r f o i l  p rogram  cur ren t ly   be ing   car r ied   ou t   in   the  
Langley 0.3-m Transonic  Cryogenic  Tunnel. The tunne l ' s  maximum s t a g n a t i o n  
p res su re  of 6 b a r s  and cryogenic   t empera ture   capabi l i t i es   p rovide   Reynolds  
number levels   comparable   to   the  ful l -scale   chord  Reynolds  numbers encountered 
by t h e   c u r r e n t   l a r g e   t r a n s p o r t   a i r c r a f t  a t  t h e i r   c r u i s e   c o n d i t i o n s .  A 
d e s c r i p t i o n   o f   t h i s   f a c i l i t y  i s  p r e s e n t e d   i n   r e f e r e n c e  1. The major  portion 
of the  current   high  Reynolds  number a i r f o i l   r e s e a r c h  program i n   t h i s   f a c i l i t y  
can   be   d iv ided   i n to   t h ree   ca t egor i e s .   F i r s t ,   t he re  i s  a series o f   f i ve  NACA 
and NASA a i r f o i l s   s e l e c t e d   t o   p r o v i d e   b o t h   t h e   o p p o r t u n i t y   f o r   c o r r e l a t i o n  
w i t h   o t h e r   f a c i l i t i e s  and t o   e x t e n d   s u p e r c r i t i c a l   a i r f o i l   r e s e a r c h   d a t a   t o  
h igher   Reynolds   numbers   than   those   ob ta inable   in   o ther   fac i l i t i es .  The second 
series c o n s i s t s  of   one  Langley  Research  Center   advanced  t ransport   a i r foi l  
design and fou r   i ndus t ry -des igned   a i r fo i l s   t o   be   t e s t ed  as p a r t   o f  the,NASA- 
Industry  Energy  Efficient  Transport   program.  This series i s  provid ing  some 
of the   p rospec t ive  NTF u s e r s   i n   t h e   a i r c r a f t   i n d u s t r y   w i t h   c r y o g e n i c  model 
cons t ruc t ion  and t e s t i n g   e x p e r i e n c e  as w e l l  as broadening  the  high  Reynolds 
number a i r f o i l   r e s e a r c h  program. The t h i r d  series c o n s i s t s  of two foreign-  
d e s i g n e d   t r a n s p o r t   t y p e   a i r f o i l s   t h a t  w i l l  be   tes ted  under  a recent  exchange 
agreement. 

Although  limited  to  two-dimensional  flow,  these tests should  provide 
va luab le   i n fo rma t ion   i n   t he   fo l lowing  areas: (1)  Reynolds number e f f e c t s  on 
shock/boundary-layer   interact ions;  (2) gu idance   to   fu ture   subsonic   t ranspor t  
c o n f i g u r a t i o n   r e s e a r c h   i n   t h e  NTF; and  (3)   cryogenic   tes t ing and  model  construc- 
t ion   exper ience .  A n  example  of some pre l imina ry   r e su l t s   f rom a subson ic   t r anspor t  
t y p e   a i r f o i l   r e c e n t l y   o b t a i n e d  as p a r t  of t h e   0 . 3 4   t r a n s o n i c  program is  pre- 
s e n t e d   i n   f i g u r e  2 where  the  parameter, M(n/d)max, an   approximat ion   to   the   range  
performance  parameter, is presented  as a func t ion  of Mach number €or  a range  of 
Reynolds  numbers.   These  preliminary  data  i l lustrate  the  range  of  conditions 
t h a t  are be ing   covered   in   the   s tudy .  

The c ryogen ic   p re s su re   t unne l   has   t he   un ique   capab i l i t y   t o   e s sen t i a l ly  
i s o l a t e  s t a t i c  a e r o e l a s t i c   e f f e c t s  from  both  Reynolds number and   compress ib i l i ty  
e f f e c t s ,  and the  abi l i ty   ( through  the  control   of   the   speed  of   sound)   to   match 
f l i g h t   c o n d i t i o n s   o v e r   t h e   a l t i t u d e   r a n g e   w i t h  a s i n g l e  s t a t i c  a e r o e l a s t i c  
model ( s e e   r e f .  2 ) .  These   un ique   t e s t ing   capab i l i t i e s  are o f   p a r t i c u l a r  
i m p o r t a n c e   f o r   s u b s o n i c   t r a n s p o r t   a i r c r a f t   w i t h   t h e i r   r e l a t i v e l y   f l e x i b l e ,  
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high-aspec t - ra t io   swept   wings   and   Reynolds-number-sens i t ive   supercr i t ica l  
a i r f o i l s .   A l t h o u g h   l a r g e   m o d e l  stresses w i l l  b e   g e n e r a t e d  when t h e   h i g h  levels 
o f   s t a g n a t i o n   p r e s s u r e   a v a i l a b l e  i n  t h e  NTF are r e q u i r e d ,   t h e   u n i q u e   a d v a n t a g e  
o f   t h e  NTF i n   p r o v i d i n g  a given  Reynolds  number a t  o n e - f i f t h   o f   t h e   m o d e l   l o a d s  
e n c o u n t e r e d   i n   a n   a m b i e n t   t e m p e r a t u r e   p r e s s u r i z e d  a i r  t u n n e l   o f   t h e  same s i z e  
should   no t   be   over looked .  

D e f i n i n g   t h e   f l i g h t   c o n d i t i o n s   f o r   w h i c h   t h e   o n s e t   o f   w i n g   b u f f e t i n g  
o c c u r s   a n d   e s t a b l i s h i n g  the i n t e n s i t y  as the b u f f e t   r e g i o n  is  p e n e t r a t e d  is a l s o  
a n   i m p o r t a n t   r o l e   e n v i s i o n e d   f o r   t h e  NTF and  one i n  wh ich   t he   c ryogen ic   t unne l  
a g a i n   o f f e r s   u n i q u e   c a p a b i l i t i e s .   I n   a d d i t i o n   t o   t h o s e   c a p a b i l i t i e s   c i t e d  
above ,   advantages   such  as, f o r   e x a m p l e ,   i n c r e a s e s   i n   t h e   r a t i o   o f   a e r o d y n a m i c  
t o   s t r u c t u r a l  damping   and   cont ro l   o f   the   reduced   f requency  are a f f o r d e d   b y   t h e  
a b i l i t y   t o   c o n t r o l   t e m p e r a t u r e   o v e r  a wide  range.  A p rogram  to   deve lop   t he  
t e c h n o l o g y   r e q u i r e d   t o   u t i l i z e   w i n g   r o o t   s t r a i n   g a g e   t e c h n i q u e s   f o r   b u f f e t -  
o n s e t  tests u n d e r   c r y o g e n i c   c o n d i t i o n s   h a s   r e c e n t l y   b e e n   s u c c e s s f u l l y   c a r r i e d  
out   and is r e p o r t e d   i n   r e f e r e n c e  3. An example ,   t aken   f rom  r e fe rence  3 ,  of 
some p r e c u r s o r   b u f f e t  tests conducted i n   t h e   L a n g l e y  0.3-m Transonic   Cryogenic  
Tunnel   on   the   rec tangular   wing   having  a t r a n s p o r t - t y p e   a i r f o i l   s e c t i o n  is 
p r e s e n t e d   i n   f i g u r e  3 .  I n   t h i s   f i g u r e  C B , D ,  t h e   r o o t  mean squa re   ave rage   o f  
t he   dynamic   po r t ion   o f   t he   w ing   roo t   bend ing  moment, is  p l o t t e d   a s  a f u n c t i o n  
o f   a n g l e  of a t t a c k .  A range  of  Reynolds  numbers  obtained  by  various  combina- 
t i o n s   o f   t u n n e l   s t a g n a t i o n   p r e s s u r e s   a n d   t e m p e r a t u r e s  i s  p r e s e n t e d   a n d   i l l u s -  
t ra tes  the   p ronounced   e f fec t   o f   Reynolds   number   on   the   angle   o f   a t tack  a t  which 

NTF plans.-  The i n i t i a l  NTF s u b s o n i c   t r a n s p o r t - t y p e   a i r c r a f t   m o d e l ,   d e s i g -  
n a t e d   P a t h f i n d e r  I, is  a r e p r e s e n t a t i v e   w i d e - b o d y   t r a n s p o r t   c o n f i g u r a t i o n  
i n c o r p o r a t i n g   a n   a d v a n c e d   h i g h - a s p e c t - r a t i o   s u p e r c r i t i c a l   w i n g .  The conf igura-  
t i o n   h a s  a low  wing  and t a i l  and   has  a d e s i g n   l i f t   c o e f f i c i e n t  of approximate ly  
0.55 a t  a c r u i s e  Mach number of  0.82. The  wing  has a 9.8 a s p e c t   r a t i o   b a s e d  
o n   t h e   t r a p e z o i d a l   p l a n f o r m  area of   0 .183 m2 ( 1 . 9 8   f t 2 )   ( i n c l u d i n g   f u s e l a g e  
i n t e r c e p t )   a n d  a 1.345-m (52.97-in ) span.  The t o t a l  area o f   t h e   w i n g   i n c l u d i n g  
the   l ead ing -   and   t r a i l i ng -edge   ex tens ions  i s  0.214 m2 (2.30 f t 2 ) .  The  wing 
h a s  5O d i h e d r a l   a n d   t h e   s u p e r c r i t i c a l   a i r f o i l   h a s  a t h i c k n e s s - t o - c h o r d   r a t i o   o f  
0.145 a t  t h e   s i d e   o f   t h e   f u s e l a g e ,   0 . 1 2  a t  the   geometr ic   b reak   and  0.106 a t  
t h e   t i p .  The q u a r t e r   c h o r d   l i n e   o f   t h e   t r a p e z o i d a l   p l a n f o r m   h a s  a sweep  of 30°. 
The  model w i l l  be   i n s t rumen ted   w i th  a s ix -componen t   s t r a in   gage   ba l ance ,  s t a t i c  
p r e s s u r e   o r i f i c e s   i n   t h e   w i n g ,   t h e r m o c o u p l e s ,   b u f f e t   g a g e s ,   a n d   a c c e l e r o m e t e r s .  
This  model i s  i l l u s t r a t e d   i n   f i g u r e  4 and i s  t h e  same c o n f i g u r a t i o n ,   w i t h  a 
f e w  minor   except ions ,  as a r e c e n t  NASA L a n g l e y   s u p e r c r i t i c a l   t r a n s p o r t   d e s i g n  
developed in   t he   Lang ley   8 -Foo t   T ranson ic   P res su re   Tunne l .  

The P a t h f i n d e r  I model   can   be   used   for  several areas o f   i n v e s t i g a t i o n   i n  
t h e  NTF. S ince   t he   w ings  are  removable ,   the   Reynolds   number   e f fec ts   on  several 
types   o f   w ings   can   be   e s t ab l i shed ,   and   an   a s ses smen t   made   o f   t he   va l id i ty   o f  
a f t  g r i t   l o c a t i o n   t e c h n i q u e s   u s e d   i n   e x i s t i n g   t u n n e l s   t o   s i m u l a t e   h i g h   R e y n o l d s  
number c o n d i t i o n s .   A l s o ,   t h e   e f f e c t   o f   R e y n o l d s   n u m b e r   o n   b u f f e t   o n s e t   c a n   b e  
e s t a b l i s h e d   f o r   h i g h - a s p e c t - r a t i o   w i n g s .  Nacelles can   be   added   t o   t he   w ings ,  
a l t h o u g h  no d e s i g n s   c u r r e n t l y   e x i s t ,   t o   i n v e s t i g a t e   t h e   e f f e c t   o f   R e y n o l d s  
number  on n a c e l l e   i n t e r f e r e n c e .   B e c a u s e   o f   t h e   r e p l a c e a b l e   ( o r   r e m o v a b l e )  
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components   o f   Pa thf inder  I (see f i g .  4 ) ,  t he   e f f ec t   o f   Reyno lds   number   on   fo re -  
body   fo rces   and   i nduced   f l ow  f i e lds ,  t a i l  s u r f a c e   i n t e r a c t i o n s ,   a n d   m o d e l  
s u p p o r t   e f f e c t s   c a n   b e   i n v e s t i g a t e d .  

The i n i t i a l  w i n g   o f   t h e   P a t h f i n d e r  I model  does  not  have a p r o v i s i o n   f o r  
a i l e r o n   t y p e   c o n t r o l s .  However, a semispan   w ing   mode l   (be ing   f ab r i ca t ed   fo r  
u n s t e a d y   p r e s s u r e   s t u d i e s   a n d   d e s c r i b e d  i n  r e f .  4 )  p l a n n e d   f o r   t e s t i n g   i n   t h e  
NTF cou ld   p rov ide  some i n i t i a l  research o n   c o n t r o l   e f f e c t i v e n e s s  a t  h i g h  
Reynolds  number.  This  model, shown i n   f i g u r e  5, i s  r e p r e s e n t a t i v e   o f   t h e   s u b -  
s o n i c   t r a n s p o r t  class of  wing. 

Transonic  Tactical A i r c r a f t  

The second   gene ra l  class o f   a i r c r a f t   c o n f i g u r a t i o n s   c o n s i d e r e d  is  t h e  
t a c t i c a l  f i g h t e r   a i r c r a f t   d e s i g n e d   t o   p r o v i d e   h i g h  levels o f   m a n e u v e r a b i l i t y  
i n   t h e   h i g h   s u b s o n i c   a n d   t r a n s o n i c   s p e e d   r e g i m e   w h i l e   p r o v i d i n g  some s u p e r s o n i c  
d a s h   c a p a b i l i t y .  The w i n g s   o f   t h i s  c lass  o f   a i r c r a f t   t e n d   t o   h a v e   m o d e r a t e  
sweep  and   aspec t   ra t io .  The highly-swept  low-aspect-ratio-wing t a c t i c a l  a i r -  
c r a f t   o f   t h e   s u p e r c r u i s e r   t y p e  w i l l  b e   a d d r e s s e d   i n   t h e   s e c t i o n   o n   s l e n d e r   w i n g  
a i r c r a f t .  

Some of the   v i scous -dependen t   f l ows   t ha t   can   be   encoun te red   on   t hese  
t r a n s o n i c  t a c t i c a l  a i r c r a f t   c a n   b e   e n v i s i o n e d   w i t h   t h e   a i d   o f   f i g u r e  6 ,  which 
i l l u s t r a t e s  two c o n f i g u r a t i o n   t y p e s   o f   c u r r e n t   i n t e r e s t .   T y p i c a l   o f   t h e s e  
concepts  are t h e   r e l a t i v e l y   s h o r t - c o u p l e d   l i f t i n g   s u r f a c e s   d e s i g n e d   f o r   f a v o r -  
a b l e   i n t e r f e r e n c e   a n d   i n v o l v i n g   b o t h   s u p e r c r i t i c a l   a n d   v o r t e x   f l o w s .  The 
b a s i c   s h o c k   b o u n d a r y   l a y e r   i n t e r a c t i o n s   c a n   b e   c o m p l i c a t e d   f u r t h e r   b y   t h e  
merging   wing   and   fuse lage   boundary   l ayers   for   the   forward-swept   wing   conf igura-  
t i o n s .  The h igh   angle-of -a t tack   maneuver   requi rements   involve   s t rong   v i scous  
c r o s s - f l o w s   o n   t h e   l o n g   f o r e b o d i e s   r e s u l t i n g   i n   l a r g e   f o r e b o d y   f o r c e s   a n d  
v o r t e x   f l o w s   w h i c h   c a n   i n t e r a c t   w i t h   t h e   e m p e n n a g e   a n d   t h e   i n l e t .  The NTF 
c a p a b i l i t y  w i l l  a l s o   b e   u t i l i z e d   t o   e s t a b l i s h   t h e   e f f e c t i v e n e s s  of  f l o w   c o n t r o l  
and  maneuver  devices a t ,  o r   n e a r ,   f u l l  scale Reynolds   numbers   and  to   def ine 
t h e   b u f f e t   a n d  s t a t i c  a e r o e l a s t i c   e f f e c t s  as d e s c r i b e d   i n   t h e   p r e v i o u s   s e c t i o n .  
The u n i q u e   a e r o e l a s t i c   t e s t i n g   c a p a b i l i t y  i s  a l s o   e x p e c t e d   t o   p r o v i d e   f o r  
s i m u l a t i o n   o f   a e r o e l a s t i c   t a i l o r i n g   c o n c e p t s   f o r  a wide   range  o f  f l i g h t   c o n d i -  
t i o n s .  

P r e c u r s o r   s t u d i e s . -   E x p e r i e n c e   c u r r e n t l y   b e i n g   g a i n e d  as p a r t   o f  a Langley 
s t u d y   o f   t h e   a p p l i c a t i o n   o f   a d v a n c e d   t r a n s o n i c   t h e o r i e s   t o   t h e   d e s i g n   o f  a i r -  
c r a f t   h a v i n g   h i g h  levels of   t ransonic   maneuver   performance i s  b e i n g   u t i l i z e d  
i n   t h e   s e l e c t i o n   a n d   d e s i g n   o f   t h e   f i r s t  NTF t r a n s o n i c  t a c t i c a l  a i r c r a f t  
r e sea rch   mode l s .  The  two c o n f i g u r a t i o n s   o f   t h e   c u r r e n t   L a n g l e y   s t u d y  are 
shown i n   f i g u r e  7.  These   t r anson ic   maneuver   r e sea rch   conf igu ra t ions  were 
d e s i g n e d   f o r  a M = 0 .9 ,  CL = 0.86 maneuver   condi t ion   us ing   th ree-d imens iona l  
t r a n s o n i c   t h e o r y   i n  a design-by-analysis  mode d e s c r i b e d  i n  r e f e r e n c e  5. These 
c o n f i g u r a t i o n s  are b e i n g   u t i l i z e d   t o   e s t a b l i s h   t h e  level  of  maneuver  performance 
t h a t   s u p e r c r i t i c a l   f l o w   t e c h n o l o g y   c a n   p r o v i d e   f o r   t h e s e   e x t r e m e   c o n d i t i o n s ,  
r e c o g n i z i n g ,   o f   c o u r s e ,   t h a t  some type   o f   va r i ab le -geomet ry   adap t ive   w ing  
c o n c e p t   w o u l d   b e   r e q u i r e d   t o   a p p l y   t h e   b e n e f i t s   w i t h o u t   p e n a l i z i n g   o t h e r  
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per fo rmance   a spec t s .  The a f t - swep t   w ing   conf igu ra t ion   has   been   cons t ruc t ed  
a n d   t e s t e d   a n d   c u r r e n t l y  is  be ing   " tuned"   w i th   t he   a id   o f   p re s su re   measu remen t s  
c o u p l e d   w i t h   a d d i t i o n a l   t h e o r e t i c a l   s t u d i e s .  The  forward-swept  wing is 
d e s i g n e d   w i t h   t h e   i n c l u s i o n   o f   t h e   c a n a r d   f l o w   f i e l d   e f f e c t   a n d   t h e   m o d e l  is 
u n d e r   c o n s t r u c t i o n .  

NTF p lans . -  The f i r s t  NTF maneuver ing   a i r c ra f t   mode l ,   des igna ted   Pa th -  
f i n d e r  11, is  i n   t h e   p r e l i m i n a r y   d e s i g n   s t a g e   a n d  is  similar t o   t h e   a f t - s w e p t  
c o n f i g u r a t i o n   o f   f i g u r e  7. The c o n f i g u r a t i o n   h a s  a midwing  des igned   for  a l i f t  
c o e f f i c i e n t   o f   0 . 8 6  a t  a Mach number of   0 .90.  The w i n g   h a s   a n   a s p e c t   r a t i o  
of  3 . 1 3  based   on   t he   t r apezo ida l   p l an fo rm area of  0.1394 m2 (1.5 f t 2 )   a n d  a 
0.66-m (2 .17- f t )   span .  The   wind   has   zero   d ihedra l   and  a leading-edge  sweep 
ang le   o f  45'. The  model w i l l  b e   i n s t r u m e n t e d   w i t h  a six-component s t r a i n   g a g e  
b a l a n c e ,  s t a t i c  p r e s s u r e   o r i f i c e s   i n   t h e   w i n g   a n d   f u s e l a g e ,   t h e r m o c o u p l e s ,  
bu f fe t   gages   and   acce le romete r s .  It i s  p l a n n e d   t o   p r o v i d e   f o r   t h e   t e s t i n g  
o f   a l t e r n a t e   f u s e l a g e   f o r e b o d i e s   t o   s t u d y   t h e   e f f e c t s   o f   R e y n o l d s  number on 
h igh   ang le -o f -a t t ack   c ros s - f low  e f f ec t s .  

S l e n d e r  Wing A i r c r a f t  

I n   r e c e n t   y e a r s ,   t h e r e   h a s   b e e n   a n   i n c r e a s e d   i n t e r e s t   i n   s l e n d e r   w i n g  
a i r c r a f t ,  and some o f   t h e  classes o f   a i r c r a f t   e x p e c t e d   t o   u t i l i z e   t h i s   t y p e  
of  wing are i l l u s t r a t e d   i n   f i g u r e  8 w i t h   d e r i v a t i v e s   f r o m   b a s i c   d e l t a ,   d o u b l e -  
de l t a   and   a r row  p l an fo rms .  The tac t ica l  s u p e r c r u i s e r s   a n d   t h e   s u p e r s o n i c   c r u i s e  
t r a n s p o r t s   r e q u i r e   t h e s e   h i g h l y   s w e p t   w i n g s   t o   p r o v i d e   t h e   d e s i r e d   h i g h  levels 
o f   s u p e r s o n i c   a e r o d y n a m i c   e f f i c i e n c y ,   w h i l e   t h e   s o - c a l l e d   " s t e a l t h "   a i r c r a f t  
may u t i l i z e   r e l a t i v e l y   h i g h  sweep a n g l e s   a n d   s h a r p   l e a d i n g   e d g e s   t o   r e d u c e  
r a d a r   d e t e c t i o n   a n d   t o   r e d u c e   g u s t   r e s p o n s e   d u r i n g   t h e   l o w   a l t i t u d e   p e n e t r a t i o n s .  
Many o f   t h e   r e s e a r c h  areas a l r e a d y   d i s c u s s e d   i n   r e l a t i o n   t o   t h e   o t h e r   a i r c r a f t  
t y p e s   a p p l y   t o   t h e s e   s l e n d e r   w i n g   c o n c e p t s   a n d  w i l l  no t   be   repea ted .   However ,  
a type   o f   f low  which   tends   to   be  more c h a r a c t e r i s t i c   o f   t h e   s l e n d e r   w i n g s  i s  
t h e   l e a d i n g - e d g e   v o r t e x   f l o w .   R e s e a r c h   i n   t h i s  area d e a l s   w i t h   b o t h   t h e  
s u p p r e s s i o n  of t h e   v o r t e x   f l o w   f o r  cases where i t  is u n d e s i r a b l e   a n d  i t s  
o p t i m i z a t i o n  when v o r t e x   l i f t   c h a r a c t e r i s t i c s  are b e n e f i c i a l .  An example 
o f   t h e   a p p l i c a t i o n   o f   v o r t e x   f l o w   i n   d e s i g n  i s  t h e   t r a n s o n i c   m a n e u v e r   c o n d i t i o n  
f o r  a t a c t i c a l  s u p e r c r u i s e r .  A t  t he   h igh -maneuver   ang le s   o f   a t t ack   r equ i r ed ,  
i t  i s  u n l i k e l y   t h a t   a t t a c h e d   f l o w   c a n   b e   m a i n t a i n e d   a l o n g   t h e   h i g h l y   s w e p t  
lead ing   edges   and ,   therefore ,   approaches  are b e i n g   d e v e l o p e d   f o r   u t i l i z i n g   t h e  
v o r t e x   t o   p r o v i d e   t h e  opt imum  combinat ion  of   vortex l i f t  and  leading-edge 
t h r u s t   r e c o v e r y .  Some examples   o f   t h i s   t ype   o f   des ign  are p r e s e n t e d   i n  
r e f e r e n c e s  6 a n d   7 .   F o r   t h e   s t e a l t h   t y p e   o f   a i r c r a f t   w h e r e   c o n v e n t i o n a l   h i g h  
l i f t  systems are  r e l a t i v e l y   i n e f f e c t i v e  as well as u n d e s i r a b l e ,   a p p l i c a t i o n   o f  
v o r t e x   l i f t   f o r   t a k e o f f   a n d   l a n d i n g  i s  a p o s s i b i l i t y   u n d e r   i n v e s t i g a t i o n .  
R e g a r d i n g   t h e   s u p e r s o n i c   c r u i s e   t r a n s p o r t  c lass  o f   a i r c r a f t ,   l e a d i n g - e d g e  
s e p a r a t i o n   a n d   t h e   r e s u l t i n g   v o r t e x   f l o w  are l i k e l y   t o   b e   e n c o u n t e r e d  a t  t h e  
2.5-g  maneuver   condi t ion  and,   thereby,  w i l l  i n f l u e n c e   t h e   s t r u c t u r a l   d e s i g n .  

S e v e r a l   f e a t u r e s   o f   t h e s e   v o r t e x   f l o w s  are  s e n s i t i v e   t o   v i s c o u s   e f f e c t s  
which  cannot,  a t  p r e s e n t ,   b e   t h e o r e t i c a l l y   m o d e l e d ,   a n d   t h e  NTF w i l l ,  o f  
c o u r s e ,   p r o v i d e   v a l u a b l e   i n f o r m a t i o n .   T h e   o r i g i n   o f   t h e   p r i m a r y   v o r t e x   f e e d i n g  
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shee t  and i t s  feeding  rate are s e n s i t i v e   t o  Reynolds  number, e s p e c i a l l y   f o r  
the  rounded  leading-edge case and fo r   t he   s econda ry   vo r t ex   r ega rd le s s   o f   t he  
leading  edge  condition.  Both  the  symmetric and  asymmetric  vortex  breakdown 
c h a r a c t e r i s t i c s ,   w h i c h   p l a y   a n   i m p o r t a n t   r o l e   i n   h i g h   a n g l e - o f - a t t a c k   s t a b i l i t y ,  
are Reynolds number dependent. 

Precursor   s tud ies . -  A strong  aerodynamic  research  program relative t o  
leading-edge  vortex  f lows  has   been underway a t  Langley  for  several years ,   cover-  
i ng   t he   deve lopmen t   o f   t heo re t i ca l   ana lys i s  and  design  methods,  experimental 
v e r i f i c a t i o n   s t u d i e s ,  and appl ied   research   d i rec ted   towards   the   des ign   of  a 
v a r i e t y   o f   v o r t e x  maneuver l i f t  concepts.  The major   port ion  of   the  configura-  
t ion  design  research  has   been  associated  with  wings  having  sharp  leading  edges 
f o r  which  the  vortex  feeding  sheet   remains  f ixed a t  the   edge ,   and   fo r   t h i s  
vor tex   f low  des ign   condi t ion   the   major   fea tures   o f   the   f low are n o t   c r i t i c a l l y  
dependent  on  Reynolds number. 

A s  p a r t   o f   t h e   p r e p a r a t i o n   f o r   u t i l i z a t i o n  of t h e  NTF to   ex tend   the   research  
t o   t h e  more general  Reynolds-number-dependent  vortex  flows,  both  experimental 
and t h e o r e t i c a l   s t u d i e s  are underway. 

One such   s tudy   dea ls   wi th   the   e f fec t   o f   Reynolds  number and Mach number 
on t h e   c h a r a c t e r i s t i c s  of the  leading-edge  vortex  developed  on a rounded  lead- 
ing-edge  wing,  and u t i l i z e s   t h e  F-111 TACT a i r c r a f t .   D e t a i l e d  wing p res su re  
dis t r ibut ion  measurements  were made over  the  forward  portion  of  an  inboard  wing 
s t a t i o n ,   i n d i c a t e d   i n   f i g u r e  9. Also shown i n   f i g u r e  9 are  t h e  tes t  condi t ions  
covered i n   t h e  Reynolds number - Mach number envelope,  and i t  w i l l  be   noted 
that  Reynolds  numbers as h igh  as 50 x 106 (based  on  the MAC) were obtained 
over  the  transonic  speed  regime. A sample of the   upper -sur face   p ressure  
d i s t r i b u t i o n s  is p r e s e n t e d   i n   f i g u r e  10 fo r   an   ang le  of a t t a c k  of 6 O  and a 
Mach number  of 0 .6 ,  and i t  i s  of i n t e r e s t   t o   n o t e   t h a t   s t r o n g  Reynolds number 
e f f e c t s  are s t i l l  p r e s e n t   o n   t h i s   r e l a t i v e l y   s h a r p   l e a d i n g   e d g e   i n   t h e   R e y n o l d s  
number range  above 20 mi l l i on .  Complete  suppression of  the   vor tex   f low  d id  
no t   occu r   un t i l  a Reynolds number of 40 mil l ion  was reached. I n  a d d i t i o n   t o  
i l l u s t r a t i n g   t h e  need f o r   t h e  NTF Reynolds number c a p a b i l i t y   f o r   c o n f i g u r a t i o n  
research  and  development i n   t h e   a r e a  of leading-edge  vortex  f lows,   this   s tudy 
w i l l  assist in   t he   de f in i t i on   o f   mean ingfu l   expe r imen t s   fo r   t he  NTF. 

Regarding  leading-edge  vortex  breakdown, a theore t ica l   s tudy   has   been  
in i t ia ted   for   the   purpose   o f   deve loping  a three-d imens iona l   theore t ica l  model 
t o   a c c o u n t   f o r   t h e   i n t e r a c t i o n   b e t w e e n   t h e   o u t e r   f l o w   f i e l d  and  the  inner 
viscous  core  of t h e   v o r t e x .   I f  i t  is  s u c c e s s f u l   i n   c o r r e l a t i n g   e x i s t i n g   v o r t e x  
breakdown d a t a ,   t h i s  method w i l l  b e   u t i l i z e d   t o   e s t a b l i s h   d e f i n i t i v e   f u l l   s c a l e  
Reynolds number expe r imen t s   i n   t he  NTF t o  improve the  understanding  of   vortex 
breakdown  and t o   d e v e l o p   d e s i g n   c r i t e r i a   f o r   c o n t r o l l i n g   v o r t e x  breakdown. 

Wing b u f f e t   a s s o c i a t e d   w i t h   v o r t e x  breakdown has   a l so   been   s tud ied  as p a r t  
o f   the   c ryogenic   tunnel   buf fe t  measurement technique  development  program 
descr ibed earlier. An example  of some p r e l i m i n a r y   r e s u l t s   o b t a i n e d   i n   t h e  
0.3-m Transonic  Cryogenic  Tunnel  (ref.  3) is p r e s e n t e d   i n   f i g u r e  11. The 
b u f f e t   c o e f f i c i e n t  CB e x t r a c t e d  from the   uns teady   s igna l   o f   the   roo t  bend- 
ing  moment gage is p l o t f e d  as a func t ion   o f   ang le   o f   a t t ack   fo r  a 6 5 O  d e l t a  
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wing   hav ing   sha rp   l ead ing   edges .  The Mach number w a s  0.35 and  the  Reynolds  
number,   based  on  the mean aerodynamic  chord, w a s  4.8 X l o6 .  To i n v e s t i g a t e  
t h e   u n i q u e   c a p a b i l i t y   o f   t h e   c r y o g e n i c   t u n n e l   i n   w h i c h   c o n t r o l   o f   t h e   s p e e d   o f  
s o u n d   c a n   b e   u t i l i z e d   t o   p r o v i d e  a r ange   o f   r educed   f r equenc ie s   ( fF /v )  
w h i l e   m a i n t a i n i n g   c o n s t a n t  Mach and   Reynolds   number ,   da ta   for  two v a l u e s   o f  
reduced  f requency are p r e s e n t e d .   A l s o   i n d i c a t e d  is t h e   a n g l e   o f   a t t a c k  a t  
w h i c h   v o r t e x   b r e a k d o w n   h a s   r e a c h e d   t h e   w i n g   t r a i l i n g   e d g e  as o b t a i n e d  from 
t h e   s t u d y   o f   r e f e r e n c e  8. The b u f f e t   m e a s u r e m e n t s   i n d i c a t e   t h a t   t h e   o n s e t   o f  
b u f f e t   c o i n c i d e s   w i t h   v o r t e x   b r e a k d o w n  a t  t h e   t r a i l i n g   e d g e   a n d   t h a t   t h e  
i n t e n s i t y ,   w h i c h   i n c r e a s e s  as the   vo r t ex   b reakdown moves towards  the  wing  apex,  
is h ighly   dependent   upon  the   reduced   f requency .  The d e m o n s t r a t i o n s   o f   t h e  
c a p a b i l i t y   o f   u t i l i z i n g  a c o n v e n t i o n a l   b u f f e t   t e c h n i q u e   i n  a cryogenic  wind 
t u n n e l ,   a n d   o f   t h e   u n i q u e   c a p a b i l i t i e s   w i t h   r e g a r d   t o   c o n t r o l l i n g   v a r i o u s  
b u f f e t   p a r a m e t e r s ,   a l o n g   w i t h   t h e   r e s e a r c h   r e s u l t s   o b t a i n e d ,   s h o u l d   b e   o f  
v a l u e   i n   a s s u r i n g   e f f i c i e n t   u s e   o f   t h e  NTF f o r   b u f f e t   s t u d i e s   u t i l i z i n g   s i m p l e  
root   bending   gages .  

NTF p l a n s . -   A l t h o u g h   d e f i n i t e   p l a n s   f o r  a t r a n s o n i c  NTF model   representa-  
t i v e   o f  a s l e n d e r   w i n g   a i r c r a f t   d e s i g n   h a v e   n o t   y e t   b e e n  made,  some b a s i c  
f l u i d  d y n a m i c   s t u d i e s   r e l a t i n g   t o   t h e   s l e n d e r   w i n g   c o n f i g u r a t i o n s  are planned.  
C u r r e n t l y ,   p l a n s  are  b e i n g  made t o   d e s i g n   r e l a t i v e l y   s i m p l e   d e l t a   w i n g s   t o  
s tudy   Reynolds   number   e f fec ts   on   l ead ing-edge   vor tex   f lows .   These   wings  w i l l  
have   removable   l ead ing   edges  s o  tha t   bo th   sha rp   l ead ing -edged   w ings   and  
rounded   l ead ing -edged   w ings   can   be   i nves t iga t ed .   P re s su re   i n s t rumen ta t ion  w i l l  
b e   i n s t a l l e d   i n   b o t h   t h e   u p p e r   a n d   l o w e r   s u r f a c e s   w i t h   t h e  vast  m a j o r i t y   o f  
o r i f i c e s   b e i n g   l o c a t e d   i n   t h e   u p p e r   s u r f a c e .   R e s u l t s   f r o m   a d v a n c e d   p a n e l  
methods   which   model   the   l ead ing-edge   separa t ion- induced   vor tex   f lows   ( see  
r e f .  9) can   then   be   eva lua ted   wi th   h igh   Reynolds   number  test r e s u l t s   a n d   t h e  
impor tance   o f   the   secondary   vor tex   and   vor tex   b reakdown  de te rmined   for   fu l l -  
scale c o n d i t i o n s .   A l s o ,   t h e   o n s e t   o f   b u f f e t   f o r   t h i s   t y p e   o f   w i n g   c a n   b e  
s t u d i e d  a t  h i g h   R e y n o l d s   n u m b e r s ,   u s i n g   e i t h e r   s t r a i n   g a g e s   i n s t a l l e d   n e a r  
t h e   w i n g   r o o t ,   a c c e l e r o m e t e r s ,   o r   h i g h l y   r e s p o n s i v e   p r e s s u r e   i n s t r u m e n t a t i o n .  

PANEL DISCUSSION AND RECOMMENDATIONS 

P r i o r   t o   e s t a b l i s h i n g   r e c o m m e n d a t i o n s  re la t ive t o   d e t a i l e d   r e s e a r c h  
p r o g r a m s   f o r   t h e  NTF, the   conf igu ra t ions   ae rodynamic   pane l   r eached  a consensus 
r e g a r d i n g   t h e   t y p e s   o f   c o n f i g u r a t i o n   d e s i g n   c o n c e p t s   t h a t   w o u l d   b e   c o n s i d e r e d  
f o r   t h e   n e a r  term r e s e a r c h .   T h e s e   c o n f i g u r a t i o n   d e s i g n   c o n c e p t s  are i l l u s t r a t e d  
i n   f i g u r e   1 2 .   I n   t h e   t r a n s p o r t   a i r c r a f t  area, i t  w a s  recommended t h a t  a s l e n d e r -  
w i n g   s u p e r s o n i c   t r a n s p o r t   c o n f i g u r a t i o n   b e   c o n s i d e r e d  as p a r t   o f   t h e   n e a r  term 
r e s e a r c h   p r o g r a m   a n d   c o o r d i n a t e d   w i t h   t h e   h i g h - l i f t   r e s e a r c h   s u p e r s o n i c   t r a n s -  
port   model .  A s  companions t o   t h e   P a t h f i n d e r  11, t h r e e   a d d i t i o n a l   t y p e s   o f  
t a c t i c a l   a i r c r a f t   c o n f i g u r a t i o n s  were recommended f o r   e a r l y   i n c l u s i o n   i n   t h e  
NTF research  program. The f i r s t   c o n f i g u r a t i o n   w o u l d   u t i l i z e  a t r anson ic   w ing  
having a s u p e r c r i t i c a l - t y p e   a i r f o i l ,   d e s i g n e d   f o r   a t t a c h e d   f l o w   b o t h  a t  t h e  
t r a n s o n i c   c r u i s e   a n d   t r a n s o n i c   m a n e u v e r   c o n d i t i o n s ,   a n d   u t i l i z i n g   v a r i a b l e  
geometry   to   approximate  a good t r a n s o n i c   c a m b e r   d i s t r i b u t i o n   f o r   t h e   t r a n s o n i c  
maneuver.   This  model  would  probably  be  of  the same planform as P a t h f i n d e r  I1 
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and  would u t i l i z e   l e a d i n g   a n d   t r a i l i n g   e d g e   f l a p s   t o   a p p r o x i m a t e   t h e   P a t h -  
f i n d e r  I1 maneuver   design  shape.  

C o n s i d e r a b l e   i n t e r e s t  w a s  e x p r e s s e d   i n   L a n g l e y ' s   c u r r e n t   r e s e a r c h   d i r e c t e d  
t o w a r d   a p p l i c a t i o n  of v a r i o u s   v o r t e x - l i f t   c o n c e p t s   t o   m a n e u v e r i n g   a i r c r a f t   o f  
bo th   t he   modera t e ly   swep t   t r anson ic   w ing   t ype   and   t he   s l ende r -wing   t ype ,   and  
t h e   p a n e l  recommended t h a t  a n e a r - t e r m   e x t e n s i o n   o f   t h e  NTF program  inc lude  
bo th   t ypes   o f   w ings .  The t r a n s o n i c   w i n g   c o n f i g u r a t i o n   w o u l d   u t i l i z e   w i n g  
w a r p   d e s i g n e d   f o r   o p t i m u m   s u p e r c r i t i c a l   a t t a c h e d   f l o w   i n   t h e   h i g h   s u b s o n i c  
c r u i s e   a n d   w o u l d   b e   c a p a b l e   o f   g e n e r a t i n g   v o r t e x   l i f t   f o r   m a n e u v e r .   V a r i o u s  
v o r t e x - l i f t   c o n c e p t s ,   i n c l u d i n g   b o t h   p a s s i n g   a n d   a u g m e n t e d   t y p e s   s u c h  as span- 
w i s e  b l o w i n g   a n d   f l u i d   s t r a k e s ,   w o u l d   b e   i n c l u d e d   i n   t h e   p r o g r a m .  The s l e n d e r -  
wing t ac t i ca l  a i r c r a f t   r e s e a r c h  would  center   on a s u p e r s o n i c   c r u i s e  class of 
c o n f i g u r a t i o n   t y p i c a l   o f   t h o s e   o f   c u r r e n t   i n t e r e s t   w h i c h   u t i l i z e s  a d e r i v a t i v e  
of a h ighly   swept   double-de l ta   type   wing .  A supe r son ic -c ru i se   des ign   warp  
w o u l d   b e   u t i l i z e d   w i t h   v o r t e x   l i f t   f l a p s   u s e d   t o   p r o v i d e   t r a n s o n i c   m a n e u v e r  
c a p a b i l i t y .  

S u b s o n i c   T r a n s p o r t   A i r c r a f t  

D u r i n g   t h e   d i s c u s s i o n   o f   t h e   P a t h f i n d e r  I p rogram,   t he   pane l   exp res sed  
some c o n c e r n   t h a t   t h i s   f i r s t  NTF mode l   wou ld   no t   be   des igned   t o   a l l ow  r e sea rch  
i n t o   t h e   R e y n o l d s   n u m b e r   e f f e c t s   o n   w i n g   f l a p   a n d   c o n t r o l   e f f e c t i v e n e s s .  The 
L a n g l e y   r e p r e s e n t a t i v e s   p o i n t e d   o u t   t h a t   t h i s  w a s  due   t o   t he   ae rodynamic   l oads  
encountered a t  t h e   u p p e r  test Reyno lds   number   and   sugges t ed   t ha t   a f t e r   t he  
p l a n n e d   t e s t i n g  w a s  comple t ed ,   con t ro l   s tudy   capab i l i t y   wou ld   be   added   t o   t he  
model. Wing f l a p   a n d   c o n t r o l   e f f e c t i v e n e s s  tests cou ld   t hen   be  made a t  
s t a g n a t i o n   p r e s s u r e s   o f   t h e  same o rde r   o f   magn i tude  as c u r r e n t   t u n n e l s   w h i l e  
e x p e r i e n c i n g  a f a c t o r   f i v e   i n c r e a s e   i n   R e y n o l d s  number o v e r   t h e   c u r r e n t   t u n n e l s '  
Reynolds  number  range,  due t o   t h e   c r y o g e n i c   c a p a b i l i t y   o f   t h e  NTF. I n  view 
o f   t h i s ,   t h e   P a t h f i n d e r  I1 resea rch   p rog ram w a s  d i v i d e d   i n t o  two phases .  The 
f i r s t   p h a s e ,   w i t h   t h e   s i m p l i f i e d   m o d e l ,  w i l l  b e   t e s t e d   t o   t h e   d e s i g n   R e y n o l d s  
number o f   t h e   m o d e l   a n d   t h e   s e c o n d   p h a s e ,   w i t h   c o n t r o l s   i n s t a l l e d ,  w i l l  be  
t e s t e d   o v e r  a reduced,   but   credi table ,   Reynolds   number  range.  A g e n e r a l   o u t l i n e  
o f   t h e   r e s e a r c h  areas recommended f o r   c o v e r a g e   w i t h   t h e   P a t h f i n d e r  I model 
i s  as fo l lows:  

PHASE I : 

(1) Es tab l i sh   Reyno lds  number e f f e c t s   o n   c o n f i g u r a t i o n   w i t h   c l e a n   w i n g  

(a)   Performance 
( b )   S t a b i l i t y  
( c )   B u f f e t   o n s e t  

(2) E s t a b l i s h   p u r e   a e r o e l a s t i c   e f f e c t s  

(3)  Eva lua te   boundary - l aye r   t r i p   me thods   u sed  i n  e x i s t i n g   f a c i l i t i e s   t o  
s i m u l a t e   f u l l - s c a l e   R e y n o l d s  number 
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( 4 )  Investigate  support  interference  effects  at  high  Reynolds  numbers 

(5) Perform  correlation  tests  in  another  aircraft  development  facility 

( 6 )  Study wall  interference  effects  (small  model  at  same M, R- and 
q as  large  model) C 

PHASE 11: 

(1) Using  the  modified  model  at  reduced  dynamic  pressure,  study  effect  of 
Reynolds  number  on: 

(a) Aileron  and  flap  effectiveness 
(b) Spoiler  characteristics 
(c)  Flap  support  fairing  effects 
(d) Nacelle-pylon-wing  interference 

Transonic  Attached  Flow  Wing - Tactical  Aircraft 

A s  mentioned  earlier,  the  panel  expressed an interest  in  the  extension of 
the  transonic  (nonslender)  wing  tactical  aircraft  configuration  research  to 
include  wings  designed  for  transonic  cruise  which  incorporate  either  passive 
or  jet-augmented  vortex  lift  for  maneuvering.  While  the  panel  was  in  general 
agreement  with  the  NTF  research  program  plans  regarding  the  various  flow 
phenomena  to  be  investigated,  it  was  felt  that  the  program  should  include a 
study  of  the  effect o f  Reynolds  number on both  external  store  carriage  character- 
istics  and  support  interference in the  high  angle-of-attack  range  of  interest 
for  maneuvering  aircraft.  An  outline  of  the  major  items  to  be  covered  in  the 
proposed  program is as  follows: 

(1) Basic  Reynolds  number  studies  of  the  wing  flows 

(a)  Attached  flow 
(b) Separated  and  vortex  flows 
(c) Investigation of boundary-layer  trip  techniques 

(2) High  angle-of-attack  forebody  cross-flow  effects 

(3)  Component  interference 

( 4 )  External  store  characteristics 

(5) Transonic  maneuver  characteristics 

(a) Variable  geometry  for  attached  flow 
(b) Vortex  maneuver  lift 

- passive 
- j et-augmented 
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(6) Basic  study  of  leading-edge  suction  sensitivity 

(7) High  angle-of-attack  model  support  interference 

Slender  Wing  Tactical  Aircraft 

For  the  slender  wing  tactical  aircraft  of  the  supersonic  cruise  type, 
a  configuration  having  a  wing  designed  for  the  supersonic  cruise  and  utilizing 
vortex-lift  flaps  for  the  transonic  maneuver  requirements  is  envisioned  for  the 
near-term  NTF  program.  Some  recommended  research  items  are  as  follows: 

(1) Reynolds  number  sensitivity  of  subsonic/transonic  cruise  performance, 
stability,  control..and  aerodynamic  loads 

(2) Basic  Reynolds  number  studies  of  leading-edge  vortex  flow 

(a)  Leading-edge  radius  and  camber  effects 
(b) Primary  and  secondary  vortex  characteristics 
(c) Symmetric  and  asymmetric  vortex  breakdown 
(d) Vortex-lift  devices 

Propulsion  Integration 

Although  the  NTF  plans  for  the  initial  testing  equipment  do  not  include 
the  procurement  of  propulsion  simulation  equipment,  tunnel  shell  penetrations 
and  model  support  strut  passages  are  such  as to permit  the  transport  of 
gaseous  nitrogen  to  either a  model  mounted  on  a  sting  or  to  a  side-wall-mounted 
semi-span  model.  The  passage  in  the  model  support  strut  was  sized  to  accom- 
modate  a  pipe  or  pipes  that  would  allow 35.4 kglsec  mass  flow  rate  at a 
sting-mounted  model  having a  nozzle  pressure  ratio  of 8 with  the  tunnel 
stagnation  pressure  of 8.8 bars  and a Mach  number  of  1.00.  The  panel  was  asked 
to review  anticipated  needs  in  the  area of high  Reynolds  number  propulsion 
research  to  aid  in  the  selection of future  propulsion  simulation  equipment  for 
the  NTF.  To  accomplish  this  in  the  time  allotted, a  subpanel  was  formed  from 
the  membership  of  the  Configuration  Aerodynamics  Panel.  The  comments  which 
follow  were  formulated  by  the  propulsion  sub-panel. 

The  propulsion  system  problems  which  the  subpanel  highlighted  as 
particularly  sensitive  to  Reynolds  number  effects  tend to be  associated  with 
subsonic  transports,  fighters  and  V/STOL-STOL  aircraft.  The  major  area  of 
interest  for  the  subsonic  transport  class  of  aircraft  is  the  nacelle-strut 
interference on the  wing  performance.  The  effects  of  Reynolds  number on fore- 
body  flow  fields  affecting  inlet  conditions,  boattail  and  base  pressure, 
boattail  and  base  drag,  and  flow  fields  around  highly  integrated  airborne/ 
propulsion  configuration  for  the  fighter-type  aircraft  also  require  study. 
Lastly,  the  effects  of  Reynolds  number  variation on the  stability,  control, 
and  performance of V/STOL-STOL  type  aircraft  warrant  investigations in the  NTF. 
To  accomplish  these  studies  the  subpanel  suggested  several  NTF  propulsion 
system  requirements.  Both  flow-through  and  powered  simulators  for  subsonic 
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transport  and  logistic  aircraft will  be  needed  to  properly  investigate  the 
Reynolds  number  effects  on  propulsion  systems/airframes.  Further,  a  capability 
to  simulate  the  jetlafterbody  flow  for  high-speed  aircraft,  V/STOL  and  STOL 
aircraft  with  thrust  vectoring  and/or  reversing,  and  spacecraft  thrust  augmentors 
will  be  needed. 
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Figure  1.- L a r g e   t r a n s p o r t   a i r c r a f t .  

-= /-45 

-c 

Y 

Figure 2.- Some p r e l i m i n a r y   r e s u l t s   f r o m   t h e  0.3-m Transonic  Cryogenic  Tunnel 
a i r f o i l  - program. 

c = 15 .24  cm. 
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F i g u r e  3.- Effec t   o f   Reyno lds   number   on   bu f fe t   onse t   fo r  a r ec t angu la r   w ing  
w i t h  a p e a k y   t y p e   a i r f o i l .  

M = 0.35; c = 10.16 c m ;  semi-span = 15.29 cm.  

ON-BOARD INSTRUMENTATION 

FORCE BALANCE 
WING PRESSURES INTERACTION 

MODEL ATTITUDE 0 COMPONENT 

FOREBODY 
CONFIGURATION MODEL SUPPORT 

STUDY 

WING DESIGN 

NACELLE 
INTERFERENCE 

F i g u r e  4 . -  C o n f i g u r a t i o n   r e s e a r c h   c a p a b i l i t y   o f   t h e  NTF P a t h f i n d e r  I model. 
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Figure 5.- NTF  semi-span model. 

Figure 6.- Tactical aircraft  configurations. 



AFT-SWEPT WING 

FORWARD-SWEPT WING 

Figure  7.- C u r r e n t   t r a n s o n i c   t a c t i c a l   r e s e a r c h   m o d e l s .  
M = 0.90; CL = 0.86. 

F i g u r e  8.- S l e n d e r  wing c o n f i g u r a t i o n s .  
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Figure 9.- Flight test envelope  for a high-Reynolds-number  leading-edge 
vortex experiment. 
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Figure 10.- Reynolds  number  influence on vortex f l o w  development - TACT f l i g h t  
experiment. 

cx = 60;  M = 0 .6 .  
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F i g u r e  11.- Some p r e l i m i n a r y   b u f f e t   d a t a   f r o m   t h e  0.3-rn TCT tests on a A = 65O 
d e l t a   w i n g .  

M = 0 . 3 5 ;  R = 35.4 X 106   pe r  meter; c = 0.1355 m. 
- 
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SUPERSONIC  CRUISE 
WARP PLUS  VORTEX 
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F i g u r e  12.-  Recommended c o n f i g u r a t i o n   d e s i g n   c o n c e p t s   f o r  NTF research   programs.  
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REPORT OF THE PANEL ON AEROELASTICITY  AND UNSTEADY AERODYNAMICS 

Perry W. Hanson 
NASA.Langley Research Center 

INTRODUCTION 

The program title of this panel was "Aeroelasticity and Flutter."  How- 
ever, since flutter is a  "sub-set"  of  aeroelasticity  (as are ''buffet'' and 
divergence") and since the  scope  of the  panel's charter included unsteady 
aerodynamics, it is considered appropriate to refer to the present panel as 
indicated in the  title of this  report. In the  previous  workshop  on  high 
Reynolds  number research (ref. 1) the report of  the panel on dynamics  and 
aeroelasticity, drawing on some of the  special features of  the Langley Research 
Center  Transonic Dynamics Tunnel (TDT) which was designed specifically for 
dynamic  aeroelasticity testing, recommended certain features that ought to be 
considered in the design of  the National Transonic Facility (NTF) for similar 
testing. That panel also recommended certain studies in the areas of aero- 
elasticity and unsteady aerodynamics that  ought to be performed, and briefly 
discussed  the benefits and difficulties of conducting  those  types of studies 
in the  NTF. More recently, some in-depth considerations have been given to 
the testing of dynamically  scaled  flutter models in  the NTF (ref. 2). The 
status of these  earlier recommendations and  the additional considerations of 
the present panel will be reviewed in this  report. 

1 1  

DESIRABLE SPECIAL FEATURES  FOR THE NTF 

The previous  panel  recommended  that  for studies of dynamic aeroelasticity 
and unsteady aerodynamics certain desirable features ought to be considered  in 
the design  of  the NTF. These included  a  rapid  tunnel shutdown capability, a 
means for directly viewing flutter models, added protection of the  fan  blades 
from model debris, a sidewall model mount with a  pitch oscillation capability, 
a  "cold  room" capability for determining model vibration characteristics at 
cryogenic  temperatures,  and  a  data  system  capable of acquiring dynamic  data. 

The panel understands that  most of these features are being  incorporated. 
For extra fan blade protection a removable honeycomb is being  designed for 
installation at a  later  date.  Rapid  tunnel shutdown capability will be pro- 
vided  by  quick-response controllable fan guide vanes; however, the resulting 
rate of change in tunnel dynamic pressure has yet to  be established.  A "cold 
room" capability is planned although details of how model vibration character- 
istics (mode shapes, frequencies, and damping) will be determined have not yet 
been  worked  out. This  is one of the areas of concern to the panel relative to 
conducting flutter tests in the NTF. Typically several months of measurements 
are required to determine the validity of scaled  flutter models at the home lab 
before  they are brought to a remote facility for testing. Airframe manufac- 
turers are not likely to have cold room facilities at their lab, so that much 
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of  the model validation  tests  may have to be accomplished at the  NTF. Some 
inefficiency  would be anticipated in off-site remedial changes to the  model. 

The panel was pleased to learn that the data acquisition system is being 
designed with the capability for handling  dynamic data, but there were some 
reservations  about  having  only  a  14-analog-channel  permanent capability; how- 
ever, the permanent  capacity can be  augmented by  add-on  equipment as required. 
Also,  it is considered  unfortunate that requirements for integrity  of the 
pressure  shell have precluded  the  capability for direct view of  the  flutter 
models. 

RECOMMENDED  STUDIES 

Generally, the  recommended  studies  of  the  previous  panel are endorsed 
except  for  reordering  the  priority  and  adding an element to one of  the study 
areas. The four  specific  topics  which  the  panel  recommends  be  initially pro- 
grammed  for  tests in the NTF (or, preferably as precursor  work in the 0.3-m 
Transonic  Cryogenic  Tunnel) are, in  order of  priority: 

1. Transonic  unsteady  aerodynamics 

2 .  Control  surface  unsteady  aerodynamics 

3. Buffet  onset  and  loads 

4 .  Flutter 

Each  of  these  topics will be addressed  relative to the  current  status  and the 
panel's observations. 

Transonic  Unsteady  Aerodynamics 

The objective  here  would  be to evaluate the effects of Reynolds  number on 
the unsteady  pressures  measured on oscillating airfoils and  wing  planforms as a 
function of Mach number, mean angle of attack, and oscillation frequency  and 
amplitude. The panel  considered  this  area first priority  rather than  third 
priority as established by  the  previous  panel. In addition, it was recommended 
that  the studies  include  both low-and high-aspect-ratio wings and  external 
stores.  The  ground work has  begun  for  the  first studies in  the NTF in this 
area.  A  sidewall model mount  capable  of  oscillating  a  relatively  high-aspect- 
ratio  wing  model  in  a  pitching  motion is being  designed. This conceptual  design 
will lead  to a  final  system  design  that will be capable of oscillating the  wing 
at amplitudes up  to f1/4 degree  at  frequencies up  to 100 Hz. The high-aspect- 
ratio  wing  model (fig. 1) is being  built by Lockheed-Marietta  under  contract to 
the  Air Force Wright  Aeronautical  Laboratory for testing  initially  in the  NLR 
tunnel in the  Netherlands,  and  later in the  NTF.  After  the KLR tests  in  April 
1981 the model will be sent to  the NASA  Langley  Research  Center for reinstru- 
mentation and refurbishment for the  NTF  tests.  It is anticipated the model will 
be  available for testing in the  NTF in 1983. The model is being  designed so 
that later  a  pylon-mounted  nacelle  and  wing  tip extensions can be added. The 



panel  strongly  endorsed  this study and  emphasized the  need  to consider configu- 
rations with external stores. 

Control Surface Unsteady Aerodynamics 

Reynolds number effects are important  in control surface aerodynamics due 
to boundary-layer growth toward  the  trailing edge and interaction with shocks. 
The objective of the first studies is to quantify  these effects and  to obtain 
unsteady aerodynamic force, moment, and pressure measurements due to control 
surface motion at flight Reynolds numbers. No definite  plans have been made 
for  these studies other than to develop appropriate instrumentation which will 
be applicable to all oscillating or unsteady  pressure  tests  and to design the 
oscillating wing model just described so that an oscillating control can be 
added  later  relatively  easily. 

Buffet  Onset  and Loads 

The objective of these studies is to establish  the  significance of Reynolds 
number effects and  aeroelastic  effects  separately  on  buffet onset and  intensity 
change  with  Mach number and angle of attack.  Preliminary studies have  been 
conducted by Richmond Boyden of  the Langley Research  Center in the  0.3-m 
Transonic  Cryogenic Tunnel. Some of the  results have been reported  in  ref- 
erence 3, and there are plans  to  extend  these studies by  testing similar carbon 
fiber composite models to be provided by the British Royal Aircraft  Establish- 
ment in the 0.3-m  tunnel. 

Flutter 

Some in-depth consideration has  been  given to the  testing of dynamically 
scaled  flutter models in  the NTF and  for  studying  the effects of Reynolds num- 
ber on flutter  using simple ''trend" models (ref. 2). The results, some  of  which 
will be discussed later, highlight the benefits and limitations of  the NTF for 
this  type  of  testing. However, no actual "precursor"  flutter studies have been 
made  in  the  0.3-m Transonic Cryogenic  Tunnel. The panel was not critical of 
the  progress  in this area although the desirability of ascertaining the effects 
of  Reynolds  number on flutter was emphasized. However, there was little  enthu- 
siasm for testing  dynamically  scaled  aeroelastic  models of actual aircraft in 
the  NTF  because of anticipated complexities, high cost, and potential damage to 
the  tunnel. A s  a matter of fact the  testing  of  scaled aeroelastic models in 
the  NTF was considered to  be  the type of testing  that  should not be done unless 
there was a  reasonably clear indication that accurate results could be obtained 
only  through  the  use of the unique capabilities of  the  NTF. An example of this 
situation  might be  the dynamic  instability  phenomenon  encountered  by the B-1 
prototype which has been hypothesized to be a  shock-induced,  self-excited wing 
bending oscillation with significant Reynolds number dependence. The phenomenon 
is  discussed by J. R. Stevenson (ref. 4 ) .  
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Even with the unique capabilities of the NTF, determining the effects of 
Reynolds number on flutter is not straightforward. The problem is that  altera- 
tions in tunnel state conditions (pressure and/or temperature)  to change 
Reynolds number at a given Mach number also produce significant changes in  the 
important flutter parameter, mass-density  ratio. The dimensionless flow param- 
eters  that are important in simulation studies are: 

V 
a 
- 

bw 
V 
- 

Vb - 
V 

- V2 
bg 

where 

Mach number, M 

reduced frequency, k 

mass density ratio, 1 ~ -  

Reynolds number, RN 

Froude number, F 

a  fluid  free-stream  speed  of  sound 

V fluid  free-stream  velocity 

P fluid  free-stream  density 

V fluid  free-stream coefficient of kinematic viscosity 

g acceleration due to gravity 

b characteristic length 

w characteristic oscillation frequency 

m  body mass per  unit: length 

mode 
less 

From these  basic  similarity  parameters other dependent ratios relating 
1 quantities to  full-scale  quantities  may be derived.  If  these  dimension- 
parameters have the  same values for  the model and  the  full-scale aircraft 

and  the mass, stiffness, and, to a lesser degree, the  damping  distributions 
are the same for the model and  full-scale aircraft, then  the  flexible  and  rigid 
body response or behavior of  the model will be similar to  the  aircraft  providing 
the model is geometrically similar to  the aircraft, orientation to  the airflow 
is similar to  that of the aircraft, and the model is  supported  in  a  manner that 
does not significantly affect the model response or behavior. 

Froude number is important only for cases where deflections of  the  model 
due to gravitational forces are significant.  Although  recognized as important, 
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the Reynolds number of  the model and full-scale airplane cannot generally be 
matched in conventional tunnels because of tunnel performance and/or size limi- 
tations,  and so RN effects have been approximately  accounted for by various 
other means, or in the case of flutter tests,  ignored. 

By use of the relationship of  the  speed  of sound to  the gas constant, 
ratio of specific heats and temperatures, and  Sutherland's law relating vis- 
cosity and temperature and the equation of state, the reduced frequency, mass- 
density ratio, and RN at a given Mach number can  be expressed in terms of static 
pressure P and temperature T for a given model as follows: 

RN a P(-F) T + 114 

That is, Reynolds number can be changed  independently of reduced frequency (by 
holding  the  test temperature constant)  but  cannot  be  changed  independently  of 
the other  important flutter parameter, mass-density  ratio. The effect of 
Reynolds number variation on relative mass-density  ratio  (proportional to  the 
reciprocal of the  density) for a given model is shown in figure 2. The data 
are for  Reynolds numbers of 6.1 x l o 6  and 30.5 x L O 6  per meter (20 x lo6  and 
100 X l o 6  per  foot) for three  selected  Mach  numbers. The vertical lines at the 
ends of  the curves for each Mach number represent  the approximate limits of the 
NTF dynamic pressure capability for those Mach numbers at each Reynolds number 
shown.  The  figure shows that significant variations in mass-density  ratio occur 
with changes in Reynolds number  and  that  a  five-fold change in  Reynolds  number 
is  far too great for an assessment of Reynolds  number effects on flutter 
because of the minimal "overlap"  in Mach number for that range of Reynolds num- 
ber. Thus determining  the effects of Reynolds number on flutter, even in the 
NTF,  is  not as simple as might  be  assumed. This problem is addressed in ref- 
erence 2, where it is proposed  that  a  fortunate  characteristic of  the metals 
magnesium, aluminum, and steel can provide  a solution to this  dilemma. That is, 
the ratio of  the moduli of torsional and  bending  elasticity to the material 
density  is  essentially constant so that  geometrically  similar  solid models made 
of these materials will have the same natural frequencies and  therefore will 
flutter at the same mass-density  ratio  for  a  given Mach number. The densities 
of aluminum and steel are respectively approximately 1.56 and 4 .48  times that 
of. magnesium. Therefore, if  the ma nesium wing is tested at a RN = 20 x l o 6  
and  the steel wing at RN = 89 x l o g  the  mass-density  ratio at the flutter 
dynamic  pressure  and Mach number will be the same for  all three Reynolds num- 
bers  (except  for possible Reynolds number effects). This i s  illustrated in 
figure 3, which shows the estimated flutter boundaries (solid  lines) of  three 
simple solid metal models (rectangular  planform,  cantilevered wings with a 
25.4 cm- (10 in. ) chord, 101.6 cm- (40 in.) span, and  a 65A009 airfoil) . The 
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dashed lines are loci of tunnel stagnation pressure for several Mach numbers 
that produce the constant Reynolds numbers indicated. The flutter dynamic 
pressures  (stagnation  pressures) were estimated using preliminary design 

empirical methods based on a  "flutter  index," F.I. = - , which experience 

has shown accounts for variations in mass, stiffness, size, and flutter velocity 
VF  of wings with geometrically similar shapes, centers of gravity, and  aero- 
dynamic  centers. Possible effects of cryogenic temperatures on the stiffness 
and damping characteristics of the models have not been considered. To minimize 
loads problems the models should  be  tested  at zero lift conditions. In con- 
ducting  the  tests, as the stagnation pressure is increased at a constant Mach 
number to increase the dynamic pressure until flutter is reached, the  stagna- 
tion  temperature is adjusted to maintain the  RN constant. 

VF 

bw fi 

These same models may be used  to evaluate Reynolds number effects on buffet 
loads by measuring model response and  damping at constant values of the  mass- 
density  ratio  parameter at the same Reynolds numbers used for the  flutter study, 
but  at  dynamic  pressures at each Mach number that are below those  that  would 
produce flutter or  overload  the model for the maximum angle of attack to be 
used. The procedure would entail setting  the  tunnel to the  desired RN, M, 
and q and measuring the model response and damping as angle of attack is 
changed from low to high values. 

This kind  of flutterlbuffet study  should be among  the first studies to be 
scheduled in the  NTF (or preferably as precursor studies in  the  0.3-m  Transonic 
Cryogenic  Tunnel) since the results will bear directly on the question of  the 
necessity or desirability of conducting more sophisticated "flutter  clearance" 
and  buffet loads tests  in  the  NTF. 

CONCERNS 

The panel had several concerns which may  be  grouped under two general  cate- 
gories: (1) model verification procedures  in  a cryogenic temperature  environ- 
ment  and (2) test  methods. For flutter studies, the panel expressed concern 
over  the  ability to verify scaled aeroelastic model stiffness and  vibration 
characteristics  (frequencies, damping, mode shapes) under cry0 temperature 
conditions. For tests of scaled flutterlbuffet models in conventional tunnels 
these characteristics are verified at the  contractor's shop or lab  and  the 
model is altered if necessary to obtain the  desired frequencies, etc. This 
process can take several weeks or  even  months. At the tunnel site  the  models 
usually are checked again only to verify  that  no significant changes have 
occurred because of the disassembly, transportation, and assembly processes. 
The contractor or model builder will not have the capability to make the  nec- 
essary scaling verification measurements under cry0 conditions at the  home  lab 
and so they  must be made on site at the  tunnel. This is inconvenient for model 
alterations and expensive for the  contractor. Indeed, one of the  concerns  is 
that  the  techniques  for making the  required verification measurement at cry0 
temperatures have not  been  defined. The panel felt that information relative 
to the  "cold-room"  and  the capabilities for model calibration there  (stiffness, 
strength, vibration frequencies, damping, etc.) should be generated  and 
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disseminated. It was observed  that  flutter  models will not be able to meet 
strength  factors of safety  greater  than 1.5 for all model  components  and 
obviously  there  must be an exception to  the  stated requirement  that all models 
must be shown to be free from flutter up to  two times  the  maximum  anticipated 
tunnel  dynamic  pressure. That is, facility  requirements  for  flutter model 
integrity  should  be  established and disseminated. 

Even  for "non-flutter" models the stiffness  properties will need to be 
established for model deformation  considerations and  to verify  predicted 
flutter  conditions. For tests  involving  high  dynamic  pressures all models 
should be considered to be  potential  flutter  models.  A  suggestion was made 
that it  would be helpful to users if guidelines were developed  that  indicated 
estimated  flutter  dynamic  pressures  for  a  variety  of  solid metal models as a 
function  of  wing  thickness ratio, aspect ratio, and  sweep  angle. This could  be 
a  formidable task. 

Relative to test  methodology, the  panel  felt  unsure  of how the  NTF  would 
actually  be  operated  for  flutter  tests. The usual  method  of  testing  flutter 
models is to change  tunnel flow conditions  very  slowly to approach the flutter 
boundary  cautiously,  whereas the control  of the NTF  is  oriented to getting 
"on-point" as rapidly as possible. Also, since it has  been  indicated  that 
special  screens are being  designed  to  be  installed  for  flutter  testing it 
would  seem  likely  that an attempt  would  be  made to group  flutter  tests "back-to- 
back"  to minimize screen installation and removal time. 

The panel  supports vigorous efforts to develop  pressure and acceleration 
instrumentation  for  dynamic  measurements  and an appropriate  dynamic  data 
acquisition  system.  Several  panel  members  were  disappointed with the  stated 
intent to have  only  a 14-analog-channel permanent  capability  for  dynamic tests. 
It was noted, however, that these  permanent  channels  can  be  augmented by 
auxiliary  equipment  when  required. 

Finally, the  panel  concurs with the observations of several  other  panels 
that a  means of flow  visualization and  of  measuring  model  deformations  is 
needed, and  would  only  add  that  the  capability to handle  unsteady flow condi- 
tions  and  dynamic  deformations  should  be  included as design  goals. 

CONCLUDING  REMARKS 

Most of  the recommendations of  the Panel on Dynamics and Aeroelasticity of 
the first  workshop (ref. 1) relative to special  features that should be 
included  in  the  design of the NTF  for  unsteady  aerodynamics  and  dynamic  aero- 
elasticity  studies  have  been  incorporated. 

The recommended  studies  of  the  previous  workshop  panel  are  endorsed,  but 
with  the  priority  changed to give first  priority to transonic  unsteady  aero- 
dynamics.  Also  the  unsteady  aerodynamics  studies  should be expanded to include 
a low-aspect-ratio wing  and  to  include  wing  external  stores. Flutter studies 
in  the  NTF are of low priority. Initial studies  should  determine  significance 
of RN on flutter  using simple models. 
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The separation of RN effects from the recognized important flutter param- 
eter  mass-density  ratio will be difficult even in a cry0 tunnel because RN 
cannot be changed independently of mass-density  ratio.  A  potential solution to 
this  problem makes use of similar models having different mass densities and 
correspondingly different stiffnesses. 

Concerns of the panel include ill-defined model verification and  calibra- 
tion  procedures  (vibration, strength, and fatigue characteristics)  in  a cry0 
temperature environment, flutter test methodology, timely  development of 
instrumentation for unsteady pressure and acceleration measurements, and  timely 
development  of flow visualization and model deformation measurement capa- 
bilities (static and dynamic). 
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PdPORT OF THE VIND TUNNEL/FLIGHT CORRELATION  PANEL 

Theodore G .  Ayers 
NASA Dryden   F l igh t   Research   Center  

INTRODUCTION 

The  1976  Workshop  on  High  Reynolds Number Research ( r e f . - l >   r e c o g n i z e d   t h e  
f a c t   t h a t  a s i g n i f i c a n t   p o r t i o n   o f   t h e   N a t i o n a l   T r a n s o n i c   F a c i l i t y  tes t  t i m e  
w i l l  b e   d e v o t e d   t o   p r o v i d i n g   d a t a   o n   c o n f i g u r a t i o n s   i n t e n d e d   t o   o p e r a t e  a t  
a y n o l d s  numbers   beyond   t hose   a t t a inab le   by   p re sen t   p roduc t ion   w ind   t unne l s .  It 
is t h e r e f o r e   a p p r o p r i a t e   t h a t  a s e p a r a t e   p a n e l   a d d r e s s i n g   w i n d   t u n n e l / f l i g h t  
c o r r e l a t i o n   b e   i n c l u d e d   i n   t h e   p r e s e n t   w o r k s h o p  as w e l l  as i n   f u t u r e   d e l i b e r a -  
t i o n s   p e r t a i n i n g   t o   t h e   N a t i o n a l   T r a n s o n i c   F a c i l i t y .  I t  i s  a n t i c i p a t e d   t h a t  
t h i s   p a n e l  w i l l  p r o v i d e  a f o c u s   f o r   e s t a b l i s h i n g   u s e r   c o n f i d e n c e   i n   t h e   a b i l i t y  
of t h e  NTF t o   a d e q u a t e l y   s i m u l a t e   t h e   f l i g h t   e n v i r o n m e n t .  

I n   a n   a t t e m p t   t o   d e f i n e   w h a t   n e e d s   t o   b e   a c c o m p l i s h e d   t o   e s t a b l i s h  user  
conf idence ,  i t  is impor tan t   to   look   back   and   re f lec t   on   what   has   a l ready   been  
done  and  what   experience  has   been  gained.  I t  can   genera l ly   be   assumed  tha t  
there  a r e  as many i n t e r p r e t a t i o n s  of t h e  word c o r r e l a t i o n   a s   t h e r e   a r e   i n s t a n c e s  
of c o r r e l a t a b l e   d a t a .  I t  i s  t h e r e f o r e   i m p o r t a n t   t h a t  a d e f i n i t i o n   o r   d e f i n i -  
t i o n s  of t h e  word c o r r e l a t e   b e   i d e n t i f i e d   a t   t h e   p r e s e n t  t i m e  i n   o r d e r   t o   p r o -  
v i d e  a bas i s   f rom  wh ich   t he  Wind T u n n e l I F l i g h t   C o r r e l a t i o n   P a n e l   c a n   a d d r e s s  
n e e d s .   T h e s e   d e f i n i t i o n s   r e f l e c t   d i s c u s s i o n s   w i t h   s e v e r a l   i n d u s t r y   c o l l e a g u e s ,  
a c u r s o r y   s e a r c h   o f   t h e   l i t e r a t u r e ,   a n d  my own exper ience   f rom  having   been  
i n v o l v e d   e x t e n s i v e l y   i n   b o t h   w i n d   t u n n e l   a n d   f l i g h t   r e s e a r c h .  

F o r   t h e   p u r p o s e   o f   t h i s   d i s c u s s i o n ,   t h e n ,   c o r r e l a t i o n   h a s   t h r e e   d e f i n i -  
t i o n s .  The f i r s t  i s  s imply   an   a t tempt   to   compare   wind   tunnel   and/or   theory  
w i t h   f l i g h t   r e s u l t s .   T h e s e   d a t a   a r e   g e n e r a l l y   o b t a i n e d   w i t h  l i t t l e  o r  n o   p r i o r  
cons ide ra t ion   o f   co r re l a t ion   and   no   fo l low-on  tests t o   e x p l a i n   a n o m a l i e s .  The 
r e s u l t s  are s imply   no ted   and   repor ted .   This  i s  the   mos t  common method  of 
a t t e m p t i n g   c o r r e l a t i o n .  Much o f   t h e   d a t a   o b t a i n e d   f r o m   e a r l y   f l i g h t  tests f a l l  
i n t o   t h i s   c a t e g o r y .  An example, shown i n   f i g u r e  1, i s  t h e  X-15  f u s e l a g e   b a s e  
p r e s s u r e   c o e f f i c i e n t s .  I t  i s  o b v i o u s   f r o m   t h i s   f i g u r e   t h a t   s i g n i f i c a n t   d i f f e r -  
e n c e s   e x i s t  a t  t r anson ic   speeds   be tween   w ind   t unne l   and   f l i gh t   da t a   even   fo r  a 
r e l a t i v e l y   s i m p l e   c o n f i g u r a t i o n   w i t h   n o  power e f f e c t s .  More r e c e n t   a t t e m p t s  a t  
t h i s   t y p e  of c o r r e l a t i o n   c a n   b e   i d e n t i f i e d   i n   t h e  HiPWT and AD-1 r e s e a r c h  
v e h i c l e s .  I t  is  a l s o   i n t e r e s t i n g   t o   n o t e   t h a t   i n  many i n s t a n c e s   t h i s   t y p e   o f  
c o r r e l a t i o n  is a t t e m p t e d   b y   i n d i v i d u a l s  who were n o t   i n v o l v e d   i n   e i t h e r   t h e  
wind t u n n e l   o r   f l i g h t  tests. 

The s e c o n d   d e f i n i t i o n   o f   c o r r e l a t i o n  is one  encompassing a d e t a i l e d   s t u d y  
o f   t h e   t o t a l   d r a g   o f  a v e h i c l e  as de termined   f rom  wind   tunnel   and   f l igh t  tests. 
T h i s   i m p l i e s   t h a t   o n e   h a s   v e r y   c a r e f u l l y   c o n t r o l l e d   a n d   d e f i n e d   b o t h   t h e   w i n d  
t u n n e l   m o d e l   a n d   f u l l - s c a l e   a i r p l a n e   g e o m e t r y .  I t  a l s o   i m p l i e s   a n   u n d e r s t a n d i n g  
of t h e   p r o p u l s i o n   s y s t e m ,   l o a d s   a n d   a e r o e l a s t i c i t y ,  t r i m  e f f e c t s ,   a n d  a l l  o t h e r  
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p i e c e s   w h i c h   i n f l u e n c e   t h e   f u l l - s c a l e   v e h i c l e   c h a r a c t e r i s t i c s .   T h i s  is  a n  
e x t r e m e l y   d i f f i c u l t   t a s k   a n d   o u r   e x p e r i e n c e   t o   d a t e  a t  t r a n s o n i c   s p e e d s   h a s  
s e e n   o n l y   l i m i t e d   s u c c e s s  as ev idenced   by   t he  XB-70 d a t a  shown i n   f i g u r e  2 .  

F i n a l l y ,   c o r r e l a t i o n   c a n   b e   d e f i n e d  as a t t e m p t i n g   t o   u n d e r s t a n d   t h e   f u n d a -  
m e n t a l   m e c h a n i s m s   o f   f l u i d   f l o w s   a s s o c i a t e d   w i t h   a i r c r a f t   c o m p o n e n t s   i n   s p e -  
c i f i c  areas o f   t he   f l i gh t   env i ronmen t .   The  c-141 wing  shock  problem  and  the 
F-102 and F-106 b a s e   d r a g  a re  e x a m p l e s   o f   t h i s   t y p e   o f   c o r r e l a t i o n .  Some o t h e r  
examples  which come t o  mind are t h e   p r e v i o u s l y   c o m p l e t e d   p r e s s u r e   d i s t r i b u t i o n  
m e a s u r e m e n t s   o b t a i n e d   f o r   t h e  F-8, TACT, and T-2C S u p e r c r i t i c a l  Wing. A more 
r e c e n t   e x a m p l e   w o u l d   b e   t h e   r e s u l t s   o b t a i n e d   f o r   t h e  KC-135 W i n g l e t s   P r o j e c t  
( f i g .  3 ) .  I n   t h i s   i n s t a n c e   t h e   n e c e s s a r y   d a t a  were o b t a i n e d   t o   u n d e r s t a n d   t h e  
anomalies   which  occurred a t  t h e   w i n g l e t   r o o t   s e c t i o n  (Q = 1.01) .   Boundary-layer  
m e a s u r e m e n t s ,   s p i l l a g e ,   n o z z l e   a n d   a f t e r b o d y   d r a g ,   a n d   l o c a l   s k i n   f r i c t i o n   a l s o  
f i t   t h i s   c a t e g o r y .  An example of  one  of   these  more  fundamental   experiments ,  
shown i n   f i g u r e  4 ,  i s  t h e   r e c e n t l y   c o m p l e t e d   w i n d   t u n n e l l f l i g h t   c o r r e l a t i o n  of 
t rans i t ion   Reynolds   number .  The f l i g h t   r e s u l t s   f o r   t h i s   e x p e r i m e n t   u n d o u b t e d l y  
r e p r e s e n t  some i f   n o t   t h e   m o s t   a c c u r a t e   a n d  c r i t i c a l  measurements   ye t   ob ta ined .  
S p e c i a l   c o n s i d e r a t i o n  was g i v e n   t o   a n g l e s   o f   a t t a c k   a n d   s i d e s l i p   m e a s u r e m e n t s  
a s  w e l l  as Mach number, a l t i t u d e ,   a n d   t u r b u l e n c e .  A s  a r e s u l t ,   t h e s e   d a t a  
represent   the   s tandard   f rom  which   wind   tunnel   measurements   can   be   judged .   This  
same hardware i s  now b e i n g   u s e d   t o   p r o v i d e   w i n d   t u n n e l   a n d   f l i g h t   d a t a   f o r   t h e  
p u r p o s e   o f   c o r r e l a t i n g   a n d   v a l i d a t i n g   t h e o r e t i c a l   m e t h o d s   f o r   p r e d i c t i n g   l e e s i d e  
s e p a r a t i o n  a t  a n g l e   o f   a t t a c k .  I t  i s  a v iew  shared   by   the  writer and many 
o t h e r s ,   a s   e v i d e n c e d   b y   t h e . 1 9 7 6   w o r k s h o p ,   t h a t   t h i s   t h i r d   c a t e g o r y   o f   w i n d  
t u n n e l l f l i g h t   c o r r e l a t i o n   s h o u l d   b e   t h e   o n e   c o n c e n t r a t e d   o n   i n   t h e   n e a r   f u t u r e .  

O p e r a t i n g   c o s t s   a n d   p e r f o r m a n c e   r e q u i r e m e n t s   a s s o c i a t e d   w i t h   h i g h   d e v e l o p -  
ment  and e n e r g y   c o s t s  as we l l  a s   i n t e n s e   f o r e i g n   c o m p e t i t i o n  are  f o r c i n g  
d e s i g n e r s   t o   e x t r a c t   t h e   u t m o s t   i n   e f f i c i e n c y   f r o m  new a n d / o r   d e r i v a t i v e  a i r -  
c ra f t .   These   r equ i r emen t s  are  m a n i f e s t e d   i n   c o m p l e x   s y s t e m s   t o   p r o v i d e   r e l a x e d  
s t a t i c   s t a b i l i t y   a n d   a c t i v e   c o n t r o l s ,   b o t h   f l i g h t   a n d   p r o p u l s i o n ,   w h i c h  con- 
t i n u e   t o   p u s h   a i r c r a f t   d e s i g n s   n e a r   t h e  limit. A s  a r e s u l t ,   s t a b i l i t y   a n d  con- 
t r o l   c h a r a c t e r i s t i c s  a re  becoming j u s t   a s   i m p o r t a n t  as d rag .   Th i s   means   t ha t  
o n e   m u s t   p r e d i c t   w i t h   r e a s o n a b l e   c e r t a i n t y   t h e   s t a b i l i t y   l e v e l s   a n d   c o n t r o l  
r e q u i r e m e n t s   f o r   f u t u r e   a i r c r a f t .  The d a t a  shown i n   f i g u r e s  5 and 6 were 
a s s e m b l e d   a n d   c o r r e l a t e d   i n   a n   a t t e m p t   t o   e s t a b l i s h  c r i t e r i a  f o r   e s t i m a t i n g   t h e  
p o s s i b l e   e r r o r  band f o r   t h e   S p a c e   S h u t t l e   O r b i t e r   v e h i c l e .  I t  should   be   obvious  
f r o m   t h e s e   r e s u l t s   t h a t   t h e   a b i l i t y   t o   p r e d i c t   c h a r a c t e r i s t i c s   o f   v e h i c l e s   w i t h  
low o r   n e g a t i v e   s t a b i l i t y   l e v e l s  is  n o t  w e l l  i n  hand. 

There w i l l  p r o b a b l y   c o n t i n u e   t o   b e  a i r c r a f t  conf igu ra t ions   wh ich   unde r  
c e r t a i n   f l i g h t   c o n d i t i o n s  w i l l  exceed  even  the R c a p a b i l i t y   o f  NTF, a s  shown 
i n   f i g u r e  7 .  However, w e  soon w i l l  h a v e   t h e   c a p a b i l i t y   w i t h  NTF o f   a d d r e s s i n g  
problems a t  o r   v e r y   n e a r   t h e   f u l l   s c a l e  R o f   m o s t   c u r r e n t   a i r c r a f t .  The 
Configurat ion  Aerodynamics  Panel   of   the   1976 Workshop c l e a r l y   d i s c o u r a g e d  
a t t e m p t s   a t   a b s o l u t e   d r a g   c o r r e l a t i o n   ( f i g .   8 ) .   T h a t   p a n e l   a l s o  made  some 
specif ic   recommendat ions,   one  of   which was t h e   t r a n s i t i o n  R exper iment .  The 
other   recommendat ions were t o   e s t a b l i s h   e x p e r i m e n t s   f o r   c o r r e l a t i n g   p r e s s u r e  
d i s t r i b u t i o n   a n d   s e c t i o n   d r a g  as determined by  wake meausrements.  I b e l i e v e  
t h a t  i t  s h o u l d   b e   t h e   t a s k   o f   t h e  Wind T u n n e l l F l i g h t   C o r r e l a t i o n   P a n e l   t o  s tar t  



from  the 1976 Workshop  recommendations and define  the  kinds  of  experiments 
required  to  provide  the  necessary  confidence  to  the  user  that  NTF can  simulate 
the  flight  environment. 

PANEL  CONSIDERATIONS AND RECOMMENDATIONS 

The Wind  TunnellFlight  Correlation  Panel  discussed  the  validation  of  the 
National  Transonic  Facility  (NTF)  in  the  following  order: 

(1) Basic  tunnel  calibration 

(2) Establishing  confidence in the  tunnel 

(3) Areas  of  concentration 

( 4 )  Recommendations 

Basic Tunnel  Calibration 

The  panel  was  unanimous  in  its  concern  for  providing  a  complete  calibration 
of the  facility  prior to conducting  any  R & D tests. This calibration  should 
include a  complete  mapping  of  the  test  section  including  total  and  static 
pressure  measurements in the  longitudinal,  lateral, and vertical  planes. 
Dynamic  measurements  should  be  made to define the  frequency  and  spectra  for 
turbulence  definition  and  scaling  and  acoustic  environment.  The  influence  of 
cryogenic  operation on these  measurements  as  well  as flow angularities  needs to 
be  established.  Early  consideration  should be given to conducting  tests  with 
the  existing  10-degree cone  hardware.  This  hardware  has  been  used to obtain 
transition  Reynolds  number  data  from  some  23  wind  tunnels  throughout  the  United 
States  and  Europe. In addition,  flight tests  were  conducted  with  the  identical 
hardware  to establish  the  free-air  data  base  for  assessing  wind  tunnel  turbu- 
lence  effects. A s  was the case  with the  Fluid  Dynamics Panel, the  Wind  Tunnel/ 
Flight  Correlation  Panel  identified  the  desirability  of  providing  a  longitudinal 
heat-transfer  measurement  capability in the cone experiment for NTF. While  the 
10-degree  cone  experiment  is  important  in  the  tunnel  calibration,  it is equally 
important  to  establish  unit  Reynolds  number  and  heat-transfer  effects on the 
transition  location  for  lifting  surfaces.  For  this  reason  a  two-dimensional 
airfoil  experiment  should  be  considered  as  part  of  the  NTF  calibration. 

Establish  Confidence  in  Tunnel 

Because  of  the  large  investment  by  the  aerospace  community in wind  tunnel 
facilities  and  the  amount  of  developmental  testing  required,  it  must  be  recog- 
nized  that  the  NTF will  provide an added  capability  and not  represent  a 
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replacement  for  existing  facilities. It can  be expected  that  a  majority  of  the 
wind tunnel  tests will be  conducted in these existing  facilities. Therefore, 
it will be extremely  important to establish  a  tunnel-to-tunnel  correlation. An 
early  priority for the  NTF  should be the definition and  conducting  of an experi- 
ment  or  experiments to provide  user confidence in tunnel-to-tunnel  measurements. 
It is recognized  that  perfect  correlation will probably  not  exist. However, 
providing  sufficient  data to allow an acceptable correlation is  important to 
assure that  intelligent use of the  NTF can occur. 

Areas of Concentration 

The major  portion  of  the  deliberations  addressed those areas which the 
panel  viewed as requiring  wind  tunnel/flight correlation for validating  the NTF. 
These areas were separated  into seven categories. 

Wing  cruise  drag and drag ri..- During the  opening session of  this  work- 
shop, data were presented which showed  differing Reynolds number  effects on the 
drag  characteristics for various  classes of airfoils. It was pointed out that 
drag  alone (CD vs M) was  insufficient for determining  the  causes of these 
variations.  It was the consensus  of the  Wind TunnelIFlight Correlation Panel 
that  both wind  tunnel  and  flight  data are required to provide  detailed  pressure 
distributions,  accurate  definition of shock wave location, and  boundary  layer 
and wake surveys  for  determining  airfoil section characteristics.  While  the 
wake  survey  data  are important, it was recognized that model wakes will be 
extremely  small  for  the  higher  Reynolds numbers attainable in NTF. Therefore, 
it  may  not be practical  or  possible in many instances to provide accurate 
measurements  from  the  wind  tunnel.  Even so, wake data  should be obtained in 
flight  for  the  wind  tunnel/flight  data  analysis.  Such data would also be 
extremely  beneficial  in  the  validation/modification of analytical  methods. As 
was  discussed  previously in the  basic  tunnel calibration relative to wind 
tunnel-heat  transfer measurements, consideration  should be given to obtaining 
such  information  from the  flight  articles. 

Wing  separation and  stall.- Discussions in  this area addressed  leading- 
edge  and  shock-induced  separation  for  both  thick  and  thin  wings. The CL,,, 
dependency  (with  and  without  flaps) on Reynolds  number is a  major concern in 
aircraft  design  (particularly  transport class), as are stability  characteristics 
(longitudinal  and  lateral/directional) and Mach  buffet.  Correlation  studies 
should  be conducted to address  these areas as  well  as those of buffet, buffet- 
intensity rise, dynamic lift, and  hysteresis  effects.  Another  area  which 
requires  attention  is  that of the  effect  of  Reynolds number and  turbulence on 
leading-edge  suction. The question of whether or not  there  exists  a  cutoff 
Reynolds  number for the various  classes of airfoils  and  wings which can be 
used  in  calibrating  existing  facilities  against  NTF  needs to be  addressed. 

Afterbody  and  base  drag.- The accurate  prediction of  full-scale  aircraft 
drag  has  historically  been  hampered by the  inability to adequately  determine 
afterbody  and  base  effects. This has  been  true for fighter aircraft  and to a 
lesser  extent for transport aircraft, including  both commercial and  military 
logistic  vehicles.  Although model support  system interference effects can be 
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a ma jo r   con t r ibu to r   t o   a f t e rbody   and   base   d rag   measu remen t s ,   t he   p redominan t  
e f f e c t  i s  b e l i e v e d   t o   b e   t h a t   o f   R e y n o l d s  number s i m u l a t i o n .  Wind tunne l   and  
f l i g h t   d a t a  are t h e r e f o r e   r e q u i r e d   t o   p r o v i d e  a c o r r e l a t i o n   f o r   t h o s e  classes 
o f   a i r p l a n e s   h a v i n g   a f t e r b o d y   a n d   b a s e   c o n f i g u r a t i o n s   s e n s i t i v e   t o   R e y n o l d s  
number . 

P r o p u l s i o n   e f f e c t s . -   I n  many i n s t a n c e s   p r o p u l s i o n   e f f e c t s   c a n   b e   c o n s i d e r e d  
a m a j o r   c o n t r i b u t o r   t o   a f t e r b o d y   a n d   b a s e   d r a g .  Classical f i g h t e r   a i r c r a f t  con- 
f igu ra t ions ,   fo r   example ,   gene ra l ly   have   a f t   f u se l age -moun ted   eng ines .   In  
t h e s e   i n s t a n c e s ,  as much as f o r t y   p e r c e n t  (40%) o f   t h e   t o t a l   v e h i c l e   d r a g   c a n  
b e   a s s o c i a t e d   w i t h   a f t e r b o d y   e f f e c t s ,   i n c l u d i n g   b o a t t a i l ,   b a s e ,   a n d   p r o p u l s i o n  
s y s t e m   d r a g .   E n g i n e   i n l e t - s p i l l a g e   e f f e c t s   h a v e   a l s o   b e e n  shown t o   b e   m a j o r  
c o n t r i b u t o r s   t o  a i rcraf t  d r a g .   F u t u r e   f i g h t e r   a i r c r a f t   i n c o r p o r a t i n g   a n  ad- 
v a n c e d   n o n a x i s y m e t r i c   n o z z l e   w i t h   t h r u s t   v e c t o r i n g   a n d   r e v e r s i n g   c o u l d   b e  
s u s c e p t i b l e   t o   s i g n i f i c a n t   R e y n o l d s  number e f f e c t s .   T h e s e   e f f e c t s   c o u l d   b e  
m a n i f e s t e d   i n   p l u m e   g e o m e t r y ,   f l o w   t u r n i n g ,   a n d   c o o l i n g   a n d   s u p e r c i r c u l a t i o n .  

T h e   p r o p u l s i o n - s y s t e m   i n s t a l l a t i o n   e f f e c t s   f o r   t r a n s p o r t   c a t e g o r y   a i r c r a f t ,  
b o t h   c i v i l  a n d   m i l i t a r y ,   c a n   b e   d i f f i c u l t   t o  assess. The  advent   of   high  bypass  
r a t i o   t u r b o f a n   e n g i n e s   h a s   r e s u l t e d   i n  a l a r g e   e n g i n e - t o - w i n g   s i z e   r e l a t i o n s h i p  
f o r   t r a n s p o r t   a i r c r a f t .   I n   t h e s e   i n s t a n c e s   n e a r l y   t h e   e n t i r e   w i n g   s p a n   c a n   b e  
in f luenced   by   p ropu l s ion  s y s t e m  e f f e c t s .  A similar s i t u a t i o n   e x i s t s   f o r  con- 
f i g u r a t i o n s   i n c o r p o r a t i n g   u p p e r - s u r f a c e   b l o w i n g .  It  i s  ex t r eme ly   impor t an t   t ha t  
t h e   s e n s i t i v i t y   o f   t h e   p r o p u l s i o n   s y s t e m   i n s t a l l a t i o n   b e   u n d e r s t o o d   e a r l y   i n   t h e  
d e v e l o p m e n t   c y c l e   o f   a i r c r a f t   t o   m i n i m i z e   p e r f o r m a n c e   p e n a l t i e s   a n d / o r   c o s t l y  
m o d i f i c a t i o n s .  It i s  r e c o g n i z e d   t h a t   i n i t i a l   c o n f i g u r a t i o n   t e s t i n g   i n   t h e  NTF 
w i l l  no t   add res s   p ropu l s ion   sys t em  e f f ec t s .   However ,   t he   pane l   s t rong ly  
recommended t h a t  e a r l y  p l a n n i n g   b e   i n i t i a t e d   t o   p r o v i d e   t h e   c a p a b i l i t y   f o r  
p r o p u l s i o n   t e s t i n g   i n   t h e  NTF. T h e   n e e d   f o r   w i n d   t u n n e l   a n d   f l i g h t   d a t a   c o r r e -  
l a t i o n  was recognized  by a l l   p a n e l  members. 

Vor t ex   f l ows . -   The   b road   bas i c   r e sea rch   needs   r e l a t ing   t o   vo r t ex   f l ow w e r e  
addressed  by  the  Fluid  Dynamics  and  Configurat ion  Aerodynamics  Panels .   The  dis-  
cuss ions   o f   t he  Wind T u n n e l I F l i g h t   C o r r e l a t i o n   P a n e l   f o c u s e d   o n   t h o s e  areas 
w h e r e   c o r r e l a t i o n  is d e s i r e d   o r   r e q u i r e d   f o r   v a l i d a t i n g   t h e  NTF. The t h r e e  
areas iden t i f i ed   i nc luded   fo rebody   vo r t ex   shedd ing ,   vo r t ex   bu r s t ing ,   and  
s t r u c t u r a l   l o a d s .  Ample e v i d e n c e   e x i s t s   t o   s u g g e s t   t h a t   t h e   i m p a c t   o f   f o r e b o d y  
v o r t e x   s h e d d i n g   o n   t h e   h i g h   a n g l e - o f - a t t a c k   s t a b i l i t y   c h a r a c t e r i s t i c s  of f i g h t e r  
a i r c r a f t  i s  s u s c e p t i b l e   t o  scale  e f f e c t s .   V o r t e x   b u r s t i n g   c a n   h a v e  a s i g n i f i -  
c a n t   e f f e c t   o n   t h e   s t a b i l i t y   c h a r a c t e r i s t i c s   o f   h i g h   p e r f o r m a n c e   a i r c r a f t .  The 
b u r s t   l o c a t i o n   a n d   s u b s e q u e n t   s t a b i l i t y ,   c o n t r o l ,   a n d   s t r u c t u r a l   i m p l i c a t i o n s  
are  s u s c e p t i b l e   t o   R e y n o l d s   n u m b e r   e f f e c t s   a n d   r e q u i r e   f u l l - s c a l e   f l i g h t   d a t a  
f o r   v a l i d a t i n g   w i n d   t u n n e l   r e s u l t s .  It  is  general ly   assumed,   based  on  wind 
t u n n e l   s t u d i e s ,   t h a t   v o r t e x   f l o w   g e n e r a t e d  by s e p a r a t i o n   f r o m   t h e   s h a r p   l e a d i n g  
edges   o f   h igh ly   swep t   su r f aces  may be  Reynolds number independent .  However, 
t h e r e  is  p r e s e n t l y   n o   c o n c l u s i v e   d e m o n s t r a t i o n   o f   t h i s   a s s u m p t i o n ,   p a r t i c u l a r l y  
u n d e r   f u l l - s c a l e   c o n d i t i o n s .  Even f o r   t h e   e x t r e m e l y   s h a r p   l e a d i n g - e d g e  case, 
Reynolds  number e f f e c t s   h a v e   b e e n   o b s e r v e d   w i t h   r e g a r d   t o   t h e   s e c o n d a r y   v o r t e x  
e f f e c t s   o n   t o t a l   l i f t   a n d   s u r f a c e   l o a d   d i s t r i b u t i o n .   A l s o ,   t h e   e f f e c t   o f  com- 
p r e s s i b i l i t y   o n   v o r t e x   f l o w   h a s   n o t   b e e n   i n v e s t i g a t e d ,   i n   p a r t i c u l a r   t h e   e f f e c t  
o f   s h o c k   w a v e s   a b o v e   t h e   w i n g   o n   t h e   v o r t e x   l o c a t i o n   a n d   s t a b i l i t y .   I n   v i e w   o f  
t h e   c o m p l e x i t y   a n d   u n c e r t a i n t y   o f   v o r t e x   f l o w   i n t e r f e r e n c e   a n d   n o n l i n e a r  
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aerodynamic  effects,  and  the  probability  that  many  future  aircraft  will  employ 
some  versions  of  the  vortex  lift  concept, it is important to  provide  wind 
tunnel/flight  correlation  for  validating  the  full-scale  simulation  capability 
of such  flows in the NTF. 

Cavity  flows.- It is an extremely  difficult  and  many  times  impossible  task 
to  predict  the  unsteady  aerodynamics  associated  with  the flow relating  to  exposed 
landing  gear  wells  and/or  open  bomb bay areas of  full-scale  aircraft. The 
buffet  loads  associated  with  landing  gear  wells  can  have  significant  structural 
implications. In the  case of bomb  bay cavities,  the  unsteady  flow not  only 
creates  structural  implications,  it is also  a  major  factor affecting  weapons 
separation. The  small  size of  wind  tunnel models combined  with  Reynolds  number 
capabilities of existing  facilities  precludes  obtaining  aerodynamic  data  at 
flight  conditions. The NTF will  provide  such  a  capability  and  full-scale 
validation  is  strongly  recommended. 

Excrescences.- It  was pointed  out  by  some  panel  members  that  there  exists 
a continuing  need for  a data  base  from  which to  predict  excrescence  drag.  How- 
ever,  it  was  also  pointed  out  that,  in  general,  the  NTF  Reynolds  number  capa- 
bility  exceeds  that  required  for  such  testing. Also ,  the  size  of  most  models  to 
be  tested  in  the  NTF  (as in most  wind  tunnels)  would  be so small  as to preclude 
actual  scaling  of  excrescence  drag  contributors  such as gaps,  steps,  antennas, 
etc. While  there  may be  instances  where  the  NTF  can  and  will  be  used to  deter- 
mine  excrescence drag,  such tests  should  generally  be  done  in  other  facilities. 

Recommendations 

The recommendations  for  achieving  validation of the  National  Transonic 
Facility  will  be  addressed  individually. 

Open-ended  flightlwind  tunnel  program.- The experience  gained  from  previous 
attempts at correlating  wind  tunnel  and  flight  data  clearly  suggests  a  need  for 
retaining  the  ability  to  retest  configurations,  both in the  wind  tunnel  and  in 
flight.  This  is  extremely  important  if an understanding of discrepancies  is to 
be  provided.  It  is  imperative,  in  the use  of NTF, that one utilize  its  unique 
capabilities to isolate  the  effects  of  Reynolds  number,  aeroelasticity,  etc., 
if such  an  understanding  is  to be provided. Implicit in this  correlation  pro- 
gram  is  the  inclusion  of  the  appropriate  wind  tunnel,  wind  tunnel  model,  and 
full-scale  airplane  instrumentation. The implication of this  is  that  both  wind 
tunnel  models  and  full-scale  airplane  be  retained in the  correlation  configura- 
tion  until  the final  analysis  is  complete  and  all  questions  have  been  satis- 
factorily  addressed. 

Fighter  and  transport  category  aircraft  required.-  Because  of  the  diversity 
of  the organizations  represented  by  the  panel  members,  it was not  possible  to 
achieve  consensus  for  one  representative  configuration  for  conducting  a  wind 
tunnellflight  correlation  to  validate  the  NTF. The concerns  and  requirements 
for  tactical  and air  superiority  fighter  aircraft,  civil  and  military  transport, 
and spacecraft are substantially  different.  Therefore,  it was decided  that a 
recommendation  be  made  for  pursuing  wind  tunnellflight  correlation  in  several 
categories. The  fighter  category  should  include  configurations  which  address 
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both  attached-flow  and  separated-vortex-flow  wing  designs. The transport 
category  should  include  configurations  having  low-wing  arrangements  with  gentle 
afterbody  slopes  (B-747,  DC-10, L-1011 type)  as  well  as  high-wing  arrangements 
with  steep  afterbodies  (C-5A/AMST  type).  Finally, a configuration  such  as  the 
Space  Shuttle  Orbiter  should  be  included,  if  possible,  in  the  overall  correla- 
tion  of  wind  tunnel  and  flight  data.  However,  it  was  left  to  the  Space  Vehicles 
Panel to  address  the  specifics  of  the  Orbiter  correlation  requirements. 

" Total  drag  correlation  not  advisable.- The  Configuration  Aerodynamics  Panel 
of  the  High  Reynolds  Number  Research  Workshop  held  at  the  Langley  Research  Center 
in  1976  strongly  recommended  that  attempts  at  total  drag  correlation  be  dis- 
couraged.  This  position  was  also  taken  by  the  present  Wind  Tunnel/Flight  Cor- 
relation  Panel.  Even so ,  it  was  recognized  by  all  panel  members  that  total  drag 
measurements  are  an  ultimate  goal  of  correlation.  However,  such a task  is 
extremely  difficult  even  for  simple  airplane  configurations.  Considering  the 
complexity  of  modern  aircraft  and  state  of  the  art  of  flight  measurement  tech- 
niques,  it  is  believed  that  developing an understanding  of  component  effects  is 
the  area  in  which  wind  tunnel/flight  correlation  can  best  be  accomplished  in 
the  near  future.  Such  an  approach  will  also  provide  an  acceptable  validation 
of  the  full-scale  simulation  capability  of  the  NTF. 

- Wind I-L tunnel  flight  correlation  team  essential.- The  question  of  how  best to 
accomplish  the  required  correlations  for  validating  the  NTF  was  discussed  in 
considerable  detail.  The  use  of  previously  obtained  data  from  correlations  such 
as  the  C-5A,  C-141,  and  Transonic  Aircraft  Technology  (TACT)  efforts  was  pursued 
at  length.  An  attitude  of  pessimism  about  the  usefulness of these  data  generally 
prevailed  among  the  panel  members  for  the  following  reasons: 

The  individuals  responsible  for  those  efforts  have  long  since  moved  on 
to other  tasks.  In  some  instances  they  have  retired. 

Resurrecting  and  understanding  the  data  would be a monumental  or  more 
likely  an  impossible  task. 

Substantial  improvements  in  wind  tunnel  and  flight  test  techniques 
have  occurred  since  the  completion  of  those  efforts. 

The  ability  to  address  the  "why"  areas of correlation  by  retesting  no 
longer  exists  for  these  configurations. 

The  configurations  are  not  representative  of  modern  technology. 

The  consensus  of  the  panel  was  to  recommend  the  initiation  of  new  correlation 
efforts,  addressing  the  areas  of  concentration, to be  accomplished  by: 

(a)  Establishing a dedicated  team  of  government  and  aerospace  community 
investigators to carry  out  the  correlation  efforts 

(b) Defining  an  open-ended  nonproprietary  wind  tunnel/flight  test  program 
utilizing  advanced  technology  configurations 
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( c )   E s t a b l i s h i n g   a c c o u n t a b i l i t y   t o   a s s u r e   t h a t   t h e   c o r r e l a t i o n   a n d   v a l i d a -  
t i o n   o f   t h e  NTF are completed i n  a s a t i s f a c t o r y  manner 

The   dedica ted  team o f   i n v e s t i g a t o r s   s h o u l d   b e   e n c o u r a g e d   a n d ,   i f   p o s s i b l e ,  
r e q u i r e d   t o   i n t e r a c t   i n  a l l  a s p e c t s  of t h e   c o r r e l a t i o n   e f f o r t .  They should  a l l  
have a tho rough   unde r s t and ing  of t h e   d a t a   r e q u i r e m e n t s ,   w i n d   t u n n e l   c a l i b r a -  
t i o n ,  wind t u n n e l ,   a n d   f l i g h t  tests. Such   an   approach   would   assure   an   e f fec-  
t ive  c o r r e l a t i o n   e f f o r t .  

A c c o u n t a b i l i t y . -  The s u b j e c t  w a s  d i s c u s s e d   b e c a u s e   o f  a g e n e r a l   b e l i e f   t h a t  
very  l i t t l e  feedback  had  been  provided  f rom  the  1976  High  Reynolds  Number 
Research Workshop. There was unanimous  agreement among t h e   p a n e l  members t h a t  
some m e t h o d   o f   a c c o u n t a b i l i t y   s h o u l d   b e   e s t a b l i s h e d   t o   i n s u r e   t h a t   a c t i o n  i s  
taken  by NASA t o  cons ide r   and /o r   ca r ry   ou t   t he   r ecommenda t ions   o f  a l l  t h e  
i n d i v i d u a l   p a n e l s .   T h e r e  w a s  a l s o   a g r e e m e n t   t h a t   m e e t i n g   o n c e   e v e r y  4 years i s  
i n s u f f i c i e n t   t o   a d e q u a t e l y   a d d r e s s   t h e  NTF a n d   v a l i d a t i o n   r e q u i r e m e n t s .  A s  t h e  
o p e r a t i o n a l   d a t e  of t h e  NTF g e t s   n e a r e r ,   t h e   p a n e l   s h o u l d   r e c o n v e n e  a t  a n  
a p p r o p r i a t e  time ( p e r h a p s   a n n u a l l y )   t o   p r o v i d e   t h e   n e c e s s a r y   a n d   d e s i r a b l e  
i n t e r a c t i o n   w i t h   t h e  NTF s t a f f .  

REFERENCE 

1. Baals, Donald D . ,  ed.:   High  Reynolds Number Research.  NASA CP-2009, 1976. 
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NTF MODEL-TO-FLIGHT COMPARISONS: 

O AVOID ABSOLUTE DRAG COMPARISON  BECAUSE OF THRUST 
MEASURING UNCERTAINTIES 

0 THEREFORE BASE THE COMPARISON ON: 
(A) PRESSURE DISTRIBUTION MEASUREMENTS 
(B) SECTION DRAG FROM WAKE PROFILE MEASUREMENTS 

0 THE AIRCRAFT CHOSEN  FOR THIS TASK MUST HAVE: 
(A) A PRECISE, CALIBRATED, "AIR-DATA" SYSTEM FOR 

DEFINITION OF M, q, AND P, 

(B)  PRECISE a AND p DATA 

0 STRUCTURAL  DEFORMATION MEASUREMENTS  ARE  MANDATORY  FOR  BOTH 
MODEL  AND AIRCRAFT 

Figure 8.- Recommendations of the Configuration  Aerodynamics Panel of the 
1976 Workshop on High Reynolds  Number  Research (ref. 1). 
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H I G H  REYNOLDS NUMBER RESEARCH REQUIREMENTS 

FOR  SPACE VEHICLE DESIGN 

D e l m a  C .  Freeman, Jr. 
NASA Langley  Research  Center  

INTRODUCTION 

There are c u r r e n t l y   t h r e e  areas o f   e n t r y   v e h i c l e   d e s i g n   t h a t   r e q u i r e   h i g h  
Reynolds   number   wind- tunnel   t es t ing :   space   shut t le   deve lopment ,   deve lopment   o f  
f u t u r e   s p a c e   t r a n s p o r t a t i o n   s y s t e m s  (1995-2000 time f r a m e ) ,   a n d   p l a n e t a r y   e n t r y  
da t a   ana lys i s .   De te rmina t ion   o f   t he   ae rodynamic   cha rac t e r i s t i c s  a t  f l i g h t  
Reynolds   numbers   would   g rea t ly   s impl i fy   the   des ign   process   for   these   vehic les  
b y   r e d u c i n g   u n c e r t a i n t i e s   i n   t h e   p r e d i c t e d   f l i g h t   s t a b i l i t y   a n d   c o n t r o l  param- 
e ters .  B e c a u s e   e n t r y   v e h i c l e s   o p e r a t e   i n   t h e   t r a n s o n i c   a n d   s u b s o n i c   f l i g h t  
regimes a t   h i g h e r   a n g l e s   o f   a t t a c k   t h a n   c o n v e n t i o n a l   a i r c r a f t ,   u n d e r s t a n d i n g   t h e  
Reynolds  number e f f e c t s   o n   s e p a r a t e d   f l o w  is  i m p o r t a n t .  

CURRENT STATUS AND PLANS 

Space  S h u t t l e   O r b i t e r  

A look  a t  t h e   s p a c e   s h u t t l e   d e v e l o p m e n t  w i l l  g i v e  some i n s i g h t   i n t o   t h e  
space   veh ic l e   des ign   r equ i r emen t s   fo r   h igh   Reyno lds  number t e s t i n g .   F i g u r e  1 
shows a n   a r t i s t ’ s   c o n c e p t i o n  of t h e   f i r s t   l a u n c h   o f   t h e   s p a c e   s h u t t l e   s c h e d u l e d  
f o r  1981. A summary of spec i f ic   des ign   problems  where   h igh   Reynolds  number sub- 
son ic   and   t r anson ic  t es t  r e s u l t s  would   have   been   benef ic ia l   fo l lows .  Numerous 
p e o p l e   a s s o c i a t e d   w i t h   t h e   s h u t t l e   d e v e l o p m e n t   h a v e   i n d i c a t e d   t h a t   a n   a c c u r a t e  
s i m u l a t i o n   o f   t h e   f l o w   i n   t h e   i n t e r s t a g e   a r e a   b e t w e e n   t h e   t a n k   a n d   t h e   o r b i t e r  
d u r i n g   a s c e n t   w o u l d   h a v e   r e s u l t e d   i n  a b e t t e r  estimate of   the   aerodynamic   loads  
on   t he   l ower   su r f ace   o f   t he   o rb i t e r .   H igh   Reyno lds  number t r a n s o n i c   d a t a  would 
h e l p   t o   u n d e r s t a n d   t h e   i n t e r a c t i o n   o f   t h e   f l o w   f r o m   t h e   o r b i t a l   m a n e u v e r i n g  
s y s t e m  p o d s   a n d   v e r t i c a l  t a i l .  Under s t and ing   t h i s   complex   f l ow  wou ld   r e su l t   i n  
less u n c e r t a i n t y   i n   t h e   l e v e l  of d i r e c t i o n a l   s t a b i l i t y   a n d   w o u l d   a l s o   g i v e  
i n s i g h t   i n t o   t h e   a e r o e l a s t i c   c h a r a c t e r i s t i c s   o f   t h e   v e r t i c a l   t a i l .   C a l i b r a t i o n  
of t h e   a i r - d a t a   s e n s o r s   u s e d   i n   t h e   a p p r o a c h   a n d   l a n d i n g  tests a t  high  Reynolds  
numbers   would  have  been  beneficial .  A more a c c u r a t e   c a l i b r a t i o n  of t hese   s en -  
s o r s  would   have   increased   the   accuracy   of   the   aerodynamic   da ta   ex t rac ted   f rom 
t h e   f l i g h t  tests. NASA h a s  a l a r g e   e f f o r t  underway t o   e x t r a c t   a e r o d y n a m i c   d a t a  
f r o m   t h e   s h u t t l e   f l i g h t s .   U s i n g   t h e s e   d a t a   a n d   r e s u l t s   f r o m  tests i n   t h e  NTF 
would o f f e r   a n   e x c e l l e n t   o p p o r t u n i t y   t o  assess t h e   a b i l i t y   o f   t h e  wind   tunnel  
t o   p r e d i c t   f l i g h t   a e r o d y n a m i c s .  

A s  d i s c u s s e d  ear l ie r ,  d e t e r m i n i n g   t h e   f l o w   p r o p e r t i e s  i n  t h e   i n t e r s t a g e  
b e t w e e n   t h e   S p a c e   S h u t t l e   O r b i t e r   a n d   t a n k   h a s   b e e n  a d i f f i c u l t   p r o b l e m .  Under- 
s t a n d i n g   t h e s e   f l o w   p r o p e r t i e s  i s  n e c e s s a r y   t o   a d e q u a t e l y  estimate t h e   l o a d s  on 
t h e   t h e r m a l   p r o t e c t i o n   s y s t e m   d u r i n g   a s c e n t .  I n  o r d e r   t o   a c c u r a t e l y  estimate 
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t he   ae rodynamic   l oads ,   t he   s t r eng th   o f   any   shocks   gene ra t ed   and   t he   boundary -  
l a y e r   c h a r a c t e r i s t i c s   m u s t   b e  known. F i g u r e s  2 and 3 g i v e   a n   i n d i c a t i o n   o f   t h e  
p rob lem.   In   f i gu re   2 ,   t he   e s t ima ted   boundary - l aye r   t h i ckness   ups t r eam  o f   t he  
crossbeam a t  t h e   a f t   a t t a c h m e n t   p o i n t   f o r   t h e   t a n k   f o r  a 0.03-scale  model i s  
p r e s e n t e d   f o r  a Mach number of 1.4.  T h e s e   e s t i m a t e d   t h i c k n e s s e s  show t h a t   t h e  
b o u n d a r y   l a y e r   f r o m   t h e   t a n k   a n d   o r b i t e r   o v e r l a p ,   c r e a t i n g  a r e g i o n   o f   s u b s o n i c  
f l o w   a h e a d   o f   t h e   r e a r   s t r u t   c r o s s b e a m .   F i g u r e  3 shows  the  es t imated  boundary-  
l a y e r   t h i c k n e s s   f o r   t h e   f u l l - s c a l e   v e h i c l e .   T h i s   e s t i m a t e d   f l i g h t  case shows 
t h a t   t h e   b o u n d a r y   l a y e r s   f r o m   t h e   t a n k   a n d   o r b i t e r  do n o t   i n t e r s e c t   a n d   t h e  
crossbeam i s  i n  a r e g i o n  of supe r son ic   f l ow  wh ich   wou ld   gene ra t e  a shock.  The 
s t r e n g t h   o f   t h i s   s h o c k   m u s t   b e  known a c c u r a t e l y   t o   d e t e r m i n e   t h e   l o a d s  on t h e  
t i l es  where i t  i m p i n g e s   o n   t h e   l o w e r   s u r f a c e   o f   t h e   o r b i t e r .  Tests of a l a r g e  
p a n e l  a t  f l i gh t   Reyno lds   numbers   wou ld   he lp   t o   answer   t hese   ques t ions .  

A compar i son   o f   t he   o rb i t e r   f l i gh t   Reyno lds   numbers   w i th   t he  NTF c a p a b i l i t y  
is  p r e s e n t e d   i n   f i g u r e  4 .  Dur ing   t he   shu t t l e   deve lopmen t   w ind- tunne l   t e s t ing ,  
e x p e r i e n c e  showed t h a t  a b l o c k a g e   r a t i o   n o   l a r g e r   t h a n   0 . 0 0 2  was r e q u i r e d   t o  
o b t a i n   a c c u r a t e  tes t  r e s u l t s  a t  Mach numbers   near  1. Based   upon  th i s  exper- 
i e n c e ,   t h e   l a r g e s t   o r b i t e r   m o d e l   t h a t   c o u l d   b e   t e s t e d  a t  t r a n s o n i c  Mach numbers 
i n   t h e  NTF would  be a 0.015-scale  model.  The comparison of f l i g h t   R e y n o l d s  num- 
be r s   and  NTF c a p a b i l i t y   p r e s e n t e d   i n   f i g u r e  4 i s  based  on tests w i t h   t h i s   s i z e  
model. The f i g u r e   s h o w s   t h a t  a t  Mach numbers l e s s  t h a n  0 .75  t h e  NTF cannot  
d u p l i c a t e   f l i g h t   R e y n o l d s   n u m b e r s   f o r   t h e   o r b i t e r .   H o w e v e r ,   s i n c e   b l o c k a g e  i s  
n o t  a problem a t  the   l ower  Mach numbers, a l a rge r   mode l   can   be  t e s t ed  t o   o b t a i n  
f l igh t   Reynolds   numbers  a t  Mach numbers less than   0 .75 .  

There a re  s e v e r a l   a r e a s   w h e r e   t h e r e  are  r e q u i r e m e n t s   f o r   h i g h   R e y n o l d s  num- 
b e r   s u b s o n i c   a n d   e r a n s o n i c   t e s t i n g .  One o f   t h e s e  areas i s  s h u t t l e   p o s t - f l i g h t  
t e s t i n g .   U n d o u b t e d l y ,   t h e r e  w i l l  be   p roblems  tha t  w i l l  r equ i r e   w ind- tunne l  
d a t a   t o   r e s o l v e .  Also,  w i t h i n  NASA t h e r e  i s  a program  underway  to  improve  the 
pe r fo rmance   o f   t he   shu t t l e ,   and   t h i s   work  w i l l  r e q u i r e   a d d i t i o n a l   s u b s o n i c   a n d  
t r enson ic   ae rodynamic   da t a .  

Development of  Fu tu re   Space   T ranspor t a t ion   Sys t ems  

There i s  a n   o n g o i n g   e f f o r t   w i t h i n  NASA t o   i d e n t i f y   t h e   t e c h n o l o g y   r e q u i r e -  
m e n t s   f o r   f u t u r e   s p a c e   t r a n s p o r t a t i o n  s y s t e m s .  P r o j e c t i o n s   i n d i c a t e   t h a t   t h e s e  
new v e h i c l e   s y s t e m s  w i l l  b e   r e q u i r e d   i n   t h e   1 9 9 5  t i m e  f rame.  An example  of 
t h e s e   v e h i c l e s  i s  shown i n   f i g u r e  5. T h e   s i n g l e - s t a g e - t o - o r b i t   v e h i c l e  shown 
is  66 .8  meters long  and i s  d e s i g n e d   t o   d e l i v e r  a 29 500 kg p a y l o a d   t o  a 
100 n a u t i c a l  mile E a r t h   o r b i t .  The v e h i c l e   h a s   a n   e n t r y   w e i g h t  of approximate ly  
193 000 k g .   U t i l i z i n g  a c o n t r o l   c o n f i g u r e d   v e h i c l e  (CCV) d e s i g n   p h i l o s o p h y ,   t h e  
v e h i c l e  will b e   f l y i n g   s t a t i c a l l y   u n s t a b l e   d u r i n g   m o s t   o f  i t s  a t m o s p h e r i c   e n t r y ,  
r e q u i r i n g   a n   a c c u r a t e   p r e d i c t i o n   o f   f l i g h t   v a l u e s   o f   s t a b i l i t y   a n d   c o n t r o l   f o r  
cont ro l   sys tem  des ign .   High   Reynolds  number w i n d - t u n n e l   t e s t i n g  i s  r e q u i r e d   t o  
r e d u c e   t h e   u n c e r t a i n t i e s   i n   t h e   p r e d i c t e d   a e r o d y n a m i c s   a n d ,   t h e r e f o r e ,   o p t i m i z e  
t h e   v e h i c l e   d e s i g n .  

A compar ison   of   the   en t ry   f l igh t   Reynolds   number   o f   the  CCV v e h i c l e ,   t h e  
e n t r y   f l i g h t   R e y n o l d s  number f o r   t h e   s h u t t l e   o r b i t e r ,   a n d   t h e  maximum Reynolds 
number c a p a b i l i t y  of t h e  NTF is p r e s e n t e d  i n  f i g u r e  6. The  comparison  shows 
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t r 4 
1 that the CCV  configuration  has  about  the  same  high  Reynolds  number  requirements 

as  the  shuttle  orbiter. The comparison  is  made  for  a  0.01-scale  model  of  the 
CCV configuration  which  has  a  blockage  ratio  of  about 0.002. 

There  are  currently two classes of future  space  transportation  systems  pro- 
jected  for  the 1995 time  frame. A priority  vehicle  with  a  payload  capability  of 
4450 to 29  500 kg is  designed  to  deliver  personnel  and  payloads  to  Earth  orbit. 
Some  requirements  for  this  vehicle  dictate  a  quick  response  capability  to  a  wide 
variety  of  orbits. The second class of  vehicle  being  studied  is  the  heavy-lift 
system. This vehicle  will  be  designed  to  deliver  very  large  payloads (up  to 
225 000 kg)  to orbit. The requirements  for  this  system  are  still  not  well 
defined,  but  these  vehicles  will  be  very  large  with  high  flight  Reynolds  numbers 
during  both  ascent  and  entry. 

Planetary  Probes 

There  is  a  requirement  for  high  Reynolds  number  testing to support  the 
planetary  probe  programs.  These  probes  are  used to determine  the  atmospheric 
characteristics  of  the  various  planets.  Determining  these  atmospheric  character- 
istics  requires  very  good  definition  of  the  probe  aerodynamics. The results of 
work  with  the Pioneer  Venus  Probe  have  shown that  for  very  blunt  bodies  accurate 
transonic  wind-tunnel  results  can  only  be  obtained  with  very  small  blockage 
ratios,  requiring  high  Reynolds  number  facilities to duplicate  flight  values. 
A photograph  of a  wind-tunnel  model of  the  Pioneer  Venus Probe  is  shown in  fig- 
ure 7. A  comparison of the  flight  Reynolds  number of  this probe  with  the  NTF 
capability  is  presented in figure 8. As  can  be  seen,  the NTF  easily  provides 
flight  values of Reynolds  numbers  with  the  recommended  blockage  ratio  for  this 
probe. 

PANEL  DISCUSSION AND RECOMMENDATION 

The purpose  of  the  panel  discussion  was  to  determine  the  space  vehicle 
design  requirements  for  transonic  and  subsonic  high  Reynolds  number  wind-tunnel 
tests. The space  vehicle  designs  considered  were  Space  Shuttle  Orbiter,  space 
shuttle  launch  vehicle,  advanced  space  transportation  systems,  planetary  probes, 
and cruise  missiles. 

The panel  recommended  that  pathfinder  models  of  a  0.02-scale  Space  Shuttle 
Orbiter  and a 0.01-scale  launch  vehicle  be  tested  in  the  NTF.  These  models 
should be designed  to  obtain force and moment,  pressure,  and  spectral  data and 
should  also  be  utilized  for  flow-visualization  studies. The objectives  of 
developing  the  shuttle  pathfinder  series  would  be:  postflight  shuttle  develop- 
ment, wind  tunnel  to  wind  tunnel  and  wind  tunnel  to  flight  data  correlation, 
and shuttle  enhancement  studies. 

There are several  preflight  concerns  for  the  shuttle  system  that  could 
result  in  postflight  test  requirements. These  concerns,  which  are  presented in 
figure 9, should not  affect  minimum  safety,  but  better  definition of these prob- 
lems  would  result  in  the  removal  of  design  boundaries  and  mission  constraints. 
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The requirements identified by  the panel for  high Reynolds number testing 
for advanced space vehicles and planetary probe development are presented in 
figure 10. One requirement is to determine the Reynolds number effects on very 
thick wings with large leading-edge  radii. For  some of the proposed  configura- 
tions where structural efficiency dictates circular bodies, Reynolds number 
effects on body crossflow are important. Reduction in the uncertainties for 
predicted flight aerodynamics by use of high Reynolds number wind-tunnel  tests 
will simplify the vehicle design process. For the design of planetary probes, 
the only real requirement is  that high Reynolds number capability be available 
with an accurate understanding of blockage and sting effects for bluff-body 
testing. 

In order to accomplish the  testing required for space vehicle design, the 
space vehicle panel has identified requirements for the following capabilities. 

High Angle of Attack 

To analyze the abort flight regime of  the shuttle orbiter, there is a 
requirement to  test at angles of attack up  to 40° at both subsonic and  transonic 
Mach numbers. The ability to obtain aerodynamic data at flight values of 
Reynolds numbers for these  tests  would eliminate uncertainties in the  stability 
and control parameters for control system design. Experience in the development 
of  the cruise missile has also demonstrated  a need for high Reynolds number 
high c1 data for these vehicle designs. In order to accomplish this high 
angle-of-attack  testing,  there are requirements for a high a support system, 
high  load balances, an understanding of  the blockage effects at high a ,  and  a 
flow-visualization  capability. 

Dynamic Stability 

Even though there are estimation techniques that  do accurately predict  the 
damping derivatives for aircraft-type configurations, they are not sufficient 
for space vehicle design. During entry  and abort, these vehicles fly at high 
angles of attack ( 1 2 O  to 40°) ,  and regions of separated flow exist. Present 
estimation  techniques  cannot  predict  the  damping with separated flow on the 
vehicle.  Capability  should be developed to measure the pitch, yaw, and roll 
damping  and the roll and yaw cross derivatives in  the NTF. 

Blade or  Strut Support System 

Base flow studies and  the determination of propulsion and reaction control 
system  plume effects require alternatives to the standard sting support  system. 
A blade or strut  support  system  would  eliminate  sting effects in the base 
region, allowing base flow studies at the high Reynolds numbers of the  NTF. 
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Surface  Roughness  Studies 

Space  vehicles  have some unique  surfaces  because of  the requirements  for 
TPS,  nozzles,  vents,  hatches, etc. In order to assess  the  effect  of  these  rough 
surfaces,  there  is  a  requirement  to  obtain  both  flow  visualization  and  spectral 
data at high  Reynolds  numbers. 

Boundary-Layer  Transition  Measurements 

In the  design  of  space  vehicles,  there is a  requirement to  understand  the 
boundary-layer  transition on very  thick  wings (10 to 20 percent). These transi- 
tion  studies  will require the use of  thin-film  gauges  or  laser  techniques  to 
determine  the  boundary-layer  characteristics. 

Bluff-Body  Studies 

In order  to  test  planetary  probes,  there will be  requirements  for  special 
balances  capable  of  measuring  the  high  axial  forces  and  low  normal  forces  of 
bluff  bodies. 
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Figure 1.- Artist's conception of the  first 
Space  Shuttle  Launch. 

Figure 2.- Estimated  boundary-layer  thickness  upstream of the 
cross  beam. M = 1.4; 0.03 scale. 

270 



Figure 3.- Estimated  boundary-layer  thickness  upstream of the 
cross beam. M = 1.4; full  scale. 
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Figure 4.- Comparison of the  Space  Shuttle  Orbiter  entry 
flight  Reynolds  number  and NTF capacity. 0.015-scale 
orbiter  model. 
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Figure 5.- Photograph of a  wind-tunnel  model of SST0 CCV  configuration. 
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Figure 6.- Comparison of entry  flight  Reynolds  numbers of 
CCV configuration (0.01-scale model), Space  Shuttle 
Orbiter (0.015-scale model), and NTF capability. 
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Figure 7.- Photograph of the  0.092-scale  Pioneer  Venus 
Sounder  probe  model. 
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Figure 8.- Comparison of Pioneer  Venus  Probe  flight 
data  Reynolds  number  requirements  and NTF 
capability. 
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PREFLIGHT CONCERNS - ORBITER 

0 CONTROL EFFECTIVENESS (C 1 
0 ELEVEN  HINGE MOMENTS % a 
e p HYSTERESIS 

0 PLUME INDUCED  EFFECTS (RCS,  AND  SSME FOR ABORT) 

PREFLIGHT CONCERNS - LAUNCH VEHICLE 

0 INTERSTAGE BOUNDARY-LAYER CHARACTERISTICS 
AND  SHOCK IMPINGEMENT  (STATIC AND DYNAMIC) 

0 HlNGE MOMENTS (LOAD RELIEF)  

0 BASE  EFFECTS (POWER  ON AND POWER OFF) 

Figure 9.- Projected  shuttle  post-flight  test  requirements. 

ADVANCED  SPACE VEHICLES 
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AND  CONTROL  FOR  CCV DESIGN 

PLANETARY PROBES 

0 ACCURATE DETERMINATION OF BLOCKAGE AND STING 
EFFECTS FOR BLUFF  BODIES 

Figure 10.- Advanced  space  vehicle  requirement 
for  high  Reynolds  number  data. 
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REPORT OF  THE PANEL ON THEORETICAL AERODYNAMICS 

Jerry C. South, Jr.,  and Frank C. Thames 
NASA Langley Research Center 

INTRODUCTION 

This panel  covered  both aspects of the interaction of  NTF  and  the  theoreti- 
cal aerodynamics discipline, namely, ways in which the NTF can be used to 
benefit theoretical aerodynamics and ways in which this discipline can aid  the 
NTF. The NTF can significantly impact  theoretical aerodynamics in ,three  areas: 

Development and validation of computational fluid  dynamics  computer 
codes 

Determination/validation of Reynolds number (Re) scaling laws which 
allow data from conventional, moderate Reynolds number tunnels to be 
"scaled up" 

Extension of the data bases  of  entrainment-type  turbulence  models to 
include high Reynolds number data 

Of these, the  panel's  principal focus was on the first area. Further, the 
aerodynamic  programs  considered  were  those used primarily for flight  vehicle 
design and analysis purposes. The more fundamental aspects of fluid  mechanics - 
transition,  detailed  turbulence modeling, shock/boundary-layer interactions, 
etc. - were left to the Fluid Dynamics Panel. The second area listed - 
determination of Reynolds number scaling laws - would serve to broaden the data 
base for theoretical aerodynamics development work in a number of areas. 
Finally, the  last  item addresses the need to obtain high Reynolds number base 
data to update some of the more widely  used  turbulent  boundary-layer  methods. 

The theoretical aerodynamics discipline can benefit  the  NTF in one impor- 
tant  (and usually  troublesome) area - the quantitative description of wind- 
tunnel wall interference effects.  Without an accurate wall interference 
assessment or correction procedure, validation of aerodynamic codes designed 
for simulation of free-air  conditions is virtually  impossible. This is 
particularly  true for transonic  flows which can be inordinately sensitive to 
small perturbations in geometry and/or flow parameters. 

The next section of  this  paper presents a more detailed  look  at  the  four 
areas of theoretical aerodynamics/NTF interaction outlined  above. The final 
section covers the recommended  experiments to achieve the common goals of NTF 
and  the theoretical aerodynamics community. 
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BACKGROUND 

Aerodynamic Code Development/Validation 

To access the  usefulness of the NTF in aiding the development/validation 
of aerodynamic  codes,  it  is  reasonable first to review the  status  of  current 
and  anticipated  near-term  capabilities. 

The current  state  of the  art in transonic  computational  aerodynamic 
analysis  codes (geometry-specified) can be summarized as follows: 

Airfoils (2-D):  2-D conservative  full-potential  transonic  inviscid 
analysis  plus Green‘s integral  boundary  method  plus  trailing-edge 
singularity  and  viscous wake thickness  and curvature accounted for 
(ref. 1) 

Winglbodies (3-D):  3-D conservative  full-potential  analysis  plus 3-D 
integral  boundary-layer  method  plus wake simulation (refs. 2-4) 

Wing/body/pod/pylon/winglet (3-D):  3-D nonconservative,  small- 
disturbance,  potential  analysis  plus 2-D strip  boundary  layer on 
wing  only (ref. 5) 

It is interesting to note that all of  these methods are of  the  viscous-inviscid 
interaction  type  and that  the viscous (boundary-layer) solutions are all integral 
procedures.  Sample  results  from  these  three methods are shown in figures 1 to 3 .  
In addition to these  analysis  routines,  there are two transonic  airfoil design 
codes (pressure-distribution-specified) that  are  generally  available. These 
are the shockless  design  code of Bauer  et  al. (ref. 6), and the Carlson pro- 
gram (ref. 7)  which  can  handle  more  general  cases with shocks. The design 
codes  are  also based on potential/boundary-layer interaction theory. Future 
developments, however, should see the advent  of  methods  based on a  still  more 
powerful  theoretical  foundation. 

The expected  computational  aerodynamic  capabilities for the  near future are 
listed in table 1. The initial five items are in the final stages of develop- 
ment  and are sure to be generally  available  by  the end of calendar year 1982. 
The  latter  three  efforts are in  more  formative  stages of development  and  their 
release may well extend  into  the  mid-1980’s. Note that four of  the items  in 
table 1 are  based on the  numerical  solution of either the  2-D  or parabolized  3-D 
Reynolds-averaged  Navier-Stokes  equations  with  varying  degrees  of  sophistication 
associated with turbulence  closure (NTF inputs to turbulence  modeling  develop- 
ments  are  covered by  the Fluid Dynamics Panel). Design-type  solutions to  the 
fully  3-D  Reynolds-averaged  Navier-Stokes  equations  require  computer resources 
beyond  the capabilities of current or projected  super-computers. 

All  of  the  current  and  expected  capabilities  outlined above are  developed 
and “validated”  using  data  taken  at  Reynolds  numbers  significantly  less  than 
those  encountered in flight  for  full-scale  vehicles.  If we couple this fact 
with the fact that all of  these  methods are approximate in some sense, it is 
readily  apparent that data  obtained at near-flight  Reynolds numbers constitute 
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a pressing  need  of  the  theoretical  aerodynamics  discipline.  Several  of  the 
recommended  NTF  experiments  are  proposed to fill this  data-base  requirement. 

Reynolds  Number  Scaling 

The purpose of  this  effort is to  try  to  establish a  set of  rules  (scaling 
laws) which  can  be  used  to  rescale  data  acquired in a low-Reynolds-number 
installation  (say, Re = O(106)) so that, in effect , the  data  appear to have 
been  taken  at  a  higher  Reynolds  number  (Re = O ( 5 0  x 106)). The existence  of 
such  a  set of laws  would  allow  Reynolds-number-sensitive  testing in existing 
low-Reynolds-number  tunnels. The development  of a  comprehensive set of  scaling 
rules  (if,  indeed,  they  exist)  would,  of  course,  entail  an  extensive,  carefully 
thought-out  program. As a first step, this  panel  recommends  that an attempt 
be  made  in  the  Pathfinder I test  series to validate  the  Reynolds  number  scaling 
rule proposed in reference 8. Basically,  this  rule  states  that  the 
transition  strip  should  be  positioned on the  wing  such  that  the  trailing-edge 
displacement  thickness in the  low-Reynolds-number  experiment  matches  the 
thickness  that  would  occur at full-scale  conditions. The recommended  experi- 
ment  to  test  this rule is  covered  in a later  section. 

High  Reynolds  Number Data Base  Generation 

for  Entrainment  Boundary-Layer  Methods 

The point was  made in a  previous  section  that  current  and  near-term  compu- 
tational  aerodynamics  methods  will  continue  to  rely  heavily  on  approximate 
formulations  of  fluid flow problems.  It is anticipated  that  potential  flow/ 
boundary-layer  interaction  methods  will  carry  the  burden  of  design  and  analysis 
computations  for  quite  some  time  (particularly  for  3-D  calculations).  Of  the 
available  boundary-layer methods, the  integral  entrainment  type of method  is  in 
wide  use  in  both  two-  and  three-dimensional  calculation  (e.g.,  ref. 1 and  ref- 
erences  cited  therein). All of  these methods  contain  a  number of  correlation 
constants  which are determined  from  test  data  of  limited  Reynolds  number  range. 
A broader  data base, extended  to higher  Reynolds  numbers,  is  needed to  extend 
the  validity  of the  entrainment  methods.  The  required  test  is  a  rather  simple 
one (flat  plate)  and can  be carried  out  in  the  smaller  0.3-meter  Transonic 
Cryogenic Tunnel (TCT)  at Langley.  Details of the  proposed  test are given in 
a later  section. 

Wall  Interference  Assessment  Studies 

The  study  of  wall  interference is one  area  in  which  the  theoretical  aero- 
dynamics  discipline  can  aid  the  NTF.  Accurate  wall  interference  assessment 
procedures,  or  the  accounting  for  wall  effects,  are  mandatory  for  successful 
aerodynamic  code  validation. For this reason, this  panel  strongly  recommends 
that measurements  necessary to establish  wall  interference  corrections  or to 
simulate  wall  effects  be  made  from  the  very  inception  of  NTF  operations.  This 
will  guarantee  the  buildup  of  a  data  base  which  can  be  utilized  for  future 
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developments  of  correction  methods.  Current  wall  interference  assessment 
methods (ref. 9) require  special  measurements. The principal  ones are: 

Tunnel  sidewall, floor, and  ceiling  static  pressure  distributions 

One  or  more  flow  angle  measurements  upstream of  the  working  section 
where  the flow is  essentially  potential in nature 

This  panel  recommends  that  both  NTF  and  the  0.3-m  TCT  be  instrumented  to  acquire 
these  measurements  on  a  routine  basis. These data will aid in the  establishment 
of  the interference  data  bank  alluded to  above. 

All of  the  recommended  experiments  covered in the  next  section  address  the 
problem  of  wall  interference  to  some  degree.  Two  of  the  experiments - the 
axisymmetric body drag  rise  test  and  the  isolated  wing  test - have wall inter- 
ference  as  their  primary  focus. In each  of  these  experiments,  two  model  sizes 
will  be  tested. 

RECOMMENDED  EXPERIMENTS 

A brief  description is given in this  section of a  set of five experiments 
designed  to implement the requirements  set  forth  in  the  previous  section. In 
addition to fulfilling  the  stated  requirements,  the  panel  established  two  other 
guidelines  for  the  tests: 

It  should  be  possible  to  conduct  the  proposed  tests  with  currently 
available  measurement  and  data  acquisition  systems. 

The experiments  should  have  a  generic  nature - that is, the  data 
acquired  should  be  useful for  a  number  of  aerodynamic  applications. 

The  recommended  experiments  have  not  been  placed in any  priority  ordering - all 
have  essentially  the  same  level of priority. However,  since two of the  tests 
are  merely  additions to experiments  definitely  scheduled  for  early  work in the 
NTF, it  is  presumed  that  they will be  first  in  the  recommended  series to  be 
accomplished. Details  of the individual  tests  are  given  below  (for  the  two 
tests  mentioned  immediately above,  only the  additions  are  described). 

Experiment  Number 1 - 

Additions  to,  the  Axisymmetric  Body  Drag  Rise  Experiment 

Purpose.-  Develop  data  base  to  establish  an  axisymmetric wall  interference 
assessment  and  correction  procedure. 

Test  plans.- Two  separate  tests  are  to  be  conducted,  one'in NTE and  another 
in the  0.3-m TCT, using  two  geometrically  similar  bodies  of  revolution  (see 
fig. 4 ) .  The bodies are sized  such  that  the  body  diameter  to  tunnel  width  ratio 
for  the small body in the  0.3-m TCT  equals  the  same  ratio  for  the  large  body in 
the  NTF. In addition,  the  small  body  should  be  small  enough to  incur  negligible 
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interference  effects  to  NTF. Data  are to be acquired  at  various  Reynolds  num- 
bers for Mach  numbers  near  one.  The  effects of small  angles  of  attacklsideslip 
are  also  to  be  obtained. 

Measurements.- . Six-component  force  and  moment  data 
Bodylsting  pressure  distributions 

Wall  pressure  distributions 

"Axisymmetric"  wall  pressure  distribution  (see  fig. 4 )  

Experiment  Number 2 - 

Additions  to  the  Pathfinder I Experiment 

Purpose.-  Obtain  configuration  data  for  code  validation  at  high  Reynolds 
numbers  and  attempt  to  verify transition-strip-placement Reynolds  number  scaling 
rule. 

Test  plans.-  Obtain  data  at  Reynolds  numbers  from 2 x l o 6  to 40 X l o 6  at 
constant  dynamic  pressure.  (This  latter  requirement  minimizes  model  geometrical 
anomalies  due  to  differential  deflections.) The  data  are  to  be  taken  at  three 
Mach  numbers  (Pathfinder I design  Mach  number  and k0.1) and  three  lift  coeffi- 
cients  (design  and k0.5). In  addition,  the low Reynolds  number  data  are  to  be 
acquired  for  several  transition  strip  locations  (say, 10, 20, and 30% chord). 

Measurements.- . Transition  location  (high  Reynolds  number  only) 
Wake  rake  pressures 

Configuration  forces,  moments,  and  surface  pressures 

Tunnel  wall  pressures 

Model  deformation 

LDV measurement of stream  velocity  in  the  potential  flow  region  and  near 
model 

Experiment  Number 3 - 

High  Reynolds  Number  Flat-Plate  Test 

Purpose.-  Obtain  a  data  base to support  the  extension  of  entrainment-type 
boundary-layer  methods  to  high  Reynolds  number. 
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Test plans.-  Test f l a t   p l a t e  i n  0.3-m TCT. Obtain d a t a  a t  several Mach 
numbers  and a sequence   of   p rescr ibed   Reynolds   number .   Inc lude   capabi l i ty   to  
vary  boundary-layer   shape  factor   and  to   obtain small separa t ion   zones .  

Measurements. - 
Deta i led   boundary- layer   p rof i le   da ta   (ho t  w i r e  o r  LDV) 

P l a t e  su r face   p re s su res  

Tunnel wal l  p re s su res  

Experiment Number 4 - 

I s o l a t e d  Wing Test 

Purpose.-   Computer  code  verification a t  high  Reynolds number  and assess- 
ment of 3-D w a l l  i n t e r f e r e n c e   e f f e c t s .  

Test p lans . -  Model s h o u l d   b e   i d e n t i c a l   t o   o n e   t e s t e d   e x t e n s i v e l y  a t  o t h e r  
f a c i l i t i e s .  Two geometr ica l ly  similar model s i z e s  are to   be   t e s t ed ,   one   r ' l a rge" ,  
another  "small". Data are t o   b e   a c q u i r e d   f o r   v a r i o u s  Mach numbers, l i f t   c o e f f i -  
c i e n t s ,  and  Reynolds  numbers. 

Measurements.- 

Wing su r face   p re s su res  

Configurat ion  forces   and moments 

Wake rake 

Boundary- layer   p rof i les  

Wall p re s su res  

Experiment Number 5 - 

Wing Design Method Evaluation  Experiment 

Purpose.-   Verify  three-dimensional  transonic  wing-design  code. 

Test plans.-  Modify a given  wing  model  surface  shape  )one  which  has  been 
e x t e n s i v e l y   t e s t e d )   u s i n g   p r e d i c t i o n s   o f  a 3-D wing-design  code. Test model 
a t  condi t ions  in   the  neighborhood  of   the  wing  des5gn  point .  
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Measurements.- 

* Wing surface pressures 

Wing forces and  moments 

Wake rake 

Tunnel wall pressures 
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TABLE  1.-  EXPECTED  COMPUTATIONAL  AERODYNAMIC  CAPABILITIES 

availability  date 
~~~ 

1982 

1982 

1982 

1982 

1982 

1983 

1984 

Capability 

Grumman  3-D  Pod-Pylon-Wing  Code + 3-D 
Integral  Boundary  Layer + Wake 

3-D  Transonic  Wing  Design  Methods 

2-D  Laminar/Turbulent  Navier-Stokes 
Transonic  Single  Element  Airfoil 

3-D  Wing  in  Wind  Tunnel  (Inviscid) 

3-D  Parabolic  Navier-Stokes  Subsonic 
Wing-Fuselage  Turbulent  Juncture 
Flow 

2-D  Laminar/Turbulent  Navier-Stokes 
Low-Speed  Two-Element  Airfoil 

3-D  Parabolic  Navier-Stokes  Transonic 
Wing  Tip  Flow 

3-D Transonic  Potential  Flow/Free 
Vortex  Sheet  Interaction for Wing- 
Strake  Flow 
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RAE 2822 - PRESSURE  DISTRIBUTION 
M, = 0.728, CL = 0.743, Re = 6.5 x lo6 (X, = 0.03) 

. . . . . THEORY (NC) ~1 - 2.51. CD 0,0143 C y  - .0.090 - THEORY 1F.C) a I 2.35' CD I0.0123 CM - -0.flgl 1 MCMJ 

"'6 1 IM- - 0.7261' 
0 0 EXPERIMENT oG -2.92'  Cg-0.0127  Cy- -0.095 

.0.8 - 

4 . 4  - 
C? 

0.0 - 

0.4 - 

0.8 - 

1.2 - 

....- ........ - ...."____.__ 

F i g u r e  1.- Compar ison   of   exper imenta l   da ta   wi th  
p r e d i c t i o n s  of  t h e  GRUMFOIL c o d e   ( r e f .  1). 

= 27' 

= 10.3 

I nvi sci d ( FLO-301 
- - - lnvi x ' d  + 3-D boundary  layer 
- - - - - lnvi  scid + 3-D boundary I ayer t wake 

0 Experi rnent 

Test Case  Configuration  Spanwise Lift Distribution  Comparison 

F i g u r e  2.- Comparison of e x p e r i m e n t a l   d a t a   w i t h  
p r e d i c t i o n s  of S t r e e t t   ( r e f .  4 ) .  
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Test Case Configuration 

Figure 3.- Prediction of nacelle  interference effects on a 
Gulfstream wing using Boppe's method (ref. 5). 

nn-nn 
\ "AXISYWETRIC" FIELD PRESSURES 

WALL PRESSURES 

>El 
SMALL BODY BODY/STING PRESSURES 

N T F  
0 , 3 - ~  FACILW 

Figure 4 . -  Schematic of models and pressure  measurement 
stations  for experiment number 1. 
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QUESTION AND ANSWER  PERIODS 

Donald D.  Baals, e d i t o r  
George  Washington  Universi ty  

INTRODUCTORY STATEMENT 

F o l l o w i n g   t h e   p r e s e n t a t i o n   o f   e a c h   p a p e r   b y   t h e   v a r i o u s   a u t h o r s   a n d   p a n e l  
cha i rmen ,   t he  Workshop a t t e n d e e s  were i n v i t e d   t o  ra ise  q u e s t i o n s   o r   i n t r o d u c e  
comments a p p r o p r i a t e   t o   t h e   d i s c u s s i o n .  The  fol lowing  summation  of   these 
ex temporaneous   ques t ions ,   answers ,   and  comments has   been   drawn  f rom  de ta i led  
p e r s o n a l   n o t e s ,   c o n v e r s a t i o n s ,   a n d   o t h e r   s o u r c e  material wi th   on ly   min imal  
p o s t - c o n f e r e n c e   r e v i e w   b y   t h e   p a r t i c i p a n t s .  A s  a r e s u l t ,   t h e   f o l l o w i n g  commen- 
t a r y  may err i n   d e t a i l ,   b u t   t h e   g e n e r a l   c o n t e n t  o f  t h e  commentary  should  pro- 
v i d e  a v a l u a b l e   a d j u n c t   t o   t h e   f o r m a l   p a p e r s   a n d   p a n e l   p r e s e n t a t i o n s   c o n t a i n e d  
i n   t h i s   c o n f e r e n c e   p u b l i c a t i o n .  

NTF  PROJECT  STATUS 

(ROBERT R .  HOWELL) 

Comparison of NTF Opera t ing   Cos ts  

The NTF i s  p r o j e c t e d   t o   h a v e   h i g h e r   d a t a   p r o d u c t i o n  rates t h a n   f o r   e x i s t -  
i n g   f a c i l i t i e s ,   b u t  a need w a s  e x p r e s s e d   f o r  a compar i son   o f   ope ra t ing   cos t s  
w i t h   o t h e r   f a c i l i t i e s .  The a u t h o r   n o t e d   t h a t  NTF is  des igned   t o   gene ra t e   8000  
e q u i v a l e n t   p o l a r s  p e r  year ,   which  i s  abou t   fou r  times t h e   p r o d u c t i v i t y  of  t h e  
Langley   8-Foot   Transonic   Pressure   Tunnel ,   and   about  twice t h a t  of  t he   Un i t a ry  
P l a n  Wind Tunnel .  NTF c o s t  p e r  p o l a r   i n   a i r  i s  less t h a n   t h a t   f o r   e x i s t i n g  
ambient - tempera ture   tunnels .   For   opera t ion   wi th   c ryogenic   n i t rogen ,   however ,  
t h e  NTF o p e r a t i n g   c o s t   i n c r e a s e s  by a f a c t o r   o f   a b o u t   f o u r .  The d a t a   c o s t   f o r  
t h e  8' TPT i s  about  $600 p e r   p o l a r ,   f o r  NTF about  $2000 p e r   p o l a r   ( b u t  a t  
g r e a t l y   i n c r e a s e d  t e s t  Reynolds  number). 

Prec is ion   Measurement  of Model A t t i t u d e  

P rec i se   measu remen t   o f   t he   a t t i t ude   o f   t he   mode l   unde r  test was recognized 
as a p r o b l e m   r e q u i r i n g   f u r t h e r   e f f o r t .   I n i t i a l  NTF models w i l l  i n c o r p o r a t e   a n  
a d v a n c e d   i n t e r n a l   a c c e l e r o m e t e r   s y s t e m ,   b u t   t h e   r e s u l t a n t   a c c u r a c y  may n o t   b e  
s a t i s f a c t o r y .  An indus t ry-developed   op t ica l   measurement   sys tem of high  accu-  
r a c y  w i l l  a l s o   b e   u t i l i z e d .   F u r t h e r ,  a d e d i c a t e d   o p t i c a l   s y s t e m   f o r   m e a s u r e -  
ment of model a t t i t u d e  i s  i n   t h e   p r o c e s s  of development a t  Langley.  
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Determina t ion   of  Model  Shape  Under  Load 

Measurement of s u r f a c e   d e f l e c t i o n   ( s h a p e )   u n d e r   l o a d   r e p r e s e n t s  a more 
d i f f i c u l t   p r o b l e m   t h a n   t h a t   o f   m o d e l   a t t i t u d e   o n l y .   S i n c e   t h e  NTF h a s   t h e  
u n i q u e   c a p a b i l i t y   f o r   h o l d i n g   t h e   a e r o d y n a m i c   l o a d   c o n s t a n t  while v a r y i n g  
Reynolds  number (or v a r y i n g   t h e   l o a d  a t  c o n s t a n t  R e ) ,  measurement   of   the   wing 
de f l ec t ion   unde r   l oad   becomes  a bgs i c   r equ i r emen t .   Seve ra l   i ndus t ry -deve loped  
o p t i c a l   s y s t e m s   f o r   m e a s u r i n g   w i n g   d e f o r m a t i o n  are now u n d e r   s t u d y   f o r   a p p l i c a -  
t i o n   t o  NTF. 

NTF MANAGEMENT CONSIDERATIONS 

(ROBERT BOWER) 

Rela t ionship   Between NTF and 0.3-m TCT and 
T h e i r   A c c e s s i b i l i t y   F o r  Basic Research 

An o b s e r v a t i o n  w a s  made by a r e p r e s e n t a t i v e  of t h e   u n i v e r s i t y  community 
tha t   Langley   has   had  i n  o p e r a t i o n   f o r  some time a small 0.3-m T r a n s o n i c  
Cryogenic  Tunnel.  It was q u e s t i o n e d   w h e t h e r   t h i s   f a c i l i t y  is t o   b e   c o n s i d e r e d  
a p a r t   o f  NTF i n   t h e   b r o a d e r   r e s e a r c h  view, o r   w h e t h e r  it is t o   b e  a s e p a r a t e  
f a c i l i t y   w i t h  a s e p a r a t e   o r g a n i z a t i o n   a n d   o p e r a t i n g   s t a f f .   T h i s  is  a key  ques- 
t i o n   r e l a t i v e   t o   u n i v e r s i t y - t y p e   r e s e a r c h  ac t iv i t i e s ,  f o r  a l a r g e   t u n n e l  (NTF) 
may n o t   b e   t h e   b e s t  way t o   a t t a c k   c e r t a i n   r e s e a r c h   p r o b l e m s .  

I t  was f u r t h e r   s t a t e d   t h a t   t h e   o r i g i n a l   c o n c e p t   o f  NTF b e i n g   a c c e p t a b l e  
fo r   sponsored   r e sea rch   neve r   had  a c o n s t r a i n t   t h a t  a l l  such   research   would   be  
c a r r i e d   o u t   i n   t h i s   l a r g e - s c a l e   f a c i l i t y ,   w h i c h   i n  many ways a n d   f o r  many 
t h i n g s  is u n r e a l i s t i c   t o   u s e .  Much o f   t h e   e a r l y   d i s c u s s i o n   a b o u t   t h e  0 .3 -m TCT 
had a l o t   o f   i n p u t   w i t h   r e g a r d   t o  i t  b e i n g   a c c e s s i b l e   t o   t h e   r e s e a r c h e r .  Now, 
t h e  0.3-m TCT i s  b e i n g   u s e d   p r a c t i c a l l y  as a p r o d u c t i o n   t o o l   f o r   t h e   d e v e l o p -  
ment o f   2 - d i m e n s i o n a l   a i r f o i l s .  The i d e a   o f   d o i n g   b a s i c   r e s e a r c h   i n   t h a t  
f a c i l i t y   h a s   b e e n   b l o c k e d   b y   t h e   f a c t   t h a t  i t  is  a very   impor tan t   and   un ique  
t o o l   i n  a v e r y   p r a c t i c a l   s e n s e .  One s h o u l d   c o n s i d e r   t h e  0.3-m TCT as a p a r t  
o f   t h e   c r y o g e n i c   f a c i l i t y   w h i c h  was t h e   o r i g i n a l   c o n c e p t   f o r  NTF. There is  
good r e a s o n  why t h e  0.3-m TCT should  not b e   o f f   t o   t h e   s i d e ;   i n  some  ways i t  
s h o u l d   b e   c o n s i d e r e d  as a n   a d j u n c t   t o  NTF. 

I n   r e s p o n s e ,   t h e   a u t h o r   n o t e d   t h a t   b e c a u s e   o f   t h e   n a t u r e   o f  NTF as a 
n a t i o n a l   f a c i l i t y ,   t h e r e  i s  n e e d   f o r  a d e d i c a t e d   g r o u p   t o  manage t h e  NTF. The 
0 . 3 - m  TCT, a l o n g   w i t h  NTF, i s  in   t he   T ranson ic   Aerodynamics   D iv i s ion   ( fo rmer ly  
the  Subsonic-Transonic   Aerodynamics  Divis ion)   and is t i e d   b o t h   p h y s i c a l l y   a n d  
o r g a n i z a t i o n a l l y   t o   t h e  same  managing  group, so  t h e r e  w i l l  be  a s t r o n g   i n t e r -  
play  between  them. The 0.3-m TCT i s  b e i n g   u s e d   f o r  many p i l o t   e x p e r i m e n t s ,  
d a t a   b a s e ,  e tc .  and   can   be   used   for   p lanning   and   documenta t ion   of  NTF. 

Right  now t h e  0.3-m TCT h a s   i n s t a l l e d  a 2-dimensional tes t  s e c t i o n   a n d  i s  
g e t t i n g   t r a n s o n i c   a i r f o i l   d a t a  a t  a chord  Reynolds  number of 48 mil l ion ,   wh ich  
i s  b e l i e v e d   t o   b e   t h e   h i g h e s t   y e t   a c h i e v e d   f o r   t h i s   t y p e   o f  tes t .  E a r l y   n e x t  
y e a r   t h e r e  w i l l  b e   i n s t a l l e d  a 2-D, s e l f - s t r e a m l i n i n g  w a l l  tes t  s e c t i o n   t o  
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f u r t h e r   e n h a n c e   e x p e r i m e n t a l   c a p a b i l i t y .   T h e  
mode p robab ly   fo r   t he   nex t   coup le   o f   yea r s  as 
p r o g r a m   w i t h   i n d u s t r y   f o r   d e v e l o p i n g   a i r f o i l s  

f a c i l i t y  w i l l  remain i n  a 2-D 
p a r t  o f   a n   e x t e n s i v e   r e s e a r c h  
a t  high  Reynolds  number. 

T h r o u g h o u t   t h i s  t i m e  per iod ,   however ,   the  0.3-m TCT w i l l  s t i l l  s u p p o r t  
bas i c   r e sea rch - -a t  least  t h a t   r e s e a r c h   w h i c h   c a n   b e   c a r r i e d   o u t   i n  a 2-D tes t  
s e c t i o n .  To e n h a n c e   t h e   p r o d u c t i v i t y ,   t h e   t u n n e l  w i l l  be   ope ra t ed   on  two 
s h i f t s   a n d   i n c o r p o r a t e  t i m e  s a v i n g s  items such as Mach number c o n t r o l   a n d  
au tomat ion   of   the  LN supply  system. It  i s  n o t  clear a t  t h i s  time when t h e  
0.3-m TCT might recelve a new tes t  s e c t i o n   b e y o n d   t h e  2-D, s e l f - s t r e a m l i n i n g  
w a l l .  I t  i s  clear ,  h o w e v e r ,   t h a t   t h e   t u n n e l  w i l l  c o n t i n u o u s l y   b e   u s e d   i n  a 
complementary mode w i t h  NTF, as w i l l  o t h e r   f a c i l i t i e s  a t  Lang ley ,   t o   pe r fo rm 
r e s e a r c h   m o s t   e f f e c t i v e l y .   P o t e n t i a l   u s e r s   o f   t h e  NTF a n d   t h e  0.3-m TCT were 
s t r o n g l y   u r g e d   t o  s tart  the i r   p l ann ing   immedia t e ly   and   p ropose   t o   Lang ley  as 
soon as p o s s i b l e   e x p e r i m e n t s   i n   b o t h   o f   t h e s e   f a c i l i t i e s .  

2 

O p e r a t i o n a l   F u n d i n g   f o r  NTF 

A member o f   t h e  NTF Liepman  Commit tee   cau t ioned   tha t   the   opera t iona l  
f u n d i n g   p l a n   f o r  NTF s h o u l d   n o t   b e   s t r u c t u r e d  so t h a t  i t  i s  dependent   upon  the 
u s e r s   c o m i n g   i n   w i t h  money. NTF funding  must  be  provided up f r o n t   t o   o p e r a t e  
t h e   f a c i l i t y   a n d  make a c c e s s  as e a s y  as p o s s i b l e   f o r   t h e   u s e r .  One must   no t  
h a v e   t o  go through a g rea t   p rocuremen t   cyc le   and   ge t   on  a list 4 y e a r s   i n  
advance   wi th   funding ,  e t c . ,  be fo re   one   can   ge t   on   t he  NTF schedule .  How t h e  
u s e r   h a s   t o   p a y   f a c i l i t y   o p e r a t i n g   c o s t s  w i l l  b e   v e r y   i m p o r t a n t ,   f o r   t h e   u s e r  
may b e   t u r n e d   o f f   b e c a u s e   t h e   b r o j e c t   h a s  become too   expens ive .  

PATHFINDER MODEL STATUS 

(CLARENCE YOUNG) 

Re la t ive   Cos t s   o f   Cryogen ic  Model C o n s t r u c t i o n  

F o r   P a t h f i n d e r  I model,  no r ea l  c o s t   d r i v e r s   h a v e   b e e n   f o u n d ,   b u t   t h e r e  
w i l l  be  more  work r e q u i r e d   f o r   m o d e l   c o n s t r u c t i o n   t h a n   f o r  a r e g u l a r   t r a n s o n i c  
model.  For a P a t h f i n d e r  I t y p e   m o d e l ,   t h e   c o s t   r a t i o   s h o u l d   b e  less t h a n  2 t o  
1; a f igh ter   type   model   would   be  a t o u g h e r   j o b .   M a t e r i a l s   c o s t s   f o r   P a t h f i n d e r  
I are e s t i m a t e d  a t  $12,000. No accoun t ing   has   ye t   been  made o f   eng inee r ing  
man hours .   Machin ing   cos ts  w i l l  b e   c o m p a r a b l e   t o   t h a t   f o r  "340 s t a i n l e s s ' '  
s teel .  A l l  h i g h - s t r e n g t h  materials (c ryo   or   non-cryo)  are d i f f i c u l t   t o  
machine ,   thus   machin ing   cos ts  are a c c o r d i n g l y   h i g h .  

Why t h e  Complex   Shapes   fo r   Pa th f inde r   Mode l s   In s t ead   o f  a Simple 
"Standard"  Design 

The q u e s t i o n  w a s  r a i s e d  as t o  why a s i m p l e r   s h a p e ,   f o r   w h i c h   t h e r e  is a 
d a t a   b a n k   o f   e x i s t i n g   w i n d   t u n n e l   a n d   f l i g h t - t e s t   d a t a   f o r   c o m p a r i s o n ,  w a s  
n o t   s e l e c t e d   f o r   o n e   o f   t h e   i n i t i a l   P a t h f i n d e r   m o d e l s .  The concern  i s  t h a t   t h e  
r e l a t ive ly   complex   mode l   s e l ec t ed   p rec ludes  a program  of   wind- tunnel / f l igh t  
c o r r e l a t i o n .   F u r t h e r ,   s i n c e   t h e r e   e x i s t s   n o   d a t a   b a s e   o f   a p p l i c a b l e   a e r o d y n a m i c  
d a t a ,   t h e   P a t h f i n d e r   m o d e l   r e s u l t s  w i l l  h a v e   o n l y   l i m i t e d   u s e   i n  a c o n t i n u i n g  
aerodynamic  program. 
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An  NTF s t a f f  member r e s p o n d e d   b y   p o i n t i n g   o u t   t h a t   t h e   i n t e n t   o f   t h e  
Pa thf inder   model   p rogram was t o  s tar t  with a m o d e l   t h a t   w o u l d   b e   r e p r e s e n t a t i v e  
o f   a n   a d v a n c e d   t r a n s p o r t   c o n f i g u r a t i o n   f o r   w h i c h  a mean ingfu l   da t a   base   can   be  
e s t a b l i s h e d .   I n   t h e   c o n c e p t  of P a t h f i n d e r  I ,  the   ma jo r   emphas i s  w a s  on 
s t ruc tu ra l   and   eng inee r ing - type   p rob lems- -des ign ,  materials, f a b r i c a t i o n - -  
t h a t   s o r t   o f   t h i n g .   B u t   i n   t h e   p r o c e s s   o f   d e s i g n   a n d   f a b r i c a t i o n   o f   t h i s  
t y p i c a l   m o d e l   f o r   c r y o g e n i c   t e s t i n g ,  we d i d   n o t   w a n t   t o   p u t  a l l  t h i s   e f f o r t  
i n t o  a m o d e l   t h a t   m i g h t   b e   q u i c k l y   d i s c a r d e d   b e c a u s e   o f   a n   i n a b i l i t y   t o   b e  
u t i l i z e d   i n  a cont inuing  aerodynamic  research  program  downstream. 

P a t h f i n d e r  I i s  - n o t  a key   mode l   i n   t he  NTF qua l i f i ca t ion   p rog ram,   where  
one   compares   the   resu l t s   f rom NTF w i t h   o t h e r   t u n n e l s   a r o u n d   t h e   w o r l d .  
C o n s i d e r a t i o n  w i l l  b e   g i v e n   t o   t e s t i n g   o n e   o f   t h e   s o - c a l l e d   " s t a n d a r d "   m o d e l s  
( e . g .  AGARD) i n   t h e  NTF c a l i b r a t i o n   p l a n ,   w h i c h  comes  up i n   o u r  wind   tunnel /  
f l i g h t   c o r r e l a t i o n   p a r t   o f   t h e   a c t i v i t y .   P e r h a p s   t h e r e  is a ques t ion   o f  
t i m i n g   h e r e ,   b u t  i t  i s  n o t   c o n s i d e r e d   t o   b e  a c a s e   o f   o n e   i n s t e a d   o f   t h e   o t h e r .  
They   r ep resen t  two d i f f e r e n t   p r o b l e m s .   P a t h f i n d e r  I i s  a more d i f f i c u l t  
model t o   d e s i g n   a n d   b u i l d ,  so i t  is  of   mos t   immedia te   concern   to   ge t  i t  going.  

Model S t r u c t u r a l   D i v e r g e n c e   C o n s i d e r a t i o n s  

I n  a comment f rom  the   aud ience ,  i t  w a s  p o i n t e d   o u t   t h a t   i n   t h e   p a s t ,  some 
very   h igh-s t rength   models   used   for   h igh   Reynolds   number  tests h a v e   r u n   i n t o  
mode l l s t i ng   d ive rgence  limits which were w e l l  be low  the  stress limits. 

T h i s   s t r u c t u r a l   d i v e r g e n c e   p r o b l e m   f o r  NTF has   been  a d e s i g n   c o n s i d e r a t i o n  
f rom  the   beginning .  I t  t u r n s   o u t   t h a t   t h e  "q" l i m i t  i s  r e a l l y   t h e   l i m i t i n g  
f a c t o r   i f   o n e  i s  t r y i n g   t o   m a t c h   t h e   w i n d - t u n n e l   m o d e l   t o   t h e   a i r p l a n e   f l i g h t  
c o n d i t i o n s .  One can l i m i t  t h e   l i f t   l o a d   o n   t h e   m o d e l  t o  c o n t r o l   t h e  stress 
problem,   bu t   the   d ivergence   p roblem i s  a "q" p r o b l e m   i n d e p e n d e n t   o f   l i f t .  So 
s t r u c t u r a l   d i v e r g e n c e   o f   t h e   m o d e l l s t i n g   c o m b i n a t i o n   b e c o m e s   t h e   u l t i m a t e  
l i m i t i n g   f a c t o r   o n   m o d e l  tes t  c o n d i t i o n s .  

Model T o l e r a n c e s   a n d   S u r f a c e   F i n i s h  

The p rob lem  o f   mode l   t o l e rances   and   su r f ace   f i n i sh  w a s  n o t e d   t o  become 
more   severe  as the   un i t   Reyno lds   number  increases, because   the   boundary-  
l aye r   d i sp l acemen t   t h i ckness   becomes  smaller. Exper ience   has  shown t h a t  as 
o n e   c o n t r o l s   t h e   m o d e l   d i m e n s i o n s   a n d   s u r f a c e   f i n i s h   m o r e   t i g h t l y ,   t h e n   t h e  
mode l   cos t s   can   sudden ly   i nc rease   ou t   o f   hand .  Will t h i s   b e  a problem  wi th  
NTF models? 

The a u t h o r   r e s p o n s e   p o i n t e d   o u t   t h a t   p a p e r s   o n   t h i s   s u b j e c t   h a d   b e e n  
p r e s e n t e d  a t  the  Langley  Cryogenic  Technology  Conference  of November  27-29, 
1979 (NASA CP-2122). S u r f a c e   f i n i s h e s   o f   0 . 2 0   t o  0.25 pm (8 t o  10 micro inches)  
(rms) h a v e   b e e n   p r o j e c t e d ,   b u t  i t  i s  c u r r e n t l y   b e l i e v e d   t h i s  may be   too  
r e s t r i c t i v e .   D i m e n s i o n a l   t o l e r a n c e s   o f  + 0.025 mm (0.001 in) are b e i n g  
s p e c i f i e d .   L a n g l e y   h a s   a n   o n - g o i n g   p r o g r a m   t o   e s t a b l i s h   m o d e l   s u r f a c e   f i n i s h e s  
f o r   h i g h   R e y n o l d s  number t e s t i n g .   F a b r i c a t i o n   c o s t s   u n d o u b t e d l y  w i l l  i n c r e a s e  
re la t ive  t o  m o r e   c o n v e n t i o n a l   m o d e l   c o n s t r u c t i o n   p r a c t i c e s ,   b u t   t h e r e  are n o t  
ye t   enough   da t a   t o   de t e rmine  how much o f   a n   i n c r e a s e .  
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MODEL EXPERIENCE I N  THE LANGLEY  0.3-METER TRANSONIC CRYOGENIC TUNNEL 

(PIERCE L. LAWING AND ROBERT A .  KILGORE) 

F r e e - F l i g h t   C o r r e l a t i o n  

I n  a h igh   Reynolds   number   wind   tunnel ,   the   mos t   impor tan t   cons idera t ion  i s  
a c h e c k   w i t h   f r e e - f l i g h t  tests. One area of  concern is  p r e s s u r e   o r i f i c e  
d iameter .   Because   the   d i sp lacement   th ickness  of t h e   b o u n d a r y   l a y e r  is s o  
small, t h e   e f f e c t s   o f   o r i f i c e   d i a m e t e r   h a v e   t o   b e   c o r r e l a t e d .   W h e t h e r   t h e  
wind- tunne l   acqu i r ed   da t a  are good or   bad   depends   on  how t h e s e   r e s u l t s   c o m p a r e  
w i t h   t h e   f r e e - f l i g h t  , high  Reynolds  number case. A q u e s t i o n  w a s  r a i s e d  as t o  
whether  such  checks  have  been made. 

The   response   revea led   no   model   for   which   there  were e q u i v a l e n t   f l i g h t   d a t a ;  
h o w e v e r ,   v a l i d a t i n g   t u n n e l   p a r a m e t e r s   t o   a s s u r e   a c c u r a c y   i n   p r e d i c t i n g   f l i g h t  
r e s u l t s  is  an   on -go ing   p rog ram.   Cur ren t   s tud ie s   i n   a s ses s ing   w ind- tunne l  wal l  
e f f e c t s   a s  w e l l  a s  p l a n s   f o r   e a r l y   i n s t a l l a t i o n   o f  a v a r i a b l e   " s t r e a m l i n e "  
w a l l  i n   t h e  0.3-m TCT are s t eps   t oward   improved   f r ee - f l i gh t   co r re l a t ion .   The  
p r o b l e m   o f   o r i f i c e   s i z e   u n d e r  test  c o n d i t i o n s   o f   v e r y   t h i n   b o u n d a r y   l a y e r s  w i l l  
b e   s p e c i f i c a l l y   a d d r e s s e d   i n   t h e   P a n e l   d i s c u s s i o n s .  

Changes i n  Model Surface   Tempera ture  

Changes i n   s u r f a c e   t e m p e r a t u r e   a n d   t h e   a t t e n d a n t   i n f l u e n c e   o n   s k i n  
f r i c t i o n ,   h e a t   t r a n s f e r ,   a n d   s h o c k   b o u n d a r y - l a y e r   i n t e r a c t i o n  were expressed  
as major  areas of   concern.  T i m e  h i s t o r i e s   o f   m o d e l   s u r f a c e   t e m p e r a t u r e  w i l l  b e  
in f luenced   by   mode l  materials, c o n s t r u c t i o n   d e t a i l s ,   t h e  t i m e  a l l o w e d   f o r  
e q u i l i b r i u m   c o n d i t i o n s ,   e t c .   T h e s e   e f f e c t s   i m p a c t   t h e   v a l i d i t y   o f   t u n n e l   d a t a .  

This   problem area w i l l  be   add res sed  more tho rough ly   i n   subsequen t   Pane l  
d i s c u s s i o n s .  I t  w a s  p o i n t e d   o u t ,   h o w e v e r ,   t h a t   b o t h  NTF a n d   t h e  0.3-m TCT 
have   con t inuous - f low  capab i l i t y .  The b a s i c   d a t a   t a k e n   t o  d a t e  have  been  run 
w i t h   e v e r y t h i n g   i n   e q u i l i b r i u m ,   a n d   t h i s  same mode of o p e r a t i o n  i s  p l a n n e d   f o r  
NTF. 

I n c o r p o r a t i o n  Of C o n t r o l   S u r f a c e s   ( A i l e r o n s ,   F l a p s ,   e t c . )  

R e l a t i v e   t o   c r y o g e n i c   m o d e l   c o n s t r u c t i o n   a n d   t e s t i n g ,  a concern w a s  
e x p r e s s e d  as t o  how t o   i n c o r p o r a t e   a n d   d e f l e c t   c o n t r o l   d e v i c e s   o n  2-D and 3-D 
models. A response   f rom  the  NTF s t a f f   p o i n t e d   o u t   t h a t   t h e  new model 
f a b r i c a t i o n   t e c h n i q u e s   a d d r e s s e d   i n   t h e   p r e s e n t   p a p e r  w i l l  permi t   the   ins t rumen-  
t a t i o n  of th in ,   h ighly- loaded   sur face   e lements .   Mount ing   of   the   cont ro l  ele- 
ments w i l l  be   by a bracke t   a r rangement  much l i k e  w e  do i n   t u n n e l s   t o d a y .  The 
problem i s  whe the r   one   can   f a i r   t he   b racke t   w i th  a f i l l e r   a g e n t   t h a t  mates 
w i t h   t h e   w i n g   s u r f a c e  material and  does  not   chip  out .   Al though  aerodynamic 
tests o f   c o n t r o l   s u r f a c e s   h a v e   y e t   t o   b e  made, development  of f i l l e r   a g e n t s  
t h a t   m i g h t   b e   u s e d   i n  a c r y o g e n i c   e n v i r o n m e n t   t o   f a i r   t h e   b r a c k e t s   h a s  m e t  wi th  
success .  



RESEARCH ON INSTRUMENTATION PROGRAMS  FOR  NTF 

(JOSEPH F. GUARINO) 

From t h e   f l u i d   d y n a m i c s  area, t h e r e  was e x p r e s s e d  a sha red   d i sappo in tmen t  
t h a t  NTF w i l l  n o t   h a v e  some  means  of  flow v i s u a l i z a t i o n .   I n s t r u m e n t a t i o n  
programs  presented  are aimed a t  measu remen t s   t he   mode l   su r f ace   and   no t   i n to  
t h e   f l o w  stream. The  avowed purpose  of  NTF w a s  t o   s t u d y  scale e f f e c t s   w h e r e  
the   success ion   o f   t u rbu len t   and   v i scous   phenomena  i s  changing as the   Reynolds  
number i n c r e a s e s .   S i n c e   t h e r e  i s  no way a t  p re sen t   t o   obse rve   t hese   phenomena ,  
i t  becomes   ve ry   impor t an t   t ha t   some th ing   be   done   e i the r   w i th   r e spec t   t o   f l ow 
v i s u a l i z a t i o n   o r   w i t h   r e s p e c t   t o   f l o w   m e a s u r e m e n t s   i n   t h e  stream. One cannot  
r e l y   s i m p l y   o n   i n s t r u m e n t a t i o n   w i t h i n   o r  on t h e   s u r f a c e   o f   t h e   m o d e l .   T h i s  is  
c o n s i d e r e d  a s e v e r e   d e f i c i e n c y   i n  NTF r e s e a r c h   i n s t r u m e n t a t i o n   c a p a b i l i t y  as 
now proposed. 

T h e   L a n g l e y   s t a f f   r e v i e w e d   b r i e f l y   t h e   t e c h n i c a l   p r o b l e m s   a s s o c i a t e d   w i t h  
v a r i o u s   f l o w   v i s u a l i z a t i o n   s y s t e m s .  The s c h l i e r e n   s y s t e m   h a s   b e e n   t h e   m a i n  
c o n c e r n   f o r   t h e   p a s t  several y e a r s .  The c u r r e n t  NTF tes t  s e c t i o n  wall d e s i g n  
r e p r e s e n t s  a compromise  between some d e s i r e s   t o   h a v e  a l l  w a l l s   f u l l y   s l o t t e d  
w i t h   n o   p r o v i s i o n   f o r   w i n d o w s ,   a n d   t h e   o t h e r   e x t r e m e   i n   w h i c h   t h e r e   w o u l d   b e  
few s l o t s   a n d  many windows. A s  n o t e d   b e l o w ,   s u b s t a n t i a l   v i e w i n g  area has   been  
r e t a ined .   The rma l  stresses due t o   o p e r a t i o n  a t  c ryogenic   t empera tures   and  
mechanical  stresses of  a 9-atm tes t  e n v i r o n m e n t   d i c t a t e  windows o f   t h i c k - w a l l  
q u a r t z   o f   h i g h   o p t i c a l   q u a l i t y - - a   m o s t   e x p e n s i v e  material. A s c h l i e r e n   s y s t e m  
d e s i g n e d   f o r   u s e   i n   t h e  0 .3 -m TCT un fo r tuna te ly   su f f e red   one   o f   t he   p rob lems  
u n d e r   i n v e s t i g a t i o n   f o r  NTF--a cracked window. T h i s   e x p e r i e n c e ,  as w e l l  as t h e  
h i g h   c o s t   o f   l a r g e ,   q u a r t z   w i n d o w s ,   h a s   l e d   t o   t h e   d e c i s i o n   t o   o p e r a t e   t h e  NTF 
i n i t i a l l y   w i t h   t h e   l a r g e ,   s i d e  wa l l  windows b l a n k e d   o f f   w i t h  s t e e l  i n s e r t s .  

T h e   d e v e l o p m e n t   o f   a d v a n c e d   i n s t r u m e n t a t i o n   f o r   o p e r a t i n g   i n   t h e   h i g h  
dens i ty ,   c ryogenic   envi ronment   o f  NTF w i l l  b e  a c o n t i n u i n g   p r o c e s s   f o r   y e a r s   t o  
come. A program i s  be ing   deve loped   t o   app ly  a l a s e r - v e l o c i m e t e r   s y s t e m   t o  NTF. 
Experiments are under way t o   d e v e l o p  a f l u i d   t o   r e p l a c e   t h e   o l d   o i l - f l o w  
approach   fo r   c ryogen ic  tes t  c o n d i t i o n s .  New i n t e r f e r o m e t r y   t e c h n i q u e s  are under 
s t u d y   u s i n g  laser ho lography .   Poss ib ly  a l imited-view  shadowgraph  system  can 
b e   i n c o r p o r a t e d .   H o p e f u l l y ,   a d v a n c e d   i n s t r u m e n t a t i o n   t e c h n i q u e s  w i l l  p r o v i d e  
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   a n d   f l o w - d i a g n o s t i c   s y s t e m s   w i t h i n   t h e   a f o r e -  
mentioned NTF c o n s t r a i n t s .  

E d i t o r ' s  
70-cm by 

n o t e  : 
8 5 - ~ m  

The test s e c t i o n   o f  NTF h a s   b e e n   d e s i g n e d   t o   i n c o r p o r a t e   t h r e e  
(27.5-in  by  33.5-in ) windows  on t h e   c e n t e r   l i n e   o f   e a c h   o f   t h e  

s i d e  walls.  I n   a d d i t i o n ,   t h e r e  are t e n  15-cm (6-in ) d iame te r   v i ewing   po r t s  
i n  e a c h   o f   t h e   s i d e  walls as w e l l  as a n   a r r a y   o f   1 5  similar v i e w i n g   p o r t s   i n  
the   top   and   bo t tom walls f o r  a t o t a l  of  50. 
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EXPERIENCE I N  THE 0.3-METER TRANSONIC CRYOGENIC TUNNEL 

(CHARLES L. LADSON) 

The 0 .3 -m TCT o p e r a t i n g   i n   t h e  2-D a i r f o i l   t e s t i n g  mode w a s  n o t e d   t o   h a v e  
p e r f o r m a n c e   c h a r a c t e r i s t i c s  similar i n  some r e s p e c t s   t o   t h e  Ames High  Reynolds 
Number Channel. A q u e s t i o n  was r a i s e d  as t o   w h e t h e r   t h e s e   f a c i l i t i e s   h a v e  
d u p l i c a t e   r o l e s   o r   w h e t h e r   t h e y   h a v e  a d i f f e r e n t   p u r p o s e .  

I n   r e s p o n s e ,  i t  w a s  s t a t e d   t h a t   t h e  A m e s  f a c i l i t y   h a s   t h e  same test s e c t i o n  
h e i g h t ,   6 1  c m  ( 2 4   i n . )  , bu t   on ly   abou t  40 percent   of   the   Reynolds   number 
c a p a b i l i t y   o f   t h e  0.3-m TCT. F u r t h e r ,   t h e  A m e s  f a c i l i t y  is non-cryogenic  and 
a t t a i n s  i t s  Reyno lds   number   capab i l i t y   by   h igh   s t agna t ion   p re s su re  (15 atm).  
The r e sea rch   emphas i s   o f   t he  Ames f a c i l i t y  is  i n   t h e   a r e a  of  turbulence  model-  
i n g   i n   d i r e c t   s u p p o r t   o f   t h e i r  work in   computa t iona l   f l u id   dynamics ,  as 
opposed t o   t h e   c r y o g e n i c   t e c h n o l o g y   a n d   a d v a n c e d   s u p e r c r i t i c a l   a i r f o i l   c o n f i g -  
u r a t i o n   r e s e a r c h   b e i n g   c a r r i e d   o u t   i n   t h e   L a n g l e y  0.3-m TCT. 

FLOW CONDENSATION STUDIES I N  THE 0.3-METER TCT 

(ROBERT M. HALL) 

N u c l e a t i o n  S i t e s  On t h e   S u r f a c e  Of t h e  Model 

Nuclea t ion  si tes o n   t h e   s u r f a c e   o f   t h e   m o d e l  are no t   an  area of   concern,  
f o r   t h e   f l o w   w i t h i n   t h e   b o u n d a r y   l a y e r  is h e a t e d  up  and   approaches   s tagnat ion  
tempera tures   near   the   model   sur face .   Consequent ly ,   condensa t ion  w i l l  b e  more 
l i k e l y  t o  o c c u r   i n   t h e   r e g i o n s   o f   l o w e r   t e m p e r a t u r e   a n d   l o w e r   p r e s s u r e   o u t s i d e  
the   boundary   l aye r .  

Model E ros ion   i n   Cryogen ic   Tunne l s  

A Boe ing   a i r fo i l   mode l   unde r  t e s t  i n   t h e  0.3-m TCT came out   e roded ,   which  
raises t h e   p o s s i b i l i t y   t h a t   s o l i d  i ce  p a r t i c l e s   c o u l d   e r o d e   t h e   m o d e l   f i n i s h .  

T h e   a u t h o r   o b s e r v e d   t h a t   n o t  a l l  models   have   been   subjec t   to   e ros ion .   The  
i n i t i a l  NACA 0012-64 c a l i b r a t i o n   a i r f o i l   ( c i r c a  1975)  w a s  t e s t e d   f o r   a b o u t  100 
h o u r s   w i t h o u t   a p p a r e n t   e r o s i o n .  A s  i n   t h e   B o e i n g  tests, however ,   there  w a s  a 
small a m o u n t   o f   e r o s i o n   o n   t h e   m o s t   r e c e n t   a i r f o i l   t e s t e d .  A t  p r e s e n t ,   t h e r e  
a p p e a r s   t o   b e  a popu la t ion   o f  metall ic p a r t i c l e s   g o i n g   t h r o u g h   t h e   t u n n e l .  
Samples   o f   gas   which   have   been   vented   f rom  the   tunnel   have   been   found  to   conta in  
a v e r y  low d e n s i t y   o f  metal l ic  i m p u r i t i e s   i n   t h e   r a n g e   o f  0.5 t o  2 urn. T h i s  
may h a v e   c o n t r i b u t e d   t o   t h e   e r o s i o n   p r o b l e m .  

Condensat ion  Experience A t  Hypersonic   Speeds 

An o b s e r v a t i o n   f r o m   t h e   f l o o r   p o i n t e d   o u t   t h a t   t h e r e   h a s   b e e n  a f a i r  
a m o u n t   o f   e x p e r i e n c e   o n   c o n d e n s a t i o n   e f f e c t s   i n   t h e   h y p e r s o n i c   r e g i m e .   M o s t  
o f   t h e s e   e x p e r i m e n t e r s   d e c i d e d   t h a t   t h e   t h i n g   t o   d o  w a s  t o   s t a y   c o m p l e t e l y  
away f rom  any   deg ree   o f   supe r sa tu ra t ion .  The 0.3-m TCT tests were conducted  on 
a s i m p l e   a i r f o i l ,   b u t   t h e   f a c t  is  t h a t   f u t u r e   e x p e r i m e n t s  w i l l  b e   o n   q u i t e  
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d i f f e r e n t   c o n f i g u r a t i o n s .   T h i s  raises t h e   q u e s t i o n  of how much s u p e r s a t u r a -  
t i o n   c a n   b e   t o l e r a t e d ,   a n d   t h i s   d e p e n d s  very much o n   s p e c i f i c   c o n f i g u r a t i o n s .  
I f  t h e   c o n f i g u r a t i o n   h a s   s h a r p   c o r n e r s ,   s t r o n g   g r a d i e n t s ,  weak g r a d i e n t s ,   o r  
s h o c k s ,   t h e   r e s u l t s   m i g h t   b e   q u i t e   d i f f e r e n t .   T h e r e   r e m a i n s  a q u e s t i o n  as t o  
how t h e s e   r e s u l t s   m i g h t   b e   g e n e r a l i z e d .   T h e r e  is  a l o t   o f  work to   be   done  i n  
t h i s   a r e a .  

The a u t h o r   n o t e d   t h a t   t h e   c o m p u t e r   s t u d i e s   o f  S iv ie r  showed t h a t   t h e  
l e n g t h   e f f e c t s   r e l a t i v e   t o   s u p e r s a t u r a t i o n  are n o t   v e r y  c r i t i c a l .  I f   o n e  
i n c r e a s e s   t h e   t e m p e r a t u r e   p e r h a p s  a h a l f   d e g r e e  ( K ) ,  o n e   c a n   e s s e n t i a l l y  
compensa te   for   having  a model twice as long.   There may b e  some s u r p r i s e s  
l a t e r  i n   t h e   p r o g r a m ,   b u t   f o r   t h e   p r e s e n t   t h e r e  i s  c o n f i d e n c e   t h a t   t h e   l e n g t h  
e f f e c t s   a r e   n o t   g o i n g  t o  b o t h e r   u s  as much as had  been  expected.  

L i q u i d   N i t r o g e n   I m p u r i t i e s  

A concern w a s  expressed  as t o   t h e   s p e c i f i c a t i o n   f o r   a l l o w a b l e   i m p u r i t i e s  
i n   t h e  LN and   whether   the  LN w i l l  b e   f i l t e r e d .  2 2 

The a u t h o r   s t a t e d   t h i s  i s  an area of   concern   tha t   has   rece ived   more  
a t t e n t i o n   t h i s   p a s t   y e a r .   S p e c i f i c a t i o n s  are v e r y   r e s t r i c t i v e   b u t  i t  i s  
r e c o g n i z e d   t h a t   r e s i d u a l   i m p u r i t i e s  may s t i l l  b e   s u f f i c i e n t   t o   c a u s e  some 
p rob lem.   In   t he   p rev ious ly   no ted   ana lyses   o f   ven ted   gases ,   ex t r eme ly   f ew 
s o l i d   p a r t i c l e s   h a v e   b e e n   f o u n d .   T h e i r   s i z e   d i s t r i b u t i o n   a p p e a r s   t o   b e   v e r y  
s i m i l a r   t o   a e r o s o l   d i s t r i b u t i o n s   f o u n d   i n   t h e   b a c k g r o u n d  a i r .  However, i t  may 
n o t   b e   o n l y   t h e   s o l i d   p a r t i c l e s   i n   t h e  LN which are caus ing  a l l  problems; 
t h e r e  may b e  some l i q u i d   c o n t a m i n a n t s   a s  w e l l .  The LN s p e c i f i c a t i o n   f o r  
contaminants  i s  v e r y   r e s t r i c t i v e ,   b u t   p o s s i b l y  i t  d o e s   n o t   t a k e   v e r y  much 
contaminat ion  t o  f o r m   t h e   n e c e s s a r y   n u c l e i   t o   i n i t i a t e   c o n d e n s a t i o n .  
Determining   the   background  of   nuc le i  is under act ive i n v e s t i g a t i o n  a t  t h e  
moment . 

2 
2 

Contaminancy  of 0 2 

A q u e s t i o n  w a s  raised as t o   t h e   g e n e r a l   a w a r e n e s s   o f   e a r l i e r   d a t a   t a k e n  on 
the   e f f ec t s   o f   con taminancy   o f  0 and  other   gases   which  condense a t  much 
h ighe r   t empera tu res   t han  N and   $herefore  may act  as n u c l e i .  The a u t h o r  was 
f a m i l i a r   w i t h   t h e   s u b j e c t  work c o n d u c t e d   a t   t h e   C a l i f o r n i a   I n s t i t u t e   o f  
Technology i n   t h e   e a r l y   1 9 5 0 ' s .  A q u a n t a t i v e   a n a l y s i s   o f   t h e   g a s   c i r c u l a t i n g  
a round   t he  0.3-m TCT shows the   gaseous   con taminan t s   t o   be   f a r   be low  the  
threshold   where   condensa t ion   e f fec ts   would   be   found.  

2 
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FLOW QUALITY  MEASUREMENTS I N  TRANSONIC WIND TUNNELS 

AND PLANNED  CALIBRATION OF NTF 

(P . CALVIN STAINBACK) 

F l u c t u a t i n g  Wall S t a t i c  Pressure  Measurements  

The a u t h o r  was congra tu l a t ed   on   mak ing   f l uc tua t ing   p re s su re   measu remen t s  
and was r e q u e s t e d   t o   p r o v i d e   f u r t h e r   i n f o r m a t i o n   o n   t h e   e x p e r i m e n t a l   s e t u p .  
P r e s s u r e   m e a s u r e m e n t s   i n   t h e   f l o w   f i e l d  were taken   on   an   og ive-cyl inder   wi th  a 
s t a t i c  t a p   l e a d i n g   t o  a t r ansduce r   moun ted   i n s ide   t he   p robe .   P robe   d i ame te r  
i s  approximately 0.5 c m  (0 .2  i n  ) ; t h e   p r e s s u r e   t r a n s d u c e r   d i a m e t e r  is about  
0 .23  c m  (0.09 i n ) .  Thus   there  is a v e r y   s h o r t   l e n g t h  from t h e   c a v i t y  t o  t h e  

.. s u r f a c e   w h e r e   t h e   p r e s s u r e  is  s e n s e d .   I n   t h e   c a s e   o f  wal l  measurements ,   the  
p r e s s u r e   t a p  i s  f l u s h   w i t h   t h e  w a l l .  

I n   r e s p o n s e   t o  a q u e s t i o n ,  i t  was a d m i t t e d   t h a t  a p re l imina ry   l ook  a t  t h e  
d a t a   i n d i c a t e d   a n   u n e x p l a i n e d   e f f e c t   o f   p h a s e   c h a n g e   n o t e d   i n   c o r r e l a t i n g   d a t a  
t a k e n   w i t h  a probe   and   da ta   t aken  on a wal l .  s ’ 

q 
$2 Hot -wi re   Ca l ib ra t ion  

.- 

, .  

I n   t h e  area of   turbulence  measurement ,  i t  w a s  o b s e r v e d   t h a t   h o t  wires a t  
t r a n s o n i c   s p e e d s  are n o t o r i o u s l y   d i f f i c u l t   t o   c a l i b r a t e .  The a u t h o r   n o t e d  
t h a t   h o t - w i r e   d a t a   t a k e n   i n   t h e  0.3-m TCT do  not   exceed M = 0.8   (approximate ly) .  
Data a t  h igher   speeds ,   however ,   have   been   taken   in   the   8 -Foot   Transonic  
P res su re   Tunne l  a t  Mach numbers up t o  1 . 2 ,  b u t   n o t   w i t h   t h e  3-wire probe.  

Proposed NTF Tests  With a S t a n d a r d   T r a n s i t i o n  Cone 

A s u g g e s t i o n  w a s  made f r o m   t h e   f l o o r   t h a t   t h e   s t a n d a r d   1 0 - d e g r e e   t r a n s i -  
t i o n   c o n e   t h a t   h a s   b e e n  t e s t e d  i n  w i n d   t u n n e l s   a r o u n d   t h e   w o r l d   a n d   i n   f l i g h t  
b e   t e s t e d   i n   t h e  NTF as p a r t   o f  i ts  c a l i b r a t i o n .  A response   f rom  the  NTF s t a f f  
r e v e a l e d   t h a t  tests o f   t h e   t r a n s i t i o n   c o n e  were a l r eady   s chedu led .  

F luc tua t ing   P i to t -P res su re   Measuremen t s  

An o b s e r v a t i o n  w a s  made t h a t   f l u c t u a t i n g   p r e s s u r e   m e a s u r e m e n t s  made t o  
d a t e   p r o v i d e   p r e s s u r e  levels r e l a t i v e   t o   o t h e r   f a c i l i t i e s ,   b u t   t h a t   t h e s e  are 
no t   abso lu t e   measu remen t s ,   fo r   t hey  are made under  a t u r b u l e n t   b o u n d a r y   l a y e r .  
Is the re   any   t hough t   be ing   g iven   t o   t he   sugges t ion   o f  Mabe o f   t h e  RAE of  making 
f l u c t u a t i n g   p i t o t   m e a s u r e m e n t s   t o w a r d s   d e r i v a t i o n  of  a b s o l u t e  c r i t e r i a  o f   f l ow 
u n s t e a d i n e s s ?  

The   au tho r   r e sponded   by   no t ing   t ha t   f l uc tua t ing   p re s su re   measu remen t s   have  
been made i n   t h e  8’ TPT u s i n g  a p i t o t   p r o b e ,   a n d   t h a t   t h e s e   r e s u l t s  were 
be l i eved   t o   ag ree   w i th   measu remen t s   f rom  the  s t a t i c  p r e s s u r e   p r o b e s   i n   t h e   f r e e  
s t r e a m .   I n   f a c t ,   t h e  l a t t e r  measurements were found t o   a g r e e   w i t h   t h e  w a l l  
p r e s su res   measu red   unde r   t he   t u rbu len t   boundary   l aye r .   Th i s  is a somewhat 
s u r p r i s i n g   r e s u l t   b u t  i t  might   be   on ly  a s p e c i a l  case. 
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Ins t rumenta t ion   Accuracy  Relative To Flow  Quality  Measurement 

The NTF is  quoted  and  expected t o  h a v e   e x c e l l e n t   f l o w   q u a l i t i e s .  A 
q u e s t i o n  was r a i s e d  as t o   w h e t h e r   t h e  NTF h a s   i n s t r u m e n t a t i o n   o r   p r e s s u r e  
t r ansduce r s   accu ra t e   enough   t o   measu re   t he  level  o f   f l o w   q u a l i t y   a n t i c i p a t e d  
( e . g .   t o t a l   p r e s s u r e   g r a d i e n t s   a c r o s s   t h e  tes t  s e c t i o n   b e i n g   w i t h i n   0 . 1 % ) .  

I t  was n o t e d  by t h e   a u t h o r   t h a t   h i s   c o n c e r n  was w i t h   p r e s s u r e   f l u c t u a t i o n s  
about  a mean, r a t h e r   t h a n   v a r i a t i o n s   i n   t h e  mean i+ - I f .   F l u c t u a t i n g   p r e s s u r e s  
can  be  measured w e l l  w i th in   0 .1%  o f   t he  mean. HC ,racy i n  measurement  of  the 
v a r i a t i o n   i n  s t a t i c  p r o p e r t i e s   a c r o s s   t h e  tes t  s e c t i o n  w i l l  be   dependent   on   the  
u l t i m a t e   a c c u r a c y   o f   t h e   e l e c t r o n i c  s t a t i c  pressure   measur ing   sys tem.  

STATUS REVIEW AND PLANNED  EXPERIMENTS I N  NTF 

(PERRY A .  NEWMAN) 

Wall C o r r e c t i o n s  Where the  Shock Wave Extends To the  Wall* 
1 

1 
I n   t h e   s u b j e c t   p r e s e n t a t i o n ,   c o n f i d e n c e  was e x p r e s s e d   t h a t   o n e   c a n   c o r r e c t  3 

f o r   s i t u a t i o n s   w h e r e   t h e  sonic l i n e  and   shock   waves   ex tend   t o   t he  w a l l .  What 5; 
are t h e   e x p e c t a t i o n s   f o r   c o r r e c t i n g   i n   t h a t  extreme s i t u a t i o n   w h e r e   t h e  Mach +2”: 
number i s  r e a l l y   o n e   a n d   t h e   f l o w  i s  choked? 

i ++. . 

F o r   t h e   a f o r e m e n t i o n e d   c o n d i t i o n s ,   t h e   a u t h o r   e x p r e s s e d  l i t t l e  h o p e   f o r  
e x t r a p o l a t i n g   t o  free a i r .  For less extreme s i t u a t i o n s ,   h o w e v e r ,   s u r p r i s i n g l y  
good r e s u l t s   h a v e   b e e n   o b t a i n e d   u n d e r   c o n d i t i o n s   w i t h   s i g n i f i c a n t   s u p e r c r i t i c a l  
f low  over  the model when w a l l   c o r r e c t i o n s ,   u s i n g  some v e r s i o n   o f   l i n e a r i z e d  
theory,   have  been  based  on  measured  pressures  as b o u n d a r y   c o n d i t i o n s   i n   t h e  
n u m e r i c a l   s i m u l a t i o n .  I t  r e m a i n s   t o   b e   s e e n  how w e l l  t h e   f u l l   n o n l i n e a r  method 
w i l l  do when t h e   f l o w  a t  t h e  wal l  is s u p e r c r i t i c a l .   T h e r e  is a fundamental  
concern,   however,   whenever  the wal l  i n t e r f e r e s   v e r y   h e a v i l y   w i t h   t h e   s h o c k .  
Detail  wave r e f l e c t i o n s   p r o b a b l y  w i l l  n o t   b e   c o r r e c t   w i t h o u t   w a l l   a d a p t a t i o n .  

“Author’s   no te :  Both the   ques t ion   and   t he   r ep ly   above   appa ren t ly  re la te  t o   f l o w  
choking as i t  o c c u r s   i n  a s o l i d  w a l l  test  s e c t i o n   i n   w h i c h  a s o n i c   t h r o a t  is  
formed a t  the   mode l   l oca t ion .  It  shou ld   be   no ted ,   however ,   t ha t   t he   p r imary  
func t ion   o f  a t r a n s o n i c  t e s t  s e c t i o n  i s  to   e l imina te   chok ing   by   p rov id ing  a 
s igna l   p ropaga t ion   pa th   f rom  the   f l ow  downs t r eam  o f   t he   mode l   t o   t ha t   ups t r eam 
t h r o u g h   t h e   v e n t i l a t e d  walls and   the   p lenum  chamber .   The   sever i ty   o f   the  w a l l  
i n t e r f e r e n c e   w h i c h   r e m a i n s   a f t e r   t h e   a p p r o p r i a t e   c o r r e c t i o n s   t o  Mach number  and 
a n g l e   o f   a t t a c k  are appl ied   depends   on  how c l o s e l y   t h e   f l o w   c o n s t r a i n t   i m p o s e d  
by t h e   v e n t i l a t e d   w a l l s   a p p r o x i m a t e s   t h a t   i m p o s e d   b y   t h e   s u r r o u n d i n g   f l o w   i n   t h e  
f r e e - a i r  case. The a s s e s s m e n t l c o r r e c t i o n   p r o c e d u r e s   d e s c r i b e d   i n   t h e   s u b j e c t  
p r e s e n t a t i o n   s h o u l d   p r o v i d e  a h e r e t o f o r e   u n a v a i l a b l e   c a p a b i l i t y   t o   q u a n t i f y  
n o t   o n l y   t h e   a p p r o p r i a t e  Mach number   and   ang le -o f -a t t ack   co r rec t ions ,   bu t   a l so  
t h e   r e m a i n i n g   u n c o r r e c t a b l e   w a l l   e f f e c t s .   O n l y  time w i l l  t e l l  whether   an 
i n t e l l i g e n t   e x e r c i s e   o f   t h i s   c a p a b i l i t y  w i l l  l e a d   t o   t h e   i d e n t i f i c a t i o n   o f  a 
wa l l  p o r o s i t y  o r  s l o t  g e o m e t r y   s u c h   t h a t   t h e   r e s i d u a l   u n c o r r e c t a b l e   e f f e c t s  
are r educed   t o   an   accep tab ly  low leve l  even a t  n e a r   s o n i c  test  c o n d i t i o n s .  
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Flow  Measurements Near t h e  Wall 

The   wa l l - in t e r f e rence   a s ses smen t / co r rec t ion   p rocedure   p re sen ted   he re in  i s  
h e a v i l y   d e p e n d e n t   u p o n   m e a s u r e m e n t s   i n   t h e   f i o w   f i e l d .  How is  o n e   g o i n g   t o  
m e a s u r e   t h e   p r e s s u r e   o r   f l o w   a n g u l a r i t y   n e a r   t h e  wall? 

I t  a p p e a r s   t h a t   m o s t   o f   t h e   c o r r e c t i o n   p r o c e d u r e s   c a n   f u n c t i o n   f r o m  
mqasurement   o f   the   p ressures  a t  t , h e   w a l l   r a t h e r   t h a n   t h e   m o r e   d i f f i c u l t   f l o w -  
angularity  measurements  i%s%hcl.field.   Flow-angularity  measurements are 
r e q u i r e d ,   h o w e v e r ,   i f   o n e  WUC& t o   e x t r a p o l a t e   t o   a n   e q u i v a l e n t   a n g l e   o f   a t t a c k  
i n   f r e e  a i r .  B u t , i n   t h e   w a l l - i n t e r f e r e n c e   a s s e s s m e n t / c o r r e c t i o n   p r o c e d u r e ,  
measurement  of  f low  angle a t  probably   one   spot  w e l l  upstream  of  the  model  should 
b e   s u f f i c i e n t   r a t h e r   t h a n  a whole   d i s t r ibu t ion   of   f low-angle   measurements .  I n  
the   deve lopment   o f   an   adapt ive  w a l l ,  many of  the  aforementioned  problems  must 
b e   a d d r e s s e d ;   t h u s ,  much of   the   t echnology  under   deve lopment   in   the   f low-  
measurement   aspec ts   o f   adapt ive  walls s h o u l d   b e   d i r e c t l y   a p p l i c a b l e   t o   t h e  
w a l l - i n t e r f e r e n c e   a s s e s s m e n t / c o r r e c t i o n   p r o c e d u r e   u n d e r   c o n s i d e r a t i o n   f o r  NTF. 

An Adapt ive Wall For NTF? 

I n  a p o s s i b l e   a p p l i c a t i o n  of   an   adapt ive  w a l l  t o  NTF, a q u e s t i o n  was 
r a i s e d   a s   t o   w h e t h e r   t h e   s l o t   a r e a   w o u l d   b e   c h a n g e d   o r  a s o l i d   w a l l   w o u l d   b e  
contoured.  

T h e   a u t h o r   n o t e d   t h a t   t h e   i n i t i a l  w a l l  c o n f i g u r a t i o n   g o i n g   i n t o  NTF i s  
e s s e n t i a l l y  a more c o n v e n t i o n a l   s l o t t e d  w a l l ,  n o t   a n   a d a p t i v e  wal l .  I n   t h e  
deve lopment   o f   adapt ive   wal l s ,   mos t   o f   the   cur ren t   research   emphas is  i s  on 
e i t h e r  a porous   wal l   behind   which   pressures  are a d j u s t e d   o r  a s o l i d   w a l l   w h e r e  
t h e   c o n t o u r  i s  mechanical ly   changed.  A l i ke ly   approach   migh t   be  a combination 
o f   t h e  two.  The p r o d u c t i v i t y   o f  a f u l l y   a d a p t i v e  w a l l  w i l l  probably  be  poor  
because   o f   t he   run  time consumed i n   a n   i t e r a t i v e   a d j u s t m e n t   p r o c e s s .  A 
p a r t i a l l y   a d a p t e d  w a l l  o p e r a t e d   i n   t h e   c o r r e c t a b l e   c o n d i t i o n   r a n g e  may b e   t h e  
b e s t  compromise i n   p r a c t i c e .  

Langley Summary Assessment   of   Wall   Correct ions 

A L a n g l e y   s t a f f  member provided  a wrap-up  of t h e   w a l l   i n t e r f e r e n c e  
assessment   p rocedure   by   no t ' ing   tha t   resu l t s   f rom 2-D a i r f o i l  tests i n d i c a t e  
t h e r e  are th ree   a spec t s   o f   t he   wa l l - induced   pe r tu rba t ions   wh ich   mus t   be   con -  
s i d e r e d .  One a s p e c t  i s  t h e   t h i n g s   o n e   c a n   c o r r e c t   f o r  - t h e   c h a n g e   i n   g e n e r a l  
l e v e l   o f  Mach number  and  angle   of   a t tack.  A second   a spec t  is the   t ype   o f  
d i s t u r b a n c e   t h a t  w e  are u s e d   t o   s e e i n g   f r o m   t h e   o l d   i n c o m p r e s s i b l e   t h e o r y  - 
t h a t  i s ,  g r a d u a l ,   l o n g - w a v e   d i s t o r t i o n s   t h a t  are apparent   over   the   model   as  
g e n e r a l   s l o p e s   i n   t h e   w a l l - i n d u c e d   v e l o c i t i e s .   T h e   t h i r d   a s p e c t  is  seen   on ly  
i n   t h e   t r a n s o n i c  test  r eg ime   and   t h i s  is t h e   e x i s t e n c e   o f   l o c a l i z e d   i r r e g u l a r -  
i t i e s  i n   r e g i o n s   o f   s u p e r c r i t i c a l   f l o w .  One i n t e r p r e t a t i o n  is  t h a t   t h e  
l o c a l i z e d   i r r e g u l a r i t i e s   a r e   c l o s e l y   r e l a t e d   t o   t h e   s u p e r s o n i c   w a v e - r e f l e c t i o n  
c h a r a c t e r i s t i c s   o f   t h e   t u n n e l   w a l l .  Now t h a t   t h e r e  i s  t h e   h o p e   o f   c a p a b i l i t y  
f o r   l o o k i n g  a t  what i s  going  on i n   t h e   t u n n e l   i n   s u f f i c i e n t   d e t a i l   t o   b e   a b l e  
t o   s e p a r a t e   t h e s e   t h r e e   d i f f e r e n t   a s p e c t s ,  w e  m i g h t   b e   a b l e   t o   f o c u s   o u r  
s o l u t i o n s   i n   t h r e e   d i f f e r e n t   w a y s .  
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By f i r s t  m a k i n g   c o r r e c t i o n s   f o r  Mach number  and  angle of a t t a c k ,  w e  unload 
any   adap t ive -wa l l   r equ i r emen t s   f rom  th i s   a spec t   o f   t he   p rob lem.   Nex t ,  i t  
shou ld   be   poss ib l e   t o   employ  a p r o p e r   s e l e c t i o n   o f   s l o t   w i d t h ,   p o r o s i t y ,   o r  
similar wal l  t r e a t m e n t   t o  a t  l eas t  minimize  the  amount  of wave r e f l e c t i o n  a t  
v e r y   h i g h   s p e e d s   f o r   t h e   f l o w   s i t u a t i o n   w h e r e   t h e   s u p e r s o n i c   b u b b l e   e x t e n d s   t o  
t h e  w a l l .  F i n a l l y ,   o n e   m i g h t   h a v e   t o  go t o  some s o r t   o f   a d a p t i v e - w a l l  
c a p a b i l i t y   t o   g e t   r i d   o f   t h e  long-wave  slopes.  But t h i s   c a n  be  accomplished 
w i t h  a v e r y   c o a r s e   r e s o l u t i o n   i n   t h e  w a l l  c o n t r o l ;  a f i n e   r e s o l u t i o n  i s  n o t  
r e q u i r e d .  

SESSION ON NTF  USER PLANNING 

(RICHARD H .  PETERSON, CHAIRMAN) 

Need For   Cont ro l l ing   and   Measur ing   Dis turbances   In  Wind Tunnels  

I n   t h e  Workshop p r e s e n t a t i o n s ,  a v e r y   d e f i n i t e   n e e d   h a s   b e e n   s e e n   f o r  
c o n t r o l l i n g   d i s t u r b a n c e s   i n   w i n d   t u n n e l s   a n d   i n   m e a s u r i n g   t h e m .  Mr. S t e v e n s o n ' s  
p r e s e n t a t i o n   r e p o r t e d  on t h e   e f f e c t   o f  a honeycomb i n   s m o o t h i n g   f l o w   i n  a number 
of w i n d   t u n n e l s   t o   r e d u c e   a n   e x c e s s i v e   f l u t t e r i n g   o f   t h e   m o d e l .   T h i s  demon- 
s t ra tes  t h e   n e e d   f o r  good  management  of  the  flow. 

One t h i n g   t h a t  is  m i s s i n g  is t h a t   w h a t  w a s  l e f t  was not  measured.  The 
f l o w   s p e c t r a  are i m p o r t a n t   i n   l o o k i n g  a t  t h e   a s p e c t   o f   m o d e l   f l u t t e r ,  so one 
m u s t   t a k e   s p e c t r a l   m e a s u r e m e n t s   o f   t h e   f l o w   i n  a w i n d   t u n n e l   i n   o r d e r   t o  know 
e x a c t l y   w h a t   t h e   q u a l i t y   o f   t h e   f l o w  is. T h i s  is  b o r n e   o u t  by t h e   r e s u l t s   o f  
f l i g h t   e x p e r i m e n t s  on t h e   s t a n d a r d   1 0 - d e g r e e   t r a n s i t i o n   c o n e   w h e r e   s p e c t r a  were 
measured.  There was a n   a b i l i t y   t o   d i f f e r e n t i a t e   b e t w e e n  good  tunnels   and  bad 
t u n n e l s   b a s e d   o n   t h e i r  spectra.  Th i s   does   no t  mean t h a t  good   t unne l s   necessa r -  
i l y  h a d   e x a c t l y   t h e  same s p e c t r a  as i n   f l i g h t ,   b u t  i t  w a s  d e t e r m i n e d   t h a t   e v e n  
t h o u g h   t u r b u l e n c e   l e v e l s   i n   g o o d   t u n n e l s  were two o r   t h r e e  times l a r g e r   t h a n  
t h o s e   e n c o u n t e r e d   i n   f l i g h t ,   t h e   c o n t e n t  was i n   f r e q u e n c y   r a n g e s   n o t   i m p o r t a n t  
t o   t r a n s i t i o n .  I t  i s  b e l i e v e d   t h a t  w e  must   go  to  some s p e c t r a l   i n f o r m a t i o n   i n  
o r d e r   r e a l l y   t o   d e t e r m i n e   t h e   c a r r y o v e r   o f   c e r t a i n   w i n d - t u n n e l   i n f o r m a t i o n  
w i t h   r e s p e c t   t o   f l i g h t   i n f o r m a t i o n .  

I t  w a s  u r g e d   t h a t   n o t   o n l y   s h o u l d  a l l  t u n n e l s   b e  w e l l  c o n d i t i o n e d   b u t  
t h e i r   s p e c t r a   s h o u l d   b e   m e a s u r e d  as w e l l .  T h i s  i s  a comment no t   on ly   on  NTF 
b u t   o n   a n y   t u n n e l   t h a t  i s  used   fo r   advanced  R&D.  I t  i s  an  endorsement  of  the 
e f f o r t s  t o  b e  made i n   c a l i b r a t i n g  NTF. 

Langley  Response To the   Problem Of Flow Q u a l i t y  

There i s  a program a t  L a n g l e y   t o   l o o k  a t  f l o w   q u a l i t y   i n  a l l  o u r   t u n n e l s ,  
f o r t i f i e d   w i t h  a h i g h   d e s i r e   t o   g e t   t h e   b e s t   f l o w   q u a l i t y  w e  c a n   i n  NTF w i t h   t h e  
funds   ava i lab le .   The   Langley  8 '  TPT tests d e m o n s t r a t e d   t h a t   c o o l i n g   c o i l s  act  
a g r e a t   d e a l   l i k e   h o n e y c o m b s .   I f   t h e r e  i s  a v e r y   l a r g e - s c a l e   t u r b u l a n c e   i n  a 
tunne l   ( a l so   dependen t   on   whe the r   t he   t u rbu lence  i s  homogenous o r   n o t ) ,   t h e  
honeycombs  can  provide a f a n t a s t i c   i m p r o v e m e n t   i n   f l o w   q u a l i t y .   C o o l i n g   c o i l s  
l o c a t e d   a h e a d   o f   s c r e e n s   c a n   s i m i l a r l y   i m p r o v e   f l o w   q u a l i t y .  
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The 8’ TPT i n c o r p o r a t e s   b o t h  a honeycomb  and c o o l i n g   c o i l s   b e c a u s e  of t h e  
i n t e r e s t   i n   o b t a i n i n g  a v e r y   h i g h   f l o w   q u a l i t y   t o   b e   a b l e   t o   p e r f o r m   l a m i n a r -  
f l o w   e x p e r i m e n t s .   T h e   c e l l   s i z e  was p r e d i c t e d  on t h e  scale  o f   t u r b u l e n c e  

-coming o u t  of t h e   c o o l i n g   c o i l   i t s e l f .  A p r o v i s i o n  w a s  made f o r   t h e  NTF t o  
have a honeycomb as w e l l ,  b u t  i t  was s u b s e q u e n t l y   e l i m i n a t e d  as a cos t - sav ing  
measure .   Perhaps   the  honeycomb may someday b e   i n c o r p o r a t e d ,   b u t   t h e   p r e s e n c e  
o f   c o o l i n g   c o i l s   j u s t   u p s t r e a m   o f   t h e   s c r e e n s  i s  cons ide red   adequa te .   The  
c o m b i n a t i o n   o f   s p e c i a l l y   d e s i g n e d   l o w - t u r b u l e n c e   c o o l i n g   c o i l s   a n d   t h e   f o u r  
s c r e e n s   s h o u l d   p r o v i d e   f l o w   q u a l i t y   i n   t h e  NTF f a r   s u p e r i o r   t o   t r a n s o n i c   t u n n e l s  
c u r r e n t l y   i n   o p e r a t i o n .  

Flow Visual izat ion  and  Flow-Field  Measurements  

A comment f r o m   t h e   f l o o r   o b s e r v e d   t h a t  i t  has  become  very  obvious i n  t h e  
c o u r s e   o f   t h e   d i s c u s s i o n s   t h a t   t h e r e   m u s t   b e   f l o w   v i s u a l i z a t i o n   a n d   f l o w -  
f i e l d  measu remen t   capab i l i t y   i n  NTF. I f   o n e   m u s t   i n f e r   t h e   f l u i d   m e c h a n i c s  
f rom  sur face   measurement   on ly ,   then  we are g o i n g   t o   b e   s h o r t  a l o t   o f   i n f o r m a -  
t i o n .   T h e r e   s h o u l d   b e  a v e r y   d e f i n i t e   e f f o r t   t o   d e v e l o p   t h e   n e c e s s a r y   f l o w -  
f i e l d   d i a g n o s t i c   c a p a b i l i t y   f o r  NTF. 

Model S u r f a c e   F i n i s h   R e l a t i v e  To Boundary   Layer   Trans i t ion  

A member o f   t h e   u n i v e r s i t y   r e s e a r c h  community  observed  that   there  are  
many ways   o f   i nc reas ing   t he   t r ans i t i on   Reyno lds   number   even   fo r   l a rge - sca l e  
c o n f i g u r a t i o n s .   T h e r e  is  a ma jo r   e f fo r t   unde rway   i n   boundary - l aye r   con t ro l  
t h rough   suc t ion .   The re  i s  a l s o  a good p o s s i b i l i t y   f o r   i n c r e a s i n g   t r a n s i t i o n  
Reynolds  number by s u r f a c e   c o o l i n g ,   w i t h   t h e   p r o s p e c t   o f   a p p l i c a t i o n   t o   c r y o -  
f u e l e d   a i r c r a f t .   T h e r e  are p r e l i m i n a r y   r e s u l t s   f r o m  an Ohio S t a t e  U n i v e r s i t y  
t u n n e l   o p e r a t i n g  a t  h igh   subson ic   speeds   and  80% a d i a b a t i c   r e c o v e r y   t e m p e r a -  
t u r e s   i n   w h i c h   t r a n s i t i o n   R e y n o l d s   n u m b e r s   o n   t h e   o r d e r   o f  40 m i l l i o n   h a v e  
been   r epor t ed .   Th i s   g ives   p romise  of t h e   t r a n s i t i o n   l e v e l   w h i c h   c a n   b e   a t t a i n e d  
w i t h   c r y o - f u e l e d   a i r c r a f t   i f   o n e  were t o   u s e   t h i s  means  of  boundary  layer 
c o n t r o l .  

I n   c o n j u n c t i o n   w i t h   t h e s e   h i g h   l e v e l s   o f   t r a n s i t i o n   R e y n o l d s   n u m b e r  (10 t o  
3 0   m i l l i o n )  a new round  of   ques t ions  can b e   r a i s e d  re la t ive t o  s u r f a c e  waviness, 
r o u g h n e s s ,   o r   c u r v a t u r e .  What is t h e   t o l e r a n c e   o f   t h e   b o u n d a r y   l a y e r   w i t h   h i g h  
t r a n s i t i o n   R e y n o l d s   n u m b e r   t o   t h e s e   v a r i o u s   v e h i c l e   s u r f a c e   c o n d i t i o n s ?   T h u s  
f a r  w e  are r e l y i n g  o n   v e r y   o l d   i n f o r m a t i o n   f o r   a s c e r t a i n i n g   t h e   i n f l u e n c e   o f  
t h e s e   f a c t o r s .   T h e  t i m e  h a s  come t o   p e r f o r m  a more s c i e n t i f i c   s t u d y   o f   t h e s e  
m a n u f a c t u r i n g   i r r e g u l a r i t i e s   w i t h   r e s p e c t  to h i g h   p e r f o r m a n c e   a i r c r a f t .  I t  w a s  
u r g e d   t h a t   t h e  NTF o r   e q u i v a l e n t   t u n n e l s   ( p e r h a p s   t h e  0.3-m TCT would  be 
a d e q u a t e )   s t u d y   t h e   e f f e c t s  of s u r f a c e   c o n d i t i o n s   u n d e r   t h e   s i t u a t i o n   w h e r e   t h e  
t r a n s i t i o n   R e y n o l d s   n u m b e r   w o u l d   b e   r e l a t i v e l y   h i g h .  

S u r f a c e   F i n i s h   R e q u i r e m e n t s   f o r  NTF Models 

The s u b j e c t   o f   m o d e l   s u r f a c e   f i n i s h ,   p r e s u m a b l y   f o r   t h e   a l l - t u r b u l e n t  case, 
d r e w   l i v e l y  comments f r o m   t h e   f l o o r .   T h e r e  w a s  n o t e d   a n   a p p a r e n t   l a c k   o f  a 
body   o f   fn fo rma t ion   on   su r f ace   f i n i sh   r equ i r emen t s   fo r  NTF models.   The  unique 

3 07 



h igh   Reyno lds   number   capab i l i t i e s  of NTF r e s u l t  i n  e x t r a o r d i n a r i l y   t h i n   b o u n d a r y  
l aye r s ,   and   t he   a s soc ia t ed   phenomena  are impor t an t   and  demand i n v e s t i g a t i o n .  

E x p e r i m e n t s   w i t h   d i f f e r e n t   d e g r e e s   o f   r o u g h n e s s   o n  a z e r o - g r a d i e n t   f l a t  
p l a t e ,   however ,  are n o t   c o n s i d e r e d   a d e q u a t e .  One shou ld  tes t  t h e  same a i r f o i l  
w i t h   d i f f e r e n t   d e g r e e s   o f   r o u g h n e s s   a n d   c o m p a r e   t h e s e   r e s u l t s   w i t h   a n   a e r o -  
d y n a m i c a l l y   s m o o t h   a i r f o i l   t o   d e t e r m i n e   w h a t   s u r f a c e   c o n d i t i o n s  are c r i t i c a l .  
Whether  the  shock i s  g o i n g   t o  be i n   t h e  same l o c a t i o n  i s  v e r y   c r i t i c a l l y  
d e t e r m i n e d   b y   t h e   d e t a i l e d   s k i n   f r i c t i o n .   M e a n i n f g u l   r e s u l t s   c a n   b e   o b t a i n e d  
o n l y   w i t h  r e a l i s t i c  p r e s s u r e   g r a d i e n t s .   S u c h   e x p e r i m e n t s  are  v e r y   i m p o r t a n t  
a l so   f rom  an   economic   s t andpo in t ,   f o r   cu r ren t  NTF model   requi rements   o f   sur face  
f i n i s h   a n d   a c c u r a c y   ( t y p i c a l l y   0 . 2 0  pm (8 t o  10 micro inches)   and  0.025 mm (0.001 
i n  ) accuracy )   can   be   cos t ly .  

T h e   L a n g l e y   r e s p o n s e   n o t e d   t h a t   t h e r e  i s  a comprehens ive   exper imenta l  
p r o g r a m   u n d e r w a y   t o   d e a l   w i t h   t r a n s i t i o n   s t r i p s   a n d   s u r f a c e   r o u g h n e s s .  Tests 
are c u r r e n t l y   p l a n n e d   i n   t h e  0.3-m TCT on a 2 - d i m e n s i o n a l   a i r f o i l   t o   s t u d y   t h e  
e f f e c t s  of s u r f a c e   c o n d i t i o n s .  The   Bureau   of   S tandards   has  a c u r r e n t   c o n t r a c t  
t o   i n v e s t i g a t e   t h e   a c c u r a c y   o f   i n s t r u m e n t a t i o n   a v a i l a b l e   f o r   m e a s u r i n g   m o d e l  
s u r f a c e   f i n i s h e s .  

Impact Of Smal l  Heat T r a n s f e r  On Model   Resul ts  

Concern was a l s o   e x p r e s s e d   w i t h   t h e   e f f e c t s   o f  small  h e a t   t r a n s f e r   i n  
i n t e r p r e t i n g   m o d e l   r e s u l t s .  I t  i s  impor t an t   whe the r   t he   mode l s   unde r  t e s t  are 
r e a l l y   a d i a b a t i c   o r   i s o t h e r m a l ,   f o r  small d i f f e r e n c e s   i n   h e a t   t r a n s f e r  may have 
t h e  same e f f e c t  as c h a n g e s   i n   r o u g h n e s s .   ( S m a l l   c h a n g e s   i n   h e a t   t r a n s f e r  do 
c h a n g e   t h e   l o c a l   s k i n   f r i c t i o n . )   T e m p e r a t u r e   r a t i o s   n e e d   n o t   b e   l a r g e ,   f o r  
v a l u e s  of 1 . 0 2   t o  1 . 0 4  c a n   p r o d u c e   s i g n i f i c a n t   e f f e c t s .  

I t  is v e r y   d i f f i c u l t   t o  make ( a n d   t e s t )  a model  which  does  not  have some 
h e a t   t r a n s f e r ,  and  what   there  i s  w i l l  n o t   b e   u n i f o r m   n o r   c o r r e s p o n d   t o   t h e  
r e a l   a i r p l a n e .   T h u s ,   t h e  NTF w i t h  i t s  g r e a t   c a p a b i l i t y  may n o t   c o r r e l a t e  
c l o s e l y   w i t h   f l i g h t   b e c a u s e   t h e  small e f f e c t s   o f   m o d e l   s u r f a c e   r o u g h n e s s   a n d  
h e a t   t r a n s f e r  may b e   s i g n i f i c a n t   i n   t h e   o v e r a l l   e v a l u a t i o n  of  t h e   d a t a   o u t   o f  
NTF. I t  was h o p e d   t h a t   t h e s e  two f a c t o r s   w o u l d   r e c e i v e   d e t a i l e d   r e s e a r c h  
a t t e n t i o n   i n   t h e  0.3-m TCT a n d   t h e  NTF when i t  comes  on l i n e .  

I n  r e sponse  a L a n g l e y   s p o k e s m a n   s t a t e d   t h a t   h e a t   t r a n s f e r  tests are under- 
way i n   t h e  0.3-m TCT. A r e sponse   f rom  indus t ry   (Doug las   A i rc ra f t )   r evea led   t ha t  
t he re   a r e   on -go ing  2-D a i r f o i l  tests h a v i n g  as t h e   m a i n   o b j e c t i v e   t h e   e s t a b l i s h -  
m e n t   o f   h e a t   t r a n s f e r   t o l e r a n c e s   u n d e r   c o n d i t i o n s   o f  small h e a t   t r a n s f e r .  
Immediate  concern i s  w i t h  1- and  2-percent   devia t ions   and   no t   the  10,  20,  and 
30% range commonly r e p o r t e d   i n   t h e   l i t e r a t u r e .   I n d u s t r y - s p o n s o r e d  tests i n   t h e  
Langley 0.3-m TCT w i l l  a d d r e s s  as a secondary   concern   th i s   p roblem of h e a t  
t r a n s f e r .  
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i T e s t s   W i t h   E x t e r n a l   S t o r e s  
,; 

A r e p r e s e n t a t i v e   f r o m   i n d u s t r y   o b s e r v e d   t h a t   t h e   c a r r i a g e  o f  e x t e r n a l  
s t o r e s   o n   a i r c r a f t   h a d   n o t   b e e n   p r e v i o u s l y   a d d r e s s e d   i n   t h e  Workshop. Noting 
t h a t   t h e   r a n g e   o f   a n   a i r c r a f t   w i t h   e x t e r n a l  weapons i n  a war environment i s  
p robab ly   t he  c r i t i c a l  range ,  i t  w a s  recommended t h a t  some of t h e   e a r l y   P a t h f i n d e r  
m o d e l s   a d d r e s s   t h e   p r o b l e m   o f   e x t e r n a l   c a r r i a g e   o f   s t o r e s .  

FLUID DYNAMICS PANEL 

(PERCY BOBBITT ) 

Model Trans i t i on   De te rmina t ion  

A concern was e x p r e s s e d   t h a t   t h e r e  w a s  n o   c a p a b i l i t y   i n  NTF f o r   o b s e r v i n g  
t r a n s i t i o n  on   the   model   in  a v i s u a l   s e n s e .   S i n c e   o n e   c a n n o t   i n c o r p o r a t e  
s u f f i c i e n t   o r i f i c e s   a n d   i n s t r u m e n t a t i o n   o n  a compl ica ted   model   to   de te rmine  
t r a n s i t i o n   l o c a t i o n ,   t h e r e   s h o u l d   b e   e m p h a s i s   o n  some v i s u a l   f o r m  of t r a n s i t i o n .  

The L a n g l e y   r e s p o n s e   p o i n t e d   o u t   t h a t   h e a t - t r a n s f e r   g a g e s   p r o v i d e   l i m i t e d  
i n f o r m a t i o n  on   boundary   l ayer   t rans i t ion .   The   deve lopment   o f   t echniques   for  
t r a n s i t i o n   l o c a t i o n  w a s  i d e n t i f i e d   a s  a problem area f o r  NTF t h a t   h a s   t o   b e  
worked   ou t   t o  a s u c c e s s f u l   c o n c l u s i o n .  

Tempera ture-Gradien t   Ef fec ts  On the   Boundary-Layer   Prof i le  

The g r a d i e n t   o r   s l o p e   o f   v i s c o s i t y   a s  a func t ion   o f   t empera tu re  i s  known 
t o   b e   v e r y   s t e e p   a t   t h e   e x t r e m e l y  low t empera tu res   a t   wh ich  NTF can   ope ra t e .  
Thus i t  w o u l d   b e   p o s s i b l e   t o   g e t  a d i f f e r e n t   b o u n d a r y - l a y e r   p r o f i l e  a t  one 
tempera ture   l eve l   than   a t   another ,   even   though  the   f ree-s t ream  Reynolds  number 
and Mach number were unchanged. A q u e s t i o n  was r a i s e d   a s   t o   w h e t h e r   a n  estimate 
had  been made o f   t h e   m a g n i t u d e   o f   t h i s   e f f e c t   a n d   w h e t h e r   t h e   p a n e l   h a d  
d i s c u s s e d   a n y   n e e d   f o r   a n   e x p e r i m e n t a l   v e r i f i c a t i o n   o f   d a t a   v a l i d i t y   i n   t h e  
ex t remely  low tempera ture   range .  

The   pane l   l eade r  commented t h a t   b o u n d a r y   l a y e r   c a l c u l a t i o n s   i n c o r p o r a t i n g  
t h e   r e a l   g a s   t h e r m o d y n a m i c   a n d   t r a n s p o r t   p r o p e r t i e s   h a v e   b e e n  made,  and t h e s e  
s h o u l d   p r o v i d e   t h e   k i n d   o f   r e s u l t s   d i s c u s s e d .   W h e t h e r   f u r t h e r   s e n s i t i v i t y  
s t u d i e s   w o u l d   i n d i c a t e  a n e e d   f o r   e x p e r i m e n t a l   v a l i d a t i o n  i s  n o t  known a t   t h i s  
time. 

Comments from  an NTF s t a f f  member p o i n t e d   o u t   t h a t   t h e o r e t i c a l   i n v e s t i g a -  
t i o n s   o f   r e a l   g a s   e f f e c t s   o n   t h e   b o u n d a r y   l a y e r   i n d i c a t e   t h a t   t h e   p r i m a r y   e f f e c t  
w i l l  be   found   on   t he   r ecove ry   t empera tu re .   Fo r   ad i aba t i c   cond i t ions ,   such  
i n t e g r a l   p r o p e r t i e s   o f   t h e   b o u n d a r y   l a y e r  as momentum and  d i sp lacement   th ick-  
n e s s ,  as w e l l  a s   t h e   s k i n   f r i c t i o n ,   h a v e   b e e n   f o u n d   t o   b e  l i t t l e  in f luenced   by  
real  g a s   e f f e c t s   i n   t h e   o p e r a t i n g   t e m p e r a t u r e   r a n g e   o f  NTF. 
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W I N D  TLJNNEL/PLIGHT CORRELATION PANEL 

(THEODORE  AYERS) 

Absolu te  Data--Wind Tunnel vs. F l i g h t  

A comment f rom  the   f l oo r   exp res sed  a l o n g  time c o n c e r n   t h a t   i n   t h e   a r e a  
of  wind t u n n e l / f l i g h t   c o r r e l a t i o n s ,   t h e   t e n d e n c y  is  t o   a c c e p t   a n y   f l i g h t   d a t a  as 
absolu te   and   any   o ther   da ta   as   wrong.   Al though much d i s c u s s i o n   h a s   b e e n   g i v e n  
t o   c a l i b r a t i n g  a wind   tunnel ,  l i t t l e  o r   n o t h i n g   h a s   b e e n   s i a d   a b o u t   c a l i b r a t i n g  
f l i g h t  t e s t  d a t a .   I n i t i a l   e f f o r t   s h o u l d   c o n c e n t r a t e  on those   a r eas   where   t he  
c h a n g e s   o f   w i n d   t u n n e l l f l i g h t   c o r r e l a t i o n  are g o o d ,   r a t h e r   t h a n   c o n c e n t r a t i n g  
on areas where   t he re  are gross   d i sagreements   which  show how b a d   t h e   c o r r e l a t i o n  
might  be.   There are many t h i n g s   o n e   c a n   m e a s u r e   d i r e c t l y   i n   f l i g h t   w h i c h  are 
n o t   d i r e c t l y   r e l a t a b l e   t o  wind tunnel   da ta .   Emphas is   should   be   p laced   on  
showing  what  the real  r e l a t i o n s h i p s  are and how t h e   c o r r e l a t i o n   s t u d i e s  may b e  
c a r r i e d   o u t .  

The   cha i rman  observed   tha t   the   a forement ioned  comments a r e  a v a l i d   c o n c e r n .  
There i s  a n   i m p l i e d   r e s p o n s e   i n   t h e   p a n e l  comments abou t   concen t r a t ing   on  
pressure  measurements ,  wake surveys,   boundary-layer  measurements,  e t c . ,  f o r  we 
a l l  a g r e e  i t  i s  d i f f i c u l t   t o   g e t  some m e a s u r e m e n t s   i n   f l i g h t .  The a b i l i t y   t o  
a c q u i r e  c r i t i c a l  f l i g h t   d a t a  is s t e a d i l y   i m p r o v i n g .  

F-15 Research  Demonstrat ion 

A member o f   t h e   F l u i d   D y n a m i c s   P a n e l   p o i n t e d   o u t   t h a t   t h e  NASA F l i g h t  
Center   had   a l ready   demonst ra ted   wi th   the  F-15 a i r c r a f t   t h a t   o n e   c a n   r u n  
expe r imen t s   t ha t   ma in ta in   w ind- tunne l - l i ke   cond i t ions  i n  f l i g h t .   T h i s  i s  a 
t echn ique   wh ich   shou ld   be   fu r the r   deve loped  a t  t h e   F l i g h t   C e n t e r ,   p e r h a p s   w i t h  
o t h e r   a i r c r a f t ,   a n d   s h o u l d   b e   v e r y   h e l p f u l   f o r  a wide   range   of   t es t ing   reg imes .  
The f e a s i b i l i t y   o f   c o n d u c t i n g   s i m i l a r   p r o g r a m s   w i t h   a n o t h e r   o n e   o r  two a i r -  
c r a f t   t h a t   c o v e r   o t h e r   r a n g e s   o f   s p e e d   a n d   a l t i t u d e   s h o u l d   b e   e v a l u a t e d .  

The c h a i r m a n   r e s p o n d e d   t h a t   t h e   F l i g h t   C e n t e r  is c u r r e n t l y   i n c o r p o r a t i n g  
t h e  F-15 t y p e   r e s e a r c h   c a p a b i l i t y   i n   o n e   o f   t h e  NASA F-104 a i r c r a f t .   T h e r e  
i s  d a n g e r   t h a t   t h e  F-15 may b e   l o s t   d u e   t o   f u n d i n g   c o n s t r a i n t s ,   a n d   e v e r y   e f f o r t  
is  being made t o   f i n d   o t h e r  ways t o   r e t a i n   t h a t   c a p a b i l i t y  and   fu r the r   deve lop  
i t .  

Research  Adequacy Of t h e   P a t h f i n d e r   M o d e l s  

I n   t h e   a r e a   o f  wind t u n n e l l f l i g h t   c o r r e l a t i o n  a p a n e l  member emphasized 
t h e   f a c t   t h a t   t h e   i n i t i a l   r e s e a r c h   m o d e l s   s h o u l d   b e   c o n f i g u r a t i o n s   f o r   w h i c h  
w e  h a v e ,   o r   c a n   g e t ,  some f l i g h t   d a t a   t o  assess how w e l l  t h e  NTF c a n   r e a l l y  
s imula t e   t he   h igh   Reyno lds   number   fu l l - s ca l e   t ype   o f   da t a .  One s h o u l d   n o t  
develop a l o t   o f   m o d e l   d a t a  a t  high  Reynolds  number f o r  wh ich   t he re  i s  no 
f l i g h t   c o u n t e r p a r t .   I n   t h i s   r e s p e c t ,   t h e   P a t h f i n d e r   m o d e l s   d o   n o t   a d d r e s s   t h e  
a rea   o f   conce rn  of  t h i s   p a n e l .  
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SPACE VEHICLES PANEL 

(DELMA FREEMAN) 

A member o f   t h i s   pane l   obse rved   t ha t   no   men t ion   o f  missiles had  been 
i n c l u d e d   i n   t h e   p a n e l   p r e s e n t a t i o n ,   w h e r e a s   t h i s  w a s  a n   a r e a   o f   d i s c u s s i o n .  
T h e   p a n e l   l e a d e r ,   i n   n o t i n g   t h a t   t h i s   a r e a   i n a d v e r t e n t l y   h a d   b e e n   o m i t t e d ,  
p o i n t e d   o u t   t h a t   r e s e a r c h   o n   s p a c e   v e h i c l e s  a t  h i g h   a n g l e   o f   a t t a c k   a p p l i e s   t o  
c r u i s e  missiles as w e l l .  

THEORETICAL AERODYNAMICS  PANEL 

(FRANK THAMES,  PRESENTER) 

Laser V e l o c i m e t e r   C a p a b i l i t y   I n  NTF 

Although a r e c o m e n d a t i o n   f o r  LV c a p a b i l i t y   f o r  NTF had   no t   been   inc luded  
i n  a l l  p a n e l   c h a r t s ,   t h e r e  was gene ra l   ag reemen t   w i th in   t he   pane l  as t o   t h e  
d e s i r a b i l i t y   o f  LV m e a s u r e m e n t s ,   f o r   t h i s   c a p a b i l i t y  w i l l  b e   u s e f u l   i n  a w i d e  
v a r i e t y   o f   p r o g r a m s .   T h e   i n s t a l l a t i o n   o f  a laser v e l o c i m e t e r  is  a h i g h  
p r i o r i t y  i tem, s p e c i f i c a l l y   i n   t h e   c o n t e x t   o f  wall  i n t e r f e r e n c e   e f f e c t s .  

The  Question of Model S i z e  

R e l a t i v e   t o  w a l l  i n t e r f e r e n c e   e f f e c t s ,  a q u e s t i o n  w a s  raised concern ing  
. t h e   d e f i n i t i o n   o f  "small" and  "large"  models  used i n   t h e   p a n e l   p r e s e n t a -  
t ion ,   and   what  levels  of  blockage are be ing   cons ide red .  

S u b s e q u e n t   d i s c u s s i o n   r e v e a l e d   t h a t   " l a r g e f '   m o d e l s   a r e   o f   t h e   P a t h f i n d e r  
model s i z e ,   w h i c h  i s  c h a r a c t e r i s t i c   o f   e x i s t i n g   m o d e l s  (8 '  TPT, e t c . ) .  
R e l a t i v e   t o   f f s m a l l r '   m o d e l s ,   t h e s e  are c o n s i d e r e d   t o   b e   a b o u t   h a l f   t h e   s i z e   o f  
P a t h f i n d e r  I and 11, b u t   t h e r e   n e e d s   t o   b e  a d a t a  base t o   e s t a b l i s h   t h e   e x a c t  
s i z e .  

Axisymmetric Model  Program 

A L a n g l e y   s t a f f  member d iscussed   proposed  axisymmetric model tests i n  
which a sma l l   mode l   des igned   fo r   t he  0.3-m TCT would  have  the same blockage 
a s  a l a r g e r   m o d e l   i n s t a l l e d   i n   t h e  NTF. S t u d i e s   a r e   c u r r e n t l y  underway t o  
e s t a b l i s h   t h e   b e s t   l o n g i t u d i n a l  area d i s t r i b u t i o n   f o r   t h e  axisymmetric model. .  
Sugges t ions   f rom  the   workshop  a t tendees  were i n v i t e d .  

Wall Correc t ion   Codes  

R e l a t i v e   t o   t h e   p r o b l e m   o f   t r y i n g   t o   c a l i b r a t e   t h e  w a l l  c o r r e c t i o n   c o d e s ,  
a s u g g e s t i o n  w a s  rece ived   f rom a Boe ing   ae rodynamic i s t   t ha t   cons ide ra t ion   be  
g iven   t o   mak ing  tests i n  NTF w i t h   t h e   s l o t s   s e a l e d .   T h i s  w i l l  no t   p rov ide  a 
f r ee -a i r   compar i son ,   o f   cou r se ,   bu t  i t  w i l l  p r o v i d e  a well-posed  boundary 
c o n d i t i o n   a n d   e l i m i n a t e   o n e   o f   t h e  unknowns i n   t h e   t h e o r e t i c a l   c o m p a r i s o n .  



S t o r a g e  O f  Model   Coordina tes   In  a Data Bank 

A g e n e r a l   s u g g e s t i o n  was made t h a t   c o o r d i n a t e s   o f   t h e   m o d e l s   t o   b e   t e s t e d  
i n  NTF (as  w e l l  as i n   t h e  0.3-m TCT) b e   m e a s u r e d   w i t h   g r e a t   p r e c i s i o n   a n d  
s t o r e d   i n   a n   e a s i l y   a c c e s s i b l e   d a t a   b a n k .  A s  t h e   b o u n d a r y   l a y e r   g e t s   p r o g r e s -  
s i v e l y   t h i n n e r  a t  t h e   h i g h e r  test Reynolds  numbers, small v a r i a t i o n s   i n  model 
coord ina tes   might   show up as u n e x p l a i n e d   v a r i a t i o n s   i n   t h e   r e s u l t a n t   d a t a .  I t  
would be   wor thwhi le  t o  b e   a b l e   t o   r e s o l v e   t h a t   q u e s t i o n   q u i c k l y   b y   r e a d y   a c c e s s  
t o   t h e   d e t a i l e d   m o d e l   g e o m e t r y   b e f o r e   l a u n c h i n g   i n t o   a n   e x t e n d e d   a n a l y s i s   t o  $$ 
e x p l a i n   t h e   d a t a   d i s c r e p a n c i e s .  
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ROUND TABLE DISCUSSION 

Clinton  Brown,  moderator 
NASA  Headquarters 

INTRODUCTORY REMARKS 

In the  course of the  Workshop  proceedings,  good  progress  has  been  made in 
determining  the  kinds of experiments  and  the  motivation  behind  these  experiments 
now being  proposed  for  NTP.  Success  in  this  undertaking  should  enable  the 
existing  investment in our  facilities  to  be  used  wisely,  at  minimum  cost,  and 
in  the  national  interest. 

FLOW  VISUALIZATION  CAPABILITY  IN  NTF 

A  comment  from  the  floor  noted  that flow visualization is considered  a 
very  important  adjunct  to  NTF.  Recognizing  the  fact  that  the  present  tunnel 
configuration  provides for only  very  small  viewing  apertures,  information was 
requested  as  to  what  modifications  to  NTF  would be  necessary  to  provide  for 
flow  visualization  capability. 

Although  detailed  sketches  of  the  test  section  layout  were  not  immediately 
available,  a  Langley  staff  member  pointed  out  that  there  is  more  visibility  in 
the  test  section  than  one  might  believe.  For  example,  in  the  side  walls  there 
are  three  76-  by  91-cm (2%- by  3-ft)  (nominal)  windows,  three  along  each 
side  wall plus  ten  15-cm  (6-in)  diameter  viewing  ports  in  each  side  wall. And 
in  the  vicinity  of  the  model  (in  the  ceiling  and  the  floor  of  the  test  section) 
there  are  an  additional 30 viewing  ports. 

Any  significant  change  in  window  arrangement  encounters  structural  limit- 
ations  imposed  by  the  design  tunnel  pressure  of  nine  a,tmospheres.  With  NTF 
operating  experience  in  hand,  it  might  be  feasible  to  de-rate  the  upper 
pressure  capability,  but  even so one  would  be  constrained  by  the  structural 
design  problem  which  dictates "X" amount  of  strength  as well  as by  the  attendant 
space  available for viewing. 

The  NTF  instrumentation  package  incorporating  laser-velocimeter  capability 
has  been  addressed in previous  discussions.  There  is  not  as  yet  a  dedicated 
system  with  a  firm  date  for  installation,  but  activities  leading  to  such  a 
system  are  underway  in  two  areas: (1) research  to  assure  that  an  L-V  system 
works  in  a  cryogenic  environment  such  as  the  0.3-m  TCT,  and (2) general 
engineering on the  system.  Once it has  been  demonstrated  that  an  L-V  system 
can  function in a  cryogenic  environment,  then  incorporating  such  a  system  into 
the  NTF  should  be  relatively  straightforward. 
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RESEARCH  PRIORITIZATION AND SCHEDULE 

A member  of  the  Fluid Dynaics Panel commented  that  the  various  panels 
had  submitted  a  long  list of very  worthwhile  experiments,  but  there  is  a 
certain  amount of overlap,  as  one  would  expect,  among  the  various  panel 
recommendations. The  Panel  on  Aeroelasticity  and  Unsteady  Aerodynamics  made 
the  only  attempt  to  prioritize  their  recommended  experiments.  The  question 
was  raised  as  to  whether  there  will  be  prepared: (1) an overall  research 
priority  list,  and (2) an  overall  schedule  (at  least  for  the  early  years). 

The  moderator  observed  that  the  first  research  items  introduced  by  the 
panels  tended  to  represent  the  higher  priority  experiments.  The  NTF has 
always  had  a  flat-plate  boundary-layer  experiment  in  its  initial  program, 
along  with  the  10-degree  transition  cone.  Generally,  the  prioritization  to 
date  has  been  for  configurations  as  opposed  to  the  more  basic  research.  The 
problem  before u s  now is  how  to  integrate  the  configuration-oriented  experi- 
ments  with  the  basic  studies--  how  to  interleave  these  to  get  a  more  balanced 
program.  This  has  not  been  done as yet. 

ACCOUNTABILITY  FOR  RESEARCH  RECOMMENDATIONS 

A question  was  raised  from  the  floor  relative  to  research  accountability; 
that is,  who  is  going to do  something  about  getting  these  recommended  programs 
under  way.  From  the  flight  research  standpoint,  these  programs  must  be 
initiated  promptly  because of the  long  lead  time  to  procure  the  experimental 
aircraft  and  install  flight  instrumentation. 

WALL  EFFECTS AND CORRECTIONS 

An  industry  representative  pointed  out  that  a  major  area  of  concern 
expressed  by  several  panels  is  that  of  wall  effects  and  wall  corrections. 
Progress  in  wall  effects  need  not  waif  for  NTF  to  come  on  line;  many  of  the 
recommendations  can  be  implemented  with  existing  tunnels.  Perhaps  this  effort 
should  receive  higher  priority  to  insure  that  the  wall-correction  procedures 
will  be  available  and  verified  when  NTF  comes  on  line. 

The  moderator  noted  that  there  are  several  programs  under  way  at  Langley 
that  relate  to  wall  effects.  Theoretical  studies  are  under  way  aimed  at  the 
wall-interference  assessment  and  correction  procedure.  Also,  there  is  a  sub- 
stantial  effort  on  the  instrumentation  itself--  where  to  make  measurements 
and  how  these  measurements  feed  into  the  theory. 

Some  basic  work  is  planned  on  the  use of pressure  pipes  (e.g.  Calspan) 
to  make  pressure  measurements  out  in  the  flow  field  to  define  boundary  condi- 
tions.  There  is  only  one  tunnel  appropriate  for  doing  that  kind  of  work 
(0.3-m  TCT),  and  access  to  this  facility  is  somewhat  limited.  There is  a 
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(1  

s u b s t a n t i a l  amount  of pre l iminary  work  going  on t h a t   f e e d s   i n t o   t h e   t o t a l .  
But r e a l i s t i c a l l y   m o s t  of t h i s  work w i l l  probably  be  completed by the  t i m e  NTF 
comes o n   l i n e .  

GENERAL  COMMENT ON WALL INTERFERENCE 

A s t a f f  member from  Langley commented tha t   no t   on ly   shou ld   t he re   be  some 
pre-NTF operational  examination  and  development of these  w a l l  measurement 
t echn iques ,   bu t   t he re  is an   ex tens ion  of the  whole area of computa t iona l   f lu id  
dynamics  which  has   direct   appl icat ion  to  NTF and   wh ich   war ran t s   ea r ly   u t i l i -  
za t ion   by  a l l  f a c i l i t i e s .  

Concern w a s  expres sed   i n  a proposal   of   the   High-Lif t   Panel   that   the   s lots  
i n  NTF b e   c l o s e d   f o r   h i g h - l i f t  work i n  NTF. This   represents  a s i t u a t i o n   i n  
wh ich ,   w i th   t he   s lo t s   cove red ,  one knows t h e  w a l l  i n t e r f e rence   p i c tu re   and  
boundary  condi t ions a l i t t l e  b i t   b e t t e r ,   b u t   i n   t h e   p r o c e s s  one  must  accept a 
larger   magni tude of w a l l  i n t e r f e r e n c e ,   i n c l u d i n g   l a r g e r   d i s t o r t i o n  of the  f low,  
t o  a degree   for   which   cor rec t ions   cannot   be  made. 

The w a l l  in terference  assessment   and  correct ion  procedures   proposed  for  
NTF using  experimental   measurement  of  conditions on  an  outer  boundary  represent 
an  approach  to  the  whole  problem of examining  what i s  going on i n s i d e   t h e  
wind tunnel  and the reby   p rov id ing   g rea t e r   i n s igh t   i n to   t he   f l ow phenomena. 
This   procedure  can  be  addressed  for   subsonic   speeds by panel  methods.  For 
example, i n  a h igh - l i f t   p rob lem,   t he  model  does  not  have t o  be   represented   in  
g r e a t   d e t a i l .  The element  that   must  be  represented  with  most  accuracy i s  t h e  
outer  boundary  condition,  and  that  i s  the  one  measured  experimentally. 

A similar concept   can  be  addressed  in   the area of  model suppor t   i n t e r -  
fe rence .  L i t t l e  of a specif ic   nature   has   been  accomplished  here ,   but  i t  i s  
be l ieved  w e  are on the   t h re sho ld  of some  new approaches   to   th i s   p roblem.  
F u r t h e r   e f f o r t  m u s t  be  expended in   applying  the  computat ional   techniques  that  
a l r e a d y   e x i s t   t o   t h i s   s p e c i f i c  problem area. It is  no t  up to   Langley   a lone  
t o   c a r r y   o u t   t h i s   e f f o r t ,   C o n t r i b u t i o n s   t o   t h i s   e f f o r t   c a n   b e  made by  any 
member of ‘ the  aerodynamics community. 

ROLE OF A SOLID WALL I N  HIGH-LIFT  TESTING 

The chairman of the  High-Lif t   Panel  commented on t h e   a p p l i c a b i l i t y  of a 
s o l i d  w a l l  i n   t e s t i n g  a t  h i g h   l i f t .  The previous ly   no ted   concerns   tha t   l ead  
one t o  a s lo t t ed -wa l l   con f igu ra t ion  are c e r t a i n l y   p e r t i n e n t  a t  t r anson ic  
speeds;  however, a t  low Mach numbers of 0 .2  t o  0.4” which i s  where  the  high- 
l i f t  concern   ex is t s - -   so l id  wa l l s  have  been  found t o   b e  more appropr i a t e .  
Considerable  experience  has  been  obtained  with  open w a l l s ,  s o l i d  w a l l s ,  and 
s l o t t e d  w a l l s ,  and f o r   t h e   l i f t - c o e f f i c i e n t   r a n g e  typical of  commercial 
t ransports ,   wal l -correct ion  techniques  employing  e i ther   panel   methods  or   the 
methods  of Heyson are found t o   b e   q u i t e   a d e q u a t e .  
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ARNOLD  ENGINEERING AND DEVELOPMENT  CENTER  (AEDC) 

ACTIVITIES IN WALL INTERFERENCE 

A commentary  was  made on progress in wall interference  work  at  the  AEDC 
where  primary  emphasis  is on development  of an adaptive  wall. In the  approach 
being  followed,  the  wall is not  called  upon  to  adapt  fully  to  free-air  simu- 
lation.  Instead,  wall  adaptation  is  limited  to  a  certain  point  where  the 
residual  interference  becomes  correctable.  This  program  is  supported  by 
experimental  work in the  AEDC  16-foot  transonic  tunnel  and  by  analytical  flow 
research  to  develop  the  supporting  analytical  techniques. 

NASA  activities  in  these  areas  have  already  been  discussed;  the  intent  of 
this  comment  is  to  inform  Workshop  attendees  that  AEDC is  also  active  in  these 
areas  and  contributing  to  NTF  progress. 

W I N D  TUNNEL/FLIGHT  CORRELATION  WITH  SPACE  SHUTTLE 

The  possibility  was  introduced  of an active  wind-tunnel/flight  correlation 
program with  respect  to  the  Space  Shuttle. It was  asked  whether  any  plans  are 
under  way now to make  the  necessary  flight  measurements  that  could  be  used  for 
the  purpose  of  correlation.  The  chairman  of  the  Space  Vehicles Panel stated 
that  there is a fairly  large  effort  in  the  Orbiter  Experiments  (OEX)  program 
in  which  members  of  Langley,  Johnson,  and  Dryden  Centers  will  be  involved  in 
extracting  the  flight  data.  Data  from  the  Approach  and  Landing  Tests  (ALT) 
program  at  Mach  numbers  of  about 0.4 and 0.6 are also  available  and  have  already 
been  published  (ref. 1). 

REYNOLDS  NUMBER  EFFECTS  ON  EXTERNAL  STORES 

A  member  of  the  Configuration  Aerodynamics  Panel  observed  that  one  of 
the  major  problems  in  the  aircraft  industry  is  the  carrying  of  weapons  and 
stores.  There  are  very  significant  Reynolds  number  effects  associated  with 
carrying  such  ordnance. It is  very  important  that  such  programs  have  access 
to  NTF  for  detailed  studies,  because  this  is  a  strong  factor  for 
those  aircraft  designers  who  are  trying  to  deliver  ordnance.  The  panel 
chairman  agreed  that  such  an  item  should  be  added to the  panel  list  of 
recommendations. 

CONSIDERATIONS OF AN  NTF  OVERSIGHT  COMMITTEE 

A large  number of diverse  recommendations  were  noted  concerning  what  to 
include  in  the  early  program  of  NTF. It was asked  whether,  if  the  Langley 
staff  takes  these  recommendations  and  generates an initial  program  for  NTF, 
the  "oversight"  committee  mentioned  in  the  paper on NTF  Management  Considera- 
tions  (ref. 2) could  be  structured so that it would  review  the recomended 
programs . 
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The  Langley  response  by  Robert  Bower  questioned  whether  the  noted 
"oversight"  committee is the  proper  one  for  NTF  program  review.  Because  of 
past  associations,  a  more  likely  candidate  for  program  review  and  prioriti- 
zation  might  be  the  existing  NASA  Aerodynamics  Advisory  Committee. 

Follow-through  on  the  research  recommendations is very  important.  Within 
NASA  Langley,  a  Steering  Committee  made  up of technical  representatives  from 
Center  directorates  and  chaired  by  Wayne  McKinney  has  been  established  to 
review  and  recommend  experiments  to  be  performed in the  early  stages  of  NTF. 
It is expected  that  this  committee  will  continue  to  function  with  the  technical 
responsibility  for  prioritizing  various  programs  insofar  as  Langley  is  con- 
cerned. This  committee will seek  advice  from  the  Aerodynamics  Advisory 
Committee  and,  where  appropriate,  from  whichever  organization  results  from 
that  oversight--  perhaps  a  higher  level  group. 

Langley  is  now in the  early  stages  of  implementing  the  NTF  organization 
presented  in  the  paper  on  NTF  Management  Considerations.  There  will  be  a 
dedicated  branch  to  look  into  the  initial  experiments  in  the  NTF.  These  will 
involve,  of  course,  experiments  from  a  broad  range of research  areas  at 
Langley  as  well  as  outside  the  Center.  This  group  will  have  the  direct 
responsibility  for  taking  the  recommendations  from  this  Workshop  and  proposing 
a  program.  Participation  of NASA Headquarters  will  be  required  to  provide 
funding,  but  there  will  be  a  definite  setup,  a  line  organization,  to  do  this. 

How we follow  through  on  these  recommendations  will  be  very  important. 
It is  equally  important  for  the  potential  user--  largely  represented  by  the 
attendees  here  at  this  Workshop--  to  get  involved  early  in  the  use  of  NTF. 
Cooperative  types  of  effort  are  encouraged  very  strongly.  Proposals  and  ideas 
for  experiments  and  tests in  NTF,  as  well precursor  experiments  in  the  0.3-m 
TCT,  are  invited.  It  is  extremely  important  that  we  implement  what  we  are 
talking  about  today,  not  just  in-house  here  at  Langley  but  with  the  attendees 
at  this  Workshop.  One  needs  to  gain  confidence  in  the  facility  and  not  wait 
until 1985 to  see  what  success  it  has  and  then  start  thinking  about  models 
and  becoming  involved  in  the  program. 

HOW  EXPERIMENTS  GET  PRIORITIZED 

A panel  leader  commented  that  the  deliberations  of  these  Workshops  con- 
tribute  heavily  to  the  way  in  which  various  experiments  are  prioritized  and 
will  be  conducted  in  NTF.  The  way  research  has  been  prioritized  over  the  past 
50 years  will  probably  remain  unchanged. In the  areas  of  different  disciplines, 
those  priorities  expressed  by  the  user  community  will  be  adhered  to.  How  they 
are  going  to  be  interleaved will  be  the  responsibility  of  those  at  Langley. 

The  moderator  pointed  out  that  with  all  the  panel  research  proposals,  a 
multi-million  dollar  program  of  significant  proportions is evident. It is 
clear  that  final  prioritization  will  take  place  when  dollars  are  laid  side  by 
side  with  the  various  programs. 
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EXPLORING  THE  UNIQUE  CAPABILITIES  OF  NTF 

In  setting  priorities,  a  panel  member  who  had  been  actively  involved in 
the  early  history of NTF  recalled  that in preparing  the  advocacy  package  for 
a  high  Reynolds  number  facility,  many  examples  of  high  Reynolds  number  effects 
were gathered.  One  could  look  at  the  examples  and  find  very  few  hard  core 
high  Reynolds  number  cases.  In  many  of  the  remaining  examples  there  were 
other  kinds  of  effects--  aeroelastic  effects  and  concurrent  M/RN  effects,  etc. 
A point  in  setting  priorities  is  to  keep  in  mind  the  unique  capabilities  of 
NTF. It is  not so much  the  high  Reynolds  number  capability  alone,  but  the 
capability  to  independently  vary  the RN, M, and q. The  kind  of  testing  that 
is  to  be  carried  out  in  NTF  should  take  advantage  of  that  unique  capability. 

USES FOR  NTF  AS  YET  UNSEEN 

The  chairman  of  the  Configuration  Aerodynamics  Panel  agreed  wholeheartedly 
with  the  previous  comments.  Many  uses  for  NTF  will be found  that  are  not 
envisioned  at  present.  There  is  a  tendency,  because  of  the  importance  of 
finding  out  what  happens  at  full-scale  Reynolds  number,  to  think  of  NTF  as  a 
high  dynamic  pressure  tunnel.  The  Configuration  Aerodynamics  Panel  did  not 
consider  static  aeroelastic  effects,  for  it  was  not  clear  in  which  group  that 
area  really  belonged.  Because  of  limited  time,  the  panel  restricted  its 
efforts  primarily  to  the  constant "q" modes  available  in  the  tunnel,  which  of 
course  are  unique. 

The  static  aeroelastic  effects  are  very  important in configuration 
development,  and  the  NTF  is  not  necessarily  a  high "q" tunnel  for  the  same 
RN. In  fact, it  has  a  lower "q" than  any  other  tunnel  of  that  size. It also 
has  the  unique  capability of making  aeroelastic  studies  through  the  altitude 
range  with  a  single  model.  This  is  possible  because  one  can  control  the 
speed  of  sound  and  can  match  the  altitude  effects on RN, M, and q, which 
cannot  be  done  in  a  conventional  pressure  tunnel  (constant  temperature).  One 
should  not  think  of  the  NTF  as  just  a  high "q" tunnel,  because  the  cryogenic 
concept  is  fundamentally  a  low "q" concept  for  attaining  a  given  Reynolds 
number  and  Mach  number. 

AIRFOIL  PROGRAM  CONFORMITY  WITH  PANEL  RECOMMENDATIONS 

In the  airfoil  program  presented  by  the  Fluid  Dynamics  Panel,  a  recommen- 
dation  was  made  to  choose  two  or  three  airfoil  shapes  as  standard  or  baseline, 
followed  by  a  long  list  of  research  items to be  investigated  for  each  airfoil. 
A question  was  raised  as  to  whether  the  Langley  airfoil  program  is  consistent 
with  the  Panel  recommendations  regarding  well-defined  geometry  and  surface 
characteristics,  transition  studies,  wake  surveys,  etc. 

The  panel  leader  commented  that  the  panel  recommendations  include 
additional  items  such  as  wake  surveys,  transition  using  surface  thin-film  gages, 
precision  definition  of  the  environment  in  terms  of spectra, etc.  Most  of 
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t h e s e  items have   been   inves t iga ted  a t  Langley  using several mode l s ,   no t   j u s t  
one  model for   which   the   geometry ,   sur face   condi t ions ,  and environment are w e l l  
defined.  These elements have   no t   been   pu t   toge ther   in   the  same way as recom- 
mended by  the  panel .   The  panel   recommendat ions 'are   bel ieved  to   represent   an 
ex tens ion  i n  concept o f  t h e   c u r r e n t   a i r f o i l  program t o   p r o v i d e  a g r e a t e r  
r e s e a r c h   r e t u r n   f o r  the e f f o r t  expended. 

R e l a t i v e   t o   t h e  comment about classes of a i r f o i l s ,   a n   i n d u s t r y  member 
po in ted   ou t   t ha t   t he re  is a d i f f e r e n c e  i n  t h e   e f f e c t  of s u r f a c e   f i n i s h ;   f o r  
example, a s u p e r c r i t i c a l   a i r f o i l   h a s  a f a i r l y   f l a t  s ta t ic  p r e s s u r e   d i s t r i b u t i o n  
on  the  upper   surface compared t o  a na tura l ,   l aminar - f low  type   a i r fo i l   which  
may have a f avorab le   p re s su re   g rad ien t .  The F lu id  Dynamics P a n e l   i n  its 
recommendations w a s  t r y i n g   t o   a d d r e s s   g e n e r a l  classes of a i r f o i l s  and  the 
e f f e c t  of sur face   roughness   on ' those  classes of a i r f o i l s .  

THE PROBLEM  OF  INTERFERENCE-FREE AIRFOIL DATA 

One of t he   poss ib l e   p rob lems   w i th   a i r fo i l  tests is  as soc ia t ed   w i th  w a l l  
i n t e r f e r e n c e .  A member of t he   Theore t i ca l  Aerodynamics  Panel commented t h a t  
i n   t h e   p a s t  i t  h a s   b e e n   v e r y   d i f f i c u l t   i n   t h e   c o u r s e  of changing  model  sizes 
t o   s e p a r a t e  Reynolds number e f f e c t s  from  changes i n  w a l l  e f f e c t s .  A c a r e f u l  
a i r f o i l  test i n   t h e  NTF, where a i r f o i l s  of d i f f e r e n t   s i z e s  are t e s t e d  a t  the  
same Reynolds  number,  would provide  another  way t o   d e f i n e  w a l l  i n t e r f e r e n c e  
c o r r e c t i o n s .  One would s u s p e c t   t h a t   e v e n   i n   t h e  small 0.3-m TCT, r i g h t  now 
w e  do not  have a sa t i s f ac to ry   unde r s t and ing  of Mach number,  blockage,  or  angle- 
of -a t tack   cor rec t ions .   Hopefu l ly ,   l a rger   tunnels   such  as NTF w i l l  provide a 
b e t t e r   g r a s p  of the  problem. 

The l e a d e r  of t he   F lu id  Dynamics Panel   observed  that   probably we  do not  
have  what  would  be  called  "interference-free"  values of any th ing   t e s t ed   i n  
t h e  0.3-m TCT. Based  on p r e s s u r e   d i s t r i b u t i o n s  a t  several   span-wise  locat ions,  
the   f low  about   the   a i r fo i l   looked   very   two-dimens iona l ,   bu t   there  i s  no pre-  
t e n s e   t h a t   t h e   d a t a  are f r e e  of w a l l  e f f e c t s .  The 0.3-m TCT w i l l  be  provided 
s h o r t l y   w i t h  a passive  s ide-wal l   boundary-layer   control   system.  In  a few 
y e a r s   t h i s  w i l l  be   modif ied  to   an  act ive  boundary-layer   removal   system. Later 
s t i l l ,  a n   a c t i v e   s t r e a m l i n e  w a l l  w i l l  b e   i n s t a l l e d   t o   f u r t h e r   s t u d y   t h e  w a l l  
i n t e r f e r e n c e   p r o b l e m   i n   t h a t   f a c i l i t y .  

The 0.3-m TCT a t  present   has  a f i x e d   s l o t t e d  w a l l ,  A i r f o i l   d a t a  are 
c o r r e c t e d   f o r   b l o c k a g e ,   l i f t ,  and  buoyancy. I n  some ins tances   a t tempts   have  
been made t o   u t i l i z e   t h e   w a l l - c o r r e c t i o n   p r o c e d u r e s   o u t l i n e d   i n   t h e  Workshop 
papers .  To approach  an  interference-free  condi t ion,   however ,   one may have   to  
go t o   t h e   l a r g e r  NTF wi th   longer   span/chord   ra t ios  and r e d u c e d   s i z e   r e l a t i v e  
t o   t h e  test s e c t i o n .  It remains a most d i f f i c u l t   p r o b l e m ,  as t h e  Workshop 
a t t e n d e e s   r e c o g n i z e ,   t o   o b t a i n   i n t e r f e r e n c e - f r e e   d a t a .  
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DESIGN  APPLICATION OF 2-D AIRFOIL DATA I N  THE PESENT WORLD 

The  moderator  introduced a ques t ion  of personal   concern  by n o t i n g   t h a t  
t h e   i d e a  of a i r f o i l  deve lopment   a rose   essent ia l ly   ou t   o f   the   o ld   l i f t ing- l ine  
theory.  The i d e a   t h a t  w e  can test 2-D a i r f o i l s  and then   apply  them t o   t h e  
real world  of a 3-dimensional ,   f ini te-aspect-rat io   wing  involves   an  evolu-  
tionary  thought  of  employing some kind of l i f t i n g - l i n e   a n a l y s i s .  We have come 
a long way w i t h   a i r f o i l s   i n   t h e   c r u i s e   r a n g e ,   b u t   t h e   e m p h a s i s   w i t h i n  NASA and 
throughout   the   count ry  seems to   be   t end ing   t oward   h igh - l i f t   dev ices .  Thus w e  
are cont inuing  2-D development  of a i r f o i l s   f o r   t h e   h i g h - l i f t   c o n d i t i o n .  

Flow f i e l d s   a b o u t   a n   a i r c r a f t  are highly  3-dimensional ;   accordingly,  
comments were s o l i c i t e d   w i t h   r e g a r d   t o  how much pr ior i ty   should   be   p laced   on  
the   concept   o f   fur ther  and ex tens ive  2-D a i r f o i l   t e s t i n g  a t  h igh   angles  of 
a t t a c k .  It w a s  asked  whether  those  from  industry who a c t u a l l y   d e s i g n   t h e  
a i r p l a n e   f i n d   t h a t   2 - d i m e n s i o n a l   a i r f o i l   d a t a   h a v e   a p p l i c a b i l i t y   i n   t h e  3- 
dimensional  design  problems. 

Transport  Type A i r c r a f t  

The i n i t i a l   r e s p o n s e  f rom  indus t ry   no ted   tha t   insofar  as high l i f t  w a s  
concerned,   there   appears   to   be a need f o r   o b t a i n i n g  2-D h i g h - l i f t   d a t a  showing 
genera l   t rends  up t o  40 million  Reynolds number. The Energy E f f i c i e n t   T r a n s p o r t  
(EET) e f f o r t   h a s  shown t h a t   i f  one  designs a h igh - l i f t   sys t em  fo r   h igh   Reyno lds  
numbers, the   shape   of   the   f laps ,   gaps ,  and over laps  would b e   d i f f e r e n t  
(cf .   lower  RN), and perhaps i t  might   be   necessary   to   des ign   for   d i f fe ren t  
d e f l e c t i o n s .  So t h e r e  i s  a need f o r  2-D work t o   l o o k  a t  what  happens t o   t h e  
h i g h - l i f t   d e s i g n  a t  the  higher  Reynolds number. This  is i n  comparison t o  a 
high-l i f t   system  designed a t  one mill ion  Reynolds number,  which is  typ ica l   o f  
most  of our   t ransport   development   in   a tmospheric   pressure,  low-speed tunne l s .  

But there   remains a problem  pecul iar   to   the  t ransonic   regime.  The 
des igner  w i l l  a lways   have   to   in tegra te  a 2-D a i r f o i l   i n t o  a 3-D wing. The 
3-D problem,  however, i s  perhaps more d i f f i c u l t  where  one  must  consider 
h a n d l i n g   q u a l i t i e s ,  Mach tuck,  and similar c o n s t r a i n t s .   I n s o f a r  as the  air-  
frame  designers are concerned,  they would t end   t o   r ega rd   t he  3-D i n t e g r a t i o n  as 
a tougher  problem. The 2-D a s p e c t   r e l a t i v e   t o  3-D, a t  least  t r a n s o n i c a l l y ,  
i s  of  equal  importance. 

F igh te r  Type A i r c r a f t  

For the   low-aspec t - ra t io   wings   charac te r i s t ic  of f i g h t e r - t y p e   a i r c r a f t ,  
s e r ious   conce rn   ex i s t s  as to   whether   the  2-D a i r f o i l  work is  of much v a l u e   t o  
t hose   i n   t he   f i gh te r   bus iness .   The re  are many ques t ions   r a i sed   even   i n  
developing  codes for 2-D a i r f o i l s ;   t h u s ,  some doubt i s  c a s t  on  the 2-D 
methods  themselves. W k n  a des igner  tries t o   i n c o r p o r a t e   a n   a i r f o i l   i n t o  a 
low-aspec t - ra t io   wing   des igned   to   opera te   in   reg ions  of separa t ion ,   the   p roblem 
becomes so 3-dimensional   that   there  i s  se r ious   ques t ion  as to   whe the r  2-D 
da ta ,   e i ther   computa t iona l   o r   exper imenta l ,  are of a g r e a t   d e a l  of va lue .  
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An opposing view from a company hav ing   ex tens ive   f i gh te r   des ign   expe r i ence  
w a s  s imple  and  direct ;   two-dimensional   a i r foi l  work seems t o  work w e l l  f o r  
them. It w a s  po in t ed   ou t   t ha t   mos t   o f   t he i r  company wing  design  methodology 
.is based  on a class o f   a i r fo i l s   deve loped   by   t he  company many years  ago,  and 

has   spent  a l o t  of t i m e  l e a r n i n g  how t o   a p p l y  2-D a i r f o i l s   c o n t a i n e d   i n   t h e  
d a t a   b a s e   t o   t h e   d e s i g n  of a 3-D wing t h a t   r e c o v e r s   t h e  2-D des ign   p re s su re  
d i s t r i b u t i o n s .  The r e s u l t s   h a v e   b e e n   s u c c e s s f u l   f o r   f i g h t e r   a i r c r a f t ,  so  
much so  t h a t   t h o s e   i n   t h e   r e s e a r c h   d e p a r t m e n t  who h a v e   b e e n   t r y i n g   t o   i n i t i a t e  
3-D wing  calculat ions  have  received  very l i t t l e  support .  

~ X h e - d e s i g n e r  is q u i t e  happy wi th  2-D a i r f o i l   s h a p e s   t o  work with.  The company 

A SUMMATION O F  2-D VS 3-D AIRFOIL WORK 

A summary commentary  from t h e   u n i v e r s i t y  community po in ted   ou t   t ha t   t he  
ques t ion  is not   one  of   “ei ther /or”;   perhaps it would b e   b e t t e r   t o   a s k   w h e t h e r  
2-dimensional a i r f o i l   d a t a   h a v e   v a l i d i t y .   I f   o n e   h a s   t o  s ta r t  w i t h  2-D d a t a  
t o   c a l c u l a t e   o r   d e t e r m i n e  3-D e f f e c t s ,   t h e n   t h e  2-D a i r f o i l  program is  h ighly  
necessary.  A consensus   tha t  2-D a i r f o i l   d a t a  do have   va l id i ty   s e rved  as 
t h e   b a s i s   f o r   t h e  2-D a i r f o i l  program t h a t  w a s  s tandard  some years  ago and  had 
as i t s  h i g h l i g h t   t h e  NASA Ai r fo i l   Confe rence   ( r e f .  3) he ld  a t  Langley  Research 
C e n t e r   i n  March  of  1978.  Although  industry  attendees a t  t h i s   c o n f e r e n c e  
s t rongly   suppor ted  3-D work, t h e r e  w a s  g e n e r a l   r e c o g n i t i o n   t h a t  2-D a i r f o i l  
development w a s  h ighly   necessary .  It w a s  c lear ,  however, t h a t   t h e   n e x t   s t e p  
would  be  3-dimensional  work.  But  that  phase is so h ighly   conf igura t ion-  
dependent   that  i t  i s  d i f f i c u l t   t o   e s t a b l i s h  a concentrated  program similar t o  
t h e   s y s t e m a t i c   e f f o r t   t h a t   h a s   c h a r a c t e r i z e d  2-D a i r f o i l  development. 
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