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DESIGN FEATURES AND OPERATIONAL CHARACTERISTICS OF THE 

LANGLEY 0.3-METER TRANSONIC CRYOGENIC TUNNEL 

Robert A. Kilgore 
Langley Research Center 

SUMMARY 

A theoretical investigation by Smelt in 1945 indicated that use of air 
at cryogenic temperatures would permit large reductions in wind-tunnel size 
and power requirements in comparison with a wind tunnel operated at normal 
temperature and at the same pressure, Mach number, and Reynolds number. Lack 
of suitable cooling techniques and structural materials precluded application 
of this cryogenic wind-tunnel concept at the time of Smelt's work. Because 
of the recent advances in cryogenic engineering and structural materials and 
the current interest, in both the United States and Europe, in development 
of high Reynolds number transonic tunnels, a program was initiated at Langley 
Research Center to extend the analysis of Smelt and to study the feasibility 
of the cryogenic wind-tunnel concept. 

After completion of a low-speed cryogenic tunnel experiment in the sum- 
mer of 1972, it was decided to extend the experimental work to transonic 
speeds. Design of a transonic tunnel began in December 1972 with initial 
operation in September 1973. 

Experience with this fan-driven tunnel, the Langley 0.3-meter transonic 
cryogenic tunnel, indicates that such a tunnel presents no unusual design 
difficulties and is simple to operate. In addition, purging, cooldown, and 
warmup times are acceptable and can be predicted with good accuracy. Cool- 
ing with liquid nitrogen is practical over a wide range of operating condi- 
tions at power levels required for transonic testing, and good temperature 
distributions are obtained by using a simple liquid-nitrogen injection 
sys tem. 

To take full advantage of the unique Reynolds number capabilities of 
the 0.3-meter transonic cryogenic tunnel, it has been designed to accommo- 
date test sections other than the original, octagonal, three-dimensional 
test section. A 20- by 60-cm two-dimensional test section has recently been 
installed and is being calibrated. A two-dimensional test section with self- 
streamlining walls and a test section incorporating a magnetic suspension 
and balance system are being considered. 

INTRODUCTION 

A theoretical investigation by Smelt in 1945 (ref. 1 )  indicated that 
use of air at temperatures in the cryogenic range, that is, below about 
172 K, would permit large reductions in wind-tunnel size and power require- 



ments  i n  compar i son  w i t h  a wind t u n n e l  o p e r a t e d  a t  normal  t e m p e r a t u r e  and a t  
t h e  same p r e s s u r e ,  Mach number,  and Reynolds  number. Lack o f  a p r a c t i c a l  
means o f  c o o l i n g  a wind t u n n e l  t o  c r y o g e n i c  t e m p e r a t u r e s  and of  s u i t a b l e  
s t r u c t u r a l  materials p r e c l u d e d  a p p l i c a t i o n  o f  t h i s  c r y o g e n i c  wind-tunnel  
c o n c e p t  a t  t h e  time o f  S m e l t ’ s  work. 

The first p r a c t i c a l  a p p l i c a t i o n  o f  t h e  c r y o g e n i c  c o n c e p t  was a low- 
t e m p e r a t u r e  t e s t  r i g  f o r  c e n t r i f u g a l  c o m p r e s s o r s ,  r e p o r t e d  by Rush i n  refer-  
ence 2 .  The t es t  r i g  c o n s i s t e d  o f  a s i n g l e - s t a g e  compresso r  pumping a i r  
t h r o u g h  a c l o s e d  c i r c u i t  c o n t a i n i n g  a h e a t  e x c h a n g e r  which c o o l e d  t h e  a i r  t o  
a b o u t  125 K w i t h  l i q u i d  n i t r o g e n .  By o p e r a t i n g  a t  v e r y  low t e m p e r a t u r e s ,  
dynamic s i m i l a r i t y  was a c h i e v e d  w i t h  a s u b s t a n t i a l  r e d u c t i o n  i n  b o t h  r o t a -  
t i o n a l  s p e e d  and power r e q u i r e d  t o  d r i v e  t h e  c o m p r e s s o r .  I n  t h i s  a p p l i c a -  
t i o n  o f  t h e  c r y o g e n i c  c o n c e p t ,  t h e  main i n t e r e s t  was i n  t h e  r e d u c t i o n  o f  
r o t a t i o n a l  s p e e d  and t h e  a t t e n d a n t  r e d u c t i o n  i n  i m p e l l e r  l o a d i n g  which  
a l lowed  development  tests t o  b e  conduc ted  w i t h  i m p e l l e r s  o f  e a s i l y  machined 
materials.  

I n  t h e  autumn o f  1971, a small g roup  o f  r e s e a r c h e r s  a t  t h e  Langley 
R e s e a r c h  C e n t e r ,  w h i l e  s t u d y i n g  ways o f  i n c r e a s i n g  t e s t  Reynolds  number i n  
small t u n n e l s  f o r  which m a g n e t i c  s u s p e n s i o n  and b a l a n c e  s y s t e m s  had been 
d e v e l o p e d ,  d e c i d e d  t o  i n v e s t i g a t e  t h e  u s e  o f  c r y o g e n i c  t e s t  t e m p e r a t u r e s .  
T h e o r e t i c a l T y ,  t h e  c r y o g e n i c  c o n c e p t  i s  i d e a l l y  s u i t e d  f o r  t h i s  a p p l i c a t i o n  
s i n c e  fo r  a t u n n e l  o f  g i v e n  s i z e  o p e r a t i n g  a t  c o n s t a n t  s t a g n a t i o n  p r e s s u r e  
a large i n c r e a s e  i n  Reynolds  number is r e a l i z e d  w i t h  no i n c r e a s e  i n  dynamic 
p r e s s u r e  o r  model l o a d s .  F u r t h e r  s t u d y  q u i c k l y  i n d i c a t e d  t h a t  a d v a n c e s  had 
been made i n  r e c e n t  y e a r s  i n  t h e  f i e l d  o f  c r y o g e n i c  e n g i n e e r i n g  and s t r u c -  
t u r a l  materials,  so t h a t  a c r y o g e n i c  wind t u n n e l  a p p e a r e d  p r a c t i c a l  and 
s h o u l d  be g i v e n  s e r i o u s  c o n s i d e r a t i o n .  

F o l l o w i n g  t h e  t h e o r e t i c a l  i n v e s t i g a t i o n  begun i n  Oc tobe r  1971 and aimed 
a t  e x t e n d i n g  t h e  a n a l y s i s  of  Smelt, a n  e x p e r i m e n t a l  program was i n i t i a t e d  t o  
v e r i f y  some o f  t h e  t h e o r e t i c a l  p r e d i c t i o n s  and t o  e x p o s e  and s o l v e  t h e  p rac -  
t i c a l  p rob lems  o f  u s i n g  a c r y o g e n i c  wind t u n n e l .  The e x p e r i m e n t a l  program 
c o n s i s t e d  o f  b u i l d i n g  and o p e r a t i n g  two f a n - d r i v e n  c r y o g e n i c  wind t u n n e l s ,  
b o t h  o f  which were c o o l e d  t o  c r y o g e n i c  t e m p e r a t u r e s  by i n j e c t i n g  l i q u i d  
n i t r o g e n  (LN ) d i r e c t l y  i n t o  t h e  t u n n e l  c i r c u i t .  The f i r s t  was a low-speed 
a t m o s p h e r i c  g u n n e l .  
speed  e x p e r i m e n t  h a v e  been r e p o r t e d  i n  r e f e r e n c e s  3 and 4 .  

R e s u l t s  o f  t h e  t h e o r e t i c a l  i n v e s t i g a t i o n  and t h e  low- 

After t h e  low-speed c r y o g e n i c  t u n n e l  e x p e r i m e n t  i n  t h e  summer of 1972,  
i t  became a p p a r e n t  t h a t  t h e  c r y o g e n i c  wind- tunne l  c o n c e p t  c o u l d  b e  a p p l i e d  
t o  t h e  new h i g h  Reynolds  number t r a n s o n i c  t u n n e l s  b e i n g  c o n t e m p l a t e d  i n  b o t h  
t h e  U n i t e d  S t a t e s  and Europe and i t  was d e c i d e d  t o  e x t e n d  t h e  e x p e r i m e n t a l  
work t o  t r a n s o n i c  s p e e d s .  After some d e l i b e r a t i o n  on how b e s t  t o  p r o c e e d ,  
i t  was d e c i d e d  t h a t  a c o n t i n u o u s - f l o w  f a n - d r i v e n  p r e s s u r e  t u n n e l  would pro-  
v i d e  t h e  most f l e x i b l e  t o o l  f o r  e x p l o r a t i o n  o f  t h i s  a p p l i c a t i o n  o f  c r y o g e n i c  
p r i n c i p l e s .  The p u r p o s e  of t h e  t r a n s o n i c  c r y o g e n i c  p r e s s u r e  t u n n e l  was t o  
d e m o n s t r a t e  i n  c o m p r e s s i b l e  f l o w  t h a t  c r y o g e n i c  g a s e o u s  n i t r o g e n  i s  a v a l i d  
t r a n s o n i c  t e s t  g a s ;  t o  d e m o n s t r a t e  a t  h i g h  power l e v e l s  t h e  method o f  c o o l -  
i n g ;  t o  d e t e r m i n e  any  l i m i t a t i o n s  imposed by l i q u e f a c t i o n  o f  t h e  t e s t  gas; 
t o  v e r i f y  e n g i n e e r i n g  c o n c e p t s  w i t h  a r e a l i s t i c  t u n n e l  c o n f i g u r a t i o n ;  and t o  
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p r o v i d e  o p e r a t i o n a l  e x p e r i e n c e .  Design of t h e  p i l o 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  began i n  Dacember 1972 w i t h  i n i t i a l  o p e r a t i o n  i n  September  1973. A s  
a r e s u l t  o f  t h e  s u c c e s s f u l  o p e r a t i o n  o f  t h e  p i l o 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 ,  
i t  was d e s i g n a t e d  by N A S A  i n  l a t e  1974 as a research f a c i l i t y ,  renamed t h e  
Langley 0.3-meter t r a n s o n i c  c r y o g e n i c  t u n n e l ,  and i s  now b e i n g  used f o r  
aerodynamic r e s e a r c h  as w e l l  as f o r  c r y o g e n i c  wind- tunnel  t e c h n o l o g y  
s t u d i e s .  

A b r i e f  d e s c r i p t i o n  o f  t h e  0.3-meter t r a n s o n i c  c r y o g e n i c  t u n n e l  and 
some p r e l i m i n a r y  e x p e r i m e n t a l  r e s u l t s  have  been p u b l i s h e d  i n  r e f e r e n c e s  5 
and 6 .  The p u r p o s e  o f  t h i s  pape r  i s  t o  d e s c r i b e  i n  more d e t a i l  t h e  d e s i g n  
and o p e m t i o n a l  charac te r i s t ics  o f  t h e  t u n n e l  and a n c i l l a r y  equipment  and 
t o  p r e s e n t  t h e  r e s u l t s  o f  p r e l i m i n a r y  c a l i b r a t i o n  tests. 
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SYMBOLS 

2 t e s t - s e c t i o n  c r o s s - s e c t i o n a l  a rea ,  m 

l i q u i d  n i t r o g e n  

Mach number 

p r e s s u r e ,  atm ( 1  atm = 101.3 kN/m2) 

free-stream dynamic p r e s s u r e ,  N / m  

Reynolds number 

chord  Reynolds  number 

t e m p e r a t u r e ,  K ( K  = O C  + 273.15)  

free-stream v e l o c i t y ,  m / s  

f l a p  w i d t h ,  cm (see f i g .  1 2 )  

s l o t  w i d t h ,  cm (see f i c .  12 )  

c o n t r a c t i o n - s e c t i o n  s t a t i o n ,  m (see f i g .  1 1 )  

t e s t - s e c t i o n  s t a t i o n ,  cm (see t a b l e  11) 

t u n n e l  power f a c t o r  

s t a n d a r d  d e v i a t i o n  

2 

S u b s c r i p t s  : 

1 loca l  c o n d i t i o n s  

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

3 
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fiee-stream c o n d i t i o n s  

A b a r  over a symbol  d e n o t e s  a r i t h m e t i c  a v e r a g e .  

DESCRIPTION OF THE LANGLEY 0.3-METER T R A N S O N I C  C R Y O G E N I C  TUNNEL 

A N D  A N C I L L A R Y  EQUIPMENT 

The Lang ley  0.3-meter t r a n s o n i c  c r y o g e n i c  t u n n e l  i s  a s i n g l e - r e t u r n  
f a n - d r i v e n  t u n n e l  w i t h  a s l o t t e d  o c t a g o n a l  t e s t  s e c t i o n ,  34.3 cm from f l a t  
t o  f l a t .  The t u n n e l  c a n  b e  o p e r a t e d  a t  Mach numbers f rom n e a r  0.1 t o  a b o u t  
1 . 3 ,  a t  s t a g n a t i o n  p r e s s u r e s  from s l i g h t l y  g r e a t e r  t h a n  1 atm t o  5 atm, and 
a t  t e m p e r a t u r e s  from 340 K t o  a b o u t  77 K .  The r a n g e s  o f  p r e s s u r e  and tempera-  
t u r e  a l l o w  Reyno lds  number t o  be v a r i e d  o v e r  a t o t a l  r a n g e  o f  25 t o  1 o r  by a 
f a c t o r  o f  5 ,  e i t h e r  by c h a n g i n g  p r e s s u r e  a t  c o n s t a n t  t e m p e r a t u r e  o r  b y  chang- 
i n g  t e m p e r a t u r e  a t  c o n s t a n t  p r e s s u r e .  

A s k e t c h  o f  t h e  t u n n e l  c i r c u i t  is  shown i n  f i g u r e  1 and a pho tograph  
o f  t h e  t u n n e l ,  t a k e n  d u r i n g  a s s e m b l y ,  i s  shown i n  f i g u r e  2 .  Some d e t a i l s  
o'f t h e  mechan ica l  a s p e c t s  o f  t h e  0.3-meter t r a n s o n i c  c r y o g e n i c  t u n n e l  have 
been r e p o r t e d  i n  r e f e r e n c e  7 .  I n  t h e  s e c t i o n s  w h i c h  f o l l o w  a more d e t a i l e d  
d e s c r i p t i o n  o f  t h e  t u n n e l  i s  g i v e n .  

C o n s t r u c t i o n  Materials 

The t u n n e l  p r e s s u r e  s h e l l  i s  c o n s t r u c t e d  from p l a t e s  o f  6061-T6 a lumi -  
num a l l o y ,  0.635 and 1.270 em t h i c k .  The f l a n g e s  used  t o  j o i n  t h e  v a r i o u s  
s e c t i o n s  o f  t h e  t u n n e l  were machined from p l a t e s  o f  t h i s  same mater ia l .  The 
b o l t s  f o r  t h e  f l a n g e s  were made from 2024-T4 aluminum a l l o y .  These p a r t i c u -  
l a r  aluminum a l l o y s  were s e l e c t e d  because  t h e y  have  good mechan ica l  c h a r -  
a c t e r i s t i c s  a t  c r y o g e n i c  as  w e l l  as  a t  a m b i e n t  t e m p e r a t u r e s  and c o u l d  be 
f a b r i c a t e d  w i t h  equipment  and t e c h n i q u e s  a v a i l a b l e  a t  Lang ley .  

The f l a n g e  j o i n t s  are  s e a l e d  w i t h  e i t h e r  a f l a t  g a s k e t  o r  a c o a t e d  ho l -  
low metal O- r ing ,  d e p e n d i n g  upon s i z e .  S e v e r a l  d i f f e r e n t  t y p e s  o f  sea ls  were 
t e s t e d  unde r  p r e s s u r e  a t  b o t h  ambien t  and c r y o g e n i c  c o n d i t i o n s  t o  d e t e r m i n e  
t h e i r  s u i t a b i l i t y  f o r  u s e  w i t h  t h e  c r y o g e n i c  t u n n e l .  Because o f  i t s  r e u s -  
a b i l i t y ,  t h e  f l a t  g a s k e t  s e a l ,  made from a m i x t u r e  o f  T e f l o n  r e s i n  and pu l -  
v e r i z e d  glass  f i b e r ,  was s e l e c t e d  as t h e  b e s t  seal  o v e r a l l .  However, s i n c e  
g a s k e t  material was n o t  a v a i l a b l e  i n  w i d t h s  s u f f i c i e n t  t o  make g a s k e t s  f o r  
t h e  l a r g e s t  f l a n g e s ,  a Te f lon -coa ted  h o l l o w  O-ring of AIS1 t y p e  321 s t a i n -  
less  s t e e l  is used  a t  each o f  t h e  t h r e e  l a r g e s t  f l a n g e s .  Subsequen t  e x p e r i -  
ence  has shown t h a t  c o m p l e t e l y  s a t i s f a c t o r y  l a r g e  g a s k e t s  can  be made from 
r e l a t i v e l y  small p i e c e s  o f  t h e  f l a t  g a s k e t  material if t h e y  a r e  j o i n e d  w i t h  
d o v e t a i l  j o i n t s .  S k e t c h e s  o f  t y p i c a l  f l a n g e  j o i n t s  are  shown i n  f i g u r e  3 . '  

(The u s e  o f  t r a d e  names i n  t h i s  p a p e r  i n  no way i m p l i e s  endorsernent o r  
recommendation by t h e  U.S. gove rnmen t . )  
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Tunnel S u p p o r t  System 

The t u n n e l  s u p p o r t s  shown i n  f i g u r e  1 are c o n s t r u c t e d  i n  two p a r t s .  
The upper  p o r t i o n  of e a c h  s u p p o r t ,  which might  b e  c o o l e d  t o  v e r y  low tempera-  
t u r e s ,  i s  made from AIS1 t y p e  347 s t a in l e s s  s t ee l .  The lower p o r t i o n ,  which 
is neve r  s u b j e c t e d  t o  low t e m p e r a t u r e s ,  i s  made o f  ASTM A36 ca rbon  s t ee l .  

The 32OO-kg t u n n e l  i s  mounted on t h e  f o u r  A-frame s u p p o r t  s t a n d s  shown 
i n  f igure 1 ,  one  of which is  a l l t u n n e l  anchor"  s u p p o r t  d e s i g n e d  so  t h a t  t h e  
c e n t e r  of t h e  f a n  hub k e e p s  a f i x e d  p o s i t i o n  r e l a t i v e  t o  t h e  d r i v e  moto r .  
Thermal e x p a n s i o n  and c o n t r a c t i o n  of t h e  t u n n e l  r e s u l t  i n  a change i n  o v e r -  
a l l  t u n n e l  l e n g t h  o f  a b o u t  4.0 cm between e x t r e m e s  i n  o p e r a t i n g  t e m p e r a t u r e .  
S l i d i n g  pads a t  e a c h  o f  t h e  t u n n e l  s u p p o r t  a t t a c h m e n t s  a l l o w  free t h e r m a l  
e x p a n s i o n  o r  c o n t r a c t i o n  o f  t h e  t u n n e l  s t r u c t u r e .  The s l i d i n g  s u r f a c e s  con- 
sist o f  Teflon s h e e t s ,  2.54 cm t h i c k ,  p l a c e d  between t h e  s u p p o r t  a t t a c h m e n t s  
on t h e  t u n n e l  and t h e  s t a i n l e s s  s t ee l  b l o c k s  mounted on t h e  u p p e r  p o r t i o n  of 
t h e  c a r b o n  s tee l  A-frame s t a n d s .  Vertical  and l a t e r a l  movement a t  each 
j o i n t  i s  c o n s t r a i n e d  by b o l t s  p a s s i n g  t h r o u g h  t h e  t u n n e l  s u p p o r t  a t t a c h m e n t  
and t h e  s l i d i n g  pad i n t o  t h e  A-frame. The t u n n e l  s u p p o r t  a t tachments  are 
s l o t t e d  i n  t h e  l o n g i t u d i n a l  d i r e c t i o n  t o  a l l o w  f ree  l o n g i t u d i n a l  e x p a n s i o n  
or c o n t r a c t i o n  o f  t h e  t u n n e l .  A s k e t c h  o f  t h e  t u n n e l  a n c h o r  s u p p o r t  i s  
shown i n  f i g u r e  4 .  

The o b j e c t  of t h e  a n c h o r  s u p p o r t  i s  t o  ho ld  t h e  c e n t e r  l i n e  o f  t h e  t u n -  
n e l  a t  t h i s  s u p p o r t  i n  a f i x e d  p o s i t i o n  r e l a t i v e  t o  t h e  ground i n  t h e  p r e s -  
ence  o f  r e l a t i v e l y  l a r g e  amounts o f  t h e r m a l  e x p a n s i o n .  The u n d e r s i d e s  o f  
a l l  t h e  t u n n e l  s u p p o r t  a t t a c h m e n t s ,  i n c l u d i n g  t h o s e  a t  t h e  a n c h o r  p o i n t ,  a re  
on t h e  h o r i z o n t a l  p l a n e  t h r o u g h  t h e  a x i s  o f  t h e  r e t u r n  l e g  o f  t h e  t u n n e l .  
With s y m m e t r i c a l  e x p a n s i o n ,  t h e  t u n n e l  c e n t e r  l i n e  i s  h e l d  a t  a f i x e d  h e i g h t  
above t h e  g round .  I n  a d d i t i o n ,  a f o r k  on t h e  t u n n e l  u n d e r s i d e  a t  t h e  a n c h o r  
p o i n t ,  shown i n  f i g u r e  4 ,  p r e v e n t s  l a t e r a l  or a x i a l  movement o f  t h e  t u n n e l  
a t  t h i s  s t a t i o n .  I n  t h i s  way t h e  a x i s  a t  t h e  a n c h o r  p o i n t  i s  f i x e d  r e l a t i v e  
t o  t h e  g r o u n d ,  and t h e  t u n n e l  expands and c o n t r a c t s  s y m m e t r i c a l l y  a b o u t  t h i s  
p o i n t  on t h e  a x i s .  S i n c e  t h e  f a n  and t u n n e l  are  b o t h  manufac tu red  from a l u -  
minum, t h e r m a l  e x p a n s i o n  d o e s  n o t  m a t e r i a l l y  a f f e c t  t h e  t i p  c l e a r a n c e  o f  t h e  
f a n  or g e n e r a t e  any m i s a l i n e m e n t  between t h e  a x i s  o f  t h e  f a n  and t h e  e x t e r -  
n a l l y  mounted d r i v e  motor .  T h i s  s u p p o r t  scheme h a s  proved t o  be  e n t i r e l y  
a d e q u a t e  and no p rob lems  have been e n c o u n t e r e d .  

Thermal I n s u l a t i o n  

Thermal  i n s u l a t i o n  f o r  most o f  t h e  t u n n e l  c i r c u i t  c o n s i s t s  o f  12.7 cm 
o f  blown u r e t h a n e  foam a p p l i e d  t o  t h e  o u t s i d e  o f  t h e  t u n n e l  s t r u c t u r e  w i t h  
a g l a s s - f i b e r - r e i n f o r c e d  p o l y e s t e r  vapor  bar r ie r  on t h e  o u t s i d e .  A s k e t c h  
showing a t y p i c a l  s e c t i o n  o f  t h e  thermal i n s u l a t i o n  and t h e  method used t o  
i n s u l a t e  t h e  f l a n g e s  i s  p r e s e n t e d  i n  f i g u r e  5. A s  c a n  b e  s e e n ,  t h e  u r e t h a n e  
foam is  n o t  bonded d i r e c t l y  t o  t h e  aluminum t u n n e l  w a l l  b u t  rather i s  sepa-  
r a t e d  from t h e  wall by two l a y e r s  o f  f i b e r g l a s s  c l o t h .  T h i s  allows d i f f e r -  
e n t i a l  e x p a n s i o n  between t h e  aluminum and u r e t h a n e  foam t o  take p l a c e  wi th -  
o u t  c a u s i n g  t h e  foam t o  f r a c t u r e .  I n  a d d i t i o n ,  t h e  i n s u l a t i o n  is  a p p l i e d  i n  
two l a y e r s  s e p a r a t e d  by a l a y e r  o f  f i b e r g l a s s  c l o t h .  Aga in ,  t h e  p u r p o s e  o f  



the  f ibe rg la s s  shear l a y e r  between t h e  l a y e r s  o f  i n s u l a t i o n  i s  t o  a l l o w  d i f -  
f e r e n t i a l  expans ion  w i t h i n  t h e  i n s u l a t i o n  i t s e l f  w i t h o u t  f rac ture .  T h i s  
i n s u l a t i o n  has proved t o  be  a d e q u a t e  and keeps  t h e  o u t s i d e  o f  t h e  t u n n e l  
w a r m  and d r y  unde r  a l l  o p e r a t i n g  c o n d i t i o n s ,  even d u r i n g  p e r i o d s  o f  h i g h  
humid i ty .  

Viewing P o r t s  

Seven p o r t s  are p rov ided  t o  a l l o w  i l l u m i n a t i o n  and v i s u a l  i n s p e c t i o n  o f  
t h e  i n t e r i o r  o f  t h e  plenum and t e s t - s e c t i o n  areas and t h e  n i t r o g e n  i n j e c t i o n  
r e g i o n .  F i g u r e  6 is a s k e t c h  of one o f  t h e  p o r t s  showing d e t a i l s  o f  con- 
s t r u c t i o n .  Each p o r t  c o n s i s t s  o f  a g l a s s  window, 3.56 cm i n  diameter,  which 
is des igned  t o  t ake  t h e  maximum d i f f e r e n t i a l  pressure o f  4 atm a t  c r y o g e n i c  
temperatures. To p r o v i d e  p r o t e c t i o n  a g a i n s t  p o s s i b l e  window f a i l u r e  and t o  
p r o v i d e  thermal i n s u l a t i o n ,  two 0.953-cm-thick s h e e t s  of c lear  p o l y c a r b o n a t e  
r e s i n  p l a s t i c ,  separated by a i r  gaps,  are  f i t t e d  secure ly  o v e r  each g lass  
window. Should these  shee t s  o f  p l a s t i c  a l s o  f a i l  f o l l o w i n g  f a i l u r e  o f  t h e  
glass  window, a d d i t i o n a l  p r o t e c t i o n  is  p rov ided  by  a t h i r d  shee t  o f  p l a s t i c  
which  is  f i t t e d  as a b l a s t  s h i e l d  t o  s t a n d o f f  s u p p o r t s  on t he  p o r t  assembly  
s o  t h a t  t h e  s h i e l d  i s  n o t  s u b j e c t e d  t o  t h e  t u n n e l  p r e s s u r e .  S i n c e  t h e  tun -  
n e l  i s  c a p a b l e  o f  o p e r a t i n g  i n d e f i n i t e l y  a t  c r y o g e n i c  t e m p e r a t u r e s ,  it is  
n e c e s s a r y  t o  pu rge  between t h e  l a y e r s  o f  p l a s t i c  w i t h  d r y  n i t r o g e n  a t  ambi- 
e n t  t e m p e r a t u r e  i n  o r d e r  t o  p r e v e n t  dew o r  f r o s t  from forming  on t h e  o u t e r  
surface.  

Note t h a t  there is  no fundamenta l  r e a s o n  f o r  u s i n g  s u c h  small p o r t s .  
The small s i z e  o f  t h e  p r e s e n t  p o r t s  was chosen  t o  l i m i t  t o  a harmless l e v e l  
t h e  pressure r ise  which would occur  i n  t h e  small b u i l d i n g  which houses  t h e  
t u n n e l  i n  t h e  e v e n t  o f  f a i l u r e  o f  a p o r t  w i t h  t h e  t u n n e l  o p e r a t i n g  a t  condi -  
t i o n s  o f  maximum p r e s s u r e  and minimum t e m p e r a t u r e .  

I n i t i a l l y ,  t h e  i n s i d e  o f  t h e  t u n n e l  was i l l u m i n a t e d  by d i r e c t i n s  t h e  
c o l l i m a t e d  o u t p u t  of  th ree  small i n c a n d e s c e n t  l a m p s  i n t o  t h e  t u n n e l  t h rough  
three  o f  t h e  p o r t s .  With t h i s  s y s t e m ,  a l aye r  o f  h e a t - a b s o r b i n g  g lass ,  
0.635 cm t h i c k ,  was p laced  between t h e  l i g h t  s o u r c e  and t h e  p o r t  t o  mini -  
mize any d i f f e r e n t i a l  h e a t i n g  o f  t h e  g lass  window. However, a s i m p l e  y e t  
ve ry  e f f e c t i v e  l i g h t  s o u r c e ,  which i l l u m i n a t e s  b o t h  t he  t es t  s e c t i o n  and t h e  
plenum, has  now been p l a c e d  i n s i d e  t h e  plenum chamber. The new l i g h t  s o u r c e  
c o n s i s t s  o f  two 12-vo l t  a u t o m o b i l e  brake- l igh t  b u l b s  mounted i n  an  evacua ted  
t r a n s p a r e n t  p l a s t i c  box which i n  t u r n  i s  f a s t e n e d  t o  one  o f  t h e  t e s t - s e c t i o n  
walls. 

Drive-Fan System 

The t u n n e l  h a s  a f i x e d  geometry  d r i v e - f a n  s y s t e m  which c o n s i s t s  o f  7 
p r e r o t a t i o n  vanes  and a 12-bladed f a n  fo l lowed  by 15 a n t i s w i r l  vanes .  The 
photograph  p r e s e n t e d  as f i g u r e  7 is a view l o o k i n g  ups t r eam a t  t h e  f a n  and 
shows t h e  s e c t i o n  o f  t h e  t u n n e l  j u s t  downstream o f  t h e  f a n  which c o n t a i n s  
t h e  n a c e l l e .  The ho l low n a c e l l e  was cast from 6061-T6 aluminum a l l o y  and 
t h e n  machined on t h e  o u t s i d e  t o  p r o v i d e  a n  a e r o d y n a m i c a l l y  smooth s u r f a c e .  
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The d r i v e  f a n  is  powered by a 2.2-MW wate r -coo led  synchronous  motor  
w i t h  v a r i a b l e - f r e q u e n c y  s p e e d  c o n t r o l .  The m o t o r ,  which is  o u t s i d e  t h e  tun -  
n e l ,  is c a p a b l e  o f  o p e r a t i n g  a t  s p e e d s  from 600 rpm t o  s l i g h t l y  l e s s  t h a n  
7200 rpm. However, a t  p r e s e n t ,  o p e r a t i o n  o f  t h e  sys t em i s  r e s t r i c t e d  t o  
s p e e d s  below 5600 rpm b e c a u s e  o f  e x c i t a t i o n  o f  r e s o n a n c e  i n  t h e  d r i v e  sha f t  
between t h e  motor and t h e  f a n  a t  t h i s  s p e e d .  

Return-Leg D i f f u s e r  and Turn ing  Vanes 

The r e t u r n - l e g  d i f f u s e r  s e c t i o n  i s  shown i n  t h e  pho tograph  p r e s e n t e d  as 
f i g u r e  8. Shown i n  t h i s  pho tograph  are two l i q u i d - n i t r o g e n  i n j e c t i o n  s p r a y  
b a r s  which were used  i n  t h e  i n i t i a l  o p e r a t i o n  o f  t h e  t u n n e l  and two p o r t s  
used f o r  i l l u m i n a t i n g  and v i e w i n g  t h e  s p r a y  b a r s .  Also shown i n  f i g u r e  8 
are t h e  t h i r d  and f o u r t h  c o r n e r s  o f  t h e  t u n n e l  c i r c u i t .  The same t u r n i n g -  
vane  d e s i g n ,  15  v a n e s  s p a c e d  i n  a r i thmet ic  p r o g r e s s i o n ,  was used  a t  a l l  
4 c o r n e r s .  T h i s  d e s i g n  h a s  been used  s u c c e s s f u l l y  i n  t h e  8 f t  x 8 f t  s u p e r -  
s o n i c  wind t u n n e l  a t  t h e  Royal Aircraft  E s t a b l i s h m e n t  ( R A E ) ,  B e d f o r d ,  and  i n  
t h e  new 5-m low speed  t u n n e l  a t  R A E ,  Farnborough.  

S c r e e n  S e c t i o n  

The  s c r e e n  s e c t i o n  i s  shown i n  t h e  pho tograph  p r e s e n t e d  a s  f i g u r e  9 .  
The s c r e e n  d e s i g n  r e q u i r e m e n t  was t o  p r o v i d e  a t u r b u l e n c e  l e v e l  i n  t h e  t e s t  
s e c t i o n  o f  0.1 p e r c e n t .  Each o f  t h e  t h r e e  s c r e e n s  i s  made from 0.0165-cm- 
diameter monel wire woven w i t h  a p p r o x i m a t e l y  16 openings/cm. Also shown 
i n  f i g u r e  9 is  t h e  t e m p e r a t u r e  s u r v e y  r i g .  T h i s  r i g  i s  l o c a t e d  u p s t r e a m  of 
t h e  s c r e e n s  and compr i se s  e i g h t  arms and a c e n t e r  s u p p o r t  r i n g  which  are 
a e r o d y n a m i c a l l y  f a i r ed  t o  r e d u c e  t h e  p o s s i b i l i t y  o f  t h e  wake from t h e  r i g  
a d v e r s e l y  a f f e c t i n g  t h e  f l o w  q u a l i t y  i n  t h e  t e s t  s e c t i o n .  ( T h e  the rmocoup le  
e l e m e n t s  were cove red  w i t h  t a p e  when t h e  pho tograph  was t a k e n . )  

C o n t r a c t i o n  S e c t i o n  

The c o n t r a c t i o n  s e c t i o n  of t h e  t u n n e l  h a s  a 12-to-1 c o n t r a c t i o n  r a t i o  
and was d e s i g n e d  w i t h  a smooth d i s t r i b u t i o n  o f  w a l l  c u r v a t u r e .  Both t h e  
e n t r a n c e  and t h e  e x i t  r e g i o n s  have  low c u r v a t u r e  i n  o r d e r  t o  a v o i d ,  i f  pos- 
s i b l e ,  boundary - l aye r  s e p a r a t i o n  i n  t h e s e  two c r i t i c a l  r e g i o n s .  I n  c o n s i d -  
e r a t i o n  o f  good l a t e r a l  v e l o c i t y  d i s t r i b u t i o n ,  d e s i g n  t r a d e - o f f s  were made 
i n  f a v o r  o f  t h e  t e s t - s e c t i o n  end o f  t h e  c o n t r a c t i o n  s e c t i o n  t o  p r o v i d e  s u f -  
f i c i e n t  l e n g t h  f o r  v e r y  low c u r v a t u r e  i n  t h i s  r e g i o n .  The c o n t r a c t i o n  sec- 
t i o n ,  shown d u r i n g  c o n s t r u c t i o n  i n  t h e  pho tograph  p r e s e n t e d  as f i g u r e  I O ,  i s  
d e s i g n e d  so  t h a t  t h e  t r a n s i t i o n  from t h e  c i r c u l a r  c r o s s  s e c t i o n  a t  t h e  down- 
stream end o f  t h e  s c r e e n s  t o  t h e  o c t a g o n a l  c r o s s  s e c t i o n  o f  t h e  u p s t r e a m  end 
o f  t h e  t e s t  s e c t i o n  f o l l o w s  e x a c t l y  t h e  l o n g i t u d i n a l  v a r i a t i o n  i n  c r o s s -  
s e c t i o n a l  area p r e s c r i b e d  i n  t a b l e  I .  Also, t h e  s t r e a m l i n e s  n e a r  t h e  walls 
c r o s s  o n l y  one weld i n  t h e  c r i t i c a l  h i g h - v e l o c i t y  r e g i o n .  T h i s  c i r c u m f e r e n -  
t i a l  weld was hand f i n i s h e d  so  t h a t  t h e  e n t i r e  i n n e r  s u r f a c e  of t h e  c o n t r a c -  
t i o n  s e c t i o n  is  a e r o d y n a m i c a l l y  smooth.  
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Test S e c t i o n  

The s l o t t e d - w a l l  o c t a g o n a l  t es t  s e c t i o n  is 34.32 cm from f l a t  t o  f l a t  
and 85 .73  cm l o n g .  The e n t i r e  t e s t  s e c t i o n ,  i n c l u d i n g  t h e  l o n g i t u d i n a l  
v a r i a t i o n  of open area,  i s  modeled a f t e r  t h e  t es t  s e c t i o n  evo lved  f o r  t he  
Langley 16- foot  t r a n s o n i c  t u n n e l  b e f o r e  t h a t  t u n n e l  was equipped  w i t h  a 
plenum a i r  removal  sys t em.  P r o v i s i o n  i s  made f o r  chang ing  t h e  s l o t  con- 
f i g u r a t i o n  and a d j u s t i n g  t h e  wall  d i v e r g e n c e  ove r  a r a n g e  from O o  t o  0 . 5 O .  
A d j u s t a b l e  r e e n t r y  f l a p s  a t  t h e  downstream end o f  t h e  s l o t s  c o n t r o l  t h e  
amount o f  d i f f u s e r  s u c t i o n .  Some d e t a i l s  o f  t e s t - s e c t i o n  d e s i g n  and t h e  
i n i t i a l  g e o m e t r i c a l  s e t t i n g s  are  shown i n  f i g u r e s  1 1 ,  1 2 ,  and I 3  and i n  
t ab l e  11. A photograph  o f  t h e  t e s t  s e c t i o n  i s  p r e s e n t e d  i n  f i g u r e  14. With 
t h e  i n i t i a l  t e s t - s e c t i o n  c o n f i g u r a t i o n ,  t h e  maximum t e s t - s e c t i o n  Mach number 
i s  1.06.  I n  o r d e r  t o  o p e r a t e  above M, = 1 . 0 6 ,  t h e  t u n n e l  must be o p e r a t e d  
a t  p r e s s u r e s  s u f f i c i e n t l y  h i g h  t o  a l l o w  gas t o  b e  e x h a u s t e d  from t h e  plenum. 
T h i s  is ach ieved  by p a s s i n g  gas from t h e  plenum chamber t h r o u g h  pressure- 
r e g u l a t i n g  v a l v e s  d i r e c t l y  to '  t h e  a tmosphe re .  Under these  c o n d i t i o n s ,  t es t -  
s e c t i o n  Mach numbers up t o  abou t  1.3 can be  o b t a i n e d .  

L iqu id -Ni t rogen  System 

A schematic drawing  of t h e  l i q u i d - n i t r o g e n  ( L N 2 )  sys t em i s  shown i n  f i g -  
u r e  15. LN i s  s t o r e d  a t  a t m o s p h e r i c  pressure i n  two vacuum-insula ted  t a n k s  
hav ing  a t o g a 1  c a p a c i t y  o f  abou t  212 000 l i t e r s .  
i t y  of abou t  500 l i t e r s  p e r  minu te  w i t h  a d e l i v e r y  p r e s s u r e  o f  9.3 atm abso-  
l u t e ,  and is d r i v e n  by a 22.4-kW cons tan t - speed  e l e c t r i c  motor .  

The LN2 pump has a capac-  

When t h e  pump is  u s e d ,  t h e  LN2 s u p p l y  p r e s s u r e  i s  se t  and h e l d  c o n s t a n t  
by t h e  p r e s s u r e - c o n t r o l  v a l v e ,  shown i n  f igure  15 ,  which  r e g u l a t e s  t h e  
amount of l i q u i d  r e t u r n e d  t o  t h e  s t o r a g e  t a n k  t h r o u g h  t h e  p r e s s u r e - c o n t r o l  
r e t u r n  l i n e .  

The f low r a t e  o f  LN2 i n t o  t h e  t u n n e l  c i r c u i t  i s  regula ted  by a pneumat- 
i c a l l y  o p e r a t e d  c o n t r o l  v a l v e  l o c a t e d  o u t s i d e  t h e  t u n n e l .  The v a l v e  can  be  
used e i t h e r  manual ly  o r  a u t o m a t i c a l l y  t o  c o n t r o l  t h e  amount of  LN2 i n j e c t e d  
i n t o  t h e  t u n n e l .  A h e l i u m - f i l l e d  cons tan t -volume b u l b  thermometer  l o c a t e d  
j u s t  ups t ream of  t h e  t h i r d  s e t  o f  t u r n i n g  vanes  s e r v e s  a s  t h e  temperature- 
s e n s i n g  e lement  when t h e  v a l v e s  are be ing  c o n t r o l l e d  a u t o m a t i c a l l y .  

The  o r i g i n a l  scheme used f o r  i n j e c t i n g  LN i n t o  t h e  t u n n e l  c o n s i s t e d  of  
th ree  s p r a y  bars  spann ing  t h e  t u n n e l ,  two locaZed i n  t h e  r e t u r n  l e g  j u s t  
downstream o f  t h e  f a n  and one midway between t h e  t e s t  s e c t i o n  and t h e  f irst  
set  of t u r n i n g  vanes .  Each s p r a y  b a r  had a s e p a r a t e  f lowmeter  and f l o w  con- 
t r o l  v a l v e .  By o p e r a t i n g  v a r i o u s  combina t ions  of  t h e  t h r e e  s p r a y  bars  and 
by changing  t h e  LN2 s u p p l y  p r e s s u r e ,  LN2 f low ra tes  from 1 t o  400 l i t e r s  pe r  
minute  cou ld  b e  r e a l i z e d .  Some d e t a i l s  o f  t h e  o r i g i n a l  i n j e c t i o n  scheme a r e  
d e s c r i b e d  i n  r e f e r e n c e  8.  A se r ies  o f  tests were made t o  d e t e r m i n e  t h e  
effect  on temperature d i s t r i b u t i o n  o f  t h e  l o c a t i o n  o f  t h e  i n j e c t i o n  s t a t i o n  
and o f  t h e  n o z z l e  d i s t r i b u t i o n  a l o n g  t h e  s p r a y  bars. 
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On t h e  b a s i s  o f  t e m p e r a t u r e  d i s t r i b u t i o n s  o b t a i n e d  d u r i n g  t h e s e  tes ts ,  
t h e  i n j e c t i o n  s t a t i o n s  downstream o f  t h e  f a n  were e l i m i n a t e d ,  and  t h e  LN is  

f irst  set  o f  t u r n i n g  v a n e s .  R a t h e r  t h a n  t h e  s p r a y  b a r ,  f o u r  i d e n t i c a l  s p r a y  
n o z z l e s  are mounted a t  90' i n t e r v a l s  f l u s h  w i t h  t h e  t u n n e l  wal l .  The noz- 
z l e s  are p o s i t i o n e d  s o  t h a t  t h e  f a n  s p r a y  p a t t e r n s  from t h e  n o z z l e s  are  per-  
p e n d i c u l a r  t o  t h e  f low.  The f o u r  n o z z l e s  are s i z e d  t o  allow t h e  maximum 
flow ra te ,  and no a t t e m p t  i s  made t o  i n s u r e  a f i n e  s p r a y  of LN2 a t  low flow 
rates. 

p r e s e n t l y  i n j e c t e d  i n t o  t h e  t u n n e l  midway between t h e  tes t  s e c t i o n  and t 2 e 

N i t r o g e n  Exhaus t  System 

The sys t em f o r  e x h a u s t i n g  g a s e o u s  n i t r o g e n  from t h e  t u n n e l  i s  shown 
s c h e m a t i c a l l y  i n  f i g u r e  15.  Tunne l  t o t a l  p r e s s u r e  i s  a d j u s t e d  by means o f  
p n e u m a t i c a l l y  o p e r a t e d  c o n t r o l  v a l v e s  i n  e x h a u s t  p i p e s  l e a d i n g  t o  t h e  atmo- 
s p h e r e  from t h e  low-speed s e c t i o n  o f  t h e  t u n n e l .  I n  o r d e r  t o  min imize  f l o w  
d i s t u r b a n c e ,  t h e  e x h a u s t  p i p e s  are t a k e n  from t h e  low-speed s e c t i o n  a t  120' 
i n t e r v a l s  j u s t  ups t r eam o f  t h e  t h i r d  se t  o f  t u r n i n g  v a n e s .  The v a l v e s  may 
be used e i t h e r  s i n g l y  o r  i n  c o m b i n a t i o n  i n  o r d e r  t o  p r o v i d e  f i n e  c o n t r o l  
o v e r  a w i d e  r a n g e  o f  e x h a u s t  f l o w  rates .  A t o t a l  p r e s s u r e  p r o b e  l o c a t e d  
downstream o f  t h e  s c r e e n s  p r o v i d e s  t h e  r e f e r e n c e  p r e s s u r e  measurement when 
t u n n e l  p r e s s u r e  i s  b e i n g  c o n t r o l l e d  a u t o m a t i c a l l y .  

A s  o r i g i n a l l y  d e s i g n e d ,  t h e  n i t r o g e n  e x h a u s t  from t h e  t u n n e l  v e n t e d  
d i r e c t l y  t o  t h e  a tmosphe re  t h r o u g h  p i p e s  t h r o u g h  t h e  roof  o f  t h e  b u i l d i n g  
h o u s i n g  t h e  t u n n e l .  A s e v e r e  foggin: problem e x i s t e d  w i t h  t h i s  o r i g i n a l  
d e s i g n  d u r i n g  p e r i o d s  o f  h i g h  h u m i d i t y  and low wind s p e e d .  On s e v e r a l  occa-  
s i o n s  it was n e c e s s a r y  t o  suspend  o p e r a t i o n s  u n t i l  t he re  was a f a v o r a b l e  
change i n  t h e  weather. A s i m p l e  and e f f e c t i v e  s o l u t i o n  t o  t h i s  problem i s  
an e x h a u s t - d r i v e n  e j e c t o r  shown i n  t h e  s k e t c h  i n  f i g u r e  16 .  The low- 
p r e s s u r e  e j e c t o r  i n d u c e s  ambien t  a i r  w h i c h  d i l u t e s  and warms t h e  c o l d  n i t r o -  
gen e x h a u s t  g a s .  The r e s u l t i n g  foggy  m i x t u r e  i s  p r o p e l l e d  h i g h  i n t o  t h e  a i r  
and d i s s i p a t e s  c o m p l e t e l y .  P r e l i m i n a r y  measurements  i n d i c a t e  t h a t  t h e  volume 
r a t i o  o f  i nduced  ambien t  a i r  t o  e x h a u s t  n i t r o g e n  g a s  i s  a b o u t  1 .  T h i s  s i m -  
p l e  e x h a u s t  e j e c t o r ,  w h i c h  has  a n  area r a t i o  o f  a b o u t  5 ,  i n d u c e s  s u f f i c i e n t  
ambien t  a i r  and d i s c h a r g e s  t h e  m i x t u r e  s o  e f f e c t i v e l y  t h a t  i t  has e l i m i n a t e d  
t h e  f o g g i n g  problem e x c e p t  unde r  t h e  m v s t  a d v e r s e  w e a t h e r  c o n d i t i o n s .  

A s  no ted  i n  a p r e c e d i n g  s e c t i o n ,  i n  o r d e r  t o  o p e r a t e  above M, = 1 . 0 6 ,  
t h e  t u n n e l  must be o p e r a t e d  a t  p r e s s u r e s  s u f f i c i e n t l y  h i g h  t o  a l l o w  g a s  t o  
be e x h a u s t e d  from t h e  plenum chamber t o  t h e  a t m o s p h e r e .  Manual ly  con- 
t r o l l e d ,  p n e u m a t i c a l l y  a c t u a t e d  v a l v e s  i n  t h r e e  p i p e s  l e a d i n g  t o  t h e  atmo- 
s p h e r e  from t h e  plenum a l l o w  a p p r o x i m a t e l y  1 p e r c e n t  o f  t h e  mass f l o w  e n t e r -  
i n g  t h e  t e s t  s e c t i o n  t o  be e x h a u s t e d  when o p e r a t i n g  a t  
t h i s  method,  t e s t - s e c t i o n  Mach numbers up t o  a b o u t  1 .3  can b e  o b t a i n e d .  The 
plenum e x h a u s t  p i p e s  l e a d  from t h e  plenum a t  120' i n t e r v a l s  t h r o u g h  t h e  
ups t r eam plenum w a l l .  The c o n t r o l  v a l v e s  may be used e i t h e r  s i n g l y  o r  i n  
combina t ion .  

M, ? 1. By u s i n g  
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Instrumentation 

In addition to special instrumentation required for test-section Cali- 
bration and special aerodynamic tests, the tunnel is instrumented to mea- 
sure temperatures and pressures around the circuit, pressure drop across the 
screens, dew point (or frost point) of the test gas, oxygen content of the 
test gas, pressure of the LN supply, L N ~  flow rate, mass flow rate of the 
gas exhausting from the stilfing section and the plenum chamber, changes in 
tunnel linear dimension with temperature, fan speed, and torque at the motor 
drive shaft. 

In working with both the low-speed and the transonic cryogenic tunnels, 
a philosophy has been adopted of maintaining, if possible, all pressure and 
force transducers at nearly ambient temperatures (approximate,ly 300 K )  in 
order to avoid possible problems with changes in sensitivity or changes in 
zero reading with temperature. In keeping with this philosophy, the various 
transducers are either mounted outside the tunnel or mounted inside the tun- 
nel, insulated, and maintained at ambient temperature by electrical heaters. 
Examples of transducers maintained at ambient temperature in the tunnel 
include a three-component force balance and an accelerometer used in conjunc- 
tion with the testing of a force model. With both the balance and the accel- 
erometer, temperature controllers responding to nickel resistance thermometer 
elements are used to maintain the transducers very near the selected ambient 
temperature. 

Temperatures over the entire range of operating conditions (77.4 K to 
340 K) are measured with either copper-constantan thermocouples or platinum 
resistance thermometers (PRT) depending on how accurately a particular tem- 
perature must be determined. Three PRT's are located in the settling cham- 
ber of the tunnel. One is used to provide the tunnel operators with a con- 
tinuous display of total temperature as the tunnel is brought to the desired 
test conditions. The outputs from the other PRT's are used in the reduction 
of test data. 

Pressures are measured with diaphragm-type gages which are located out- 
side the tunnel. For measuring the pressures around the tunnel circuit and 
for airfoil pressure tests, scanning valves are used in order to reduce the 
total number of transducers. Two high-accuracy diaphragm gages using capac- 
itance sensing measure tunnel total pressure and plenum static pressure. In 
addition to being displayed to the tunnel operators so that the tunnel can 
be brought to the desired total pressure, the outputs from these pressure 
gages are used in the reduction oftest data and by a small computer to cal- 
culate Mach number for display to the tunnel operators. 

Very few problems with instrumentation have been experienced in opera- 
tion of the cryogenic tunnel where, generally, off-the-shelf components and 
standard instrumentation techniques have been used and found to be satisfac- 
tory. Most problems encountered have been due to the high operating pressure 
of 5 atm rather than the low operating temperature. The only major problem 
due to the cryogenic environment was shifts in zero reading of the normal- 
force and pitching-moment components of the electrically heated balance. This 
error was caused by temperature gradients across the gage section which, in 
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turn, were due mainly to flow from the base of the model being circulated 
across the gage section. By modifying the original model-balance interface 
to minimize conduction, by optimizing the locations of the heaters and sen- 
s o r s ,  and by shielding the balance from all direct contact with the cold 
stream, a balance has evolved from the original design which is completely 
free from zero shifts with temperature and which performs satisfactorily over 
the entire range of temperature and pressure. Details of the electrically 
heated strain-gage balance are given in reference 9 .  On the basis of experi- 
ence gained in 2 years of operation of the tunnel, no especially difficult 
problems relating to instrumentation in a cryogenic tunnel are expected. 

OPERATING PROCEDURE 

Many of the operating procedures developed f o r  the low-speed cryogenic 
tunnel described in references 3 and 4 are being used with the transonic tun- 
nel. However, since the transonic tunnel was designed and built purposely 
for cryogenic operation, the detailed procedures used for purging, cooldown, 
and running differ from those developed for the low-speed tunnel. A descrip- 
tion of the operating procedures currently being used with the transonic tun- 
nel is given in the sections which follow. 

Purging 

If the tunnel has been opened and moisture from the atmosphere allowed 
to enter, it is essential that the moisture be removed prior to cooling the 
stream and tunnel to prevent blocking of the screens by frost. This purging 
of the moisture is accomplished by injecting LN2 into the tunnel circuit and 
allowing it to evaporate while the tunnel fan maintains circulation and pro- 
vides sufficient heat to keep the stream above the dew ( o r  frost) point of 
the gas in the tunnel. The nitrogen exhaust system valves leading from the 
low-speed section of the tunnel are used to keep the tunnel total pressure 
at about 1.2 atm during the prerun purge. After about 5 minutes or so the 
dew point is usually very close to the lower limit of measurement of the dew- 
point monitoring system. The limit is about 200 K. Cooldown of the tunnel 
then commences. 

Cooldown 

After the prerun purging process, the stream and tunnel are cooled to 
the desired operating temperature by injecting LN2 into the tunnel at a rate 
of about 75 liters per minute. The total pressure of the gas in the set- 
tling chamber is held near 1.2 atm absolute and the drive fan is operated at 
a constant speed of about 700 rpm during the cooldown process. The corre- 
sponding test-section Mach number varies from about 0.10 to about 0.15. 
This low speed provides the necessary circulation in the tunnel without add- 
ing a significant amount of heat to the stream. Under these conditions, 
cooling the tunnel and the stream from 300 K to 110 K requires, on average, 
2450 liters of LN2 and takes about 30 minutes. 

1 1  



The required LN flow rate as a function of cooldown time for cooling 2 from 300 K to 110 K i s  shown in figure 17 for extremes in cooldown effi- 
ciency. These curves were calculated by means of the method of reference I O .  
Also shown in figure 17 are the experimental data quoted in the previous 
paragraph, which indicate that a 30-minute cooldown time is of average effi- 
ciency. Since, in general, slower cooldown rates are probably more effi- 
cient, increasing the cooldown time should reduce the LN2 requirement toward 
the lower value of 1725 liters which was used for the lower curve in 
figure 17. 

Running 

After cooldown of the stream and tunnel to the desired operating temper- 
ature, test Mach number is set by adjustment of fan speed while the tunnel 
pressure is near 1 .2  atm absolute. A small digital computer automatically 
provides the operators with a continually updated display of Mach number 
based on the ratio of total pressure measured downstream of the screens to 
static pressure measured in the plenum. Once Mach number is set, the 
desired operating total pressure is obtained by adjustment of nitrogen 
exhaust control valves. While total pressure is adjusted, the LN flow rate 

added by the fan is changing in direct proportion to pressure. Because of 
the interaction between fan speed, pressure, and LN2 flow rate, and inadequa- 
cies in the automatic control systems, the tunnel controls are usually oper- 
ated in a manual mode while setting the desired tunnel conditions. With the 
existing control systems, this procedure takes from 1 to 5 minutes with vari- 
ation of operating pressure between 1.2 and 5 atm absolute. During initial 
operation of the tunnel, no effort was made to improve the performance of 
the control system. Improvements in the automatic control systems are now 
being made and are expected to reduce the time required to obtain the 
desired tunnel conditions. 

must also be adjusted to hold total temperature constant, since t 2 e heat 

The heat to be removed while running at constant test conditions con- 

The running LN2 requirement has been calcu- 
sists of heat conducted through the tunnel walls and heat added to the tun- 
nel circuit by the drive fan. 
lated as a function,of Mach number for the two extremes of total pressure 
and for ambient and cryogenic operation. In calculating the heat conducted 
through the tunnel walls, it was assumed that the inner surface of the tun- 
nel was at a temperature equal to the stagnation temperature Tt, that there 
was zero temperature gradient through the metal pressure shell, and that the 
outside surface temperature of the insulation was 300 K. The portion of the 
drive-fan power added to the stream as heat is assumed to be 

Power to stream = qVAn 

where q is free-stream dynamic pressure, V is free-stream velocity, and 
A is test-section cross-sectional area. The tunnel power factor n was 
based on values measured in several large transonic tunnels at the Langley 
Research Center and was assumed to vary only with Mach number. The values 
of 0 which were used for these calculations are as follows: for M, = 0.2  
to 1 . 0 ,  q = 0.20; for M, = 1 .1 ,  0 = 0.22;  and for M, = 1 . 2 ,  n = 0.25. 

12 



~ .. _ _ _  . . .. . . . , , . ._ .. . , . . . , .. - - .. - .. . --- _. 
I .- 

The estimated LN requirements are shown in figure 18. 
note that at a given pressure the required nitrogen flow rate is not a 
strong function of temperature. This arises from the fact that while the 
power required to drive the tunnel decreases with decreasing temperature, 
the cooling capacity of the LN2 also decreases with decreasing temperature. 
Also shown are several measured values of LN2 flow rate made during prelimi- 
nary operation of the tunnel. Because of faults with the LN2 supply system 
and flow-rate meters, which existed when these measurements were being made, 
there is considerable scatter in the experimental data. However, there is 
general agreement between the estimated and measured flow rates. 

It 'is interesting to 2 

Warmup and Reoxygenation 

After cryogenic operation, the tunnel is warmed, depressurized, and 
reoxygenated so that model changes may be made at ambient conditions. The 
warming of the tunnel is accomplished by stopping the flow of LN2 and contin- 
uing to operate the drive fan. The time required to warm the tunnel varies 
between 30 minutes and 1 hour, depending on the temperature range through 
which the tunnel is warmed and the total pressure and Mach number maintained 
during the warming process. As an example, the theoretical warmup time as a 
function of Mach number and pressure for warming the tunnel from 110 K to 
300 K is shown in figure 19. Also shown in figure 19 is a value of warmup 
time experimentally determined during preliminary operation of the tunnel. 
As can be seen, there is reasonably good agreement between the theory and 
experiment. 

When the tunnel is warmed, and with the fan still running, the valves 
which are normally used to exhaust nitrogen from the plenum chamber and the 
settling region are opened. This results in an influx of ambient air into 
the tunnel through the plenum chamber (held slightly below atmospheric pres- 
sure), with corresponding efflux through the settling chamber vents (held 
slightly above atmospheric pressure). This pumping action brings the oxygen 
level in the tunnel to 20 percent by volume within 1 or 2 minutes depending 
upon Mach number. The fan is then stopped with the exhaust valves open, 
leaving the tunnel warm, depressurized, and reoxygenated. 

Temperature-Time History During Typical Run 

A record of stream and tunnel wall temperature as a function of time is 
shown in figure 20 to illustrate the various phases of tunnel operation dur- 
ing a typical run. The tunnel had not been opened to the atmosphere prior 
to this particular run so the prerun purging operation was not necessary. 
In order to avoid excessive thermal stresses in the tunnel structure, the 
cooldown and warmup rates are generally held to less than 10 K/min. Follow- 
ing the 40 minutes taken f o r  this particular cooldown, there is a 52-minute 
period of testing. In the example shown, there were eight different test 
conditions established at temperatures from 86 K to 103 K at pressures 
between 4.31 and 5.00 atm, and at Mach numbers between 0.740 and 0.755. 
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EXPERIMENTAL RESULTS 

Two types of experimental data are being obtained from the transonic 
cryogenic tunnel. The first type relates to the operation and performance 
of the tunnel itself. These data for the most part consist of the usual tun- 
nel calibration information but with particular emphasis on identifying any 
problems related either to the method of cooling or to the wide range of 
operating temperature. The second type of experimental data is primarily 
aimed at determining the validity and the practicality of the cryogenic con- 
cept in compressible flow. 

Some of the results obtained during the initial operation of the tunnel 
have been reported in references 5 and 6. Some of these results along with 
additional results of the preliminary tunnel calibration are given in the 
sections which follow. 

Test-Section Mach Number Distribution 

Test-section Mach number distributions have been determined over a wide 
range of test conditions. Static pressure orifices located along the tunnel 
wall and along a tunnel center line probe were used to determine the static 
pressure distribution. A pitot tube located downstream of the screens is 
used to measure stagnation pressure. As noted in reference 1 1 ,  for stagna- 
tion pressures up to about 5 atm the isentropic expansion relations calcu- 
lated from the real-gas properties of nitrogen differ by no more than about 
0.4 percent (depending on test conditions) from the corresponding relations 
calculated from ideal-diatomic-gas properties and ideal-gas equations. How- 
ever, since the pressure-measuring instrumentation being used is capable of 
resolving such differences, the appropriate real-gas relation is used to 
determine Mach number from the ratio of stagnation pressure to static pres- 
sure. The nominal test-section Mach number is calculated from the ratio of 
stagnation pressure measured just downstream of the screens to static pres- 
sure measured in the plenum chamber. 

Initial calibration of the tunnel indicates nearly identical tunnel 
wall and tunnel center line Mach number distributions for all test condi- 
tions. In addition, there are no detectable differences between Mach number 
distributions at ambient and cryogenic temperatures. An example of the tun- 
nel wall and tunnel center line Mach number distributions is shown in fig- 
ure 21. Examples of wall Mach number distribution over a range of Mach num- 
ber are shown in figure 22. Since the purpose of the initial tests in the 
0.3-meter tunnel was only to validate the cryogenic concept, no attempt has 
yet been made to improve the Mach number distributions by changes in slot 
geometry, wall divergence, or reentry flap position. In fact, as will be 
discussed subsequently, this initial test section has been replaced with an 
interchangeable two-dimensional test section for high Reynolds number air- 
foil testing and basic fluid dynamic and cryogenic research. 
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T r a n s v e r s e  Tempera tu re  D i s t r i b u t i o n  

S i n c e  t h e  heat o f  compress ion  o f  t h e  f a n  i s  removed by s p r a y i n g  LN2 
d i r e c t l y  i n t o  t h e  t u n n e l  c i r c u i t ,  t h e r e  was some c o n c e r n  a b o u t  t h e  u n i f o r -  
m i t y  of  t h e  r e s u l t i n g  t e m p e r a t u r e  d i s t r i b u t i o n ,  p a r t i c u l a r l y  a t  power l e v e l s  
r e q u i r e d  f o r  t r a n s o n i c  t e s t i n g  where t h e  mass f l o w  r a t e  o f  LN is  o n  t h e  
o r d e r  of 1 p e r c e n t  o f  t h e  t e s t - s e c t i o n  mass f l o w  ra te .  
d e c i d e d  t o  measure t h e  t r a n s v e r s e  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  t u n n e l  
o v e r  a wide r a n g e  of o p e r a t i n g  c o n d i t i o n s .  

T h e r e F o r e ,  i t  was 

The t e m p e r a t u r e  s u r v e y  r i g  p r e v i o u s l y  d e s c r i b e d  and shown i n  t h e  photo-  
g r a p h  p r e s e n t e d  as f i g u r e  9 was used  t o  d e t e r m i n e  t h e  t r a n s v e r s e  t e m p e r a t u r e  
d i s t r i b u t i o n  j u s t  ups t r eam o f  t h e  s c r e e n s .  A s k e t c h  o f  t h e  t e m p e r a t u r e  s u r -  
vey r i g  showing t h e  g e n e r a l  l o c a t i o n  of t h e  22 the rmocoup le  p r o b e s  i s  shown 
i n  f i g u r e  23 a l o n g  w i t h  a l i s t i n g  of some e a r l y  r e s u l t s  from t h e  s u r v e y  r i g  
o b t a i n e d  - a t  Mm 0.85. The mean v a l u e  (a r i thmet ic  a v e r a g e )  o f  t e m p e r a t u r e  
T t  and s t a n d a r d  d e v i a t i o n  (measu re  o f  d i s p e r s i o n  a round  t h e  mean) u are 
l i s t e d  f o r  s e v e r a l  t e s t  c o n d i t i o n s .  A s  c a n  be  s e e n ,  t h e r e  i s  a r e l a t i v e l y  
un i fo rm t e m p e r a t u r e  d i s t r i b u t i o n  even a t  c r y o g e n i c  t e m p e r a t u r e s  where t h e  
t u n n e l  i s  b e i n g  o p e r a t e d  w i t h i n  a few d e g r e e s  o f  t h e  t e s t - s e c t i o n  free- 
stream s a t u r a t i o n  c o n d i t i o n s .  These v a l u e s  are t y p i c a l  o f  t h e  da ta  which 
were o b t a i n e d  o v e r  t h e  e n t i r e  o p e r a t i n g  e n v e l o p e  w i t h  t h e  o r i g i n a l  LN2 i n j e c -  
t i o n  sys t em d e s c r i b e d  i n  r e f e r e n c e  8. 

Although t h e  w a l l  i n j e c t i o n  s y s t e m  d e s c r i b e d  i n  t h e  s e c t i o n  e n t i t l e d  
"L iqu id -Ni t rogen  System" h a s  n o t  been t e s t ed  o v e r  t h e  e n t i r e  o p e r a t i n g  enve- 
l o p e  o f  t h e  t u n n e l ,  p r e l i m i n a r y  r e s u l t s  i n d i c a t e  t h a t  t h e  new t e c h n i q u e  pro- 
d u c e s  an  improved t e m p e r a t u r e  d i s t r i b u t i o n  w i t h  a n  a v e r a g e  u o f  0.25 o v e r  
g e n e r a l l y  t h e  same r a n g e  of t e s t  c o n d i t i o n s  shown i n  f i g u r e  23. By e l i m i n a t -  
i n g  t h e  need f o r  plumbing i n s i d e  t h e  t u n n e l ,  t h e  w a l l  i n j e c t i o n  System p e r -  
m i t s  a s i m p l e r  and more e f f i c i e n t  t u n n e l  d e s i g n  t h a n  t h e  o r i g i n a l  s p r a y  bar 
i n j e c t i o n  sys t em d e s c r i b e d  i n  r e f e r e n c e  8.  

I t  i s  e x p e c t e d  t h a t  t h e  t e s t - s e c t i o n  t r a n s v e r s e  t e m p e r a t u r e  d i s t r i b u -  
t i o n  i s  even more un i fo rm t h a n  t h e  d i s t r i b u t i o n  measured by t h e  s u r v e y  r i g  
ups t r eam o f  t h e  s c r e e n s ,  b e c a u s e  o f  t h e  e f f e c t  o f  t h e  s c r e e n s  and t h e  a d d i -  
t i o n a l  mixing as  t h e  f l o w  moves t h r o u g h  t h e  c o n t r a c t i o n  s e c t i o n .  

D r i v e  Power and Fan Speed 

During i n i t i a l  c a l i b r a t i o n  and ae rodynamic  t e s t i n g ,  measurements  were 
t o  be made o f  t h e  d r i v e  s h a f t  t o r q u e  and s p e e d  t o  a l l o w  c o m p a r i s o n s  t o  b e  
made between p r e d i c t e d  and measured v a l u e s  o f  d r i v e  power and f a n  s p e e d  w i t h  
t e m p e r a t u r e ,  p r e s s u r e ,  and Mach number. Problems w i t h  t h e  t o r q u e  measure- 
men t s  ( u n r e l a t e d  t o  c r y o g e n i c  o p e r a t i o n )  p r e v e n t e d  a c c u r a t e  d e t e r m i n a t i o n  o f  
d r i v e  power d u r i n g  i n i t i a l  o p e r a t i o n  of t h e  t u n n e l .  However, o n  t h e  bas i s  
of power s u p p l i e d  t o  t h e  d r i v e  m o t o r ,  i t  a p p e a r s  t h a t  t h e  d r i v e  power v a r i e s  
r o u g h l y  as p r e d i c t e d  by t h e o r y ;  namely,  f o r  c o n s t a n t  p r e s s u r e  and  Mach num- 
b e r ,  power v a r i e s  d i r e c t l y  w i t h  t h e  speed  o f  sound (as  TOs5). 
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S a t i s f a c t o r y  measurements  were made o f  f a n  speed .  I n  f i g u r e  24 the  
theore t ica l  v a r i a t i o n  of f a n  speed w i t h  t e m p e r a t u r e  i s  shown t o g e t h e r  w i t h  
e x p e r i m e n t a l  v a l u e s  o b t a i n e d  a t  a t e s t - s e c t i o n  free-stream Mach number of 
0.85 and a t  a s t a g n a t i o n  p r e s s u r e  of a b o u t  4.95 atm. The Reyno lds  number i n  
t he  t es t  s e c t i o n  v a r i e d  from a b o u t  62 x 10 6 p e r  meter a t  t h e  h ighes t  s t a g n a -  

6 t i o n  t e m p e r a t u r e ,  326.7 K ,  t o  327 x 10 p e r  meter a t  t h e  lowest t e m p e r a t u r e ,  
99.5 K .  A s  c an  be s e e n ,  t h e  f a n  speed  a c t u a l l y  decreases somewhat fas ter  
w i t h  d e c r e a s i n g  t e m p e r a t u r e  t h a n  p r e d i c t e d  by s imple t h e o r y  ( s p e e d  = T O o 5 ) ,  
t h u s  i n d i c a t i n g  p e r h a p s  a b e n e f i c i a l  e f fec t  of t h e  g r e a t l y  i n c r e a s e d  Reynolds  
number on t u n n e l  o r  f a n  e f f i c i e n c i e s  a t  t h e  l o w e r  o p e r a t i n g  t e m p e r a t u r e s .  

I n  a n  a t t e m p t  t o  d e t e r m i n e  whether  t h e  fas te r  t h a n  p r e d i c t e d  decrease 
i n  f a n  speed was i n d e e d  due  t o  a n  i n c r e a s e  i n  Reyno lds  number,  a d d i t i o n a l  
f a n  speed  data  o b t a i n e d  a t  v a r i o u s  Mach numbers were p l o t t e d  as s h o w n . i n  f i g -  
u r e  25. T h i s  f i g u r e  c o v e r s  o n l y  t h e  l i m i t e d  c r y o g e n i c  t e m p e r a t u r e  r a n g e  
o v e r  which these p a r t i c u l a r  t e s t s  were made. The f a n  speed  a t  c r y o g e n i c  tem- 
p e r a t u r e  was r e f e r e n c e d  t o  t h e  f a n  s p e e d  a t  a m b i e n t  t e m p e r a t u r e  f o r  each 
Mach number. A l l  t h e  f a n  speed data  a t  ambien t  t e m p e r a t u r e  were o b t a i n e d  a t  
s t a g n a t i o n  p r e s s u r e s  n e a r  4.95 atm. Two s e t s  of  da ta  a r e  shown a t  c r y o g e n i c  
t e m p e r a t u r e s .  The data shown by t h e  flagged symbols  were o b t a i n e d  a t  s t a g n a -  
t i o n  p r e s s u r e s  n e a r  1 .2  atm and therefore r e p r e s e n t  n e a r l y  c o n s t a n t  Reynolds  
number between t h e  ambien t  and c r y o g e n i c  t e m p e r a t u r e  c o n d i t i o n s .  The data 
shown by t h e  u n f l a g g e d  symbols  were o b t a i n e d  a t  s t a g n a t i o n  p r e s s u r e s  n e a r  
4.95 atm and t h e r e f o r e  r e p r e s e n t  a f o u r f o l d  i n c r e a s e  i n  Reynolds  number 
between ambien t  and c r y o g e n i a  t e m p e r a t u r e  c o n d i t i o n s .  

A s  c an  be s e e n  from t h e  d a t a ,  t h e  r e l a t i v e  f a n  s p e e d  f o r  c o n s t a n t  Reyn- 
o l d s  number g e n e r a l l y  d i d  n o t  decrease a s  much as p r e d i c t e d  by t h e o r y .  How- 
e v e r ,  t h e  r e l a t i v e  f a n  speed f o r  i n c r e a s e d  Reynolds  number decreased more 
t h a n  p r e d i c t e d  by t h e o r y .  T h e r e f o r e ,  t h e  g rea te r  decrease i n  f a n  speed  w i t h  
d e c r e a s i n g  t e m p e r a t u r e  shown i n  f i g u r e  24 d o e s  i n  f a c t  r e p r e s e n t  a t r u e  Reyn- 
o l d s  number e f f e c t ;  t h u s ,  p e r h a p s  b o t h  improved f a n  pe r fo rmance  and r educed  
s k i n  f r i c t i o n  around t h e  t u n n e l  c i r c u i t  are i n d i c a t e d  w i t h  i n c r e a s e d  Reynolds  
number. 

The data  o f  f i g u r e  25 i n d i c a t e  t h a t  f o r  c o n s t a n t  Reynolds  number,  f a n  
For con- speed  i n  t h i s  p a r t i c u l a r  t u n n e l  v a r i e s  a p p r o x i m a t e l y  as 

s t a n t  p r e s s u r e ,  where Reynolds  number i s  i n c r e a s i n g  as t e m p e r a t u r e  is  
r e d u c e d ,  f a n  s p e e d  v a r i e s  a p p r o x i m a t e l y  as 

T 0*487. 

T 0.543. 

T e s t - S e c t i o n  Noise 

The background n o i s e  i n  t h e  t e s t  s e c t i o n  i s  o f  c o n c e r n  s i n c e  e x c e s s i v e  
n o i s e  l e v e l s  can  p r e v e n t  t h e  p r o p e r  s i m u l a t i o n  o f  t h e  u n s t e a d y  aerodynamic 
parameters u s u a l l y  o f  i n t e r e s t  i n  dynamic t e s t s ,  and i n  a d d i t i o n ,  may a f f e c t  
c e r t a i n  s t a t i c  o r  s t e a d y - s t a t e  parameters b e i n g  measu red .  Because o f  t h e .  
large r e d u c t i o n  i n  b o t h  d r i v e  power and p r e s s u r e  as  t e m p e r a t u r e  i s  r e d u c e d ,  
i t  was e x p e c t e d  t h a t  background n o i s e  would be r e d u c e d  when a s i v e n  Reynolds  
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number was o b t a i n e d  a t  c r y o g e n i c  t e m p e r a t u r e  r a t h e r  t h a n  a t  a m b i e n t  tempera-  
t u r e .  T h e r e f o r e  n o i s e  measurements  have been made i n  t h e  t e s t  s e c t i o n  o v e r  
a r a n g e  of t es t  c o n d i t i o n s  t o  d e t e r m i n e  t h e  effect  o f  c r y o g e n i c  o p e r a t i o n  
on n o i s e .  

The t e s t - s e c t i o n  n o i s e  l e v e l s  are p r e s e n t e d  i n  t e r m s , o f  t he  broadband 
(IO Hz t o  20 kHz) sound p r e s s u r e  l e v e l  w i t h  t h e  r e f e r e n c e  p r e s s u r e  t a k e n  
t o  be 20 uN/m2.  The measurements  were made d u r i n g  the  t e s t i n g  of a two- 
d i m e n s i o n a l  a i r f o i l  a t  3' i n c i d e n c e  and 
mounted f l u s h  w i t h  t h e  i n n e r  s u r f a c e  o f  t h e  t e s t - s e c t i o n  w a l l  j u s t  above 
t h e  a i r f o i l .  S i n c e  t h e  n o i s e  l e v e l s  are  n o t  s t r i c t l y  background n o i s e  
because  of t h e  p r e s e n c e  of t h e  a i r f o i l ,  t h e  d a t a  s h o u l d  n o t  b e  used  as a n  
i n d i c a t i o n  of t h e  minimum background n o i s e  i n  t h e  tes t  s e c t i o n ,  b u t  r a t h e r  
t h e y  s h o u l d  be used c o m p a r a t i v e l y  t o  i n d i c a t e  t h e  g e n e r a l  effect  o f  c ryo -  
g e n i c  o p e r a t i o n  on n o i s e  l e v e l .  Sound p r e s s u r e  l e v e l  i s  p r e s e n t e d  i n  f i g -  
u r e  26 as a f u n c t i o n  o f  chord  Reynolds  number. Next t o  each p l o t t e d  p o i n t  
are t h e  c o r r e s p o n d i n g  v a l u e s  o f  s t a g n a t i o n  p r e s s u r e  and t e m p e r a t u r e .  As 
can  be s e e n ,  a t  a c o n s t a n t  Reynolds  number of a b o u t  8 x I O 6 ,  t h e  combined 
effect  o f  r e d u c i n g  t e m p e r a t u r e  and p r e s s u r e  r e s u l t s  i n  a r e d u c t i o n  i n  sound 
p r e s s u r e  l e v e l  by 10 dB from t h e  l e v e l  measured a t  h i g h  p r e s s u r e  and ambien t  
t e m p e r a t u r e .  Da ta  a l s o  were t a k e n  a t  a n e a r l y  c o n s t a n t  p r e s s u r e  and show 
t h a t  Reynolds number i n c r e a s e d  by e i t h e r  a f a c t o r  o f  3 o r  4 . 6 ,  depend ing  on 
t h e  r e d u c t i o n  i n  t e m p e r a t u r e ,  w i t h  o n l y  a I-dB i n c r e a s e  i n  t h e  broadband 
sound p r e s s u r e  l e v e l .  

Ma = 0.80. A microphone was 

E x t e n s i v e  a n a l y s i s  o f  t h e  t e s t - s e c t i o n  n o i s e  da t a  h a s  n o t  y e t  been 
made. However, on t h e  bas i s  o f  t h e  l i m i t e d  a v a i l a b l e  d a t a ,  s i g n i f i c a n t  
r e d u c t i o n s  in .  n o i s e  l e v e l  f o r  a g i v e n  Reynolds  number are  o b t a i n e d  a t  c ryo -  
g e n i c  t e m p e r a t u r e .  

INTERCHANGEABLE TEST-SECTION LEGS 

I n  a d d i t i o n  t o  b e i n g  used t o  v e r i f y  t h e  v a l i d i t y  o f  t h e  c r y o g e n i c  wind- 
t u n n e l  c o n c e p t  and p r o v i d i n g  more t h a n  600 h o u r s  o f  e x p e r i e n c e  i n  t h e  o p e r a -  
t i o n  of a f a n - d r i v e n  c r y o g e n i c  t u n n e l ,  t h e  0.3-meter t u n n e l  i s  b e i n g  used 
f o r  aerodynamic research i n  s e v e r a l  areas where e i t h e r  a v e r y  h i g h  u n i t  
Reynolds  number ( R  zz 3 x I O 8  p e r  meter a t  M, = 1 )  o r  a 25-to-I r a n g e  of 
Reynolds  number i s  r e q u i r e d .  I n  o r d e r  t o  t a k e  f u l l  a d v a n t a g e  o f  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 i s  f a c i l i t y ,  i t  was d e s i g n e d  t o  accommodate v a r i o u s  t e s t -  
s e c t i o n  legs.  Rapid i n t e r c h a n g e  o f  t h e  p o r t i o n  o f  t h e  u p p e r  l e g  o f  t h e  t u n -  
n e l  which i n c l u d e s  t h e  c o n t r a c t i o n  s e c t i o n ,  t he  t e s t  s e c t i o n ,  and t h e  d i f -  
f u s e r  s e c t i o n  i s  p e r m i t t e d .  The b u i l d i n g  i n  which  t h e  t u n n e l  i s  l o c a t e d  h a s  
been e n l a r g e d  t o  a l l o w  work t o  b e  done on s i t e  on a t e s t - s e c t i o n  l e g  p r i o r  
t o  u s e .  Also, a p a i r  o f  ove rhead  r a i l s  and h o i s t s  have  been added which 
a l l o w  t h e  t e s t - s e c t i o n  l e g s  t o  b e  exchanged q u i c k l y  and s a f e l y .  Some con- 
c e p t s  w h i c h  might  p o s s i b l y  be i n c o r p o r a t e d  i n  t e s t - s e c t i o n  legs  f o r  t h i s  
u n i q u e  f a c i l i t y  are p r e s e n t e d  i n  f i g u r e  27 and d i s c u s s e d  i n  t h e  f o l l o w i n g  
s e c t i o n s .  

17 
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Two-Dimensional Test Section 

Because of renewed interest in airfoil research and the sensitivity 
of many of the advanced airfoils to Reynolds number, a two-dimensional test- 
section leg has been constructed and installed in the tunnel and is now 
being calibrated. The floor and ceiling of the 20- by 60-em test section 
are slotted, and there is provision for sidewall suction near the model as 
well as for removal of the sidewall boundary layer just upstream of the 
model. 

Pressure orifices on the model and a wake survey device will be used to 
provide the test data. In addition, a schlieren system is provided to allow 
visual observation of the flow field. This new test-section leg will pro- 
vide a unique facility for fundamental fluid dynamics research and airfoil 
development at test Reynolds numbers of up to 50 x lo6 on a two-dimensional 
airfoil having a 15-em chord. 

Self-streamlining Two-Dimensional Test Section 

A two-dimensional test section with flexible self-streamlining walls is 
being designed for the tunnel on the basis of work by Goodyer and coworkers 
at the University of Southampton (see refs. 12 and 13). Initially, the test 
section will be used for testing in flows where the Mach number at the walls 
never exceeds unity. By permitting increased chord length, the flexible- 
wall test section will allow testing under interference-free conditions at 
chord Reynolds numbers approaching 100 x 10 . 6 

Magnetic Suspension and Balance System 

The reduction in model loads made possible by the cryogenic wind-tunnel 
concept and the reduction in the size of the coils used in a magnetic suspen- 
sion and balance system made possible by superconductor technology make the 
combination of these two concepts an attractive means of providing high Reyn- 
olds number test capability free from support interference. In such a facil- 
ity, it will be possible to conduct tests free of support-interference 
effects as well as to determine the magnitude of such effects by direct com- 
parison with data obtained by using conventional model support systems. The 
demonstrated ease and rapidity with which the orientation of the model may 
be changed with the magnetic suspension system while keeping the model in 
the center of the test section will facilitate the rapid acquisition of aero- 
dynamic data which is a desirable feature of any high Reynolds number tunnel. 
In addition, the retrieval of the model from the test section of a cryogenic 
tunnel for model configuration changes would be a simple operation with a 
magnetic suspension and balance system. 

Because of the many advantages offered by a magnetic suspension and 
balance system, NASA has supported both in-house and sponsored research in 
this area for several years. Significant accomplishments resulting from 
NASA-sponsored research include the development of an electromagnetic posi- 
tion sensor at the Aerophysics Laboratory of the Massachusetts of Technology 
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(ref. 14) and the development of an all-superconductor magnetic suspension 
and balance system for aerodynamic testing at the Research Laboratories for 
the Engineering Sciences at the University of Virginia (ref. 15). 

Additional studies are being made at Langley, the University of Vir- 
ginia, and the Massachusetts Institute of Technology with the aim of build- 
ing a six-component superconducting magnetic suspension and balance system 
to be used in conjunction with an interchangeable test-section leg for the 
0.3-meter tunnel (ref. 16). The combination of an operating pressure of 

about 15 x 10 . 5 atm and cry genic temperatures will result in test Reynolds numbers of 

CONCLUDING REMARKS 

Many of the conclusions reported previously from tests of the low- 
speed cryogenic tunnel were confirmed during the operation and testing of 
the Langley 0.3-meter transonic cryogenic tunnel. Additional conclusions 
discussed in this paper are as follows: 

1. The tunnel is simple to operate. 

2. Purging, cooldown, and warmup times are acceptable and can be pre- 
dicted with good accuracy. 

3. Liquid-nitrogen requirements for cooldown and running can be pre- 
dicted with good accuracy. 

4. Cooling with liquid nitrogen is practical at the power levels 
required for transonic testing. Test temperature is easily controlled, and 
good temperature distribution is obtained by using a simple liauid-nitrogen 
injection system. 

5. Test-section noise level is reduced for a given Reynolds number 
when operating at cryogenic temperature rather than at ambient temperature. 

Langley Research Center 
National Aeronautics and Space Administration 
Hampton, VA 23665 
September 27, 1976 
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TABLE I.- DESIGN DIMENSIONS OF TUNNEL CONTRACTION SECTION 

Station xc 

Station 0 

Longitudinal 
station, 
XC’ 

_. ~- - 

0 
. 1 1 1  

.309 

.405 
,496 

.657 

.730 

.802 

.873 

.941 
1.009 
1.078 
1.143 
1.210 
1.278 
1.345 
1.414 
1.481 
1.550 
1.620 
1.691 
1.763 
1.834 
1.908 
1.982 
2.057 

.204 

.5a1 

Cross-sectional 
area, 
2 

1.167 
1.165 
1.156 
1.144 
1.090 
I .013 
-922 
-831 
.744 
.66 1 
.583 
.511 
.445 
.386 
.344 
.288 
.248 
.213 
.183 
.158 
.140 
.126 
.I 15 
.IO8 
.lo2 
.loo 
.098 
.098 

m 
-~ .. - 

~. 

Station 2.057 m 

- - . _ _  _ _ _ _  - 

Equivalent-circle 
radius, 
r, m 

0.610 
.609 
.607 
.603 
.589 
.568 
.541 
.514 
.486 
.459 
.431 
.403 
.377 
.351 
.326 
.303 
.281 

.24 1 

.211 

.200 

.192 

.185 

.181 

.178 

.177 

.176 

- - _ _ _  

.260 

.225 

_ .  
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TABLE 11.- TUNNEL TEST-SECTION SLOT GEOMETRY 

Tu n ne1 wal I 

Removable i n s e r t  

Cross section at stat ion xts 
(see f i gu re  11 fo r  test-section geometry) 

S t  t i o n  
X t S ’  cm 

17.15 
18.25 
19.36 
20.46 
21.57 
22.67 
23.78 
24.89 

27.10 
25 * 99 

28.21 
29 -31 
30.42 
31.52 
32.63 
33.74 
34.84 
35.95 
37.06 
38.16 
39.27 
40.37 
41.48 
42.59 
43.69 

w,/2 ’ 
cm 

0 
0 
.0274 
.0516 
.0706 
.0876 
.IO13 
.I133 
.I242 
.I328 
.I402 
.I476 
.I529 
.I585 
.I631 
.I679 
.I704 
.I737 
.I770 
.I798 
-1826 
.I854 
.I854 
.I887 
1913 

S t a t i o n  
cm Xts ’ 

44.80 
45.91 
47.01 
48.12 
49.22 

51.44 
52.54 
53.65 
54.75 
55.86 
56.97 
58.07 
59.18 
60.28 
61.39 
62.50 
63.60 
64.71 
65.81 
66.92 
68.03 

50.33 

1 
102.87 

0.1976 
.2027 
.2195 
-2433 
.2731 
.3117 
.354 1 
.4011 
.4516 
.5034 
.5530 
.6055 
.6513 
.6988 
.7468 
.7915 
.8324 
.8679 
.8997 
.9263 
.9320 
.9347 
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Plenum & tes t  section 

Tunnel anchor 

I 

Figure 1.- Layout of tunnel. 



L-73-6 15? 
Figure  2.-  T u n n e l  d u r i n g  i n i t i a l  assembly.  
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'ST tvoe 304 stainless Steel 7 

2024-T4 aluminum 1 

Flat gasket 6061-T6 aluminum 

(a) T y p i c a l  small f l a n g e  j o i n t  w i t h  f l a t  g a s k e t  s ea l .  

1 Metal O-ring 

( b )  T y p i c a l  l a r g e  f l a n g e  j o i n t  w i t h  c o a t e d  metal O-r ing seal .  

F i g u r e  3.- T y p i c a l  f l a n g e  j o i n t s  showing d e t a i l s  of  sea ls .  
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/ 

\ 

F i g u r e  4 . -  Tunnel  anchor s u p p o r t .  
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Vapor barrier 

Inorganic mineral wool 

/-- Precut foam 

Urethane foam 

Glass cloth 

'y > 

1 Tunnel wall 

mastic 

Section A-A 

F i g u r e  5.- Details of i n s u l a t i o n  used on t u n n e l .  



I 

F i g u r e  6 . -  Viewing p o r t s .  
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L-73-6 147 
F i g u r e  7.- V i e w  l o o k i n g  ups t r eam showing t h e  n a c e l l e  s e c t i o n  

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



I 

L-73-6009 
F i g u r e  8.-  Re tu rn - l eg  d i f f u s e r  and t h i r d  and f o u r t h  c o r n e r s .  

L-7 3-6 0 62 
F i g u r e  9.- S c r e e n  s e c t i o n  showing t e m p e r a t u r e  s u r v e y  r i g .  
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f 
~~ 

~~~~ - -x ~ ~~ 

L-73-4685 
F i g u r e  10.- C o n t r a c t i o n  s e c t i o n  and t e s t  s e c t i o n .  
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Divergence range 
0' to 0.5' 34.32 cm from flat to flat I - - - -  a _ _ _ - - - -  

- - - - 

F i g u r e  11.- Layout o f  t e s t  s e c t i o n .  Wall d ive rgence  s e t  a t  0.08' f o r  i n i t i a l  tests. 
S t a t i o n  g iven  i n  c e n t i m e t e r s .  

37.61 cm 
4 o m  flap to flap 

Q. 

W 
W 

c * 
* 4 



Station xts = 109.51 cm 

I 

Station xts = 137.16 cm t- 'f --- Flap width 

I 

(details on fig. 131 

Reentry angle adjustment slot 

Side view of sideplate 

, xts , cm 1 wS/2 .  cm I 
109.51 1.472 

110.3 1.489 

111.72 1.516 

116.14 1.605 

120.57 ! 1.693 

124.99 1.781 

129.42 1.869 

1 137.16 ' 2.023 

F i g u r e  12.-  Details of r e e n t r y  s l o t  d e s i g n .  Reent ry  f l a p  s e t  a t  7' f o r  i n i t i a l  t es t s .  



W 
ul 

t 
c 

2.720 cm 

Station xts = 109.51 cm 

i 

r -- 
- - 

I ,  

Station xts = 137.16 cm 

Flap width wf 

w cm f '  x cm t s '  

109.51 2.720 

110.34 2.751 

111.72 2.802 

116.14 2.967 

120.57 3.128 

124.99 j 3.291 

1 129.42 I 3.453 

I 137.16 I 3.738 1 

F i g u r e  13.- D e t a i l s  of r e e n t r y  f l a p  d e s i g n .  



W cn 

L-73-6232 
Figure  14.- Test s ec t ion .  



Nonreturn valve 

Liquid-nitrogen pump. 

W 
-4 



I I IIIII I I 1  

. -  

I I 

Guy wire attachment 

e 0 . 2 5 4  m -I 
0.102 m 

- 

Section A-A 

3 0' 

2 0.203 m 

Figure 16.-  Tunnel exhaust e j e c t o r .  
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401 

30( 

Liquid- 
ni t rogen 
flow rate, 
l i te rs lminu te  

1 oc 

0 

2450 (measured value) 

1 1 I I 1 I I 
10 20 30 40 50 60 70 

Cooldown t ime,  minu tes  

Figure 17.- Required LN2 flow rate as a function of cooldown time 
for cooling the tunnel from 300 K to 110 K. 
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Liquid - 
nitrogen 
flow rate, 
l i t e rs /  m inu te  

400 - 

300 

7nn . 

Estimated Measured 
p = 5 atm p = 1.2 atm t t 

- Tt, K 
322 - - - d 0 

117 d 0 

. ̂̂  

' /  
$pt = 5 atm 

0 0. ; 
I I - 1 -  1 

? 0.4 0.6 0.8 1.0 1.2 
Free-stream Mach number,  M, 

F i p u r e  18.- R e q u i r e d  LN2 f l o w  r a t e  as a f u n c t i o n  of t e s t  Mach number ,  
p r e s s u r e ,  a n d  t e m p e r a t u r e .  
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2 

Warmup 
t ime ,  
hours 

1 
.9 

.a 

.7 

.6 

. 5  

.4 

. 3  

.2 

. 1  
0 .2 .4 .6 .a 1 .o  1.2 1.4 

Free-st ream Mach number, M, 

F i g u r e  19.-  Warmup time as  a f u n c t i o n  of Mach number a n d  p r e s s u r e  f o r  
warming t h e  t r a n s o n i c  t u n n e l  from 110 K t o  300 K .  
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Temperature, K 

75 - 
50 I I I I I I I I I I I I 

0 12 24 36 48 60 72 84 96 108 120 132 144 

T ime,  m inu tes  

F i g u r e  20.- Stream and wall t e m p e r a t u r e  as a f u n c t i o n  o f  time d u r i n g  t y p i c a l  r u n .  



0 . 9  

I 

MI 0.8 

= 1 . 2 1  a t m ,  T = 320.2 K Pt t 
0 Wall 

0 Center l i n e  

40 
0.7 

20 

Figure 21.- Test-section wall and 

60 80 

Test-section s t a t i o n ,  cm 

center line Mach number distributions a t  

100 

M, z 0.825. 



I I I I I I I I I I  I 

1.' 

1.2 

1.0 

Loca I 
Mach 
number,  .8 

MZ 

.6 

.4 

pt = 1.20 atm, Tt = 116.8 K 

pt = 1.18 atm.  Tt = 116.2 K 

pt = 1.20 atm, Tt = 116.7 K 

pt = 1.19 atm, Tt = 117.3 K 

1 pt = 1.21 atm. T = 318.4 K 
t 

1 pt = 1.21 atm. Tt = 321.5 K 

n 
v pt = 4.72 atm. Tt = 112.6 K 

< p = 1.18 atm. T = 322.6 K t t 

n p = 1.26 atm. Tt = 86.7 K t 

Model location for two- 
dimensional a i r fo i l  tests 

.2 1 I I I I 
20 40 60 80 100 

Test-section stat ion. cm 

Figure 22.- Test-section wall Mach number distributions for 
several values of Mach number. 
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2.50 323.1 3.5 1.0 
1.20 323.2 3.1 0.9 
5. a, 96.6 1.0 0.3 
2.47 911 5 1.9 0.4 

- 1.20 81.0 1.4 0.3 

r mocouple probes 

F i g u r e  23.- S k e t c h  of  t e m p e r a t u r e  s u r v e y  rig w i t h  l i s t i n g  of 
t y p i c a l  r e s u l t s .  M, 0.85.  
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1 .o 

.9 

.8 

Re1 a t i  ve 
fan 

speed 

. 7  

.6 

.5 
60 100 1 40 

Experimental da ta  

Theory, fan speed = T O v 5  

180 220 260 300 340 

Stagnat ion  temperature,  Tt  , K 

F i g u r e  24.-  T h e o r e t i c a l  and measured v a r i a t i o n  o f  f a n  speed  r e l a t i v e  t o  
maximum f a n  speed w i t h  s t a g n a t i o n  t e m p e r a t u r e  a t  M.,, 0.85. 
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.66 

.64 

.62 

.60 

Rela t ive  
fan 

speed 

.58 

.56 

.54 

.52 

110 111 112 113 114 115 116 

Stagnation temperature, T t  , K 

117 118 71 9 

Figure 25.- Theoretical and measured variation of fan speed relative to maximum fan speed 
with stagnation temperature for several values of Mach number. 
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Figure.26.- Broadband sound pressure level in the test section as a function of Reynolds number 
for various combinations of temperature and pressure at Ma = 0.80. 



Magnetic suspension 
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Figure 27.- Concepts being considered f o r  interchangeable test-section legs. 
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