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SUMMARY 

Based o n   t h e o r e t i c a l   s t u d i e s  and exper ience   wi th  a low-speed  cryogenic 
tunne l  and wi th   the   Langley  1/3-meter t r anson ic   c ryogen ic   t unne l , .   t he   c ryogen ic  
wind-tunnel  concept  has  been shown t o   o f f e r  many advan tages .   w i th   r e spec t   t o   t he  
a t ta inment   o f   fu l l - sca le   Reynolds  number a t  reasonable  levels of  dynamic  pres- 
s u r e   i n  a ground-based f a c i l i t y .  The  unique modes of o p e r a t i o n   a v a i l a b l e   i n  a 
pressur ized   c ryogenic   tunnel  make p o s s i b l e   f o r   t h e   f i r s t  time t h e   s e p a r a t i o n  of 
Mach number,  Reynolds  number,  and a e r o e l a s t i c   e f f e c t s .  By r educ ing   t he   d r ive -  
power r equ i r emen t s   t o  a level where a convent ional   fan-dr ive  system may be  used,  
the  cryogenic   concept  makes p o s s i b l e  a tunne l   w i th   h igh   p roduc t iv i ty  and r u n  
times s u f f i c i e n t l y   l o n g   t o   a l l o w   f o r  a l l  types  of tests a t  r e d u c e d   c a p i t a l   c o s t s  
and ,   fo r   equa l  amounts  of t e s t ing ,   r educed   t o t a l   ene rgy   consumpt ion   i n  compari- 
son   wi th   o ther   tunnel   concepts .  

1. INTRODUCTION 

P r e s e n t   i n t e r e s t   i n   t h e   d e v e l o p m e n t  of t r a n s p o r t s  and  maneuvering a i r c r a f t  
t o   o p e r a t e   e f f i c i e n t l y   i n   t h e   t r a n s o n i c   r a n g e   h a s   r e s u l t e d   i n  a review of t h e  
problem of f l o w   s i m u l a t i o n   i n   t r a n s o n i c  wind tunnels .  Among t h e  more   se r ious  
problems is t h a t   r e l a t e d   t o   i n a d e q u a t e  test Reynolds  number. It is  t h i s  prob- 
lem and a n   a t t r a c t i v e   s o l u t i o n   t o   t h e  problem t h a t  is  t h e   s u b j e c t   o f   t h i s   p a p e r .  

The  need f o r   i n c r e a s e d   t e s t i n g   c a p a b i l i t y   i n  terms of Reynolds number has  
been w e l l  documented.  (See, f o r  example, r e f s .  1 and 2.)  

A t  a g iven  Mach number, t h e  Reynolds number may be   increased  by us ing  a 
heavy  gas   ra ther   than a i r  as t h e  test gas ,  by i n c r e a s i n g   t h e   s i z e  of t h e   t u n n e l  
and  model ,   by  increasing  the  operat ing  pressure  of   the  tunnel ,   and  by  reducing 
t h e  test temperature.  The  method chosen   to   increase   Reynolds  number w i l l ,  i n  
gene ra l ,   a l so   a f f ec t   dynamic   p re s su re ,  mass f low rate, and the   ene rgy  consump- 
t i o n  of t h e   t u n n e l   f o r  a g iven  amount o f   t e s t ing .  

The u s e  of a heavy  gas is a well-known  method  of  achieving  high  Reynolds 
number.  Freon-12 is one   of   the   mos t   su i tab le  of t h e  h e a v y   g a s e s   f o r   u s e   i n  a 
wind t u n n e l   ( r e f .  3 ) .  However, t h e   d i f f e r e n c e s   i n   t h e   r a t i o  of s p e c i f i c   h e a t s  
become important  when c o m p r e s s i b i l i t y   e f f e c t s  'become s i g n i f i c a n t ,   t h u s  making 
Freon-12 a ques t ionab le   t r anson ic  test g a s   ( r e f .  4 ) .  

An obvious way to   i nc rease   Reyno lds  number is t o   i n c r e a s e   t h e  model s i z e .  
I n   o r d e r   t o   a v o i d   i n c r e a s i n g   t h e  w a l l  in te r fe rence   e f fec ts ,   however ,   there   mus t  
be  a commensurate i n c r e a s e   i n   t u n n e l   s i z e .   D e s i g n   s t u d i e s   f o r   t u n n e l s   l a r g e  
enough t o   g i v e   f u l l - s c a l e   R e y n o l d s  number a t  normal  temperatures  and  moderate 
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pres su res  show t h a t   t h e y  would be   ve ry   l a rge ,   and   t he re fo re   ve ry   cos t ly ,   and  
would  make heavy  demands  on power ( r e f .  5). An a l t e r n a t e   s o l u t i o n  is t o  
restrict t h e   t u n n e l  and  model s i z e s  and i n c r e a s e   t h e   o p e r a t i n g   p r e s s u r e .   T h i s  
method is feas ib le ,   o f   course ,   bu t   the   aerodynamic   forces   on   the   model ,   ba lance ,  
and  support   system are g r e a t l y   i n c r e a s e d  a t  t h e   o p e r a t i n g   p r e s s u r e s   t h a t  are 
requi red   to   ach ieve   the   des i red   Reynolds  number i n  a tunnel   o f   modera te   s ize .  
From a power s t andpo in t ,  a h igh-pressure   tunnel  is p r e f e r a b l e   t o  a l a r g e ,  
moderate-pressure  tunnel .  However, fo r   t he   r equ i r ed   i nc rease   i n   Reyno lds  num- 
b e r ,   t h e  power requirements  are still  undes i r ab ly   l a rge .  

Operating a t u n n e l  a t  c ryogen ic   t empera tu res ,   f i r s t   p roposed  by Smelt 
( r e f .   6 )   i n   1 9 4 5 ,   o f f e r s   a n  a t t ract ive means  of increasing  Reynolds  number 
whi le   avoid ing  many of   the practical  problems  associated  with  tes t ing a t  high 
Reynolds  numbers in   conven t iona l   p re s su re   t unne l s .   Pe r sonne l  of t h e  NASA 
Langley  Research  Center   have  been  s tudying  the  appl icat ion  of   the  cryogenic  
concept   to   high  Reynolds  number t r a n s o n i c   t u n n e l s   s i n c e   t h e  autumn  of  1971. 
The r e s u l t s   o f  a t h e o r e t i c a l   i n v e s t i g a t i o n  aimed a t  ex tend ing   t he   ana lys i s  of 
S m e l t  and t h e   r e s u l t s  of an  experimental   program  using a low-speed wind tunnel  
have   been   r epor t ed   i n   r e f e rences  7 and 8. I n   o r d e r   t o   p r o v i d e   i n f o r m a t i o n  
r e q u i r e d   f o r   t h e   p l a n n i n g  of a large  high  Reynolds  number t ransonic   c ryogenic  
tunnel ,  as d e s c r i b e d   i n   r e f e r e n c e   9 ,  a r e l a t i v e l y  small pressur ized   t ransonic  
c ryogenic   tunnel  was b u i l t  and  placed  into  operat ion  in   1973.  A s  a r e s u l t   o f  
t he   success fu l   ope ra t ion  of t h e   p i l o t   t r a n s o n i c   t u n n e l ,  i t  w a s  c l a s s i f i e d  by 
NASA i n  l a te  1974 as a r e s e a r c h   f a c i l i t y ,  re-named the  Langley  1/3-meter 
t ransonic   cryogenic   tunnel ,   and is  now being  used  for   aerodynamic  research as 
w e l l  as cryogenic   wind-tunnel   technology  s tudies .  

In   add i t ion   t o   r ev iewing   t he   c ryogen ic   w ind- tunne l   concep t ,   t h i s   pape r  
p re sen t s  some d e t a i l s  of the  design  and  operat ion of the  Langley  1/3-meter 
t ransonic   cryogenic   tunnel   and  descr ibes  some of the   r e sea rch  done i n   t h e  
tunne l   r e l a t ed   t o   va l ida t ion   o f   t he   c ryogen ic   w ind- tunne l   concep t .   A l so   p re -  
sen ted  are the   fu tu re   p l ans   fo r   t he   1 /3 -me te r   t unne l .  

A new fan-driven  high  Reynolds number t ransonic   c ryogenic   tunnel  is being 
p lanned   for   the   Uni ted   S ta tes .   This   tunnel ,   to   be  known as the   Na t iona l  
T ranson ic   Fac i l i t y ,  w i l l  t a k e   f u l l   a d v a n t a g e  of the   c ryogenic   concept   to   p ro-  
v i d e   a n   o r d e r  of magni tude   increase   in   Reynolds  number c a p a b i l i t y   o v e r   e x i s t i n g  
tunne l s .  Details of t h i s  new f a c i l i t y  w i l l  b e   g i v e n   i n  a subsequent  paper by 
D. Baals. 

2.  SYMBOLS 

cD 
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Speed  of  sound 

Chord of  two-dimensional a i r f o i l  

Mean geometr ic  chord 

Drag c o e f f i c i e n t  , Drag 
qs 



cL 

‘m 

L i f t   c o e f f i c i e n t ,  - L i f t  
qs 

Pitching-moment c o e f f i c i e n t ,  P i t c h i n g  moment 

qsc 

C 
P - P, 

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

R Linear  dimension of model 

M Mach number 

P P res su re  

9 Dynamic p res su re ,   1 /2  pV 

R Reynolds  number, pVR/p 

2 

S Reference  wing area 

T Temperature 

V Veloc i ty  

X Linear  d imens ion  

a Angle  of  incidence 

1-( V i s c o s i t y  

P Densi ty  

Subscr ip ts :  

max Maximum 

min Minimum 

t Stagnat ion   condi t ions  

co Free  s tr eam 

3 .  THE CRYOGENIC CONCEPT 

The u s e  of  low t e m p e r a t u r e s   i n  wind tunne l s  w a s  f i r s t  proposed as a 
means of reducing  tunnel  drive-power  requirements a t  cons tan t   va lues   o f  test 
Mach number,  Reynolds  number,  and s tagnat ion   pressure .   Reynolds  number,  which, 
of  course, i s  t h e   r a t i o   o f   t h e   i n e r t i a   f o r c e   t o   t h e   v i s c o u s   f o r c e ,  is  given  by 
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Inertia f o r c e  - pV R 
Viscous   force  pVR 

2 2  
R =  - 

which  reduces  to  the well-known equat ion  

R =  pVR pMaR 
P 1-1 

- 

A s  the   t empera ture  is dec reased ,   t he   dens i ty  p i n c r e a s e s  and t h e   v i s c o s i t y  p 
decreases .  A s  can  be  seen  f rom  the  above  equat ions,   both  of   these  changes 
r e s u l t   i n   i n c r e a s e d  Reynolds  number.  With decreasing  temperature ,   the   speed  of  
sound a decreases .   For  a given Mach number, t h i s   r e d u c t i o n   i n   t h e   s p e e d  of 
sound r e s u l t s   i n  a r educed   ve loc i ty  V w h i c h ,   w h i l e   o f f s e t t i n g   t o  some e x t e n t  
the  Reynolds number i n c r e a s e   d u e   t o   t h e   c h a n g e s   i n  p and 1-1, provides  advan- 
t a g e s   w i t h   r e s p e c t   t o  dynamic p r e s s u r e ,   d r i v e  power,  and  energy  consumption. 

It is informative  to   examine  the  underlying  mechanism  through  which  changes 
i n   p r e s s u r e  and  temperature  influence  Reynolds number. To t h e   f i r s t   o r d e r  1-1 
and a are n o t   f u n c t i o n s  of p re s su re   wh i l e  p is d i r e c t l y   p r o p o r t i o n a l   t o  
pressure.   Thus,   increasing  pressure  produces  an  increase  in   Reynolds  number  by 
i n c r e a s i n g   t h e   i n e r t i a   f o r c e   w i t h  a commensurate i n c r e a s e   i n  model,  balance 
and s t i n g   l o a d s .   A l s o ,   t o   t h e   f i r s t   o r d e r ,  p T-1, V a TOo5,  and 1-1 a To.$. 
Thus,   decreasing  temperature leaves t h e   i n e r t i a   f o r c e  unchanged a t  a g iven  Mach 
number due   t o   t he   compensa t ing   e f f ec t s  of p and V2. The i n c r e a s e   i n  Reynolds 
number wi th   decreas ing   tempera ture  is t h u s   d u e   s t r i c t l y   t o   t h e   l a r g e   r e d u c t i o n  
i n   t h e   v i s c o u s   f o r c e  term as a r e s u l t  of t h e   c h a n g e s   i n  p and V wi th  
temperature.  

The e f f e c t  of a r e d u c t i o n   i n   t e m p e r a t u r e  on t h e   g a s   p r o p e r t i e s ,  test con- 
d i t i o n s ,  and d r i v e  power are i l l u s t r a t e d   i n   f i g u r e  1. For  comparison  purposes, 
a s tagnat ion   tempera ture  of  322 K (+120° F) for   normal   ambient   temperature   tun-  
n e l s  i s  assumed as a datum. It can   be   s een   t ha t   an   i nc rease   i n   Reyno lds  number 
by  more than  a f a c t o r  of 6 is obtained  with no i n c r e a s e   i n  dynamic p res su re  and 
wi th  a l a r g e   r e d u c t i o n   i n   t h e   r e q u i r e d   d r i v e  power. To ob ta in   such   an   i nc rease  
i n  Reynolds number w i t h o u t   i n c r e a s i n g   e i t h e r   t h e   t u n n e l   s i z e   o r   t h e   o p e r a t i n g  
p r e s s u r e   w h i l e   a c t u a l l y   r e d u c i n g   t h e   d r i v e  power is  e x t r e m e l y   a t t r a c t i v e  and 
makes the   c ryogenic   approach   to  a high  Reynolds number t r anson ic   t unne l  much 
more des i rab le   than   prev ious   approaches .  

3 .1  The  Advantages  of a Cryogenic  Tunnel 

3 .1 .1  Reduced Dynamic P res su re  and Drive Power 

For a s e l e c t e d   t u n n e l   s i z e  and  Reynolds number the   p rev ious ly   desc r ibed  
e f f e c t s  of   cryogenic   operat ion are m a n i f e s t e d   i n   l a r g e   r e d u c t i o n s   i n   t h e  
r e q u i r e d   t u n n e l   s t a g n a t i o n   p r e s s u r e   a n d ,   t h e r e f o r e ,   i n   l a r g e   r e d u c t i o n s   i n   b o t h  
t h e  dynamic p r e s s u r e   a n d   t h e   d r i v e  power.  These  reductions are i l l u s t r a t e d   i n  
f i g u r e  2, where  both  dynamic  pressure  and  drive power are shown as func t ions  of 
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s t agna t ion   t empera tu re   fo r  a constant  chord  Reynolds number* of 50 x l o 6  a t  
M, = 1 . 0   f o r  a tunnel   having a 2.5- by 2.5-m test s e c t i o n .  A s  t he   t unne l  
operat ing  t 'emperature  is r e d u c e d ,   t h e   l a r g e   r e d u c t i o n s   i n   b o t h  dynamic p res su re  
and d r i v e  power are c l e a r l y   e v i d e n t  and   provide   the   des i red   re l ie f   f rom  the  
ex t remely   h igh   va lues   tha t  would b e   r e q u i r e d   f o r  a p res su re   t unne l   ope ra t ing  a t  
normal  temperatures. Some o f   t he   spec i f i c   advan tages   r e su l t i ng   f rom  the   r educ -  
t i o n   i n  dynamic pressure  include  reduced  model  and ba lance  stresses, w i t h   t h e  
r e s u l t i n g   i n c r e a s e d  tes t  l i f t   c o e f f i c i e n t   c a p a b i l i t y ,   r e d u c e d   s t i n g   s i z e   f o r  a 
g i v e n   l i f t  which  reduces  st ing  interference  and  permits  more real is t ic  a f t   f u s e -  
lage  model ing,   and  an  increased stress marg in   fo r   ae roe la s t i c   ma tch ing .  

The l a r g e   r e d u c t i o n   i n   d r i v e  power  makes a f an -d r iven   t unne l   p rac t i ca l   even  
a t  th i s   h igh   Reynolds  number.  The r e s u l t i n g   e f f i c i e n c y  and  increased  run time 
provide  important   advantages re la t ive t o   i n t e r m i t t e n t   t u n n e l s ,   s u c h  as increased  
p roduc t iv i ty ,  improved  dynamic t e s t i n g   c a p a b i l i t y ,  and  reduced  operat ing  costs  
and to ta l   energy   consumpt ion   for   equa l   amounts   o f   t es t ing .  

An add i t iona l   advan tage  of a fan-driven  tunnel  is r e a l i z e d  by having  run 
times su f f i c i en t   t o   i n su re   t he   avo idance   o f   p rob lems   caused  by h e a t   t r a n s f e r  
between t h e  model  and t h e  stream. In   tunnels   where   the   f low is generated by 
expansion waves, spu r ious  scale e f f e c t s   d u e   t o   h e a t   t r a n s f e r   c a n   o n l y   b e   a v o i d e d  
by c o o l i n g   t h e  model to   the   expec ted   recovery   t empera ture   ( re f .  3 ) .  Such  prob- 
lems are avo ided   i n  a continuous-flow  tunnel  where  the  model is n e v e r   f a r  from 
the rma l   equ i l ib r ium  wi th   t he  stream. I n   g e n e r a l ,  no a d d i t i o n a l   t e s t i n g  time is 
r e q u i r e d   t o   a l l o w   t h e  model t o   ach ieve   t he rma l   equ i l ib r ium  s ince   t he   f l ow  in i -  
t i a t i o n   p r o c e s s  is  g radua l  and test cond i t ions  are no t  changed a b r u p t l y   i n  a 
f an-dr iven   tunnel .  

The advantages  of   the   cryogenic   concept   with  respect   to   reduced  dynamic 
p res su re  and  reduced  drive power are shown i n   f i g u r e  2 for   cons tan t   Reynolds  
number and cons t an t   t e s t - sec t ion   s i ze .   Fo r  a cons t an t   t unne l   s i ze ,   bo th   t he  
s h e l l   c o s t s ,  which may a c c o u n t   f o r  as much as two-thirds of t h e   t o t a l   c o s t  of a 
wind tunnel ,  and t h e   c o s t s  of t h e   d r i v e   s y s t e m   f o r   t h e   t u n n e l   v a r y   n e a r l y  
l i n e a r l y   w i t h   t h e  maximum s t agna t ion   p re s su re   o f   t he   t unne l .   The re fo re ,   fo r  
cond i t ions  of constant  Reynolds number and t u n n e l   s i z e ,   t h e   r e d u c t i o n   i n   t h e  
s t agna t ion   p re s su re   wh ich  is needed to   ach ieve   the   des i red   Reynolds  number a t  
c r y o g e n i c   t e m p e r a t u r e s   r e s u l t s   i n  a r e d u c t i o n   i n   c a p i t a l   c o s t s   e v e n  when t h e  
h i g h e r   c o s t s   o f   t h e   s t r u c t u r a l  materials which are s u i t a b l e   f o r   u s e  a t  cryogenic  
temperatures  is t aken   i n to   accoun t .  

I f   t h e   a t t a i n m e n t  of increased  Reynolds number i s  accomp.lished  by  increas- 
i n g   s t a g n a t i o n   p r e s s u r e ,   f o r  many conf igu ra t ions  a p res su re  limit is reached ' 

beyond  which t h e   l o a d s   o n   t h e  model w i l l  p r e c l u d e   t e s t i n g  a t  t h e   d e s i r e d   l i f t  
c o e f f i c i e n t .  With t h i s   i n  mind,   an  a l ternate   approach to t h e   d e s i g n  of a h igh  
Reynolds  tunnel i s  t o   e s t a b l i s h   t h e  maximum usable   p ressure   and   a l low  tunnel  
s i z e   t o   d e c r e a s e   w i t h   d e s i g n   t e m p e r a t u r e   i n   o r d e r   t o   a t t a i n   t h e   d e s i r e d   R e y n o l d s  

* 
For  consis tency  throughout   this   paper ,   Reynolds  number is based  on a wing 

chord   equal   to  0.1 t imes   t he   squa re   roo t   o f   t he   t e s t - sec t ion  area; for  wings  of 
small a s p e c t   r a t i o   t h e   a c t u a l   v a l u e s  may be  two o r   t h r e e  times the   va lue   g iven .  
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number.  Under t h e s e   c o n d i t i o n s ,   t h e r e  is a very   s t rong   impact   o f   the   c ryogenic  
c o n c e p t   o n   c a p i t a l   c o s t   d u e   t o   t h e   l a r g e   r e d u c t i o n   i n   t u n n e l   s i z e   r e q u i r e d   f o r  
t he   a t t a inmen t  of a given  Reynolds number. 

A t  a cons tan t   p ressure ,   the   cos t  of t h e   t u n n e l   s h e l l  varies approximately 
wi th   the   cube   of   the   tunnel   s ize ,   whereas   the   cos t   o f   the   d r ive   sys tem varies 
approximate ly   wi th   the   square  of the   t unne l   s i ze .   Thus ,  a r e d u c t i o n   i n   t u n n e l  
s i z e  by a f a c t o r  of 5 o r  6 ,  which, as can   be   i n fe r r ed   f rom  f igu re  1, may b e  
r e a l i z e d  by ope ra t ing  a t  c ryogenic   t empera tures ,   represents  a s u b s t a n t i a l  
s a v i n g s   i n   c a p i t a l   c o s t s   o v e r   t h e  much larger   ambient- temperature   tunnel   which 
would be   r equ i r ed   t o   ach ieve   t he   des i r ed   Reyno lds  number a t  t h e  same s t a g n a t i o n  
pressure .  

3.1.2 Reduced Peak Power Demand and Total  Energy  Consumption 

Because  of  the  high  peak power  demands  of large  ambient- temperature   t ran-  
s o n i c   t u n n e l s ,   t h e   t u n n e l   d e s i g n e r   h a s ,   u p   u n t i l  now, been  forced  to  abandon 
the  convent ional   cont inuous-f low  tunnel  and adopt  some form  of   intermit tent   tun-  
ne l   u s ing   ene rgy   s to rage   t echn iques .  However, s i n c e  a f a n  is t h e  most e f f i c i e n t  
method  of d r i v i n g  a t u n n e l ,   t h e   r e d u c t i o n   i n   p e a k  power demand obtained by 
go ing   t o   conven t iona l   ene rgy   s to rage   t echn iques  i s  r e a l i z e d   o n l y  by accept ing  
an   i nc rease   i n   t o t a l   ene rgy   consumpt ion .  By r e d u c i n g   t h e   d r i v e  power requi re -  
ments t o  a leve l   where  a f a n   d r i v e   a g a i n  becomes p r a c t i c a l   e v e n   f o r   l a r g e   t u n -  
ne ls ,   the   c ryogenic   concept  makes a v a i l a b l e   n o t   o n l y   t h e  many t e c h n i c a l  advan- 
t ages  of the  convent ional   cont inuous-f low  tunnel   but ,  a t  t h e  same t i m e ,  r e s u l t s  
i n   s i g n i f i c a n t   r e d u c t i o n s   i n   t h e   t o t a l   e n e r g y  consumed dur ing  a test f o r  a g iven  
Reynolds number and s t a g n a t i o n   p r e s s u r e   ( r e f .  9) .  T h i s   r e d u c t i o n   i n   t o t a l -  
energy   requi rement   which   resu l t s   f rom  c ryogenic   opera t ion  is e s p e c i a l l y   s i g n i f i -  
c a n t   i n   t h i s   a g e  when the   conse rva t ion  of  energy is assuming  increasing 
importance. 

3.1.3  Unique  Operating  Envelopes 

I n   a d d i t i o n   t o   t h e   a d v a n t a g e s  of  reduced  dynamic  pressures  and  reduced 
drive-power  and  energy  requirements,   the  cryogenic  wind-tunnel  concept  offers 
the  aerodynamic  researcher  some unique  and  extremely  useful   operat ing  envelopes.  
For a given  model  orientation,  any  aerodynamic  coefficient is a f u n c t i o n   o f ,  
among o the r   t h ings ,  Mach number M y  Reynolds number R ,  and t h e   a e r o e l a s t i c   d i s -  
t o r t i o n  of t h e  model,  which is ,  i n   t u r n ,  a f u n c t i o n  of t h e  dynamic pressure  q .  
A cryogenic   tunnel   wi th   the   independent   cont ro l   o f  Mach number, temperature ,  and 
p res su re   has   t he   un ique   capab i l i t y   t o   de t e rmine   i ndependen t ly   t he   e f f ec t  of Mach 
number,  Reynolds  number,  and a e r o e l a s t i c   d i s t o r t i o n  on the  aerodynamic  charac- 
terist ics of t h e  model. 

To i l l u s t r a t e   t h e  manner i n  which t h i s  i s  accomplished, a cons t an t  Mach 
number opera t ing   envelope  is p r e s e n t e d   f o r  a cryogenic   t ransonic   p ressure   tun-  
ne l   having  a 2.5- by 2.5-m test s e c t i o n .  The  main  purpose of p re sen t ing   t he  
envelope is t o   i l l u s t r a t e   t h e   u n i q u e   t e s t i n g   c a p a b i l i t y   a v a i l a b l e   i n  a cryogenic  
tunnel .  However, t h e   s i z e  of t h e   t u n n e l  and the   r anges  of  temperature,   pres- 
su re ,  and Mach number have   been   s e l ec t ed   t o   r ep resen t   t he   an t i c ipa t ed   cha rac t e r -  
istics of the   p roposed   Nat iona l   Transonic   Fac i l i ty .  
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The  constant Mach number operating  envelope  showing  the  range  of  dynamic 
p res su re  and  Reynolds number a v a i l a b l e   f o r   s o n i c   t e s t i n g  is p r e s e n t e d   i n   f i g -  
u r e  3.  The envelope is bounded  by t h e  maximum tempera ture   boundary   ( taken   in  
t h i s  example t o   b e  340 K ) ,  t h e  minimum temperature   boundary  (chosen  to   avoid 
s a t u r a t i o n  a t  f r ee - s t r eam  cond i t ions ) ,   t he  m a x i m u m  pressure  boundary (8.8 a t m ) ,  
and t h e  minimum pressure  boundary (0.5 atm).  With  such an o p e r a t i n g   c a p a b i l i t y ,  
i t  is poss ib le ,   for   example ,   to   de te rmine  a t  a cons tan t  Mach number t h e   t r u e  
e f f e c t  of  Reynolds number on the   ae rodynamic   cha rac t e r i s t i c s  of t h e  model  with- 
out  having  the  results  influenced  by  changing  model  shape  due  to  changing 
dynamic  pres,sure, as is  t h e  case i n  a convent iona l   p ressure   tunnel .   (There  w i l l  
be  a s l i g h t   v a r i a t i o n  of t h e  modulus  of e l a s t i c i t y  E of  most  model materials 
with  temperature .  To c o r r e c t   f o r   t h i s   v a r i a t i o n   i n  E,  t h e  dynamic  pressure q 
may b e   v a r i e d  by v a r y i n g   t o t a l   p r e s s u r e  s o  t h a t   t h e   r a t i o  q/E remains   cons tan t  
over  the  Reynolds number r a n g e . )   T h i s   a b i l i t y   t o  make pure  Reynolds number 
s t u d i e s  is  of p a r t i c u l a r   i m p o r t a n c e ,   f o r  example, i n   r e s e a r c h   o n   t h e   e f f e c t s  of 
t h e   i n t e r a c t i o n  between the  shock  and  the  boundary  layer.  A s  i nd ica t ed   on   t he  
e n v e l o p e ,   p u r e   a e r o e l a s t i c   s t u d i e s  may be made under   condi t ions  of cons tan t  
Reynolds  number. In   addi t ion ,   combina t ions  of R and q can   be   es tab l i shed  
t o   r e p r e s e n t   a c c u r a t e l y   t h e   v a r i a t i o n s   i n   f l i g h t  of a e r o e l a s t i c   d e f o r m a t i o n  and 
changes i n  Reynolds number w i t h   a l t i t u d e .  S i m i l a r  envelopes are, of  course,  
a v a i l a b l e   f o r   o t h e r  Mach numbers. I n   a d d i t i o n   t o   t h e   c o n s t a n t  Mach number 
operat ing  envelope,  two other   types  of   envelopes are a v a i l a b l e   i n  a p res su re  
tunnel   capable   o f   c ryogenic   opera t ion .   These  are the  constant   Reynolds  number 
envelope and t h e   c o n s t a n t  dynamic pressure  envelope.   These  envelopes  have  been 
descr ibed   e l sewhere   ( re f .  8) and w i l l  n o t   b e   d i s c u s s e d   f u r t h e r   i n   t h i s   p a p e r .  
From the   aerodynamic   research   po in t  of view, t h e  most a t t rac t ive  f e a t u r e  of t h e  
cryogenic   tunnel  is t h e   a b i l i t y   t o   i s o l a t e  and s tudy   i ndependen t ly   t he   e f f ec t s  
of  Reynolds  number, Mach number,  and a e r o e l a s t i c i t y .  The a b i l i t y   t o   i s o l a t e  
t h e s e   e f f e c t s  is e x t r e m e l y   d e s i r a b l e ,   s i n c e   b o t h   a e r o e l a s t i c i t y  and  Reynolds 
number can  produce  profound  effects   on c r i t i c a l  aerodynamic  phenomena,  such as 
shock  boundary-layer   interact ions.  

3.2 Real-Gas S tud ie s  

In   the  cryogenic   tunnel   concepts   developed a t  Langley,   the  test gas  is 
n i t r o g e n   r a t h e r   t h a n  a i r .  Since  1972,   an  extensive  s tudy  has   been made by 
r e s e a r c h e r s  a t  Lang ley   t o   eva lua te   any   poss ib l e   adve r se   r ea l -gas   e f f ec t s  on 
aerodynamic  data   taken a t  cryogenic   temperatures .  The s tud ie s   have   been   d iv ided  
i n t o  two p a r t s .  The f i r s t   p a r t   h a s   l o o k e d  a t  t h e   e f f e c t  of thermal   and   ca lor ic  
imperfect ions  on  the  isentropic   expansion  and  normal-shock  f low  propert ies   for  
t h e  real gas ,   n i t rogen ,  as compared to   an   i dea l   d i a tomic   gas .   These   s tud ie s  
have shown t h a t   f o r   p r e s s u r e s  up to 5 atmospheres  or so  the   behav io r  of n i t r o g e n  
a t  c ryogenic   t empera tures   can   be   cons idered   to   be   the  same f o r  a l l  p r a c t i c a l  
purposes as the   behav io r  of a n   i d e a l   g a s .   P o r t i o n s  of t h i s   p a r t  of t he   r ea l -gas  
s tud ie s   have   been   r epor t ed   i n   r e f e rence   10  and w i l l  n o t   b e   d i s c u s s e d   f u r t h e r   i n  
t h i s   p a p e r .  

The second  par t   o f   the   rea l -gas   s tud ies   has   been   concerned   wi th   de te rmining  
t h e  minimum usab le   s t agna t ion   t empera tu re .  When t e s t i n g  a t  cryogenic  tempera- 
t u r e s ,  i t  i s  h i g h l y   d e s i r a b l e   t o   t a k e  maximum possible  advantage  of  reduced tem-  
p e r a t u r e   i n   o r d e r   t o  increase test  Reynolds  number. A s  can  be  seen  f rom 
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f i g u r e  4, the   changes   in   Reynolds  number pe r   deg ree   Ke lv in   change   i n   s t agna t ion  
temperature   approaches 2% a t  the  lower  temperatures .  An a d d i t i o n a l   i n c e n t i v e  
t o   o p e r a t e  a t  lower  temperatures is t h e   r e d u c t i o n   i n   f a n - d r i v e  power and a n  
a t t e n d a n t   r e d u c t i o n   i n   t h e  amount o f   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   c o o l i n g .  

E a r l y   t h e o r e t i c a l   s t u d i e s   o f   t h e  minimum opera t ing   tempera ture  were based 
on   the   assumpt ion   tha t   condensa t ion  of t h e  stream must  be  avoided  under  the  most 
a d v e r s e   f l o w   c o n d i t i o n s   e x i s t i n g   i n   t h e  test sect ion.   Condensat ion is most 
l i k e l y   t o   b e g i n   i n   t h e   h i g h   l o c a l  Mach number r e g i o n   o v e r   t h e  model  being  tested 
where t h e   p r e s s u r e  of t h e   g a s  i s  a t  a minimum. Under the   a s sumpt ion   t ha t   t he  
gas  is i n  s ta t ic  equ i l ib r ium at  t h i s  low p res su re ,  i t  can   be  shown t h a t   l i q u e -  
f a c t i o n  of t h e  stream w i l l  beg in  when the   t empera tu re   a s soc ia t ed   w i th   t he  low- 
pressure   reg ion   jus t   matches   the   sa tura ted   vapor   t empera ture .   Thus ,   under   the  
assumpt ion   tha t   condensa t ion   mus t   be   avoided ,   there  exists f o r  a given  stagna- 
t i o n   p r e s s u r e  and temperature  a m a x i m u m  l o c a l  Mach number which  must  not  be 
exceeded . 

A s  noted   in   re fe rence   7 ,   the   assumpt ions  made f o r   t h e   e a r l y   l o o k  a t  mini- 
mum opera t ing   tempera ture  were recognized as overly  conservative.   Based  on 
t h e o r e t i c a l   c o n s i d e r a t i o n s  as w e l l  as on   expe r imen ta l   r e su l t s   ( s ee   r e f s .  11 and 
12)  i t  is  apparent   tha t   t empera tures   cons iderably   lower   than   those   based   on  
maximum l o c a l  Mach number cons idera t ions   can ,   under   cer ta in   c i rcumstances ,   be  
used  and s t i l l  avo id   any   e f f ec t s  of   condensat ion  on  the  data .  

4. THE LANGLEY 1/3"ETER TRANSONIC CRYOGENIC TUNNEL 

Fol lowing  the  successful   complet ion  of   the low-speed tunne l  work descr ibed  
i n   r e f e r e n c e s  7 and 8, i t  w a s  dec ided   t o   cons t ruc t  a r e l a t i v e l y  small continuous- 
f low  fan-dr iven   t ransonic   p ressure   tunnel   in   o rder   to   ex tend   the   des ign   and  
o p e r a t i o n a l   e x p e r i e n c e   t o   t h e   p r e s s u r e  and speed  range  contemplated  for  a l a r g e  
high  Reynolds number f a c i l i t y .  The p u r p o s e s   e n v i s i o n e d   f o r   t h e   p i l o t   t r a n s o n i c  
c ryogenic   tunnel  were 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   t h e   r e s u l t s  
obtained when Reynolds number is increased  by reducing  temperature  are equiva- 
l e n t   t o   t h o s e   o b t a i n e d  when Reynolds number is increased  by inc reas ing   p re s su re ,  
to   de te rmine   exper imenta l ly   any   l imi ta t ions  imposed by l i q u e f a c t i o n ,   t o   v e r i f y  
engineer ing  concepts   with a real is t ic  tunne l   con f igu ra t ion ,   and   t o   p rov ide   add i -  
t i ona l   ope ra t iona l   expe r i ence .   Des ign  of t he   t r anson ic   t unne l   began   i n  December 
1972  and i n i t i a l   o p e r a t i o n   b e g a n   i n  September  1973. 

4 .1   Descr ipt ion  of   the  Tunnel  

The tunne l  is a s ingle- re turn   fan-dr iven   tunnel   wi th  a s l o t t e d ,   o c t a g o n a l  
test sect ion  measuring  34 cm from f l a t   t o   f l a t .  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  
i s  shown i n   f i g u r e  5. The f a n  is d r iven  by a 2.2"W  variable-frequency  motor 
which is capable  of o p e r a t i n g   t h e   t u n n e l  a t  Mach numbers  from  about  0.05 t o  
about 1.3 a t  s t a g n a t i o n   p r e s s u r e s   f r o m   s l i g h t l y   g r e a t e r   t h a n  1 a t m  t o  5 a t m  
over a s tagnat ion  temperature   range  f rom  about  77 K t o  350 K. A s  w a s  t h e  case 
wi th   t he  low-speed t u n n e l   d e s c r i b e d   i n   r e f e r e n c e s  7 and 8, the  wide  range  of  
opera t ing   tempera tures  i s  obtained by sp ray ing   l i qu id   n i t rogen  (LN2) d i r e c t l y  
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i n t o   t h e   t u n n e l   c i r c u i t   t o   c o o l   t h e   s t r u c t u r e  and t h e   g a s  stream and t o  remove 
t h e   h e a t  of compression  added t o   t h e  stream by t h e   d r i v e   f a n .  

A l though   t he   t e s t - sec t ion   w id th  i s  only 34 cm, the   combinat ion of a pres- 
s u r e  of 5 a t m  and c ryogen ic   capab i l i t y   p rov ides  a chord  Reynolds number of  over 
10 x l o 6  a t  M, = 1, which is equ iva len t   t o   an   ambien t   t unne l   hav ing  a test 
s e c t i o n   g r e a t e r   t h a n  7 m by 7 m. The range of operat ing  temperature   and  pres-  
su re   a l so   p rov ides   t he   oppor tun i ty   o f   i nves t iga t ing   i ndependen t ly   t he   e f f ec t s  
of  temperature  and  pressure  over  almost a five-to-one  range of Reynolds number. 
A more d e t a i l e d   d e s c r i p t i o n  of the  Langley 1/3-meter t ransonic   c ryogenic   tunnel  
and its anc i l la ry   equipment   can   be   found  in   re fe rence   13 .  

4 .2   Experimental   Resul ts  From the  Langley 1/3-Meter Transonic  Cryogenic  Tunnel 

Two types   o f   exper imenta l   da ta  are being  obtained  f rom  the  t ransonic   cryo-  
genic   tunnel .  The f i r s t   t y p e  relates t o   t h e   o p e r a t i o n  and  performance  of  the 
t u n n e l   i t s e l f .  The d a t a   f o r   t h e  most p a r t   c o n s i s t  of t h e   u s u a l   t u n n e l   c a l i b r a -  
t i on   i n fo rma t ion   bu t   w i th   pa r t i cu la r   emphas i s   be ing   p l aced   on   i den t i fy ing  any 
p r o b l e m s   r e l a t e d   e i t h e r   t o   t h e  method  of c o o l i n g   o r   t o   t h e   w i d e   r a n g e  of operat-  
ing  temperature .  

The   major   conc lus ions   wi th   respec t   to   opera t ion  and  performance t o   b e  made 
a f t e r   a l m o s t  600 hours  of running a t  cryogenic   temperatures  are  as fo l lows:  

1. Purging,  cooldown,  and warmup times are accep tab le  and  can  be  pre- 
d i c t e d   w i t h  good accuracy. 

2. L iqu id   n i t rogen   r equ i r emen t s   fo r  cooldown  and running   can   be   p red ic ted  
wi th  good accuracy. 

3 .  Cool ing   w i th   l i qu id   n i t rogen  is p r a c t i c a l  a t  t h e  power levels r equ i r ed  
f o r   t r a n s o n i c   t e s t i n g .  T e s t  temperature  is e a s i l y   c o n t r o l l e d  and  good  tempera- 
t u r e   d i s t r i b u t i o n   o b t a i n e d  by us ing  a s imple   n i t rogen   i n j ec t ion   sys t em.  

condi t ions .  
4. Tes t - sec t ion   f low  qua l i ty  i s  good o v e r   t h e   e n t i r e   r a n g e  of ope ra t ing  

The exper imenta l   da ta  on which  these  conclusions are based as w e l l  as o t h e r  
i n f o r m a t i o n   r e l a t e d   t o   t h e   o p e r a t i o n a l  and  performance  character is t ics   of   the  
Langley 1/3-meter t r anson ic   c ryogen ic   t unne l   have   been   r epor t ed   i n   r e f e rences  
13, 14,  and 15 and w i l l  n o t   b e   d i s c u s s e d   f u r t h e r   i n   t h i s   p a p e r .  

I n   a d d i t i o n   t o   t h e   e x p e r i m e n t a l   r e s u l t s   r e l a t e d   t o   t h e   o p e r a t i o n a l  and 
per formance   aspec ts   o f   the   c ryogenic   tunnel ,   there   have   been  a series of aero- 
dynamic  experiments  primarily aimed a t  d e t e r m i n i n g   t h e   v a l i d i t y  and p r a c t i c a l i t y  
of the   c ryogenic   concept   in   compress ib le   f low.   In   the   fo l lowing   sec t ions  w i l l  
be   p re sen ted  some o f   t h e   r e s u l t s   o f   t h e s e   v a l i d a t i o n   e x p e r i m e n t s .  

4.2.1  Two-Dimensional A i r f o i l  Tests 

Based  on t h e   r e a l - g a s   s t u d i e s  of r e f e r e n c e   1 0 ,   t h e r e  is l i t t l e  doub t   t ha t  
a i r f o i l   p r e s s u r e   d i s t r i b u t i o n s  measured f o r   g i v e n   v a l u e s  of  Reynolds number and 
Mach number should   be   the  same at  cryogenic  and  ambient  temperature  conditions.  
However, i n   o r d e r   t o   p r o v i d e   e x p e r i m e n t a l   v e r i f i c a t i o n  of t h i s   e q u i v a l e n c e ,   t h e  
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p r e s s u r e   d i s t r i b u t i o n   o n  a two-dimensional a i r f o i l   h a s   b e e n  measured i n   t h e  
Langley   1 /3-meter , t ransonic   c ryogenic   tunnel  a t  ambient  and  cryogenic  tempera- 
tu res   under   condi t ions  of constant   Reynolds  number and Mach number. 

A modified NACA 0012-64 a i r f o i l   h a v i n g  a 13.72-cm chord w a s  used f o r   t h e  
two-dimensional a i r f o i l   p r e s s u r e  tests. The a i r f o i l  spanned  the  octagonal  test  
s e c t i o n  and was f a s t e n e d   t o   t h e  walls i n  such a way tha t   i nc idence   cou ld   be  
va r i ed .  An a i r f o i l  somewhat l a r g e r   t h a n  would n o r m a l l y   b e   t e s t e d   i n   t h i s   s i z e  
tunne l  w a s  s e l e c t e d   i n   o r d e r   t o   a l l o w   f o r  more a c c u r a t e  model cons t ruc t ion ,  a 
reasonable  number o f   p r e s s u r e   o r i f i c e s ,  and  higher  chord  Reynolds number.  The 
f a c t   t h a t   t h e   r e l a t i v e l y   h i g h   r a t i o  o f   cho rd   t o   t unne l   he igh t   migh t   r e su l t   i n  
wa l l - induced   i n t e r f e rence  w a s  o f   no   par t icu lar   concern   s ince   the  tests were 
being made o n l y   t o   d e t e r m i n e   w h e t h e r   t h e   a i r f o i l   p r e s s u r e   d i s t r i b u t i o n  was 
modified i n  any way b y . r e a 1 - g a s   e f f e c t s   a s s o c i a t e d   w i t h   t e s t i n g  a t  cryogenic  
temperatures .  The p res su re   d i s t r ibu t ion   da t a   shou ld   t he re fo re   be   l ooked  a t  
from  the  point  of  view  of  agreement  or  lack  of  agreement  between  data  obtained 
a t  ambient   and  cryogenic   condi t ions  and  the  resul ts   used  only as an   i nd ica t ion  
of t he   va l id i ty   o f   t he   c ryogen ic   concep t .  The c o n d i t i o n s   s e l e c t e d   t o   i n s u r e  a , 

v a l i d  and c r i t i c a l  c ryogenic   eva lua t ion  were: 

1. Ambient  and cryogenic   temperature  tests were made i n   t h e  same tunne l  

2.  The a i r f o i l  w a s  t e s t e d   w i t h   f r e e   t r a n s i t i o n   t o   a l l o w  any   poss ib le  

3.  The symmetrical a i r f o i l  w a s  t e s t e d  a t  ze ro   i nc idence   t o   e l imina te   any  

on   t he  same model a t  t h e  same Mach number and  Reynolds  number. 

t empera tu re   e f f ec t  on  boundary-layer  development. 

shape or incidence  change  due  to   the  dynamic-pressure  differences  between  the 
ambient  and  cryogenic  temperature  conditions.  

edge   of   typ ica l   near -sonic   t ranspor t   des igns .  
4 .  Free-stream Mach number exceeded t h e  Mach number normal t o   t h e   l e a d i n g  

A compar ison   of   the   p ressure   d i s t r ibu t ion   for   ambient   and   c ryogenic  tem- 
p e r a t u r e  tests a t  free-s t ream Mach numbers  of 0.75 and 0.85 are shown i n   f i g -  
u r e  6 .  For   th i s   compar ison ,   the  same chord  Reynolds number w a s  obtained a t  
each  temperature  and  constant Mach number by   an   appropr ia te   ad jus tment  of pres- 
sure   wi th   t empera ture .  A s  can  be  seen,   there  is  excel lent   agreement  a t  both 
Mach numbers  between t h e   p r e s s u r e   d i s t r i b u t i o n s   o b t a i n e d  a t  ambient  and  cryo- 
genic   condi t ions .   This  i s  cons ide red   t o   be  a v a l i d   c h e c k   i n  view of t h e   l a r g e  
v a r i a t i o n   i n   t h e   g a s   p r o p e r t i e s   o v e r   t h i s   l a r g e   t e m p e r a t u r e  and pressure   range .  
I n   a d d i t i o n ,   t h i s   a g r e e m e n t  i s  p a r t i c u l a r l y   s i g n i f i c a n t   w i t h   r e g a r d   t o   s e t t i n g  
tunnel   condi t ions  when o n e   c o n s i d e r s ,   f o r   e x a m p l e ,   t h e   l a r g e   v a r i a t i o n  of t h e  
speed of  sound w i t h   t e m p e r a t u r e   a n d   t h e   s e n s i t i v i t y   o f   t h e   a i r f o i l   p r e s s u r e  
d i s t r i b u t i o n   t o   c h a n g e s   i n  Mach number. 

The d i s t r i b u t i o n  a t  M, = 0.85 is of   perhaps   g rea te r   s ign i f icance   s ince  
t h e   p r e s s u r e   d i s t r i b u t i o n  shows the   f l ow  to   be   supe r son ic   ove r  a l a r g e   p o r t i o n  
o f   t h e   a i r f o i l ,   r e a c h i n g  a l o c a l  Mach number of   about   1 .22   jus t   ahead  of t h e  
s t rong   recompress ion   shock .   This   type   o f   f low,   typ ica l   o f   supercr i t ica l   f lows ,  
should  be  extremely  sensi t ive  to   any  anomalous  behavior   of   the  test  g a s   d u e   t o  
ope ra t ion  a t  cryogenic   temperatures .  The a lmost   per fec t   agreement   in   the   p res -  
s u r e   d i s t r i b u t i o n s   p r o v i d e s   e x p e r i m e n t a l   c o n f i r m a t i o n   t h a t   n i t r o g e n  a t  cryogenic  
tempera tures   behaves   l ike  a p e r f e c t   g a s  and is t h e r e f o r e  a v a l i d   t r a n s o n i c  test 
gas  as p red ic t ed  by t h e   r e a l - g a s   s t u d i e s .  
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4.2.2  Three-Dimensional  Model Tests 

Three-dimensional  model tests have  been made i n   t h e   t r a n s o n i c   c r y o g e n i c  
tunnel   on  a delta-wing  model  with a sha rp   l ead ing   edge ,   an   a spec t   r a t io  of  1.07, 
and a sweep of 75'. The o v e r a l l   l e n g t h  of t h e  model w a s  20 cm and t h e  m a x i m u m  
span w a s  10.4 cm. 

The purpose  of  the  three-dimensional  model tests were ( 1 )   t o   i n v e s t i g a t e  
any p o s s i b l e   e f f e c t s  of t e s t i n g  a t  cryogenic  temperatures  on  the  aerodynamic 
c h a r a c t e r i s t i c s   o f  a conf igura t ion   having   f low  charac te r ized  by a separa t ion-  
induced  leading-edge  vortex,  and  (2) t o   o b t a i n   e x p e r i e n c e  a t  cryogenic  tem- 
p e r a t u r e s   w i t h   a n   e l e c t r i c a l l y   h e a t e d   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  and t h e  
accompanying s t i n g ,   s u p p o r t i n g   s t r u t ,  and  angle-of-attack  measuring  device.  
(S imi la r  tests w i t h   s a t i s f a c t o r y   r e s u l t s  had  been made p rev ious ly  i n  t h e  low- 
speed  cryogenic   tunnel  a t  Langley  with a water -hea ted   ba lance   and   the   resu l t s  
r e p o r t e d   i n   r e f e r e n c e  8.) 

The r e s u l t s  show tha t   f lows   wi th   l ead ing-edge   vor tex   e f fec ts  are dupl i -  
ca ted   p roper ly  a t  cryogenic   temperatures .  

An example  of t h e   r e s u l t s  which  have  been  obtained  on  the  delta-wing  model 
and r e p o r t e d   i n   r e f e r e n c e   1 6  are p r e s e n t e d   i n   f i g u r e  7 which  shows t h e   v a r i a -  
t ion   o f   p i tch ing-moment ,   d rag ,   and   l i f t - force   coef f ic ien ts   wi th   angle   o f   a t tack  
a t  both  ambient   and  cryogenic   temperatures   for  a Mach. number of 0.8. The cir-  
cu lar   symbols   ind ica te   exper imenta l   resu l t s   ob ta ined  a t  a s t a g n a t i o n   p r e s s u r e  
of 4.6 atrn and a t  a s tagnat ion   tempera ture  of about  301 K. The square  symbols 
are da ta   t aken  at a s t a g n a t i o n   p r e s s u r e  of 1 . 2  a t m  and a t  a s t a g n a t i o n  tempera- 
t u r e  of  114 K. The  Reynolds  number,  based  on mean geometric  chord,  w a s  
8.5 x l o 6  f o r   b o t h  sets of   da ta .  A s  can   be   seen ,   there  is  good  agreement 
between  the  experimental   resul ts   obtained a t  ambient  and  cryogenic  temperatures. 

The  three-dimensional   model   resul ts   provide  addi t ional   evidence  that   cryo-  
gen ic   n i t rogen  is a v a l i d  test gas  even  under  conditions of separated  and 
r ea t t ached   (vo r t ex )   f l ow.   In   add i t ion ,   t he re   has   been  no i n d i c a t i o n  of  any 
major  problem areas assoc ia ted   wi th   ob ta in ing   angle-of -a t tack   or   s t ra in-gage  
balance  measurements a t  cryogenic  temperatures.  

5. FUTURE PLANS 

I n   a d d i t i o n   t o   b e i n g   u s e d   t o   v e r i f y   t h e   v a l i d i t y  of the   c ryogenic  wind- 
tunnel  concept  and  providing more than  600 hours  of 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 fan-driven  cryogenic   tunnel ,   the   1/3-meter   tunnel  is be ing   used   for   aero-  
dynamic r e sea rch  i n  several areas where   e i the r   t he   ve ry   h igh   un i t   Reyno lds  num- 
ber  (R/m 2 3 x lo8 a t  M, = 1) o r   t h e  25 t o  1 range  of  Reynolds number i s  
requi red .  Some o f   t h e   f u t u r e   p l a n s   f o r   t h i s   u n i q u e   f a c i l i t y  are shown i n   t h e  
s k e t c h   p r e s e n t e d   i n   f i g u r e  8 and   desc r ibed   i n   t he   fo l lowing   s ec t ions .  
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5.1 Two-Dimensional T e s t  Sec t ion  

B e c a u s e   o f   t h e   r e n e w e d   i n t e r e s t   i n   a i r f o i l   r e s e a r c h   a n d   t h e   s e n s i t i v i t y  of 
many o f   t he   advanced   a i r fo i l s   t o   Reyno lds  number, a two-dimensional   tes t -sect ion 
leg   has   been   cons t ruc ted   and  is b e i n g   i n s t a l l e d   i n   t h e   L a n g l e y   t r a n s o n i c   c r y o -  
genic   tunnel .  The f l o o r  and c e i l i n g   o f   t h e  20- by 60-cm test s e c t i o n  are 
s l o t t e d  and  there  is p r o v i s i o n   f o r   s i d e w a l l   s u c t i o n  near t h e  model as w e l l  as 
removal   of   the   s idewall   boundary  layer   just   ahead  of   the  model .  

P r e s s u r e   o r i f i c e s  on  the  model  and a wake survey   device  w i l l  be   u sed   t o  
p rov ide   t he  test  d a t a .   I n   a d d i t i o n ,  a sch l i e ren   sys t em is provided   to   a l low 
f o r   v i s u a l   o b s e r v a t i o n   o f   t h e   f l o w   f i e l d .   T h i s  new t e s t - s e c t i o n   l e g  w i l l  pro- 
v i d e  a unique   fac i l i ty   for   fundamenta l   f lu id-dynamics   research  and a i r . f o i 1  
development a t  test Reynolds  numbers  of  up t o   5 0   m i l l i o n   o n  a two-dimensional 
a i r f o i l   h a v i n g  a 15-cm chord. 

5 .2   Se l f - s t reaml in ing  Two-Dimensional Test Sec t ion  

A two-dimens iona l   se l f - s t reaml in ing   f lex ib le -wal l   t es t - sec t ion   leg  is  
be ing   des igned   fo r   t he  1/3-meter tunnel   based  on  the work  by  Goodyer  and 
coworkers a t  t h e   U n i v e r s i t y  of  ,Southampton.  (See r e f s .  17  and 1 8 . )   I n i t i a l l y ,  
t h e  test s e c t i o n  w i l l  be   u sed   fo r   t e s t ing  ‘tn flows  where  the Mach number a t  t h e  
walls never   exceeds  uni ty .  By permi t t ing   increased   chord   l ength ,   the   f lex ib le -  
wall test s e c t i o n  w i l l  a l l ow  t e s t ing   unde r   i n t e r f e rence - f r ee   cond i t ions  a t  
chord  Reynolds  numbers  approaching  100  million. 

5.3  Magnetic  Suspension  and  Balance  System 

The r e d u c t i o n   i n  model  loads made p o s s i b l e  by the  cryogenic   wind-tunnel  
concept   and   the   reduct ion   in   the   s ize  of t h e   c o i l s   u s e d   i n  a magnetic  suspen- 
s i o n  and  balance  system made p o s s i b l e  by superconductor  technology makes t h e  
combination  of  these two concepts   an a t t rac t ive  means  of providing  high  Reynolds 
number test c a p a b i l i t y   f r e e  f rom  suppor t   in te r fe rence .   In   such  a f a c i l i t y ,  i t  
w i l l  b e   p o s s i b l e   t o  test f r e e  of s u p p o r t   i n t e r f e r e n c e   e f f e c t s  as w e l l  as t o  
determine  the  magnitude of such   e f f ec t s  by d i r ec t   compar i son   w i th   da t a   ob ta ined  
by using  conventional  model  support   systems. The demonstrated ease and r a p i d i t y  
with  which  the  or ientat ion  of   the model may be  changed  with  the  magnetic  sus- 
pens ion   sys tem  whi le   keeping   the   model   in   the   cen ter   o f   the  test s e c t i o n  w i l l .  
f a c i l i t a t e   t h e   r a p i d   a c q u i s i t i o n  of the  aerodynamic  data  which is a d e s i r a b l e  
f e a t u r e  of  any  high  Reynolds number tunne l .   I n   add i t ion ,   t he  re t r ieval  of t h e  
model  from t h e  test  sec t ion   o f  a cryogenic   tunnel   for   model   conf igura t ion  
changes would be a s imple   ope ra t ion   w i th  a magnetic-suspension and ba lance  
system. 

Because  of  the many advantages  offered by a magnetic-suspension.and  balance 
system, NASA has   suppor t ed   fo r  several years  both  in-house  and  sponsored 
r e s e a r c h   i n   t h i s  area. Signif icant   accomplishments   resul t ing  f rom NASA spon- 
sored   research   inc lude   the   deve lopment  of an   e l ec t romagne t i c   pos i t i on   s enso r  
a t  the  Aerophysics   Laboratory  of   the  Massachuset ts   Inst i tute   of   Technology 
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(ref.   19)  and  the  development  of an all-superconductor  magnetic-suspension and 
ba lance   sys tem  for   aerodynamic   t es t ing  at the   Resea rch   Labora to r i e s   fo r   t he  
Engineering  Sciences a t  t h e   U n i v e r s i t y   o f   V i r g i n i a   ( r e f .  20). 

A d d i t i o n a l   s t u d i e s  are be ing  made a t  both  Langley  and  the  University of 
V i r g i n i a   w i t h   t h e  aim of b u i l d i n g  a six-component  superconducting  magnetic  sus- 
pens ion   and   ba lance   sys tem  to   be   used   in   conjunct ion   wi th   an   in te rchangeable  
t e s t - s e c t i o n   l e g   f o r   t h e   L a n g l e y  1/3-meter t r anson ic   c ryogen ic   t unne l   ( r e f .  2 1 ) .  
Curren t   p lans  are f o r   t h e  test s e c t i o n , o f   t h i s   l e g   t o   b e   o c t a g o n a l   i n   c r o s s  
sect ion  and  to   measure  approximately 0.45 m from f l a t   t o   f l a t .  The combination 
of 5 a tmospheres   opera t ing   pressure   and   c ryogenic   t empera tures  w i l l  r e s u l t   i n  
test  Reynolds  numbers  of  about  15  million. 

6 .  CONCLUDING REMARKS 

Based  on t h e o r e t i c a l   s t u d i e s  and  experience  with a low-speed cryogenic  
tunnel   and  with  the  Langiey  1/3-meter   t ransonic   cryogenic   tunnel ,   the   cryogenic  
concept  has  been shown t o   o f f e r  many advan tages   w i th   r e spec t   t o   t he   a t t a inmen t  
of ful l -scale   Reynolds  number a t  reasonable  levels of  dynamic p r e s s u r e   i n  a 
ground-based f a c i l i t y .  The unique modes  of operation  which are a v a i l a b l e   o n l y  
i n  a pressur ized   c ryogenic   tunnel  make p o s s i b l e   f o r   t h e   f i r s t  time the  separa-  
t i o n  of Mach number, Reynolds  number,  and a e r o e l a s t i c   e f f e c t s .  By r educ ing   t he  
dr ive-power  requirements   to  a leve l   where  a convent ional   fan-dr ive  system may 
be  used,   the   cryogenic   concept  makes p o s s i b l e  a tunne l   w i th   h igh   p roduc t iv i ty  
and  run times s u f f i c i e n t l y   l o n g   t o   a l l o w   f o r  a l l  types  of  tests a t  reduced 
c a p i t a l   c o s t s ,  and for   equa l   amounts   o f   t es t ing ,   reduced   to ta l   energy  consump- 
t ion   in   compar ison   wi th   o ther   tunnel   concepts .  
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r educ t ion   on   t he   gas   p rope r t i e s ,   a t i ng   enve lope   fo r   c ryogen ic   n i t ro -  
test cond i t ions ,  and d r i v e  power.  gen  tunnel. 
M, = 1.0; c o n s t a n t   s t a g n a t i o n  
p res su re  and t u n n e l   s i z e .  

M, = 1.0, Rc = 50 X lo6,  2.5- BY 2.5- m TEST SECTION 
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Figure  2. E f f e c t  of temperature  F igure  4 .  Change i n  Reynolds num- 
reduction  on  dynamic  pressure b e r   p e r  1" change i n   s t a g n a t i o n  
and d r i v e  power. temperature .  
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Figure  5. Layout  of  Langley 
1/3-meter t r a n s o n i c  
cryogeni6  tunnel .  
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Figure  6 .  Comparison  of t h e   p r e s s u r e  
d i s t r i b u t i o n s   f o r  a symmetrical 
two-dimensional a i r f o i l   o b t a i n e d  
a t  ambient  and  cryogenic  conditions.  
c% = o o .  

Tt , K Pt , atrn R -  
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Figure  7. Stat ic   aerodynamic  charac-  
teristics of a delta-wing  model a t  
W b i e n t  and cryogenic   temperatures  
as a func t ion  of a n g l e  o f  a t t a c k .  

Ma7 = 0.80;  R; E 8.5 X lo6 .  

MAGNETIC-SUSPENSION  18"OCTACONAL 
(COILS O M I l T E D  FOR CLARlTYl SELF-STREAMLINING 

f i  WALL  12" X 12" 

Figure  8. In te rchangeable  test  sec- 
t i o n s  of the  Langley 1/3-meter 
t ransonic   c ryogenic  tunnel. 
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