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SUMMARY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A 0.137-meter NACA 0012-64 a i r f o i l   h a s  been  tested a t  a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOo ang le  of attack 

in  the  n i t rogen-gas  Langley  0.3-meter  t ransonic  cryogenic  tunnel  a t  f ree-st ream 
Mach numbers  of  0.75,  0.85,  and  0.95  over a total pressure  range  f rom  1.2 to 
5.0 atmospheres. The o n s e t  of condensa t ion   e f fec ts  as determined  by  varying 
s t a g n a t i o n  temperature was found to correlate b e t t e r   w i t h   t h e  amount of super-  
coo l i ng   i n   t he  free stream than it d id   w i th   the   supercoo l ing   in   the   reg ion   o f  
maximum local  Mach number over the airfoi l .  E f f e c t s   i n   t h e   p r e s s u r e   d i s t r i b u -  
t i o n  over t h e   a i r f o i l  were genera l l y   seen  to appear over its e n t i r e   l e n g t h  a t  
n e a r l y   t h e  same total  temperature.   Both  observat ions  suggest   that   heterogene-  
ous   nuc lea t ion   does   occur   in  the f r e e  stream. The present resul ts  are compared 
to  c a l c u l a t i o n s  made by S iv ie r   and  da ta   ga thered by Goglia. "he p o t e n t i a l  oper- 
a t i o n a l   b e n e f i t s   r e a l i z e d  from  supercooling are presen ted   i n  terms of   increased 
Reynolds number c a p a b i l i t y  a t  a g iven  tunne l  t o ta l  pressure  and  reduced  dr ive- 
f a n  power and l iqu id   n i t rogen  consumpt ion  i f   Reynolds number is he ld   cons tan t .  
Depending  on to ta l  pressure and  f ree-stream Mach number, t h e s e   t h r e e   b e n e f i t s  
are found to vary   respec t ive ly   f rom 8 to 19 percent ,  1 2  to 24 percent,   and 9 to  
19  percent.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAn appendix is inc luded  wh ich   g ives   de ta i l s  of t h e   d a t a   a n a l y s i s  
and error estimates f o r   t h e   d i f f e r e n c e s   i n  pressure d i s t r i b u t i o n s .  

INTRODUCTION 

Cryogenic  wind  tunnels  should  normally be opera ted  a t  t h e  lowest p o s s i b l e  
to ta l  temperatures i n   o r d e r  t o  maximize  Reynolds number c a p a b i l i t y   f o r  a given 
t o ta l  pressure  and to  minimize  operat ing costs. The minimum opera t i ng  tem- 
peratures are, however,  l imited  by low-temperature behavior of t h e  test gas. 
E i t h e r   t h e  test  gas  beg ins  to  condense or i ts equat ion  o f  state changes so 
tha t   t he   gas   does   no t   p roper l y   s imu la te   t he   nea r l y   i dea l -gas   behav io r  of a i r  
encountered   in   f l i gh t .  By ana lyz ing   the   equat ion   o f  s ta te  f o r   n i t rogen   gas  
over   the  operat ing  ranges of ex is t ing   and  p roposed  t ranson ic   c ryogen ic  wind 
tunne ls ,  Adcock showed i n   r e f e r e n c e  1 t h a t  low-temperature n i t rogen  approx i -  
mates an  idea l   gas   dur ing   f low  s imu la t ions   fo r  to ta l  pressures under 1 0  atmo- 
spheres  and f o r  Mach numbers up to 2. Consequent ly ,   fo r   opera t ing   cond i t ions  
w i th in   t hese  limits, t h e  lower temperature boundary appears to be  determined 
by the   onset   o f   condensat ion   o f   the   n i t rogen tes t  gas. "he low-temperature 
boundary is impor tant  from an  operat ional   v iewpoint   because it determines,   on 
the  one  hand,  the maximum Reynolds number c a p a b i l i t y   f o r  a f i xed   t unne l  to ta l  
pressure  and,   on  the  o ther   hand,   the most economical total temperature  and 
pressure a t  which to operate t h e   t u n n e l   f o r  a f i x e d  test Reynolds  number. 

The present   condensat ion   inves t iga t ion   employs  a pressure- inst rumented 
0.137-meter NACA 001  2-64 a i r f o i l  mounted a t  Oo angle  o f  attack i n  the Langley 
8 .3 -meter   t ranson ic   c ryogen ic   tunne l .   Changes  in   the   p ressure   d is t r ibu t ion  over 
t h e   a i r f o i l  were used to d e t e c t   t h e   o n s e t  of c o n d e n s a t i o n   e f f e c t s  a t  t r a n s o n i c  
speeds j u s t  as changes i n  p r e s s u r e   d i s t r i b u t i o n s   i n   d i v e r g e n t   n o z z l e s  were used 
i n   r e f e r e n c e s  2 to 6 to d e t e c t   t h e   o n s e t   o f   c o n d e n s a t i o n   e f f e c t s  a t  superson ic  



and  hypersonic speeds. The a i r f o i l  was t e s t e d  a t  free-stream Mach numbers of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0.75, 0.85, and 0.95 over a total pressure   range of 1.2 to  5.0 atmospheres  in  
o rde r  to determine for a range of Mach numbers  and  pressures  the to ta l  temper- 
a t u r e  a t  which   condensat ion   in f luences   the  flaw a b o u t   t h e   a i r f o i l .  

A g o a l  of the  Langley  condensation  program is p r e d i c t i n g   t h e   o n s e t  of con- 
densat ion effects n o t   o n l y   i n   t h e  0.3-meter t u n n e l   b u t   i n   l a r g e r   t u n n e l s   s u c h  
as the   Nat iona l   T ranson ic   Fac i l i t y   (2 .5 -meter   square  test section) under  con- 
s t r u c t i o n  a t  the  Langley  Research  Center.  A t  t h e   p r e s e n t  time, however, how 
to ex tend   t he   resu l t s   p resen ted   he re in  to a larger f ac i l i t y  is no t  clear. The 
l a r g e r   t u n n e l   c i r c u i t   s h o u l d   a l l o w  more time for the   evapora t ion  of t h e   i n j e c t e d  
l i qu id   n i t rogen   used  for absorb ing  the  heat  of t h e  drive fan.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAs discussed later 
i n   t h i s  paper, t h i s   added  time cou ld   decrease  the   sever i ty  of heterogeneous 
nuc leat ion.   But ,   w i th   longer  test sec t ions   and  w ing   chord   leng ths ,   the   la rger  
t u n n e l s  w i l l  be much more s u s c e p t i b l e  to inc reased   d rop le t   g rowth   bo th   i n   t he  
test sect ion  and  over   the model. The ques t ion   o f   the  effects of length  needs 
to be addressed   be fo re   t he   p resen t  results can  be  conf ident ly   extended to o the r  
f ac i l i t i es .  

SYMBOLS 

a 

cP 

AcP 

C 

i 

M 

m 

n 

P 

9 

R 

RC 

r 

T 

2 

speed  of  sound, 

s ta t i c  p r e s s u r e  

m/sec 

P zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- P, 
c o e f f i c i e n t ,  

9, 

d i f f e r e n c e   i n  Cp def ined by equat ion (A6) 

a i r fo i l  chord, 0.137 m 

summation index 

Mach number 

slope o f   l i n e a r   r e g r e s s i o n   f i t   d e f i n e d  by equat ion ( A l )  

number o f   condensa t ion - f ree   p ressu re   d i s t r i bu t i ons   a long  a p a t h  
of   nominal ly   constant  Mach and  Reynolds  numbers 

pressure,   a tm (1 atm = 101 kPa) 

dynamic pressure, atm 

Reynolds number per meter 

chord  Reynolds number per meter 

c o r r e l a t i o n   c o e f f i c i e n t  as d e f i n e d   i n   e q u a t i o n  ( A 4 1  

temperature, K 



AT supercool ing  def ined by equat ion zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(1) , K 

X l i nea r   d imens ion   a long   a i r f o i l   cho rd   l i ne ,  m zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1-1 v i s c o s i t y ,  N-s/m2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
P dens i t y ,  kg/m3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 s tandard   dev ia t i on  

Subscripts: 

e cond i t ions   a long the  i s e n t r o p e  a t  onset   o f   condensat ion   e f fec ts  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 local cod  i t i o n s  

0 values corrected for Mach number e f f e c t  

S c o n d i t i o n s   a t   i n t e r s e c t i o n  of i sen t rope  and  vapor  pressure  curve 

t to ta l  c o n d i t i o n s  

W f ree-stream c o n d i t i o n s  

Abbreviat ions:  

IN2 l i q u i d   n i t r o g e n  

min. minimum 

1 s a t .   s a t u r a t i o n  

A bar over a symbol i n d i c a t e s  a mean value. 

M I N I M U M  OPERATING TEMPERATURES 

The minimum opera t ing   tempera ture ,  as determined by the  onset  of   conden- 
s a t i o n ,  has an impact on bo th   t he  maximum Reynolds number c a p a b i l i t y  and t h e  
opera t i ng  cost of nit rogen-gas  cryogenic wind tunne l  cooled by in jec t i on   o f  
l i q u i d   n i t r o g e n .  The r e a s o n s   f o r   t h e s e   e f f e c t s   c a n  be understood by review- 
i n g   t h e   e f f e c t s  of changing  tunnel   temperature upon t h e  test  gas.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAs shown i n  
f i g u r e  1 ( a ) ,  t h e   d e n s i t y  p i n c r e a s e s   w h i l e   t h e   v i s c o s i t y  u and  the  speed 
of sound a decrease as t h e  total  tempera ture   T t   decreases   fo r  a f i xed   va lue  
o f   tunne l  total p r e s s u r e  pt. As shown i n   f i g u r e  1 (b) , t h i s   b e h a v i o r   o f   t h e  
g a s  properties as T t   d e c r e a s e s   l e a d s  to a dramatic i nc rease   i n   un i t   Reyno lds  
number R, a decrease i n   d r i v e  power requi red,  and  no  change i n  dynamic pres- 
s u r e  q. Since   t he  rate of i nc rease   i n  R is i tsel f  i nc reas ing  a t  t h e  lower 
temperatures,  it is important to operate t h e   t u n n e l  a t  as law a temperature as  
poss ib le .  The law-temperature limit obv ious l y   f i xes   t he  maximum R c a p a b i l i t y  
o f  a cryogenic   tunnel   running a t  its h i g h e s t   p o s s i b l e   p r e s s u r e .  However, if 
t h i s  maximum R c a p a b i l i t y  is not   necessary ,   the  minimum temperature  boundary 
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impacts on   the   ope ra t i ng  costs of t he   t unne l .  The g r e a t e r   t h e   g a i n   i n  R due 
to low-temperature opera t i on ,   t he  less p t  is requ i red  to o b t a i n   t h e  oper- 
a t i n g  R of   in te res t .   S ince   d r ive- fan  power is p r o p o r t i o n a l  to pt and 
decreases wi th   decreas ing  T t ,  minimizing  Tt  reduces dr ive- fan power and, 
consequent ly ,   reduces   the  amount of i n j e c t e d   l i q u i d   n i t r o g e n  required to absorb 
the   heat   o f   the   d r ive   fan .   Bo th   reduc t ions  decrease direct opera t i ng  costs, 
which are split wi th   about  90 percent  going to t he   i n jec ted   l i qu id   n i t rogen   and  
on ly  10 percent   go ing to power t h e   d r i v e   f a n .   ( S p e c i f i c  deta i ls  abou t   d r i ve  
power requ i red   and  opera t ing  costs are g i v e n   i n   r e f s .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7 and 8.) 

To estimate t h e  minimum opera t i ng  temperature f o r  a g iven  va lue   o f   tunne l  
t o ta l  pressure, one  might  choose  the  value of t unne l  to ta l  temperature which 
would j u s t  allow s a t u r a t i o n  to occur a t  t h e  max imum local Mach number MxImax 
over   t he  test model. However, re fe rences  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 to  6 as well as i n v e s t i g a t o r s  work- 
i ng   in  t he  Langley  0.3-meter  t ransonic  cryogenic  tunnel   point  o u t  t h a t   t h e  
onse t   o f   condensa t ion   e f fec ts   t ends  to occur below s a t u r a t i o n  temperatures. 
The  amount of this temperature d i f f e r e n c e  is normally  measured by the  super-  
coo l ing  a t  the onse t   o f   condensa t ion   e f fec ts  A T  which is de f ined  as 

AT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= Ts - Te 

where Ts is t h e  stat ic  temperature a t  t h e   p o i n t  where t h e   i s e n t r o p e  crosses 
the  vapor pressure curve  and Te is t h e  stat ic  temperature on t h e  i sen t rope  
where e f f e c t s  are f i rs t  seen. The magnitude zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof t he   supercoo l i ng   f o r   va r ious  
tunne l  pressures and Mach numbers  determines  the minimum opera t i ng  temperatures 
and,  consequent ly,  t h e  maximum b e n e f i t s  to  be gained from c ryogen ic   ope ra t i on .  

EXPERIMENTAL APPARATUS 

Tunnel 

The Langley  0.3-meter  transonic  cryogenic  tunnel is a cont inuous flow, 
fan-driven  tunnel,  which uses n i t rogen  as a test  gas  and is cooled by i n j e c t -  
i n g   l i q u i d   n i t r o g e n   d i r e c t l y   i n t o   t h e  stream. Var ia t ion   o f   the  rate o f   l i q u i d  
n i t rogen  in jec t ion   p rov ides   an   approx imate  t o t a l  temperature range from 80 to 
350 K ,  wh i le   t he  total  pressure can be v a r i e d  from 1.2 t o  5.0 atm. The com- 
bined l o w  temperature and  high pressure can produce a Reynolds number of   over 
330 x zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAl o6  per meter. Some of   the  des ign features and   ope ra t i ona l   cha rac te r i s -  
t ics of the 0.3-meter tunnel  have  been reported by K i l g o r e   i n   r e f e r e n c e  9. A 
sketch  o f   t he  0.3-meter tunne l  is shown i n   f i g u r e  2. 

The l i q u i d  n i t rogen  used t o  cool t he  tunnel   and absorb the h e a t  of t h e  
d r i v e   f a n  is in jec ted   i n to   t he   t unne l   t h rough  a series o f  11 nozzles  ar ranged 
o n   t h r e e   d i f f e r e n t  struts, or spray bars, a t  the three i n j e c t i o n   s t a t i o n s  shown 
i n   f i g u r e  2. F u l l  deta i ls  of this arrangement are i nc luded   i n   re fe rence  9. 
However, f o r   one   o f   t he  tests dur ing the p r e s e n t   i n v e s t i g a t i o n  (deta i ls  to  be 
ment ioned  in   the   sec t ion   en t i t led   "Resu l ts   and  D iscuss ion" )  , the  spray-bar  sys- 
tem was removed  and i n j e c t i o n  was carried o u t  by i n j e c t i o n   t h r o u g h   j u s t   f o u r  
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nozz les  a t  i n j e c t i o n   s t a t i o n  1 .  This  change,  of course, n e c e s s i t a t e d   l a r g e r  
l iqu id- f low rates per nozzle. 

Airfoi l  a n d   I n s t a l l a t i o n  

A 0.1 37-m NACA 0012-64 a i r f o i l  was used for t hese  tests. The a i r f o i l  
had 20 p ressu re   o r i f i ces   spaced  a t  5 percent   chord   in te rva ls   on   bo th   the  top 
and   bo t tom  su r faces   w i th   t he   f i r s t   o r i f i ce  a t  the  leading  edge.   For   the tests 
a t  M, values  of  0.75  and  0.95, a rearward-facing orif ice was added to  t h e  
t r a i l i n g   e d g e   o f   t h e   a i r f o i l .  The a i r f o i l  was i n s t a l l e d   b e t w e e n   f l a t s   i n   t h e  
oc tagona l  test sec t ion ,   w i th   the   lead ing   edge 0.62 m f rom  the  beginning  of  
t he  test sec t ion .  The ang le   o f  attack o f   t h e   a i r f o i l  was z e r o   f o r  a l l  tests. 
A s k e t c h   o f   t h e   a i r f o i l  is g i v e n   i n   f i g u r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 .  

The pressure d i s t r i b u t i o n s   o v e r   t h e   a i r f o i l  may be  in f luenced by wall 
i n t e r f e r e n c e   e f f e c t s   b e c a u s e   o f   t h e   r e l a t i v e l y   l a r g e   c h o r d  of t h e  ai r fo i l  com- 
pared to t h e   s i z e   o f   t h e  test sec t i on .  However, wall i n te r fe rence  shou ld   no t  
a f fect   the  occurrence  o f   condensat ion,   and  no attempt has  been made t o  correct 
t h e   d a t a   f o r  wall i n t e r f e r e n c e   e f f e c t s .  

Data Acquis i t ion  and Error Estimate 

The tunne l  parameters were f i r s t   r e c o r d e d ;   t h e n  a d i f f e r e n t i a l   p r e s s u r e  
t ransducer  was used  in  a scanning-valve  system to step through  and  record  the 
pressures a r o u n d   t h e   a i r f o i l .  The time to  acqu i re  a l l  o f   t he   da ta   f o r  a com- 
plete pressure d i s t r i b u t i o n  was 50 sec. Dur ing  the  50-sec  acquis i t ion  per iod,  
t he   t unne l   cond i t i ons  were observed to  f l u c t u a t e  by the  fol lowing  amounts: 
M,, fO.003; T t ,  f0 .5  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAK; and pt, f0.002 to  k0.012 aim, depending  on p t  
i t s e l f .  

The manufac turer   spec i f ied   the   accuracy   o f   the  pressure t ransducer  to be 
0.5 percent  of f u l l  scale. However, the   p rec is ion   o f   the   t ransducer   p roved to 
be an  order  of  magnitude better than   the   spec i f ied   accuracy   based upon scatter 
i n   t he   va lues   o f   p ressu re   f rom data p o i n t  to  data point  and  from  day to day. 
For   the  t ransducer   used  in   the tests a t  M, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 0.75  and  0.95, t h e   p r e c i s i o n  was 
f 0  .0004 atm. For t h e  smaller t ransducer  used i n   t h e  test a t  M, = 0.85,  the 
p r e c i s i o n  was f0.0002 atm. There was no s i g n i f i c a n t  error i n t roduced by e i t h e r  
the   s igna l -cond i t ion ing  or data-acquis i t ion  systems.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAn estimate of  the  uncer-  
t a i n t y   i n  Cp due to the  imprec is ion  o f   the pressure t ransducers   and  the  f l u c -  
t ua t i ng   t unne l   cond i t i ons  is g iven  in   the   append ix .  

TESTS 

Data Sampled 

To determine  the  t o ta l  temperature a t  which   condensat ion   e f fec ts   do  occur 
and to i n v e s t i g a t e   t h e   i n f l u e n c e   o f  free-stream Mach number and t o ta l  p r e s s u r e  
o n   t h e   o n s e t   o f   c o n d e n s a t i o n   e f f e c t s ,   t h e   a i r f o i l  was t e s t e d  a t  f ree-st ream 
Mach numbers  of  0.75,  0.85,  and  0.95  over a total  pressure range  of  1.2 to 
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5.0 atm.  The tes t  envelopes were  bounded i n  pt by the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 .2- to  5.0-atm pres- 
sure limits of the  tunnel and  were bounded,in T t  by to ta l  temperatures  corre- 
sponding to  saturated flow a t  Ml,max  and those  corresponding to  saturation 
i n  the  reservoir  section.  Total  conditions which f a l l  lower i n  T t  than the 
reservoir  saturation  line  are unobtainable since  the  injected  liquid  nitrogen 
used for  cooling cannot  provide cooling when T t  is below the  vapor-pressure 
curve.  Total  temperatures above those along the l ine of local  saturation  offer 
no possibil i ty of condensation i n  a pure nitrogen tes t  gas so they are used i n  
t h i s  study only as a way of obtaining  data unaffect.ed by condensation effects 
for comparison purposes. 

To explore each of the  regions of interest i n  the  pt and T t  plane, 
paths of constant chord Reynolds number Rc and M, were used to  traverse the 
region of interest. Since along each of the  paths both M, and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAR, were held 
constant,  systematic  deviation i n  pressure  coefficients  at any  x/c position 
over the a i r fo i l  was taken to be the  result of condensation effects. Five 
paths of constant Rc and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM, are shown for the M, = 0.85 test  i n  figure 4. 
The R, along each path varied from 16 x 1 O6 a t  the low-pressure traverse  to 
42 x 1 O6 a t  the  high-pressure  traverse. Along these  five  paths, a to ta l  of 
201 pressure  distributions were recorded and analyzed. Similar envelopes were 
drawn  and investigated  for M, = 0.75 and M, = 0.95, except that only three 
paths of constant & and Y, were  used i n  these  cases. These envelopes are 
shown i n  figures 5 and 6. During the investigation of the  high-pressure  path 
for  the M, = 0.95 test ,  a fan drive-power limit was encountered so M, was 
reduced from  0.95 to 0.93 for  that path  alone. 

Data Analysis 

I n  order to determine  the pt  and T t  a t  which the  onset of condensation 
effects occurs along a constant M, and R, path, a data  analysis procedure 
was developed. The main objective of the  data  analysis procedure was to be able 
to  correct  values of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC p  on  an orifice-by-orifice  basis i n  cases where the  pres- 
sure  distribution over the a i r fo i l  was taken a t  a s l i g h t l y  different M, than 
desired. With such a correction,  data along the  path that normally would  have 
had to be disregarded due to small differences i n  M, could be used.  Having 
a more complete data base available  for  analysis made it easier  to  detect  the 
to ta l  temperature a t  which differences i n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAACpl occurred because of the 
effects of condensation. By examining a l l  t e or l f ices over the a i r fo i l ,  an 
appropriate  onset  total temperature could be chosen for  the a i r fo i l  as a whole. 
Further detai ls of the  data  analysis procedure are  presented i n  the appendix. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACR' 

The Beattie-Bridgeman equation of state  for gaseous nitrogen  (see  ref. 1 0 )  
has been  used to provide  accurate  values  for  the  isentropic flow properties of 
the  nitrogen gas. I n  unpublished studies, Adcock has shown that  for  isentropic 
flow the Beattie-Bridgeman equation  gives  nearly  the same results  as  the 
Jacobsen equation used i n  reference 1 . 
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RESULTS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAND DISCUSSION 

Data Presentation and  Comments 

The data  .are summarized by a series of figures  for each value of M, 
covered i n  t h i s  study: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.75,  0.85, and 0.95. Each series includes  averaged, 
condensation-free  pressure  distributions  for each path of constant Rc, graphs 
showing the  onset T t  for condensation ef fects  at  each orif ice  as a function 
of  x/c for each path, and a summary plot  for each M, showing the  onset condi- 
tions  for each path i n  a plane where T t  is plotted  against  pt. ( A l l  values 
of T t  plotted i n  the  orif  ice  onset graphs are rounded to  the  nearest 0.5 K 
because of the  possible 0.5-K d r i f t  i n  tunnel to ta l  temperature  during data 
acquisition.) The results  for each value of M, are then grouped together to  
determine whether or M, correlates w i t h  the  onset of condensation 
effects. 

The or i f ice onset graphs showing the T t  a t  which condensation is f i r s t  
detected use four different symbols for  four  different  situations. When normal 
onset is detected, a c i rc le is plotted a t  the  appropriate x/c,Tt location. 
When  no or i f ice onset is detected, a square is plotted a t  the minimum T t  a t  
which data were taken. When excessive  scatter obscures any trends, a triangle 
is plotted a t  the minimum T t .  When  an orifice  pressure tube  develops a leak, 
a diamond is plotted  at the minimum Tt .  Also, the a i r f o i l  onset T t  shown 
is not  taken to be  an average of orifice  onset T t ' s  b u t  is conservatively 
taken to  be the warmest orifice  onset T t  that appears systematic. The uncer- 
tainty band about the  onset T t  is drawn to  include  the  highest  value of ori- 
fice  onset T t ,  whether or  not  the  deviation is systematic. 

The f i r  st tes t  described is the M, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 0.75 test. The averaged, 
condensation-free  pressure  distributions i n  figures 7,  8, and 9 give  the 
average values of Cp a t  each or i f ice w i t h  no effects of condensation present. 
The graphs containing orifice  onset T t  plotted  against x/c are shown i n  
figures zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 0 ,  1 1  , and 12.  I t  is interesting  to note that i n  figures 1 1  and 1 2  
the  effects of condensation are only  apparent over the f i r s t  half of the air- 
fo i l ,  which  seems to downplay the importance of  any condensate growth over the 
a i r fo i l   i tse l f .  The  summary plot of onset  conditions is shown i n  figure 13.  

The pressure  distributions  for  the  five  lines of constant R, for  the 
M,= 0.85 test  exhibit a recompression shack a t  x/c = 0.65 and are shown 
i n  figures 1 4 ,  15, 16,  17, and 18. The graphs showing orifice  onset T t  as a 
function of  x/c are shown i n  figures 19, 20, 21 , 22, and 23. With the  possible 
exception of figure 23, effects appear to occur a t  about the same T t  over the 
length of the  airfoil. There is no obvious sensit ivi ty  to condensation effects 
behind the shock or,  for  that  matter, before  the shock i n  the  region of high 
local Mach  number.  Along the Rc = 42 x 1 O6 path as shown i n  figure 23, there 
does appear to  be possible  sensitivity behind the shock location. A t  x/c 
values of 0.75 and 0.85 the  onset  value of T t  appeared to  be 100.5  K, which 
is above the  trend of effects occurring a t  about 96.0 or 96.5 K for  the  majority 
of orif ices. While the  onset T t  of 100.5 K may  be correct,  there is scatter 
i n  the  plots of ACp against T t  for each of the  orif ices  that were  combined 
to  form figure 23. Because of the  uncertainties involved and because of the 
lack  of agreement between orifice  onset T t ' S  behind the shock location a t  
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x/c zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 0.65 i n   f i g u r e   2 3 ,   t h e  a i r fo i l  o n s e t  T t  was chosen to be 98.5 K with 
a possible error bar  extending from 96.5 to  100.5 K. The summary plot of o n s e t  
c o n d i t i o n s   f o r  t h e  M, = 0.85 test is g i v e n   i n   f i g u r e  24. 

The l a s t  test cond i t i on  is t h a t  of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM, = 0.95. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAs ment ioned  in   the sec- 
t i o n   e n t i t l e d  "Data Sampled," the  h igh-pressure  path a t  + = 40 x l o 6  is 
t e s t e d  a t  M, = 0.93 i n s t e a d  of a t  0.95, so t h e r e  is a d i f f e r e n c e   i n  M, 
between  the f i rs t  t w o  paths  and  the  path for + = 40 x l o6 .  The unaf fec ted  
p r e s s u r e   d i s t r i b u t i o n s  are shown i n  f igures 25,  26,   and  27,  and  the  or i f ice 
onset   g raphs  are presen ted   i n   f i gu res   28 ,  29,  and  30. Among t h e   o n s e t  T t ' s  
for t h e  Rc = 17  x l o 6  path,   no  one area seems to be more sens i t i ve   t han   any  
o t h e r .  (See f ig .   28. )  However, o n s e t  T t ' s  f o r   t h e  Rc = 27 x l o 6  pa th   i n  
f i g u r e  29 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmay show s i g n s  of a n   i n c r e a s e d   s e n s i t i v i t y  a t  about x/c = 0.40 i n  
the   reg ion   o f   inc reas ing  local Mach number a l though  the   t rend is not   conc lus ive .  
The t h i r d   p a t h  a t  Rc = 40 x 1 O6 , shown in   f i gu re   30 ,  shows an   apparent ly   un i -  
form  onset T t  over   t he   a i r f o i l .   The re  were no data t aken   a long   t h i s   pa th  
between T t  = 100.5  and  103.5 K; consequent ly ,   there  is n o   r e s o l u t i o n   o f   e f f e c t s  
between  these two temperatures, and t h i s  lack of r e s o l u t i o n  may c o n t r i b u t e  to  
t h e   f a i r l y   u n i f o r m   d i s t r i b u t i o n   o f   o n s e t  T t .  The lack o f   reso lu t i on  is indeed 
un for tunate  as can be s e e n   i n   f i g u r e  31 which  shows  no e f f e c t s  a t  T t  = 103.5 K 
b u t  wel l -developed  e f fects  a t  100.5 K f o r  ACp plotted a g a i n s t  T t  for t h e  
o r i f i c e  a t  x/c = 0.95. For t h i s  path, o n s e t  T t  for the a i r f o i l  is chosen 
to be 102.0 K wi th   t he  error bar  spanning 1 00.5 t o  1 03.5 K. The  summary plot 
f o r   o n s e t   c o n d i t i o n s   f o r   t h e  M, = 0.95 test is g i v e n   i n   f i g u r e  32. 

The results for a l l  of t he  M, tests are now grouped  together to deter- 
mine  whether M1,max or M, correlates wi th   t he   onse t   o f   condensa t ion   e f fec ts .  
The quest ion  of   which Mach number is impor tant  arises because of t h e   u n c e r t a i n t y  
i n   t h e  mode of   nuc lea t ion   tak ing  place. Th is   unce r ta in t y  is discussed i n   t h e  
nex t   sec t i on .  

The f i r s t  pair of f igures  comparing a l l  of t h e   o n s e t  results is cons t ruc ted  
for the   supercoo l ing  as de f ined   i n   equa t ion  ( 1 ) .  I n   equa t ion  ( l ) ,  the  va lue  o f  
Ts is t h e  stat ic temperature a t  which the i s e n t r o p e ,   s t a r t i n g  a t  t h e   o n s e t  
va lues  o f  p t  and T t ,  crosses the  vapor-pressure  curve. The va lue  o f  Te is  
t h e  stat ic temperature along the same i sen t rope  a t  M = MIImax i n   f i g u r e   3 3 ( a )  
and a t  M = M, i n   f i g u r e   3 3  (b) . In   bo th  cases t he   va lue  of AT is p l o t t e d  
as a f unc t i on  of t h e   o n s e t  pt  fo r   each  pa th   o f   con tan t  Rc. I n   f i g u r e   3 3 ( a ) ,  
the   supercoo l ing  was near l y   cons tan t  a t  7 K over   the pressure range  fo r  
M, = 0.75, was roughly equal t o  11 K over   the  pressure range for M, = 0.85,  and 
was 12  and 1 4  K f o r   t h e  two lower pressure pa ths  a t  M, = 0.95  and  then dropped 
t o  1 1  K for the  upper   pressure path. I n   f i g u r e   3 3 ( b ) ,   t h e   s u p e r c o o l i n g  based 
on M, remained  between 2 and 3 K over   the   p ressure   range  fo r  both M, = 0.75 
and 0.85.  However, t he   supercoo l i ng   f o r   t he  M, = 0.95 test was 1 and 2 K f o r  
t h e  lower pressu re   pa ths ,  b u t  dropped to -1 K for   the  upper   pressure  path.  Even 
wi th   the  behavior  of the  upper pressure pa th   f o r   t he  M, = 0.95 test, t h e r e  
seems to be much better co r re la t i on   o f   t he   va lues   f o r   supercoo l i ng  when assuming 
M, is t h e   p e r t i n e n t  Mach number ra the r   t han  M1,max. 

A second pair o f   f i gu res   aga in  compares a l l  of t h e   o n s e t  results, b u t   t h e  
comparison is now made i n  a plane  where l o g l o  p is plotted a g a i n s t  T. Stat ic  
values  of   PIT are calculated from t he  p t  and T t  a t  onset   and are calcu-  
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lated assuming  an   i sen t rop ic   expans ion   to   e i ther  Mi,max or M,. Figure   34(a)  
shows t h e  p,T as calcu lated  assuming M1,max is t h e  Mach number o f   i n t e r e s t  
wh i l e   f i gu re   34 (b )  shows t h e  p,T as calculated  assuming M, is the   impor tan t  
Mach number. F igure  34 suggests ,  as does   f i gu re   33 ,   t ha t   t he   onse t  data corre- 
late much b e t t e r   w i t h  M, than  wi th  M1,max. 

The seeming ly   ear ly   onset  of e f f e c t s   i n   t h e   u p p e r   p r e s s u r e   p a t h  of t h e  
M, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.95 test may b e   t h e   r e s u l t  of a t unne l   con f i gu ra t i on   change   tha t  was made 
before t h e  data f o r   t h i s   p a t h  were taken.  The  spray-bar  system  used  for  injec- 
t i o n   o f   t h e   l i q u i d   n i t r o g e n ,  as descr ibed  in   the   sec t ion   "Exper imenta l  Appa- 
ra tus , "  was removed for a n o t h e r   i n v e s t i g a t i o n   i n  the 0.3-meter  tunnel. The 
spray-bar   system  remained  out   for   the  tunnel   ent ry   dur ing  which  the  data were 
obta ined for the   upper   p ressure   pa th  of the  M, = 0.95 test. With t h e   s p r a y  
b a r s  removed, t h e   l i q u i d  was i n j e c t e d  from 4 n o z z l e s   f l u s h   w i t h   t h e   i n t e r i o r  
tunne l  wall a t  i n j e c t i o n   s t a t i o n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 i ns tead  of from t h e  1 1  nozz les  a t  t h e  three 
d i f f e r e n t   i n j e c t i o n   s t a t i o n s .   C o n s e q u e n t l y ,   t h e   l i q u i d   i n j e c t e d  may not  have 
broken up  and  evaporated as e f f e c t i v e l y  as it d i d   w i t h   t h e  11 nozzles.  The 
addi t ional   unevaporated drops may have  formed  the  increased number of nucle- 
a t i o n  sites necessary  to decrease t h e  amount  of  supercooling  real ized.  Because 
of the   tunne l   con f igura t ion   change,   the  data from the upper pressure path   o f  
t he  M, = 0.95 test are not   presented  in   any  addi t ional   compar ison  graphs.  
Furthermore,  the possible d i f f e r e n c e   i n   e f f e c t s  due to d i f f e r e n c e s   i n   i n j e c t i o n  
procedure would s u g g e s t   t h a t   t h e  number and   l oca t i on   o f   t he   i n jec t i on   nozz le  
may b e   i m p o r t a n t   f a c t o r s   i n   p r e d i c t i n g   t h e   o n s e t   o f   c o n d e n s a t i o n   e f f e c t s   f o r  
d i f f e r e n t   f a c i l i t i e s .  

Imp l ica t ions   o f   the   Data  

Condensat ion   e f fec ts   can  be caused  by   th ree   d i f fe ren t  modes of nuc lea t i on ,  
where  nucleat ion is taken t o  mean the  format ion of a stable l i q u i d  d r o p l e t .  
The t h r e e   d i f f e r e n t  modes are homogeneous,  heterogeneous,  and  binary  nucleation. 
These  three processes d i f f e r   a c c o r d i n g  to t h e  manner i n  which  they  overcome  an 
energy barrier to droplet formation  and  hence to  droplet growth.  In-depth dis- 
cuss ion   o f   t he   t h ree   t ypes   can  be found  in   re ferences 2 to  4 and 11 to 1 4 .  The 
d i f f e r e n t  modes c a n   b r i e f l y   b e  summarized as i n  the fo l low ing   d iscuss ion .  

Homogeneous nuc lea t ion   can  occur  when the  gas  undergoes  supercool ing,  a 
condi t ion  which w i l l  dec rease   t he   ene rgy   ba r r i e r  to l i q u i d  droplet formation. 
When enough  supercool ing  occurs,   the  gas molecules w i l l  be able to overcome t h e  
energy   ba r r i e r  to  droplet format ion,   and  massive  nucleat ion rates are l i k e l y .  
Heterogeneous  nucleat ion may occur  when t h e r e  are l i q u i d  or solid impurities 
suspended  in  the  vapor a t  t h e  time t he   f l ow   f i r s t   expands  past the  vapor-pressure 
curve  and  begins to supercool .  The energy   ba r r i e r  to  format ion,   which is so 
impor tant  for homogeneous  condensation, is n o t  so s ign i f i can t   he re   because   t he  
impurities i n   t he   vapor   can  act as a c a t a l y s t   f o r   t h e   c o n d e n s a t i o n  process. 
Consequently, l i t t l e  or no  supercool ing is needed  be fore   s tab le   d rop le t   g rowth  
occurs.  What prevents  heterogeneous  nucleat ion  f rom  always  dominat ing  the homo- 
geneous process is t h a t  it requires extremely large concen t ra t i ons  of impur i ty  
sites to  i n f luence  the   f low,   po in ted   ou t   by   Oswat i tsch   in   re fe rence 15. The 
t h i r d   t y p e  of nuc lea t i on   poss ib le  is b inary .   Th is  process occurs  when a mixture 
of t w o  d i f f e ren t   gases   condenses   i n to   d rop le ts   wh ich  are composed of   both types 
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of molecules. The b inary  process is d i s c u s s e d   s p e c i f i c a l l y   i n   r e f e r e n c e s  11 
t o  14. The combination  of the two species can  e f fec t i ve ly   change  the   energy  
b a r r i e r  t o  nuc lea t i on  so tha t   condensat ion  w i l l  occur earlier t h a n   a n a l y s i s  
would p r e d i c t  for e i t h e r  of t h e  species a c t i n g   s i n g l y .  

The d a t a  from the   p resent   exper iment  do seem to suggest   which  nuc leat ion 
process might  be  taking place. F i rs t ,   no   condensa t ion  seems to o c c u r   u n t i l  a t  
least zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7 K of  supercool ing  has  taken place a t  t h e   T , m a x   l o c a t i o n .   I f   b i n a r y  
nuc lea t i on  takes place wi th  some sort of impur i ty   vapor   in   the  n i t rogen  used 
fo r   coo l i ng   t he   t unne l ,   t hen  i ts  e f f e c t s  are e i t h e r   u n d e t e c t a b l e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAor occur a t  
temperatures low enough to be  confused  with homogeneous or heterogeneous  nucle- 
a t i o n   o f   t h e   n i t r o g e n  test gas.  The p u r i t y   o f   t h e   l i q u i d   n i t r o g e n   i n j e c t e d   f o r  
coo l ing  is approximately 99.95 percent   in   the   p resent   exper iments ,  so b ina ry  
nuc lea t i on  is un l ike ly .   Second,   none  o f   the   o r i f i ce   onset  T t  p l o t s  show any 
sys temat ic   t rend  toward   condensat ion   f i r s t   appear ing   in   the   reg ion   o f  maximum 
supercool ing,   which is t he   reg ion   o f   h igh  local Mach number. S ince   t he  amount 
of supercool ing is so impor tan t   fo r  homogeneous nuc lea t i on ,   t hese   resu l t s  are 
not   cons is ten t   w i th   what   one would e x p e c t   i f  homogeneous nuc lea t i on  were occur- 
r ing .  The e f f e c t s  may a c t u a l l y   b e   t h e   r e s u l t  of heterogeneous  nuc leat ion 
occur r ing  upstream of   the  model i n   t h e  test s e c t i o n .  Under these  c i rcumstances  
t h e   a i r f o i l  would exper ience  the   in f luence  o f   these droplets over i ts leng th  
a t  about   the same Tt   a l though local s e n s i t i v i t y  to the   condensate   in   the  
f r e e  stream may va ry   ove r   t he   a i r f o i l   because   o f   d i f f e rences   i n  local Mach 
number or pressu re   g rad ien t .  

I f   condensa te   i n   t he   f ree  stream causes t h e   e f f e c t s ,   t h e  possible source  
fo r   t he   impur i t y  sites cou ld  be t he   i n jec ted   l i qu id   n i t rogen   used   f o r   coo l i ng  
the  tunnel .  A t  t he   ve ry  low temperatures of   these tests, t h e   i n j e c t e d  l i q u i d  
may not   complete ly   evaporate  in   the time it takes to t r a v e l   f r o m   t h e   i n j e c t i o n  
s t a t i o n s  to  t h e  test sec t ion .   (See  f ig .  2. )  The p a r t i a l l y   e v a p o r a t e d  droplets 
may prov ide   the   h igh   concent ra t ion   o f   nuc lea t ion  sites needed  for  heterogeneous 
condensation. Some evidence  for   heterogeneous  nucleat ion  f rom  unevaporated 
d r o p l e t s   i n   t h e   f r e e  stream comes f rom  f igures  33  and 34.  These f i g u r e s  show 
s t ronger   co r re la t i on   be tween   the   onse t   o f   e f fec ts   and  M than   the   onset   o f  
e f fec ts   and  MI ,ma?. Further  evidence comes f rom  the smgller amount  of super- 
c o o l i n g   r e a l i z e d   w l t h   t h e  upper pressure path   o f   the  Ma zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 0.95 test. Because 
t he   con f igu ra t i on   w i thou t   sp ray   ba rs  is less e f f i c i e n t  a t  breaking up t h e  
i n j e c t e d   l i q u i d   n i t r o g e n ,   t h e  smaller amount of supercool ing seems t o  resul t  
f rom  an  increased number of   l iquid  drops  on  which  condensat ion  growth  could 
occur. Final ly ,   the  author 's   unpubl ished  resul ts   f rom  independent   exper iments 
us ing to ta l  pressu re   p robes   i n   t he  0.3-meter tunne l  support t h e   p r e s e n t   f i n d i n g s  
tha t   he terogeneous  nuc lea t ion  occurs down the   l eng th   o f   t he  test sec t i on .  

Comparison to   O the r  Works 

While it appears tha t   he terogeneous  nuc lea t ion  is t h e  cause of   condensat ion 
i n   t he   p resen t   exper imen ts ,  most of t he   p rev ious   condensa t ion   i nves t i ga t i ons  
have  concentrated  on homogeneous nuc lea t ion .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASome o f   t hese   i nves t i ga t i ons  were 
concerned  wi th  n i t roger,   gas,   and two re ferences,   16  and 1 7 ,  are used  here  for  
compar ison  wi th   the  present   data.  A t r a d i t i o n a l  means o f   p r e s e n t i n g   o n s e t   o f  
condensat ion   e f fec ts  data is i n   the   p lane  where  l o g l o  p is p l o t t e d   a g a i n s t  T. 
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As zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmentioned  in the prev ious   sec t i on ,  there is some quest ion as to t h e  process 
of  nucleat ion  and  hence i n  t h e  relevant cond i t i on  to plot i n   t h e  plane where 
l o g l o  p is p l o t t e d   a g a i n s t  T. For the   p resent   compar isons ,   the  stat ic  va lues  
of p and T as c a l c u l a t e d  for t h e  Ml lmax  cond i t i on  were used  because, 
rega rd less   o f   t he  source o f   t h e   e f f e c t s ,   t h i s  amount  of  supercooling was real- 
i zed   in   the   reg ion   o f  maximum local Mach number b e f o r e   e f f e c t s  were detec ted .  

Using  the l og1  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 p p l o t t e d   a g a i n s t  T format allows t h e   p r e s e n t  results 
t o  be  compared  wi th  the  analyt ical   n i t rogen-gas work  done  by   S iv ie r   in   re fe r -  
ence  16. H i s  computer  calculat ions  assumed homogeneous nucleat ion  and  used 
classical l i qu id -drop le t   theory .  A curve f i t  (unpublished)  by Adcock to 
S i v i e r ' s   c a l c u l a t e d   o n s e t   p o i n t s   f o r   c o n d i t i o n s   o f   h i g h e r  pressure and lower 
onset Mach number has   been  p lo t ted   together   w i th   the   p resent   onset   cond i t ions  
in  f igure  35,   where  Adcock's  curve f i t  is represented  by 

1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
- = 0.01461 - 0.004962 l o g 1  0 p + 0.0001959 ( l o g l o  p ) 2  
T e  

There is good  agreement i n   t r e n d s   b e t w e e n   t h e   c u r v e   f i t  to S i v i e r ' s   p r e d i c t i o n  
and  the present r e s u l t s   a l t h o u g h   t h e   p r e s e n t   o n s e t   p o i n t s  occur closer t o  t he  
vapor-pressure  curve  than  predic ted  for  homogeneous nuc leat ion.   Again,   hetero-  
geneous  nuc leat ion  would  be  cons is tent   wi th   the  data  because it would exp la in  
onse t   occu r r i ng   be fo re   t he   p red ic t i on   f o r  homogeneous nuc lea t ion .  However, 
many of   the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI& = 0.85  and  0 .95  onset   po ints   do  approach  S iv ier 's   onset   l ine 
f o r  homogeneous n u c l e a t i o n .   I f   S i v i e r ' s   p r e d i c t i o n s  are accurate and i f   h e t e r o -  
geneous  nucleat ion  indeed occurs i n   t h e   p r e s e n t   d a t a ,   t h e n   s i g n i f i c a n t l y  more 
supercool ing may no t   be   poss ib le   f o r   t he  M, = 0.85  and  0.95 tests even   i f   t he  
impur i ty  si tes were e l i m i n a t e d ,   s i n c e  the o n s e t   l i n e  is a l r e a d y  close t o  
S i v i e r ' s  homogeneous n u c l e a t i o n   l i n e .  

The p r e s e n t  resul ts can also be  compared  wi th  previous  exper imental  
results. Goglia ( re f .   17 )   has   t aken   da ta   t ha t  show condensa t ion   onse t   i n   t he  
same s ta t i c  pressure and  temperature  range as cons ide red   i n   t he   p resen t   s tudy .  
When Goglia's data   and  the   p resent   exper imenta l   da ta  are p l o t t e d   t o g e t h e r ,  as 
i n   f igure   36 ,   the   agreement  is e s p e c i a l l y  good cons ide r ing   t ha t   t he   p resen t  
resu l t s   cons i s t   o f   subson ic   and   superson ic   da ta  from a 0.137-111 a i r f o i l  and 
t h a t  Goglia's d a t a  are based  on  rap id  expansions  in  a nozz le  0.114 m long a t  
Mach numbers  from  2.00 t o  3.25.  Although  one  would  normally  expect more super- 
coo l i ng   w i th   t he  larger v e l o c i t y   g r a d i e n t s   i n   t h e   n o z z l e ,   t h i s   s u p e r c o o l i n g  
does  not  appear i n   t he   da ta   compar i son .   I n   f ac t ,   t he   t rend   o f  Goglia's d a t a  
fa l l s  close to t h e   p r e s e n t  I& = 0.75 d a t a   b u t  seems to have  somewhat less 
supercool ing  than was exper ienced  dur ing   the   p resent  M, = 0.85 or 0.95 tests. 
Goglia conc ludes   tha t   the   condensat ion   he   de tec ted   appeared to b e   t h e   r e s u l t  
o f  homogeneous nucleat ion of   the   n i t rogen test gas. However, the   gas   he   used 
was only  95-percent-pure  n i t rogen  and  contained a 5-percent  impurity  of  oxygen. 
Even  though t h i s  fact was well recognized  and  invest igated  by Goglia, t h e r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
may be some e f f e c t s  of heterogeneous  nuc lea t ion   on   h is   onset   po in ts .   (Ar thur  
and  Nagamatsu i n  r e f .  6 d e t e c t e d  a mild  decrease i n  supercool ing  of   about 1 
to  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 K f o r  a 5-percent  oxygen  impurity.) 
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Whether or  not the condensation i n  the  present  investigation was the 
result of heterogeneous  or homogeneous nucleation,  the magnitude  of the  super- 
cooling seems comparable to what others have seen or  predicted i n  the same 
pressure range. 

Benefits  Realized 

One of the primary motivations  for  the  present experiments was to  deter- 
mine the  increase i n  Reynolds number capabil ity  that might be possible when 
testing an a i r f o i l  wi th  supercooled flow. T h i s  increase was determined for  the 
NACA zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0012-64 a i r fo i l ,  and figure 37 shows the  percent  increase  realized a t  the 
temperature a t  which condensation effects were f i r s t  detected. The percent 
increase was calculated by div id ing the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ corresponding to  pt  and T t  a t  
onset by the Rc corresponding to   p t   a t  onset b u t  w i t h  a T t  which allows 
local  saturation only. A s  can be seen i n  figure 37, the M, = 0.75 test  real- 
ized  the  smallest  percent  gain i n  capabil i ty  at 8 percent, while the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM, = 0.95 
test  realized  the  largest  at 19 percent. The M, = 0.75 and 0.85 tests  appear 
to show a decrease i n  gain w i t h  increasing  pt, while a trend  for  the M, = 0.95 
t es t  cannot be predicted because of the  lack of a high-pressure-path  data  point. 
Error  bars shown are  calculated from the  uncertainty i n  the  value of T t  for 
the  onset of condensation effects over the  airfoi l .  

The second motivation  for  the  present experiment was to  determine percent 
decreases i n  drive-fan power required and i n  the amount  of liquid  nitrogen (LN2) 
injected when u n i t  Reynolds number is held  constant and the  supercooling is used 
to decrease both pt and Tt .  Since the energy required  for producing the 
amount  of LN2 injected is much greater than the energy used by the  drive  fan, 
reductions i n  direct operating  costs while a t   t e s t  conditions w i l l  be  much 
closer  to the percent  decrease i n  LN2 required than to the  decrease i n  drive- 
fan power required. 

The decrease i n  drive-fan power realized is shown i n  figure 38. The trends 
are, of course,  similar  to  the  increase i n  Reynolds number capability shown i n  
figure 37. For the M, = 0.75 test ,  the  decrease i n  drive power required 
remained relatively  constant  at 12 percent over the  pressure range while for 
the M, = 0.85 test ,  the  decrease i n  drive power varied from 20 to  19 percent. 
Decreases of 23 and 24 percent were  found for  the two low-pressure paths i n  the 
M, = 0.95 test. The decrease i n  LN2 required to absorb drive-fan  heat is 
shown i n  figure 39. (For an insulated  tunnel such as  the Langley  0.3-meter 
transonic cryogenic tunnel, the injected LN2 required to absorb the  heat flow 
into  the  tunnel through the  tunnel shell  insulation is relatively  constant over 
the  temperature range of the  present tests  and is only on the  order of 1 percent 
of the amount required to absorb  the heat of the  drive  fan. Consequently, heat 
leakage through the shel l  has no effect on the  data  described i n  f i g .  39 and 
has not been included.) For the M, = 0.75 test,  the  reduction i n  required 
LN2 varied from 1 0  to  9 percent a t  the  higher pressures. For M, = 0.85, the 
reduction  varied from 16 percent a t  the lower pressures  to 15 percent a t  the 
higher pressures. The M, = 0.95 test  had a reduction high of 19 percent and 
a low of 18 percent. 
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CONCLUDING REMARKS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
An exper imenta l  program was undertaken to determine  the  onset   o f   conden-  

s a t i o n   e f f e c t s   i n  the p r e s s u r e   d i s t r i b u t i o n   a b o u t  a 0.137-meter NACA 0012-64 
a i r fo i l  t es ted   i n   t he   Lang ley  0.3-meter t r anson ic   c ryogen ic   t unne l  a t  f ree-  
stream Mach numbers of 0.75, 0.85, and  0.95  over a to ta l  pressure  range  f rom 
1.2 to  5.0 atmospheres.   Or i f ice pressure measurements were recorded a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 per- 
cent   chord   in te rva ls   and were analyzed to determine  the  total  temperature a t  
w h i c h   d e v i a t i o n s   f i r s t   o c c u r r e d   i n   t h e   o r i f i c e  pressure c o e f f i c i e n t .  

The onse t   o f   condensa t ion   e f fec ts  was found t o  correlate more wi th   t he  
amount of supercoo l i ng   i n   t he  free stream t han   w i th   t he   supercoo l i ng   i n   t he  
reg ion  o f  maximum local Mach number o v e r   t h e   a i r f o i l .   E f f e c t s   i n   t h e   p r e s s u r e  
d i s t r i b u t i o n   o v e r   t h e  a i r fo i l  were genera l l y   seen to appear over its e n t i r e  
l eng th  a t  n e a r l y   t h e  same t o ta l  temperture. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBABoth observa t i ons   sugges t   t he  
poss ib i l i t y   o f   he te rogeneous   nuc lea t i on   occu r r i ng   i n   t he   f ree  stream. Compari- 
s o n s   o f   t h e   p r e s e n t   o n s e t   r e s u l t s  are made w i t h   c a l c u l a t i o n s  made by S iv ie r   and 
data gathered by Goglia. 

The po ten t i a l   ope ra t i ona l   bene f i t s   o f   t he   supercoo l i ng   rea l i zed  were ana- 
l yzed   i n  terms of   inc reased Reynolds number c a p a b i l i t y  a t  a g iven  tunne l  total  
pressure  and  reduced  dr ive- fan power and l iqu id   n i t rogen  consumpt ion  i f   Reynolds 
number is held  constant.   Depending  on total  pressure and  f ree-stream Mach  num- 
b e r ,   t h e s e   t h r e e   b e n e f i t s  are found t o  vary   respec t ive ly   f rom 8 t o  19  percent ,  
12 t o  24 percent,   and 9 to 19  percent .   S ince   opera t ing  costs a t  t y p i c a l  test 
cond i t i ons  are approx imate ly  1 0  percent   due t o  dr ive- fan power and 90 pe rcen t  
due to l i qu id   n i t rogen   i n jec t i on ,   reduc t i on   i n   ope ra t i ng  costs w i l l  be  very 
close to t he   pe rcen tage   reduc t i on   i n   l i qu id   n i t rogen   consumpt ion .  

A l though  the  present   exper imenta l  data form a pre l im ina ry  basis f o r  pre- 
d i c t i n g  minimum opera t i ng  temperatures for   n i t rogen-gas  wind  tunnels ,  it is 
j u s t  one   o f   seve ra l   s teps   t ha t  are needed  for a more complete understanding of 
t h e  problem. More work  is needed  in   the  fo l lowing areas: tests of   o ther  ai 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 ,   i n c l u d i n g   a n g l e - o f - a t t a c k   e f f e c t s ,  t o  determine 
t h e   s e n s i t i v i t y   o f   t h e   o n s e t   o f   c o n d e n s a t i o n   e f f e c t s  to  d i f f e r e n t  local ve loc i -  
t ies a n d   g r a d i e n t s ;   e x p e r i m e n t s   u t i l i z i n g   l i g h t   s c a t t e r i n g  to fo l low  the  
i n j e c t e d   l i q u i d   n i t r o g e n  droplets around  the   tunne l  c i rcu i t  to  determine  whether 
they may be   caus ing   he terogeneous  nuc lea t ion   in   the  test sec t i on ;   and   s tud ies  
t o  d e t e r m i n e   s c a l i n g   e f f e c t s  so t h a t   t h e   p r e s e n t  results may be  extended to 
t unne ls  of o t h e r '   s i z e s .  

Langley  Research  Center 
Nat ional   Aeronaut ics  and Space Admin is t ra t ion 
Hampton, VA 23665 
March  9,  1979 
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APPENDIX 

DATA ANALYSIS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAND zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAERROR ESTIMATES 

Data Analysis Procedure 

Because  of the importance of the  data  reduction technique upon the  detec- 
tion of the  onset of condensation effects, t h i s  section of the appendix is 
included i n  order to  describe i n  detai l  the M, correction procedure and to  
explain  the procedure for determining a i r f o i l  onset Tt .  Examples  of the 
various  steps  are included for the M, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 0.85 and Rc = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 6  x 1 O6 path. 

The M, correction procedure is employed i n  order to  eliminate  as much 
as  possible  the  effect of Mach  number  when Cp's  are compared along a path 
of constant El, and %. While M, is nominally constant along a path, many 
pressure  distributions  are recorded a t  values of M, that vary from the nom- 
inal value by ?0.010. To determine whether an M, dependence ex is ts   a t  a 
given x/c location, a linear  regression technique is applied to condensation- 
free values of Cp plotted  as a function of M,. I n  this manner, i f  there is 
a correlation between Cp and M,, a l l  of the  data can be corrected  to a 
single value of M,. I f  there is l i t t l e  or no correlation between zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC+ and 
M,, then a weak dependence is assumed to  exist,  and  no correction is assumed 
to be necessary. Thus, a l l  of the  data along a given path of constant M, 
and Rc can be used. 

The f i rs t   s tep  of the M, correction procedure is to apply a linear 
regression  technique to condensation-free  values of Cp a t  a given x/c as 
a function of M,. Using standard definitions,  as found for example i n  refer- 
ence 18, the  slope of the linear  regression f i t  would  be given by 

n 

m =  

i = l  

where 
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and 

n 

The correlation  coefficient  r, which is an indication of goodness of f i t ,  is 
given by 

where i f  r = 0,  there is no correlation, and if I rI = 1 ,  there is perfect cor- 
relation. For the  present  analysis, if Irl > 0.5, then the correlation is con- 
sidered  strong enough for m to be used i n  correcting a given M, to another 
value. I f  - I r I < 0.5, the dependence  between C and M, is considered weak, 
and m is assumed to be zero. Three  examples zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOF various  values of r are 
shown i n  figure 40 for the M, = 0.85 and Rc = 16 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx l o 6  path.  Figure  40(a) 
shows the  linear  regression f i t  to Cp for x/c = 0.00 ( the  or i f ice  at  the 
leading edge of the a i r fo i l )  as a function of M,. I n  this case r = 0.15 and, 
indeed, there seems to be l i t t le  correlat ion between M, and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5. Consequently, 
no attempt is made to manipulate or correct  these  data  for  small  differences i n  
M,. Figure 4 0 ( b )  shows the  values of Cp for x/c = 0.40 as a function of 
M,. I n  this case r = 0.49; therefore, this linear curve f i t  barely fa i l s   t o  
meet the  correlation  test. Figure  40(c) i l lustrates the  values of 5 for 
x/c = 0.80 that  lead  to r = 0.92. A s  seen i n  figure 4 0 ( c ) ,  good correlation 
exists between C p  and M , and differences i n  Cp due to  differences i n  M, 
can be  removed by correctigg  values of Cp to a glven Mm,O by sett ing 

where Cp,o is the  corrected  value of Cp and m is the slope of the linear 
f i t .  Again, m is assumed to be equal to zero i n  equation (A5) i f  Irl < 0.5. 

Once the linear  regression technique has been applied to the  values of Cp 
for each or i f ice along the  path, a se t  of intermediate graphs is drawn before 
the a i r f o i l  onset T t  is determined. For each or i f ice a value of ACp is 
plotted  as a function of T t  where 
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I n  equation ( A 6 ) ,  CpI0 is corrected wi th  respect  to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMar and CpIav is an 
average of condensatlon-free  values of CpI0 for  that  orlf  ice. (Condensation- 
free values were determined by establishing crude onset  values of T t  without 
the  benefit of correction procedures;  then a temperature  buffer of a t   l eas t  a 
2 K temperature was added. Final  onset  values of T t  were then checked to  
insure  that Cp,av was indeed free from condensation effects.) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAn example of 
ACp plotted  agamst T t  wi th  and without correction is shown i n  figure 41 for 
x/c = 0.80 and r = 0.92. Figure 41(a) shows the uncorrected  data and fig- 
ure 41 (b) shows the  values of Cp after  correction. A s  can be seen, consid- 
erable  "order" is added to  the  data by the  correction  process, and t h i s  order 
permits easier  identification of the T t  a t  which Cp for t h i s  x/c location 
begins to  depart from its unaffected  average  value. Not always, however, was 
Irl > 0.5, and so this simplification was not always possible. Whether or  not 
1 ' 1  > 0.5, graphs similar  to  figure 41 (a) or 41 (b) are then drawn for each 
orifice  location over the air fo i l .  These graphs are used to determine a t  what 
T t  each of the or i f i ces   f i r s t  experiences  systematic  departure from i ts 
unaffected  average  value of CpI0. 

These orifice  onset temperatures are then plotted  as a function of x/c 
as was  shown i n  figure 19. The orifice  onset  plots  are the key analysis graphs 
because they  provide an overview of the effects on the a i r fo i l  as a whole. 
There is experimental uncertainty i n  the  onset  point  for each orif ice; conse- 
quently, it is helpful  to  see a l l  of the orifice  onset T t ' S  together  so  that 
a particularly low or high value can be checked for  possible  error. The a i r fo i l  
onset T t  is not  taken to  be  an average of orifice  onset T t ' s ;  rather it is 
taken to be the warmest ori f ice onset Tt that appears systematic.  Uncertainty 
bars  are drawn to  encompass the  highest orifice  onset Tt, whether the  deviation 
appears systematic  or  not. 

The data  analysis procedure  described herein was  more sensitive  to conden- 
sation  onset than  previous  analyses  described i n  references 19, 20, and 21. 
I n  references 19 and 20,  pressure  distributions were superimposed to  detect 
differences, b u t  no correction was  made to Cp for  differences i n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM, and, 
consequently, much  of the  data could  not be used. Reference 21 used the ACp 
plotted  against Tt  format a t  0-, 25-, 50-, and 75-percent-chord locations b u t  
sti l l  d id  not  include  the  correction  technique  for Mach number. 

Error  Estimate  for Graphs With zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA$ Plotted Against T t  

During the  present experiment, fluctuations i n  wind-tunnel conditions were 
the principal source of error during the 50-sec period  required to record  the 
data. Tunnel conditions were observed to  fluctuate w i t h  standard  deviations of 
the following magnitudes : apt of k0.005 atm (varied with M, and Rc) ; 

of kO.003; and  of kO.5 K. The manufacturer's stated accuracy i n  the 
static-pressure measurements was 0.5 percent of f u l l  scale. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA representative 
standard  deviation due to  these  fluctuations is calculated  herein  for ACp, as 
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where  n  would  be  the  number  of  samples  used  in  the  average.  The  variance  of 
cpl0 can  be  written  from  equation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(AS) as 

where  f is defined  as zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAU 
2 
f 

If  there is much  more  relative  error  in zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.(Ma - Malo) than  in  m,  the  variance 
in f  results  primarily  from  the  variance  in  the  difference  in  Mach  numbers. 

Since is an  arbitrarily  defined  constant, U2 may  be  written f 

Consequently,  equations (AS) to (A10) lead to 

It now  remains  to  discuss (5 , the  variance  associated  with  error  in  the 
2 

cP 
values of Cp before  the Q correction  procedure. Cp is  defined as 

1 7  
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P zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- P, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
q, 

cp = 

Although Cp is s t r i c t l y  a function of Rc and M, as  Schlichting  explains 
i n  reference 23, the  value of Cp calculated from  an experiment may be sensi- 
t ive  to  errors or fluctuations i n  p, pt, T t ,  and M,. I n  other words,  one 
must distinguish between actual Cp,Cp,act, and calculated Cp,Cp,calc. Dur- 
ing the  present experiment,  the prlmary difference between Cp,act and Cp,calc 
was lack of simultaneity;  tunnel  conditions were recorded a t  some time and the 
s ta t i c  value of p a t  an or i f ice may have  been recorded a t  a time up to 50 sec 
later.  Calculation of the impact of a l l  the  fluctuations upon the  possible 
error i n  Cp,calc are presented i n  the  following  discussion except for  the 
dependence  of Cp,calc on T t .  Since T t  only enters  the dependence of 
Cp,calc through Rc and since  the Rc dependence was  weak,  no error i n  Cp 
due to T t  was calculated. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAn equation  for  the  variance of Cp can be written 
as 

The next  three paragraphs describe the calculation of the partial  derivatives. 

aCp,calc 

apt 
The calculation of the f i rst   part ia l   der ivat ive begins with 

rewriting  equation (A1 2) : 

P t  

Since this derivative is calculated assuming M, and R are  constant, 

sequently,  equation (A1 4 )  gives 

P - = Constant 
P t  

18 
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or 

a p  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI P - - " 
apt IM,R,x/c P t  

S ince   t he   t unne l   cond i t i ons  pt ,  p,, and %, are recorded a t  some time 1 and 
p is recorded a t  some time 2,   any   f luc tua t ion  i n  Cp,calc due to  changes  in  
p t  beween time 1 and time zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 are r e f l e c t e d   i n   t h e   v a l u e  of p. With v a r i a b l e s  
taken a t  time 1 (subsc r ip ted  as a 1)  and p taken a t  time 2 (subsc r ip ted  as 2) , 
equat ion  (A14) can   be   w r i t t en  as zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
so t h a t  

acp, calc 1 ap2 - "- 
apt 

M,,R,x/c M,,R,x/c %t1 apt 

or combining  with  equation (A16) and  d ropp ing   the   subscr ip ts  1 and 2 g i v e s  

acp, calc 

I f  t h e   i s e n t r o p i c   r e l a t i o n  for a p e r f e c t   g a s   w i t h  its ra t io  of  specific h e a t s  
equa l  to 1.4 is assumed,  equation (A19) can b e   w r i t t e n  as 

aCp,calc 
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acp,  calc zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
a " 

The partial  derivative is found when the  linear  regression  step 

i n  the Mach correction technique is performed as  described i n  the data  analysis zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 

a Cp, calc zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
aMa 

procedure. The value of is equal to the  value of the  slope m as 

shown i n  the  equation 

aCp,calc 
= m  

aMm 

because m is just  the  linear  regression f i t  to  calculated values of Cp as 
a function of M-. A s  before, when the  correlation  coefficient r does not zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

w 

acp, calc 
ref lect good correlation, then , l ike m, is assumed to be equal to 
zero. aMoo 

acp , calc 
The calculation of the third  partial  derivative is simply where 

ap 
Cp,calc is i n  error because of instrument error i n  p. Consequently, 

OK, i n  terms of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM and pt  for the isentropic flow of a perfect gas w i t h  a 
rat io of specific  Eeats  equal  to 1 .4 ,  

2 
7PtMm 

A t  this point, a l l  of the partial  derivatives i n  equation (A13)  are known 
and  can  be  combined w i t h  the observed or known values Of Opt,  OM^, and ap. 

The value of ap was f i r s t  taken to be the  manufacturer's  value  for accuracy 

20 
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of 0.5 percent  of  full  scale,  but  this  value  gave  a  contribution  to  the  error 
bar  in Cp on the  order  of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10 times  the  actual  fluctuations  in Cp. What  was 
needed  for  the  purpose  of  differentiating  between  condensation-induced  and 
random  deviations  in Cp was zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAap based on transducer  precision.  Consequently, 
instead  of  basing zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAup on  the  stated  accuracies  of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.0170 and 0.0085 atm  for 
the  two  transducers  used,  the  values  of Op were  based on the  observed  two  pre- 
cisions  of 0.0004 and 0.0002 ah.  These  low  magnitudes  in ap made  the  contri- 
bution  of  the  instrument  error  to  the  total  error  negligible. 

If  isentropic  relations  for  a  perfect  gas  with  the  ratio  of  specific  heats 
equal  to 1.4 are  assumed  and  if ap is  negligible,  equations (A1 1 ) , (A1 3 )  , (A20) , 
and (A21) can be  combined  to  give 

The  error  bars  used  in  the  graphs  in  the  data  analysis  procedure  where  ACp 
is  plotted  against Tt were  calculated  with  the  value  of a ~ c  just  given. 

P 
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4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Values 
relative zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 
to 322 K 

1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
P 8 
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I 1 I 
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Values 
relative 4 
to 322 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAK 

2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 

0 100 200 300 400 

Total  temperature,  Tt, K 

(a) Gas properties. 

0 
I I I I 

100 200 300 400 

Total temperature, Tt, K 

(b) Test conditions and drive power. 

Figure 1 .- Effect  of  temperature  reduction  for M, = 1 .O, pt = 1 atm,  and 
constant  reference  length. 



-A- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Nacelle  section 

Tunnel  anchor 

m zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Figure 2.- Schematic of Langley 0.3-meter transonic  cryogenic  tunnel. 



c =  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.137 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAm zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-4; 
Figure 3.- Two-dimensional NACA 0012-64 airfoil with orifices spaced at 5-percent-chord 

locations. Trailing-edge orifice  was added €or tests with M, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 0.75 and 0.95. 



5 -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4 -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Local  saturation, 

3 -  

2 -  

1 ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI .. . ""1- 
75 85 95 ~ 105  115  125 

I 

Tt'  K 

Figure 4.-  Five paths of constant R, for M, = 0.85 test. 

lo6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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5 -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Free-stream 

Local  saturation, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
= 0.93 

I I 
75 85 95 105  115  125 

T t ’  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAK 

Figure  5.- Three paths of cons tan t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAQ for M, = 0.75 test. 
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5 -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFree-stream 
saturation, Rc 
M, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 0.93 y 40 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAX lo6 

Local  saturation, 
Ml,max = 1.35 

Local  saturation, 

75 85 95 105  115  125 

Tt’ K 

Figure 6.- Three paths of constant  for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI$,, = 0.95 test. 
(Rc = 40 x 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAO6 path taken  with M, = 0.93. )  

W 
h, 



-.8 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
-. 6 

-. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 

-. 2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
cP O 

.2 

.4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 
0 

0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Figure 7.-  Average unaffected  pressure  d istr ibut ion  for  

Rc = 15 x 1 O6 path of I&, = 0.75 test. 
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0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

1 

.8 

0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 

0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Figure 9.- Average unaffected  pressure  d istr ibut ion  for  

Rc = 41 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx l o 6  path of M, = 0 .75  test. 

1 - -.J zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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't zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
88 

Local sat. Tt 88.8 Onset zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 
M, sat. Tt 85.5 No onset  detected 0 
Reservoir sat. Tt 78.9 
Data min. ---- Tt 80.4 

Orifice 
onset 86 
T t '  K 
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r Airfoil  onset  Tt 

/ 

p,c(////JD zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 0 
0 00 0 

"""""" zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACI"" ""- 

I 78 6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 1 I I I I I I I 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
.20 .40 .60  .80 1.00 

x/c 

Figure 10.- O r i f i c e   o n s e t  T t ' s  and r e s u l t i n g   a i r f o i l   o n s e t  T t  
f o r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAR, = 15 x 106 path  of  & = 0.75 test. 
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Orifice 
onset 90 
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Local sat. Tt 95.1 Onset 
Moo sat. Tt 91.6 No onset  detected zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 
Reservoir sat. Tt 84.7 
Data min.---- Tt 86.3 

0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
- 

- 

- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
r Airfoil  onset  Tt zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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x/c 

Figure 11.- Orifice  onset Tt ' s  and resulting  airfoil  onset T t  for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
R, = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA24 x lo6 p a t h  of M, = 0.75 test .  
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Local zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsat. Tt zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA103.0 Onset zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 
Moo sat. Tt 99.4 No onset  detected zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 
Reservoir sat. Tt 92.1 Excessive  scatter 
Data min. ---- Tt  94.7 

loo t r- Airfoil  onset Tt 

981,\, \ \ 1- \ / \  \ \ \ \ \ \ 
/ -  

Or ifice \ \ \ \  

onset 

90 g2t I I I I I I I I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 
0 .20 .40 .60 .80 1.00 

x/c zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I 

Figure 12.-  Orifice  onset T t ' s  and result ing  airfoi l   onset T t  for 
Rc = 41 x 1 O6 path of M, = 0.75 test .  
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Figure 13.- Onset  of condensation effects  for M, = 0.75 test .  
Error  bars shown indicate  possible  experimental  error. 
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Figure  1 4  .- Average  unaf fec ted   p ressure   d is t r ibu t ion  for 
Rc = 16 x l o6  path  of  M, = 0.85 test. 
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Figure 15 .- Average unaffected  pressure  distribution for 
R, = 26 x 1 O6 path of M, = 0.85 test .  
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Figure 1 6 . -  Average unaffected  pressure  d istr ibut ion  for  
R, = 34 x I O 6  path of Ma = 0 . 8 5  test. 
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R, = 38 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx l o 6  path of M, = 0.85  test. 
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Figure 18.-  Average unaffected  pressure  d istr ibut ion  for  
R, = 42 x 1 O6 path of M, = 0.85 test. 
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Figure 19.- Orifice  onset Tt'S and result ing  airfoi l   onset Tt for 
R, = 16  x l o 6  path of M, = 0.85 test .  
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Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA21.- Orifice  onset T t ' s  and result ing  airfoi l   onset Tt for 
Rc = 34 x l o 6  path of M, = 0.85 test .  
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Figure 23.- Orifice  onset T t l s  and result ing  airfoi l   onset Tt for 
Rc = 42 x zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAl o 6  path of M = 0.85 test .  
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Figure 24.- Onset of condensation  effects for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM = 0.85 test. 
Error bars shown indicate possible  experimegtal error. 
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Figure 26.- Average  unaffected  pressure  distribution for 
R, = 27 x l o 6  path  of M, = 0.95 test. 
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Figure 27.- Average unaffected  pressure  d istr ibut ion for 
R, = 40 x 1 O6 path of M, = 0.95 test. (M, = 0.93 
fo r   th is   pa th . )  
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Figure  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA28.-  Orifice o n s e t  T t ' s  a n d   r e s u l t i n g  a i r fo i l  o n s e t  T t  for 
R, = 17 x 106 p a t h  of M, = 0.95 test. 
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Figure 30.- Orifice  onset T t ' s  and result ing  airfoi l   onset Tt for 
Rc = 40 x IO6 path w i t h  M, = 0.93. 
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Figure 31 .- AC+ p l o t t e d   a g a i n s t  T t  f o r  M, = 0.93 and Rc = 40 x 106. 
Unaffected  average  value of Cp = -0.035. 
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Figure 32.- Onset of condensation effects for M, = 0.95  test. 
Error bars shown indicate  possible  exper imental   error.  
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(a)  Supercooling based on MI ,max. 

Figure 33.- Supercooling for all M, tests. Error bars shown 
indicate possible  experimental error. 
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Figure 33.- Concluded. 
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(a)  Stat ic  values  based  on M = Ml,max. 

Figure 34.- Sta t i c   va lues  of p, T a t   onse t .  Error  bars 
shown indicate  possible  experimental  error. 

58 



1 -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

-1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAL 

60 

Vapor-pressure  curve zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
M, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0 0.75 

0 0.85 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
a 0.95 

I I 1 -I 
65  70 Y5 80 

u 
85  90 

T ?  K 

(b) Sta t ic  values  based on M = c. 
Figure  34.- Concluded. 
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Figure 35.- Data  compared w i t h  Adcock's curve f i t  to  Sivier's  analytically 
determined onset  conditions.  Error  bars  indicate  possible  experimental 
error. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Figure 36.- Present  data compared w i t h  Goglia's  data from reference zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA17.  
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Figure 37.- Percent increase in Reynolds  number  capability at  onset. 
Error  bars shown indicate  possible  experimental error. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Figure 38.- Percent  decrease in drive-fan power  at  onset.  Error 
bars  shown  indicate  possible  experimental error. 

63 



20 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
16 

12 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Percent 

decrease  in LN2 

8 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4 

0 

i zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
P zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAh 

Mco zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 0.75 

0 0.85 
A 0.95 

f 
d 

[ _ -  

1 2 3 4 5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Figure 39.- Percent decrease in LN2 required to absorb drive-fan heat. 

Error bars  shown indicate possible  experimental error. 
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Figure 40.- Examples  of  curve  fits  and  resulting  correlation  coefficient r. 
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(b) r = 0.49. 

Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA40.- Continued. 
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Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA40.- Concluded. 
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(a)  Before M, correction procedure. 

Figure 41.- Improvement in graphs of ACp plotted against Tt with Mach 
correction for M, = 0.85 and Rc = 16 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx l o6 .  Unaffected average 
value of Cp = -0.042. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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(b) After M, correction procedure. 

Figure 41.- Concluded. 
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