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PREFACE 

The work r epo r t ed  he r e in  was conducted by the Arnold E n g i n e e r -  
ing Development  Center  (AEDC), Ai r  F o r c e  Sys t ems  Command (AFSC), 
at the r e q u e s t  of the Ai r  F o r c e  Rocket  P ropu l s ion  L a b o r a t o r y  (AF1RPL/ 
DYSP), under  P r o g r a m  E lemen t s  62302F and 65807F. The A F R P L  
pro jec t  moni tor  was Lieutenant  I. Lee Witbracht .  The r e s u l t s  of the  
r e s e a r c h  were  obtained by A1RO, Inc. (a subs id i a ry  of Sve rd rup  & 
P a r c e l  and Assoc i a t e s ,  Inc. ), con t rac t  o p e r a t o r  of AEDC, AFSC, 
Arnold Air  F o r c e  Station, Tennes see ,  under  ARO Pro jec t  N u m b e r s  
V32S-11A, V32S-37A, and V32S-51A. The au thors  of this  r e p o r t  were  
W. D. Wi l l iams  and J .  W . . L .  Lewis ,  ARO, Inc. The m a n u s c r i p t  
(A1RO Control  No. A1RO-VKF-TR-76-16) was submi t ted  for  publ icat ion 
on F e b r u a r y  11, 1976. 

The au thors  wish to e x p r e s s  the i r  apprec ia t ion  to M. Kinslow, 
A1RO, Inc . ,  for  development  of the condensat ion ca lcula t ion  d i s cus sed  
in Section 4 .4 .  
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1.0 INTRODUCTION 

I n c r e a s e d  i n t e r e s t  in the s tudy of the f luid mechan ic s  and r a t e  
k ine t ics  of condensa t ion  p r o c e s s e s  in expansion flow f ie lds  has r e -  
sul ted  f r o m  a heightened d e s i r e  both to p reven t  t he i r  o c c u r r e n c e ,  
such as in a e rodynamic  s imu la t ion  f ac i l i t i e s ,  and to exploi t  them for  
such appl ica t ions  as  m o l e c u l a r  beam studies  and the poss ib le  use  of 
the in jec t ion  of charged  c l u s t e r s  for  re fue l ing  of fusion devices .  
Many inves t iga t ions  (Refs.  1 through 3} have used m a s s  s p e c t r o m e t r i c -  
type sampl ing  d iagnos t ics  which a r e  n e c e s s a r i l y  loca ted  in the f a r -  
f ie ld,  low dens i ty  reg ion  of the expansion and, consequent ly ,  d i s tan t  
f r om the spa t ia l  reg ion  of condensa t ion  onset  and growth.  T h e r e f o r e ,  
such m e a s u r e m e n t s  obse rve  the r e s u l t s  of the in tegra ted  r a t e  k ine t ic  
p r o c e s s e s  along the sampled  s t r eamtube .  It is obviously  d e s i r a b l e  to 
obtain nonper tu rb ing ,  spa t i a l ly  r e so lved  m e a s u r e m e n t s  in the v ic in i ty  
of the growth p r o c e s s e s  to obviate the need for  i n f e r r a l  of i n fo rma t ion  
f rom downs t ream,  f a r - f i e l d  data,  and opt ica l  s c a t t e r i n g  techniques  
offer  such a poss ib le  d iagnost ic  approach .  

Although l ight  s ca t t e r i ng  was used as e a r l y  as 1951 (Ref. 4) to 
study condensa t ion  in expansion flows, the technique did not exhibi t  i ts  
power  unt i l  the ea r ly ,  inadequate  l ight  sou rce s  were  r ep l aced  by l a s e r  
sou rces .  The mos t  notable  appl ica t ion  of l a s e r  s c a t t e r i n g  to such 
condensa t ion  s tudies  includes  that  of Wegener  and his  s tudents ,  who 
emphas ized  inves t iga t ions  of the condensa t ion  of an i m p u r i t y  spec ies  
in a non-condens ing  gas,  i. e . ,  the i s o t h e r m a l  condensa t ion  p r o c e s s  
(Refs.  5 through 7). F u r t h e r ,  Beyl ich  (Refs.  8 and 9) has  appl ied 
this  technique to the study of CO 2 condensa t ion ,  and Daum and his  
a s s o c i a t e s  (Ref. 10) have studied the condensa t ion  of a i r  expans ions .  

In these  r e f e r e n c e d  works where  app rop r i a t e  data were  ava i l ab le ,  
the condensate  r ad i i  ranged  in value f r o m  10 to app rox ima te ly  100 A 
with number  dens i t i e s  f r om 1011 to 1014 cm -3, indica t ing  that  the 
s ca t t e r i ng  is  adequate ly  desc r ibed  by the Rayle igh  t heo ry  r a t h e r  than 
the m o r e  compl ica ted  Mie fo rmula t ion .  With these  r e s u l t s  used  as  a 
b a s i s ,  l a s e r  Rayle igh  sca t t e r ing  d iagnos t ics  have been used  at AEDC 
to study a v a r i e t y  of condensing flows (Refs.  11 through 14). F u r t h e r ,  
Raman  sca t t e r i ng  (Refs.  13 through 16) has  been used  for  the m e a s u r e -  
ment  of both m o n o m e r  dens i ty  and t e m p e r a t u r e  throughout  the flow 
f ield,  including the reg ion  of the onset  of condensat ion .  The purpose  
of the expe r imen t s  r epo r t ed  he re in  was to use l a s e r  Rayle igh  sca t -  
t e r i ng  as a diagnost ic  to locate  the axial  onset  of condensa t ion  in an 
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e x p a n s i o n  f low f i e ld  and m e a s u r e  the  s p a t i a l  g rowth  c h a r a c t e r i s t i c s  of 
the  c o n d e n s e d  c l u s t e r s .  Wi th  s y s t e m a t i c  v a r i a t i o n  of gas  s p e c i e s ,  
r e s e r v o i r  p r e s s u r e ,  o r i f i c e  o r  t h r o a t  d i a m e t e r ,  and n o z z l e  e x p a n s i o n  
ang l e ,  t h e s e  m e a s u r e m e n t s  p r o v i d e d  d e t e r m i n a t i o n  of the  m e t h o d s  of 
s c a l i n g  c o n d e n s a t i o n  p h e n o m e n a  wi th  gas  s p e c i e s  and s o u r c e  r e s e r -  
v o i r  cond i t i ons  and g e o m e t r y .  

2.0 RAYLEIGH SCATTERING 

Since  the  b a s i c  equa t ions  and r a t i o n a l e  for  the  a p p l i c a t i o n  of 
R a y l e i g h  s c a t t e r i n g  to the  s t udy  of c o n d e n s i n g  gas  f low f i e l d s  i s  p r e -  
s e n t e d  in Re f s .  11 t h r o u g h  14, on ly  a b r i e f  s u m m a r y  is  g iven .  

F o r  an  i nc iden t  l a s e r  b e a m  of w a v e l e n g t h  A and i n t e n s i t y  I o 
f o c u s e d  wi th in  a gas  s a m p l e  of n u m b e r  d e n s i t y  N wi th  s p e c i e s  p o l a r -  
i z a b i l i t y  c~, the  s c a t t e r e d  i n t e n s i t y ,  I, wh ich  i s  n o r m a l i z e d  by  Io,  i s  
g iven  by  

I = KaNa2/A 4 (1) 

w h e r e  the  c o n s t a n t  K~ c o l l e c t s  a l l  u n i m p o r t a n t  t r a n s m i s s i o n  and c a l i -  
b r a t i o n  f a c t o r s .  F o r  a s c a t t e r e r  of r a d i u s  " a "  wh ich  i s  c h a r a c t e r i z e d  
by  bulk  p r o p e r t i e s ,  it i s  known tha t  ~ 0~ a 3, wh ich  i n d i c a t e s  the  s e n s i -  
t i v i t y  of the  p r o c e s s  to s c a t t e r e r  s i z e .  If one a s s u m e s  the  c o n d e n s i n g  
f low f i e ld  to be  c o m p o s e d  of a c o l l e c t i o n  of gas  p h a s e  m o n o m e r s  and 
m o l e c u l a r  c l u s t e r s ,  o r  i - m e r s ,  w h e r e  i i s  the  n u m b e r  of m o l e c u l e s  
p e r  c l u s t e r ,  the  s i n g l e  R a y l e i g h  s c a t t e r i n g  i n t e n s i t y  wi th  p o l a r i z a t i o n  
p a r a l l e l  to the  i nc iden t  b e a m ' s  p l a n e  of p o l a r i z a t i o n  i s  (Ref.  11) 

Z/Ni\/ai\ 2 

I'(ID ~- i=l~N-o)~a:z) 
(2) 

w h e r e  N O is  the  r e s e r v o i r  n u m b e r  d e n s i t y .  The  s c a t t e r e d  i n t e n s i t y  
I" (II) i n c l u d e s  the  f u r t h e r  n o r m a l i z a t i o n  p r o v i d e d  b y  the s c a t t e r e d  
i n t e n s i t y  f r o m  a c o l l e c t i o n  of monomei - s  of n u m b e r  d e n s i t y  N o. 

F o r  an  u n c o n d e n s e d ,  i s e n t r o p i c  e x p a n s i o n ,  

I'(lI) = ~No ] = I°(ll) (3) 

8 
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S u p e r -  and s u b s c r i p t  z e r o s  denote  i s e n t r o p i c  and r e s e r v o i r  c o n d i t i o n s ,  
r e s p e c t i v e l y .  The  a x i a l  v a r i a t i o n  of I°(II)  i s  p r o v i d e d  b y  the  m e t h o d -  
o f - c h a r a c t e r i s t i c s  s o lu t i on  (MOCS) (Ref.  17) fo r  n o z z l e  f low and b y  the 
S h e r m a n - A s h k e n a s  t h e o r y  (Ref .  18) fo r  son i c  o r i f i c e  f low. 

D e v i a t i o n  of the  m e a s u r e d  I ° (II) f r o m  I°(II)  i n d i c a t e s  the  e x i s t e n c e  
of c o n d e n s a t i o n .  A d i r e c t  m e a s u r e  of the  e x i s t e n c e  of c l u s t e r s  w i th in  
the f low is  g iven  b y  the s c a t t e r i n g  func t ion ,  f, wh ich  i s  w r i t t e n  a s  

(4) 

w h e r e  X i i s  the  i - m e t  m o l e  f r a c t i o n .  The  a p p r o x i m a t i o n  r e s u l t s  b e -  
c a u s e  fo r  s m a l l  v a l u e s  of c o n d e n s a t e  m a s s  f r a c t i o n  i t  i s  a s s u m e d  tha t  
N 1 ~ N~I ~ N T ,  w h e r e  N T is  the  to t a l  l o c a l  n u m b e r  d e n s i t y .  Al though  
the  s c a t t e r i n g  func t ion  ( f ) i s  an  a m b i g u o u s  m e a s u r e  of the  s i m u l t a n e o u s  
i n c r e a s e  in the  m e a n  c l u s t e r  s i z e  and c o n d e n s a t e  m o l e  f r a c t i o n ,  the  
a x i a l  v a r i a t i o n  of f a s  a func t ion  of Po ,  D o r  Dr, e l / 2 ,  and g a s  s p e c i e s  
y i e l d s  e m p i r i c a l  c o n d e n s a t i o n  s c a l i n g  l a w s .  

A s s u m i n g  s m a l l  c l u s t e r s  to be  c h a r a c t e r i z e d  b y  weak  c h e m i c a l  
bond ing ,  the  c l u s t e r  p o l a r i z a b i l i t y  i s  a s s u m e d  to be  add i t ive ;  i .  e . ,  
a i  ffi i a l .  C o n s e q u e n t l y ,  f o r  a m o n o d i s p e r s e  d i s t r i b u t i o n  in  c l u s t e r  
s i z e s ,  i -- J and  a j  ~ J a j ,  so  tha t  f is  jrZ~Xj. The  c o n d e n s a t e  m a s s  
f r a c t i o n ,  g, i s  

g = JXj/[I + (J - 1)X j] (5) 

The  d e p o l a r i z a t i o n  r a t i o ,  p, of the  m i x t u r e  of m o n o m e r s  and  
J - r e e f s  i s  the  r a t i o  of the  m e a s u r e d  s c a t t e r e d  i n t e n s i t y  c o m p o n e n t s  
p o l a r i z e d  p e r p e n d i c u l a r  and p a r a l l e l  to the  i nc iden t  p l a n e  of p o l a r -  
i za t ion ;  tha t  i s ,  

,o ~ r ' ( i ) . , ' [ 'Cn)  ( 6 )  

3.0 EXPERIMEI~ITAL APPARATUS 

F i g u r e  I shows  the e x p e r i m e n t a l  c o n f i g u r a t i o n .  A c y l i n d r i c a l  
v a c u u m  c h a m b e r  a p p r o x i m a t e l y  1 .2  m in d i a m e t e r  and  3 .0  m in l e n g t h  

9 
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which  was  equ ipped  wi th  LN 2 and 20K g a s e o u s  He p u m p i n g  to p r o v i d e  
a low p r e s s u r e ,  10 -7 to 10 -3 t o r r  b a c k g r o u n d  e n v i r o n m e n t  for  the  
v a c u u m  f l o w - f i e l d  expans ion  s t u d i e s .  The f low g e n e r a t o r s  w e r e  
m o u n t e d  on a m o t o r - d r i v e n ,  t h r e e - d i m e n s i o n a l  m o v e m e n t  m e c h a n i s m  
with  an a c c u r a c y  and r e p r o d u c i b i l i t y  of 0. 013 cm.  The son ic  o r i f i c e s  
w e r e  of 1. 325- ,  3 . 2 - ,  and 3 . 0 5 - m m  d i a m e t e r  wi th  a d i a m e t e r - t o -  
t h i c k n e s s  r a t i o  g r e a t e r  than  20. The con ica l  n o z z l e s  had a n o m i n a l  
t h r o a t  d i a m e t e r  and n o z z l e  l eng th  of 1.0 m m  and 5. 334 m m ,  r e s p e c -  
t ive ly ;  the  t h r e e  nozz l e  h a l f - a n g l e s  w e r e  14.5 ,  9 . 0 ,  and 5.63 deg.  
S c h e m a t i c s  of the  son ic  o r i f i c e  and con ica l  n o z z l e  a r e  shown in F ig .  2. 

K-Bottle Rad( 

La~ 

Telescope 

Chamber Pressure C, ecje~ ~ 

Gas Inbleed-----. 
Reservoir Pressure Control-- ~ - -  

Chamber Pressure Gage-~ I-. ~ -  
I I  

Temperature I ndlcator--~L-- 
/ 

Reser~lr Pressure Coges J / "  
Pressure Tronsduc~r £xcltitlon J , .~7 

Tmwrdng Table Control and Power - - - ' / ~  

Figure 1. Experimental arrangement. 

The gas  r e s e r v o i r  was  i n s t r u m e n t e d  with s t a n d a r d ,  c a l i b r a t e d  
p r e s s u r e  and t e m p e r a t u r e  gages .  G a s e s  w e r e  supp l i ed  f r o m  h igh  
p r e s s u r e  b o t t l e s ,  and the  s t a t ed  p u r i t y  of the  g a s e s  u s e d  was as  
fo l lows:  N2, 99. 998 p e r c e n t ;  02 ,  99 .5  p e r c e n t ;  CO, 99 .5  p e r c e n t ;  
Ar ,  99 .99  p e r c e n t .  No f u r t h e r  p u r i f i c a t i o n  was  p e r f o r m e d ;  to 
m i n i m i z e  e f f ec t s  of p a r t i c u l a t e  m a t t e r ,  two 2 5 . 0 - n m  f i l t e r s  w e r e  
i n s t a l l e d  in the  in le t  l ine .  

As  shown in F ig .  1, the f low is  in the x - d i r e c t i o n ,  the  l a s e r  
b e a m  i n j e c t i o n  is a long the  y - a x i s ,  and s c a t t e r e d  r a d i a t i o n  is  
o b s e r v e d  in the z - d i r e c t i o n .  F o r  the R a y l e i g h  s c a t t e r i n g  m e a s u r e -  
m e n t  the  a r g o n  ion l a s e r  was  o p e r a t e d  at 1 .0 W p o w e r  at 514 .5  nm;  

l0 
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however ,  for  flow v i sua l i za t ion  4.0 W total  l a s e r  output power  was 
used.  The inc ident  l a s e r  r ad ia t ion  po l a r i za t i on  was ro t a t ed  aIong the 
x - d i r e c t i o n ,  expanded,  and focused onto the c h a m b e r  cen t e r l i ne .  
L igh t  s c a t t e r e d  f r o m  the focal  volume was co l l ec ted  by an f /2  l ens  
s y s t e m ,  co l l imated ,  and focused onto the input s l i t  of a 0 . 8 5 - m  double 
g ra t ing  s p e c t r o m e t e r .  F o r  the Rayle igh  s c a t t e r i n g  m e a s u r e m e n t s ,  
HN-22 P o l a r o i d @ m a t e r i a l  was p laced  in the co l l ima ted  l ight  path,  and 
a po l a r i za t i on  s c r a m b l e r  was p laced  i m m e d i a t e l y  in f ront  of the spec -  
t r o m e t e r  en t r ance  s l i t .  The en t rance  s l i t  a p e r t u r e  se t t ing ,  co l l ec -  
t ion opt ics  magni f i ca t ion ,  and beam focus ing  toge the r  r e s u l t e d  in 
obse rva t ion  of a 1 . 5 - m m - l o n g ,  50- to 1 0 0 - p m - d i a m  c y l i n d r i c a l  s c a t -  
t e r i ng  volume.  

Sonic Orifice 

)~ . . . . . . . . . . . . . . . . .  r - - - F  
I- 
3/8 t < 0.04D 

O • 1.325 to 3.2 mrn 

Conical Nozzle 

3t8 

= 1.5 - '  

0.025 - - , - ~ - -  

D t • 1 .00to  1.Ol mm 

Measurements in I nches 
Excepl as Noted 

Figure 2. Sonic orifice and conical nozzle schematics. 

The de tec to r  was a t h e r m o e l e c t r i c a l l y  cooled EMI-9502B photo-  
m u l t i p l i e r ,  and the output was p r o c e s s e d  by an Or t ec  @ photon-  
counting s y s t e m  for  e i t he r  d igi ta l  d i sp lay  or s t r i p  cha r t  r e c o r d i n g .  

Several laser beam input apertures were used to reduce back- 
ground radiation resulting from laser plasma light and forward 
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s c a t t e r  off of op t i ca l  c o m p o n e n t s .  L a s e r  and v i ewing  dumps  w e r e  p r o -  
v ided  fo r  f u r t h e r  r e d u c t i o n  of b a c k g r o u n d  s i g n a l s ,  and a l l  o p t i c a l l y  
a c c e s s i b l e  s u r f a c e s  w e r e  e i t h e r  pa in t ed  wi th  a f i a t  b l a c k  coa t ing  o r  
c o v e r e d  wi th  a b l a c k  f lock ing  m a t e r i a l .  

4.0 RESULTS AND ANALYSIS 

4.1 RAYLEIGH SCATTERING RESULTS 

F i g u r e s  3 t h r o u g h  6 show the  e x p e r i m e n t a l  r e s u l t s  of the  a x i a l  
p r o f i l e s  of I" (II) f o r  the N 2, CO, 0 2 ,  and  A r  e x p a n s i o n s  f r o m  son ic  
o r i f i c e s .  F i g u r e s  7 t h r o u g h  9 show the  a x i a l  v a r i a t i o n  of I" (II) f o r  
N 2 e x p a n s i o n s  f r o m  the  t h r e e  c o n i c a l  n o z z l e s  u sed .  T h e o r e t i c a l  p r e -  
d i c t i o n s  as  ob ta ined  f r o m  the S h e r m a n - A s h k e n a s  t h e o r y  or  the  MOCS 
a r e  a l s o  shown.  It  is  o b s e r v e d  tha t  the  o n s e t  of c o n d e n s a t i o n  i s  m a n i -  
f e s t e d  by  a d r a m a t i c  i n c r e a s e  of I ° (II) r e l a t i v e  to the i s e n t r o p i c  p r e -  
d i c t ion .  The  onse t  of c o n d e n s a t i o n  m o v e s  n e a r e r  the  s a t u r a t i o n  poin t  
a s  Po  i n c r e a s e s ,  and,  wi th  the  e x c e p t i o n  of the  r e g i o n  of d i s c o n t i n u i t y  
in  the  MOCS n o z z l e  c a l c u l a t i o n s ,  I" (II) i s  in  good a g r e e m e n t  wi th  the  
c a l c u l a t e d  v a l u e s  p r i o r  to c o n d e n s a t i o n  onse t .  F u r t h e r m o r e ,  i t  can  be  
s e e n  tha t  fo r  the  l o w e s t  Po  v a l u e s  the  m e t a s t a b l e  gas  s a m p l e  s u p p o r t s  
a s u p e r s a t u r a t e d  s t a t e  fo r  a p p r o x i m a t e l y  30 t h r o a t  o r  son ic  o r i f i c e  
d i a m e t e r s  b e f o r e  c o n d e n s i n g .  I t  i s  a l s o  no ted  tha t  the  m a s s i v e  c o n d e n -  
s a t e  g rowth  fo r  the  n o z z l e  f lows  is  qui te  ab rup t ,  w h e r e a s  the  m a s s i v e  
c o n d e n s a t e  g r o w t h  r e g i o n  for  the  s o n i c  o r i f i c e  flow is  g e n e r a l l y  p r e -  
ceded  by a g r a d u a l  d e v i a t i o n  f r o m  the i s e n t r o p i c  p r e d i c t i o n .  

R a d i a l  p r o f i l e s  of I ° (II) a r e  shown in F ig .  10 fo r  the  Po  - 10 .2  
a t m ,  e l / 2  = 1 4 . 5 - d e g  con i ca l  n o z z l e  fo r  t h r e e  v a l u e s  of ~. The da ta  
f o r  ~ = 17 .35  a r e  i n t e r e s t i n g  in tha t  two s c a t t e r i n g  p e a k s  a r e  s y m m e t -  
r i c a l l y  l o c a t e d  off the  c e n t e r l i n e .  S i m i l a r  o b s e r v a t i o n s  have  b e e n  
r e p o r t e d  b y  B e y l i c h  (Ref.  8) in  a s tudy  of CO2 c o n d e n s a t i o n  in  a n o z z l e  
f low. F r o m  F ig .  9 i t  is  s e e n  tha t  at  ~ = 17 .35 ,  c o n d e n s a t i o n  h a s  not  
begun  on the  a x i a l  c e n t e r l i n e .  H o w e v e r ,  F ig .  l0  shows  tha t  onse t  h a s  
a l r e a d y  begun  fo r  r / D  t > 0. F i g u r e  11 shows  p h o t o g r a p h i c  o b s e r v a t i o n  
of the  Po  = 10.2  a t m ,  e l / 2  = 1 4 . 5 - d e g  n o z z l e  f low f i e ld ,  and the  n o z z l e ,  
the  d a r k  i s e n t r o p i c  e x p a n s i o n  zone ,  and the  b r i g h t  onse t  zone  a r e  
c l e a r l y  ev iden t ,  as  i s  f i l a m e n t a r y  s t r u c t u r e  wi th  the  c o n d e n s a t i o n  
g rowth  r e g i o n .  
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Figure 11. Flow visualization photograph, axial scan, 
Nz, Po = 10.2 atm, t~, A = 14.5 deg. 

Figu re s  12 and 13 show the axia l  va r i a t i on  of the s ca t t e r i ng  func-  
t ion,  f, with N2 gas fo r  the 14 .5 -dog  ha l f - ang le  nozzle  and the 
D = 1. 325 -mm sonic o r i f i ce ,  r e s p e c t i v e l y .  These  pIots a re  typ ica l  
of al l  the f v e r s u s  ~ plots  obtained.  It is noted that  in these  s e m i -  
l o g a r i t h m i c  plots  the f va lues  for  a given Po and nozzle  (or  o r i f ice)  
f o rm  s t r a igh t  l ines ,  and it is the i n t e r s e c t i o n  of these  s t r a igh t  l ines  
with the ~ -ax i s  that  is used to de t e rmine  the onset  of condensate  
growth.  These  axia l  onset  loca t ions  a r e  denoted by ~e. The rap id  
i n c r e a s e  in f fol lowing onset  is obvious,  as a r e  the o r d e r s  of magn i -  
tude i n c r e a s e  in f as the r e s e r v o i r  p r e s s u r e  i n c r e a s e s .  

Using the vapor  p r e s s u r e  data of H i l s en ra th ,  et al.  (Ref. 19) and 
the i s en t rop ic  solut ion for  each  p a r t i c u l a r  flow f ie ld  inves t iga ted ,  the 
s a tu ra t ion  values  of p r e s s u r e  and t e m p e r a t u r e ,  Ps  and Ts ,  r e s p e c -  
t iveIy,  a r e  obtained,  as a r e  s i m i l a r  values  at  condensa t ion  onset ,  
denoted by Pe  and T~. The i s en t rop i c  s u p e r s a t u r a t i o n  p r e s s u r e  
r a t io ,  (s~) ° ,  is  defined as 

(s~)° - P~/P~ (7) 
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Figure 12. Axial variation of scattering function, f, for 
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• 0 a n d  the  i s e n t r o p i c  d e g r e e s  of s u p e r c o o l i n g ,  (s 0) , a r e  de f ined  as 

(s~)°-~ T~ - T o (8)  

It shou ld  be no ted  that  the  s u p e r s a t u r a t i o n  r a t i o  de f ined  h e r e  is not  
the  n o r m a l  de f in i t ion  of the  r a t i o  of the  p r e s s u r e  at o n s e t  to the  
e q u i l i b r i u m  vapo r  p r e s s u r e  at onse t ,  P 0 / P v e .  The (so) ° v a l u e s  a r e  
o r d e r s  of m a g n i t u d e  l o w e r  than  the n o r m a l l y  de f ined  s u p e r s a t u r a t i o n  
r a t i o s  fo r  the flow f i e ld s  i n v e s t i g a t e d  h e r e .  T h e s e  s u p e r s a t u r a t i o n  
p a r a m e t e r s  a r e  i l l u s t r a t e d  in Fig .  14, a d i a g r a m  of the  e x p a n s i o n  
p r o c e s s .  

10g P 

~,~almr Pressure of Solid Phase 

. /  (Po, To) 
~-Nonisentropic / 
~Condensation . _ . , / / f  " ~ 1  sentropic 
- - - - - ~ - - :  ~ r  s Expansion 

. . . .  / Se =-- Pe/Pve / / /  
7, (s l ° =. Ts-T8 
I I 
I 

log T 

Figure 14. Diagram of expansion process. 

F i g u r e  15 shows  the v a r i a t i o n  of ~O/~s,  (s0) ° ,  and (s'0) ° with Po  
fo r  the t h r e e  con ica l  n o z z l e s  s tud ied .  The  a p p r o a c h  of the l o c a t i o n  of 
c o n d e n s a t i o n  onse t  t oward  the  s a t u r a t i o n  point  as Po  i n c r e a s e s  is  
obvious .  The h i g h e s t  va lue  of s u p e r s a t u r a t i o n  r a t i o  for  a g iven  Po is 
a c h i e v e d  by the 81/2 = 5 . 6 3 - d e g  nozz l e  f low, and t yp i ca l l y  40K s u p e r -  
coo l ing  is p o s s i b l e .  F i g u r e s  16, 17, and 18 show the  v a r i a t i o n  of 
~0 /~s ,  (s0) ° ,  and (s'0) ° wi th  Po for  the son ic  o r i f i c e s  s tud ied .  The 
h i g h e s t  va lue  of s u p e r s a t u r a t i o n  r a t i o  fo r  a g iven  Po was  a c h i e v e d  by 
the D = 1. 3 2 5 - m m ,  N 2 expans ion .  S u p e r c o o l i n g  typ ica l ly  r a n g e d  f r o m  
30 to 50K. Tab le  1 is  a t abu la t ion  of the s a t u r a t i o n ,  c o n d e n s a t i o n  on-  
se t ,  and s u p e r s a t u r a t i o n  p a r a m e t e r s  fo r  the  v a r i o u s  g a s e s  and s o u r c e s .  
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Table 1. Saturation and Condensation Onset Parameters 
for Gases and Sources Studied 

T'~ "o-~t or _ =o P Ts P0 TO OL'2 Or f =e Dlam o s 
~ s  ICegreesl .r'm; IK: .atm. ;s I:o'r: IK;' ~ [tor.I (KI Is8:° Is6 'c 

t,, 2 14.5 104 288 102 .~3 27.1 58.5 224 l . [q 23'Q 227 34.5 

CO 

A, 

J 

9.0 )00  

! 

563 100 

, 1 
N,A I ~'~ 

1 1 
N~A 3 05 
t 

NIA [ 325 

J 
I'J'A I 325 

I 1 
NsA 3 23 

I [ 

287 
286 
284 
285 
285 

285 
283 
286 

287 
28) 
281 

28z. 
28~ 
28~ 
283 

2~ 
289 
2qO 

285 
285 

283 
Z35 
283 
Z~I 

ZgL 
~4  
285 
283 
28] 

28,3 
281 
277 
275 
276 

5. 80 5. 6 ~.8. 3 55. 8 27. 6 0, 40 19 1 45 5 37 5 
505 71 11,3 54.8 315 0.138 !5.4 81. q 394 
3 40 7 4 7 0 52 8 37 8 O. 046 12. 5 152 2 40. 3 
2 55 7. q 4. 85 51.0 42. O 0 0235 11 2 206 40 1 
] 93 8.3 3 I ~ .4  

7.85 c}.8 22 P .57 5 22.5 0.459 18.8 49 1 38 7 
6 05 10. 1 15 5 55. 0 24. 8 O. 275 17, 4 56. 7 38. 6 
523 105 128 550 272 0,16 156 8[.3 394 

3.77 12.0 8 0 53.0 ]1 4 0.0~79 IZ Q 140 t.0.1 
2.9 !2.2 5 6 51 5 57,0 0.(~22 10 6 250 ZO. 9 
2. 01 12 4 3 4 49. 5 ,'-1 3 0, 0106 Q 5 323 t.O 3 

~. 19 9 5 16 5 56. O 21 :) O. I ~  15 I 13". 9 ~,, 9 
4.1] q 4 o 4 ~ 0 27 7 C. 345 11 7 239 /.2. 3 
2.97 95  .58 5".0 31.~ 0.3".76 9.Q 329.5 42.1 
2 07 9.7 ~, 6 ~ 0  39.5 0.3054 8.0 563 42.0 

7.44 2 55 20. 6 58. 0 IO 8 0 29 15. 9 7L. I 41 1 
5 .~ 2 7 12 9 55.5 12 5 0 125 14. 9 103. 3 40. 6 
3 72 2. 8 7 9 53 0 14 2 0 063 13 3 125 4 39. 7 
2 79 2 Q5 4.9 51 O L5 4 0,0314 11 9 155 39 1 

5.24 2 6 14.6 55.4 Q 64 0 274 18'2 53.3 38 2 
3 ~ 2.7 q. l l  54.0 11.75 O 110 15 I 82 7 38 ,9 

3 72 2 24 16. 6 65 0 8 65 0 256 19. 8 64 8 45.2 
2 79 2 31 11.1 63 5 10 5 0, :16 17 Z 95 7 45.3 
I ~ 2 38 8.18 61.4 12 5 0.051 14.4 :50,5 47 C 
i 0 2. 55 3 05 58 0 

3. 72 2 65 9 4 58 0 5 75 0, 61 ~.l. I 11 6 28. ,9 
2 79 2. E 7. 7 57 5 5 95 0 57 27..~ 13 5 33. 0 
L 31 2 7~ 5.2 54.0 5.C5 0. L47 27.Z 21.8 25.8 
0.55 2 9 :.3~ 52 0 
0.26 3.1 0,46 490 

0. 987 1. 18 19. 5 63 3 3 L4 0. 84 18 2 23. 2 45 8 
0. 558 1 20 12 0 63 5 3. 56 0. 575 15 .~ 30 9 46 5 
O. 451 I 22 8. O 62 6 3 88 0. 176 13 6 43. 9 45. 4 
0329 124 5.6 622 4.95 0056 956 06.5 49.4 
O. 263 L 25 4. 25 62. 4 

4.2 ANALYSIS OF SCALING 

E m p i r i c a l  f u n c t i o n a l  r e l a t i o n s  o f  f w i t h  ~ ,  20 ,  P o ,  and D or  D t 
w e r e  o b t a i n e d  u s i n g  the  r e s u l t s  o f  the  a x i a l  v a r i a t i o n  of  the  s c a t -  
t e r i n g  f u n c t i o n  data .  T h e s e  a x i a l  v a r i a t i o n s  w e r e  r e p r e s e n t e d  b y  the  
f o r m  

"~ = ~0 ebf 
(9) 

and b y  g r a p h i c a l  d e t e r m i n a t i o n  it  w a s  f o u n d  that  'Ib" c o u l d  be  r e p r e -  
s e n t e d  by 

-n  
b = Kp ° o 

(zo) 
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F o r  the  s o n i c  o r i f i c e s  i t  w a s  found tha t  K cou ld  be  r e p r e s e n t e d  by  

-c]  
K=c D 

O (1l) 

w h e r e  c o,  c 1, and  n o a r e  c o n s t a n t s .  F u r t h e r  g r a p h i c a l  r e s u l t s  
s h o w e d  tha t  

-C 3 -n 
~¢~ = c2D Po 1 

(12) 

f o r  the  s o n i c  o r i f i c e s ,  w h e r e  c2,  c3 ,  and  n l  a r e  c o n s t a n t s .  T a b l e  2 
is  a t a b u l a t i o n  of the  s o n i c  o r i f i c e  s c a l i n g  c o n s t a n t s  d e t e r m i n e d  
w h e r e  t h e r e  w a s  s u f f i c i e n t  da ta .  " F o r  the  c o n i c a l  n o z z l e s  it  w a s  d e -  
t e r m i n e d  tha t  

K = c o ~ot0]/2 D~ c] 
(13) 

Table 2. Sonic Orifice Scaling Constants 

D 
Gas (mm) no nl Cl c3 

1. 325 2. 94 0. 222 2. 02 (0. 25) 
N2 3. 05 2. 93 O. 696 

0 2 1. 325 2.98 0. 513 

CO 1. 325 2. 87 

Ar 3.2 3. 03 0.49 

It shou ld  be  n o t e d  tha t  the  n o z z l e  t h r o a t  d i a m e t e r  v a r i a t i o n  w a s  
e x t r e m e l y  s m a l l  and  w a s  a r e s u l t  on ly  of i m p r e c i s i o n  d u r i n g  n o z z l e  
f a b r i c a t i o n .  T h e r e f o r e ,  the  v a r i a t i o n  of K wi th  D t w a s  m a i n l y  i n -  
f e r r e d  f r o m  the  s o n i c  o r i f i c e  r e s u l t s ,  and  it  r e m a i n s  to be  e x p e r i -  
m e n t a l l y  v e r i f i e d .  A g a i n ,  g r a p h i c a l  r e s u l t s  s h o w e d  tha t  

• - c  - n  1 
~0 = c2 (cot0ll 2 Dr) 3 Po '(14) 

w h b r e  the  v a r i a t i o n  wi th  D t is  a g a i n  m a i n l y  i n f e r r e d .  T a b l e  3 is  a 
t a b u l a t i o n  of the  c o n i c a l  n o z z l e  s c a l i n g  c o n s t a n t s .  
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Table 3. Conical Nozzle Scaling Constants 

Gas 

N 2 

D t 0112 
(mm) (deg) no nl 

1.04 14. 5 

1.00 9. 0 

1.00 5. 63 

c I c 3 

2. 98 0. 525 (2) (0. 25) 

Values  of n 1 = 0 .5  and c 3 = 0 .25  a r e  u s e d  to show the  s c a l i n g  of 
c o n d e n s a t i o n  o n s e t  wi th  Po ,  D, o r  D t and e l / 2  in F i g s .  19 and 20 fo r  
the  con ica l  n o z z l e s  and son ic  o r i f i c e s ,  r e s p e c t i v e l y .  It is  s e e n  tha t  
xe  fo r  the con i ca l  n o z z l e s  i s  a l i n e a r  func t ion  of (P-2oD t cot  e l / 2 )  "1 /4  

and  fo r  the  son ic  o r i f i c e s  ~8 is  a l i n e a r  func t ion  of (P2oD)- l /4  . 

Equa t i ons  (9) t h r o u g h  (14) m a y  be u s e d  to w r i t e  the  s c a t t e r i n g  
func t ions  fo r  the  son i c  o r i f i c e s  and c o n i c a l  n o z z l e s  as  fo l lows :  

I^ nl c31 DCl n ° x Po D = b- ] 
6 = col Po gn C c'2 'J ca" gn[~A] • (15) 

and 

~ n , C 1 Po 1 (D t cot  (~1...,2) 
= e~ b -1 ~. (~A')  

(16) 

r e s p e c t i v e l y .  F o r  v a l u e s  of n o - 3 and Cl = 2 the  s c a l i n g  of the  s c a t -  
t e r i n g  func t ion  (o r ,  in th i s  c a s e ,  of e x p e r i m e n t a l  v a l u e s  of b -1) fo r  the  
v a r i o u s  g a s e s  and s o u r c e s  i s  shown in F ig .  21. It is no t ed  tha t  t h e s e  
c h o i c e s  of s c a l i n g  c o n s t a n t s  g ive  a good l i n e a r  v a r i a t i o n  of the  s c a t -  
t e r i n g  func t ion  with the  r e s e r v o i r  and  gas  s o u r c e  p a r a m e t e r s  u s e d .  

On the  b a s i s  of f a r - f i e l d  m a s s  s p e c t r o m e t r i c  s a m p l i n g  of son ic  
o r i f i c e  j e t s  of nob le  g a s e s ,  it  has  b e e n  shown (Ref.  3) tha t  the  12:6 
L e n n a r d - J o n e s  p o t e n t i a l  p a r a m e t e r s  ~ / k ,  c / 03, and c~ a r e  a p p r o p r i a t e  
s c a l i n g  p a r a m e t e r s  for  the  s o u r c e  t e m p e r a t u r e ,  p r e s s u r e ,  and  o r i f i c e  
d i a m e t e r ,  r e s p e c t i v e l y .  It has  b e e n  p r o p o s e d  (Ref.  20) tha t  d i m e r  
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concen t r a t i on  for  expanding je t s  s ca le s  as p2  Deq, and it has  a l so  been 
obse rved  that  l ight  ~ c a t t e r i n g  in r eg ions  p r i o r  to m a s s i v e  condensa te  
growth s c a l e s  as Po D (Ref. 12). F u r t h e r m o r e ,  the condensa t ion  onset  
l oca t ions ,  ~e, have been shown to" be a funct ion of P2 o Deq in this  i nves t i -  
gation. With this  in mind the i n t e r m o l e c u l a r  potent ia l  cons tan ts  (Ref. 21) 
given in Table  4 have been used to plot  the condensa t ion  loc i  of the f low- 
fields.., s tudied in a reduced  p r e s s u r e - t e m p e r a t u r e  plot.  In Fig. 22, 
P '~(Deq)l /2 has been plot ted v e r s u s  T* where  

p* = P ~ / ( t l a 3 ) ,  

T ~ = T~/Ct/k), 

and 

for  sonic o r i f i c e s ,  while 

(17) 

(18) 

for  conica l  nozzles .  

D $ e'l = D/a (19) 

D*q = C(y)D tcot6l/2/a 
(20) 

Table 4. Intermolecular Potential Constants 

T" = Elk E D" = o p" -- EIo • 
Gas (K) (ergs) (cm) (torr) 

N 2 95.05 1.31xlO -14 3.70x10 -8 1.94x105 

0 2 117.5 1.62x10 -14 3.58x10 -8 2. 65x105 

CO 100.2 1.38x10 -14 3.76x10 -8 1.94x105 

CO 2 205 2. 83x10 -14 4. 07xlO -8 3. 15xlO p 

Ar 119. 8 1.65x10 -14 3.40x10 -8 3.14x105 

C(~, = 1.4) is 0 .86 (Ref. 22). It is  noted in Fig.  22 that  the homo-  
nuc l e a r  mo lecu l e s  N2 and O2 have a common condensa t ion  locus  for  
the sonic o r i f i ce  expans ions ,  whe reas  mona tomic  Ar  and po l a r  CO 
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have  w i d e l y  d i f f e r e n t  l oc i .  The c o n d e n s a t i o n  l o c i  fo r  the n o z z l e s  a r e  
of i d e n t i c a l  s lope  but  a r e  d i s p l a c e d  f r o m  e a c h  o t h e r .  In F ig .  23, P':' 
h a s  b e e n  p lo t t ed  v e r s u s  T"  f o r  the h o m o n u c l e a r  s p e c i e s  s t ud i ed .  It 
is  no t ed  tha t  the  c o n i c a l  n o z z l e  o n s e t  l o c u s  and the  son ic  o r i f i c e  o n s e t  
l o c u s  a r e  v e r y  c l o s e  to e a c h  o t h e r .  The  c o n i c a l  n o z z l e  o n s e t  l o c u s  
m a y  be  r e p r e s e n t e d  as  fo l lows :  

w h e r e a s  fo r  the  s o n i c  o r i f i c e s ,  

45 

4o \ 

35 \ 

O 
3O 

25 

20 
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Figure 19. Scaling of conical nozzle condensation onset, N 2. 
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A s  a c h e c k  it  w a s  d e s i r e d  t o  d e r i v e  t h e  f o r m  of  Eq .  (22) f o r  
s o n i c  o r i f i c e s  u s i n g  s o u r c e  f l o w  a n d  i s e n t r o p i c  r e l a t i o n s  a n d  t h e  
s p a t i a l  l o c a t i o n  of  c o n d e n s a t i o n  o n s e t  r e l a t i o n  g i v e n  b y  Eq .  ( I 2 ) .  
T h e  s o u r c e  f l o w  r e l a t i o n  i s  

w h e r e  

T ~ 2.-2y) 
c l (y)  T 

o 

C l(y = 1.4) = 0.375 

) Cl(y = 1.67) = 0.281 
Ref. 22. 

(23) 
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F r o m  the  e x p e r i m e n t a l  r e s u l t s ,  

F e2Dl-114 
(24) 

w h e r e  a func t iona l  d e p e n d e n c e  on r e s e r v o i r  t e m p e r a t u r e ,  To, has  
b e e n  an t i c ipa t ed .  The  i s e n t r o p i c  r e l a t i o n  is  

r 
Po (~)y- 1 
-p-= 

(25) 

F o r  ~/ ffi 1 .4 ,  Eqs .  (23), (24), and (25) show the  c o n d e n s a t i o n  on-  
s e t  l ocus  to be  of the  f o r m  

P "  f2(To )T5 (26) 

and fo r  ~ = 1 .67 ,  

P = T 3"99 (27) 

which  c o m p a r e s  f a v o r a b l y  wi th  Eq.  (22) f o r  T = 1 .4  and wi th  the  r e -  
su l t s  shown in F ig .  22 fo r  ,}, = 1 .67 .  

F o r  n o z z l e  f low f i e ld s  the  s i t ua t ion  is m o r e  c o m p l e x  s i n c e  the  
s o u r c e  f low r e l a t i o n  is  no l o n g e r  va l id .  A typ ica l  T / T  o ax ia l  v a r i -  
a t ion  is shown in F ig .  24 fo r  the  1 4 . 5 - d e g  nozz l e .  F o r  each  of the  
t h r e e  v a l u e s  of expans ion  h a l f - a n g l e ,  a s t r a i g h t  l ine  was  f i t t ed  to the  
l o g a r i t h m i c  p lo ts  of the  M O C S - p r e d i c t e d  T / T  o axia l  v a r i a t i o n .  The  
r e s u l t s  i n d i c a t e d  that  

T y0 .928  

= (28) 

was  a f a i r  a p p r o x i m a t i o n  fo r  the  n o z z l e s .  Us ing  Eqs .  (28), (14), and 
(25), the p r e d i c t e d  n o z z l e  c o n d e n s a t i o n  l ocus  was  

P ~ f2(To )T5"4 (29) 

which  c o m p a r e s  f a v o r a b l y  with Eq.  (21). 
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ratio: 14.5-deg conical nozzle, Po = 10.2 arm, N2. 

4.3 CORRELATION OF TEMPERATURE, RAYLEIGH SCATTERING, AND 
DEPOLARIZATION RATIO MEASUREMENTS WITH CONDENSATION 

F i g u r e s  24 through 30 show the m e a s u r e d  axia l  va r i a t i on  of I°(II),  
N/No,  and T / T  o for  s e v e r a l  Po va lues  for  N 2 nozz le  and sonic  o r i f i ce  
f lows.  The number  dens i ty  and t e m p e r a t u r e s  were  obtained us ing  
l a s e r - R a m a n  s c a t t e r i n g  d iagnos t ics  (Refs .  13 through 16) and a l so  by 
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using electron beam fluorescence diagnostics for the specific flow 
conditions of Fig. 24. It is noted that the monomer number density 
is little affected by the condensation process; however, the tempera- 
ture can be increased by as much as 50 percent above the isentropic 
prediction due to the heat release in the condensation process. It is 
also observed that the increase in temperature correlates very well 
with the onset of condensate growth. 
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c o n i c a l  nozzle, Po = 6.80 atm, N2. 
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Figure 29. Axial variation of I'(11) and tempera- 
ture: sonic orifice, D = 1.325 mm, 
Po = 3.72 atm, N 2, 
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Depolarization measurements of the Rayleigh scattering were 
performed to acquire some information concerning the asymmetry of 
the scattering clusters. The axial variation of the depolarization 
r a t i o ,  p, fo r  the Po = 10.2 a tm ,  e l / 2  = 1 4 . 5 - d e g  con ica l  n o z z l e  con -  
d i t ion  is  shown in Fig .  24. It is s e e n  that  p does  i n d e e d  d e c r e a s e  
r a p i d l y  f r o m  its r o o m  t e m p e r a t u r e  m o n o m e r  va lue  as  one p r o c e e d s  
a x i a l l y  t h rough  the  c l u s t e r  g rowth  r e g i o n .  This  b e h a v i o r  is  i n tu i -  
t i ve ly  e x p e c t e d  b e c a u s e  as  the  l i n e a r  N 2 m o l e c u l e s  c l u s t e r  t o g e t h e r  
t hey  should  f o r m  m o r e  s p h e r i c a l  s c a t t e r e r s  that  c o n t r i b u t e  a l a r g e r  
p o r t i o n  to the  s c a t t e r e d  i n t e n s i t y  than the  m o n o m e r s .  It is i n t e r e s t i n g  
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to note that  the depo la r i za t ion  r a t io  ax ia l  v a r i a t i o n  for  Ar  (Ref. 11) 
shows an in i t i a l  r ap id  i n c r e a s e  in p followed by a slow d e c r e a s e .  
Again  th i s  is  expected because  as  the s p h e r i c a l  m o n o m e r i c  Ar  a toms  
c l u s t e r  to f o r m  d i m e r s ,  the depo la r i za t ion  r a t i o  should in i t i a l l y  in-  
c r e a s e ;  however ,  with f u r t h e r  c l u s t e r i n g  the depo la r i za t ion  r a t io  
should d e c r e a s e .  

4.4 COMPARISON OF CONDENSATION CALCULATIONS 
WITH MEASUREMENTS 

In o r d e r  to acqu i re  in fo rma t ion  r e g a r d i n g  condensa te  m a s s  f r a c -  
t ion and c l u s t e r  s i ze  along the cen t e r l i ne  of the expans ion  flow f ie ld ,  
a l i qu id -d rop ,  m o n o d i s p e r s e  d i s t r ibu t ion  condensa t ion  model  was 
used (Refs.  23, 24, and 25). This  ca lcu la t ion  (developed by M. 
Kinslow) a s s u m e s  the condens ing  flow f ie ld  to be inv i sc id ,  ad iaba t ic ,  
and o n e - d i m e n s i o n a l ,  with no m a s s  t r a n s f e r  a c r o s s  the s t r e a m t u b e  
boundary .  The gas and condensa te  a r e  a s s u m e d  to obey the p e r f e c t  
gas r e l a t ion .  The condensed  phase  is a s s u m e d  to be of the fo rm of 
m o n o d i s p e r s e  s p h e r i c a l  drops  o r  p a r t i c l e s  which a r e  c h a r a c t e r i z e d  
by bulk p r o p e r t i e s  and to be in the f r e e  m o l e c u l a r  flow r e g i m e  r e l a t i v e  
to the uncondensed  phase .  Condensa t e -ga s  ve loc i ty  s l ip  effects  a r e  
ignored;  "and the condensa te  growth r a t e  is  d e t e r m i n e d  by gas conden-  
sa te  i n t e r a c t i o n  only. The m a s s  accommoda t ion  coeff ic ient  is  
a s s u m e d  to be uni ty .  The in i t i a l  s i ze  and number  dens i ty  of spon tane-  
ous nuc lea t ion  s i t e s  were  ad jus tab le  p a r a m e t e r s  and were  s e l ec t ed  to 
r e p r o d u c e  as c l o s e l y  as  pos s ib l e  t he  e x p e r i m e n t a l  r e s u l t s .  

The condensa t ion  ca lcu la t ion  used  the f low-f ie ld  condi t ions  at the 
s a tu r a t i on  point ,  ~s ,  as  the s t a r t i n g  data.  F o r  the 14 .5 -deg  nozzle ,  
condensa t ion  ca lcu la t ions  were  made  for  r e s e r v o i r  p r e s s u r e s  of 
10.2,  6 .8 ,  and 3 .4  a tm,  and the r e s u l t s  a r e  shown in F ig s .  24 
through 26, r e s p e c t i v e l y .  A mole  f r ac t ion  of 1.33 x 10 .3 fo r  d i m e r s  
was  used  to obtain the f a i r  a g r e e m e n t  be tween the ca lcu la t ions  and 
m e a s u r e m e n t s .  These  ca lcu la t ions  y ie ld  s c a t t e r i n g  funct ions  within 
50 p e r c e n t  of the m e a s u r e d  va lues .  The m e a s u r e d  ax ia l  v a r i a t i o n s  
of number  dens i ty  and t e m p e r a t u r e  were  obtained us ing  l a s e r - R a m a n  
d iagnos t i c s  (Refs .  13 through 16), and a l so  by us ing  e l ec t ron  beam 
f l u o r e s c e n c e  d iagnos t i cs  for the spec i f i c  flow condit ions of Fig.  94, as 
p rev ious ly  ment ioned.  It is s een  that  the p red ic ted  t e m p e r a t u r e  i n c r e a s e  
due to condensa t ion  is in fa i r  a g r e e m e n t  with the m e a s u r e d  i n c r e a s e .  
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"Also shown in F igs .  24 through 26 is the p red ic t ed  axia l  v a r i a t i o n  
of condensa te  m a s s  f rac t ion ,  g. F o r  Po - 10.2 a tm,  ~ = 30, the ca l cu -  
l a t ions  indica te  71 mo lecu l e s  pe r  drop with a rad ius  of 10.6 ~ .  It 
should be noted that  us ing these  m o l e c u l e s / d r o p  values  with a s s o c i a t e d  
m a s s  f r a c t i ons ,  Eq. (5) and the r e l a t i on  f = j 2 X j  give s c a t t e r i n g  func-  
t ions  an o r d e r  of magni tude  s m a l l e r  than m e a s u r e d .  This  ind ica tes  
that  the concept  of p o l a r i z a b i l i t y  addi t iv i ty  is  not appl icable  fo r  c l u s t e r s  
this  l a rge .  

5.0 DISCUSSION AND SUMMARY 

With r e g a r d  to the expe r imen ta l  data and MOCS ca lcu la t ions  shown 
in F igs .  7 through 9 and 24 through 26, it  is noted that  the MOCS shows 
a d i scont inu i ty  in s lope for  the axia l  p ro f i l e s  of I°(II) o r  N/N o and T / T  o. 
This  is  due to expans ion  effects  f rom the nozzle  l ip.  The e x p e r i m e n t a l  
data shown in F igs .  24 through 26 would indica te  that  the d i scon t inu i ty  
in s lope is not r e a l i z ed  in p r ac t i c e .  

As noted p r e v i o u s l y  m a s s  s p e c t r o m e t r i c  s ampl ing  (Refs.  I ,  3, 
and 20) has shown that  d i m e r  concen t ra t ion  sca le s  as p2Deq.  It has  
been obse rved  f r o m  this  inves t iga t ion  that  the condensa t ion  onse t  
loca t ion  (re.ore spec i f i ca l ly ,  the condensa te  growth onset)  s ca l e s  as 

• ( p 2 D e q ) - l / 4 .  These  r e s u l t s  imply  that  the t e r m o l e c u l a r  d i m e r  f o r -  
ma t ion  m e c h a n i s m  is the r a t e - c o n t r o l l i n g  p r o c e s s  for  condensa t ion  in 
r ap id ly  expanding,  low dens i ty  flow f ie lds .  R e m e m b e r i n g  that  b imo-  
l e c u l a r  r eac t i ons  sca le  as PoDeq (Ref. 3) and a s suming  the growth of 
c l u s t e r s  of t r i m e r s  and l a r g e r  spec ies  to p roceed  by b i m o l e c u l a r  
co l l i s ions ,  one would expect  the s ca t t e r i ng  funct ion,  f, to sca le  as  
p3D2 o eq. The sonic o r i f i ce  r e s u l t s  of th is  inves t iga t ion  show a p3D2 
sca l ing  fo r  the s c a t t e r i n g  function; however ,  the nozzle  r e s u l t s  show 
a p 3 ( I ~ ) / c o t  81/2 sca l ing  for  the s ca t t e r i ng  funct ion,  which is in d i s -  
a g r e e m e n t  with the equivalent  nozzle  concept  of Ref. 3. F u r t h e r m o r e ,  
the condensa t ion  onse t  r e su l t s  of this  inves t iga t ion  indica te  that  for  a 
given Po and T O a d e c r e a s e  in e l / 2  with nozzle  length r e m a i n i n g  the 
s ame  will  r e s u l t  in d e c r e a s i n g  ~e, whereas  ca lcu la t ions  of She rman  
and Griff in  (Ref. 24) show that  a d e c r e a s e  in 81/2 with nozzle  length  
changing to ma in t a in  a cons tan t  a r e a  r a t i o  will  r e s u l t  in an i n c r e a s i n g  
~e" However ,  the ca lcu la t ions  of C la rk  (Ref. 26) for  cons tant  nozzle  
length and th roa t  d i a m e t e r  show qual i ta t ive  a g r e e m e n t  with the conden-  
sa t ion  onset  r e s u l t s  of this  inves t iga t ion;  quant i ta t ive  a g r e e m e n t  is  
diff icul t  to a s s e s s  because  of the d i f fe ren t  def in i t ions  of condensa t ion  
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onset .  Fu tu re  sca l ing  s tudies  wil l  be devoted to v a r i a t i o n  of To,  Dt, 
and 81/2 with cons tan t  a r e a  ra t io .  

With r e g a r d  to the use  of i n t e r m o l e c u l a r  p a r a m e t e r s  for  n o r m a l i -  
zat ion of the condensa t ion  onset  loc i  in the P - T  plane ,  it  is  quite i n t e r -  
es t ing  that  the h o m o n u c l e a r  N 2 and 02  show a common locus 'wh i l e  the 
mona tomic  and po l a r  d ia tomic  spec ies  show di f fe ren t  loci .  This  r e -  
sul t  is in a g r e e m e n t  with the r e s u l t s  of Yeal land ,  et al. {Ref. 2), 
a l though Hagena and Ober t  (Ref. 3) suggest  that  the method would be 
r e s t r i c t e d  to mona tomic  spec ies .  Future.  inves t iga t ion  of this  n o r m a l -  
iza t ion  p r o c e d u r e  will  involve NO, HC1, NI-I3, and H20.  

F u r t h e r  deve lopment  of condensa t ion  ca lcu la t ions  fo r  flow f ie lds  
is needed in o r d e r  to comple t e ly  p red i c t  the s c a t t e r i n g  e f f icacy  for  
expans ions  of a v a r i e t y  of gases  throughout  the flow field.  Although 
the p r e s e n t  model  makes  a f a i r  p r ed i c t i on  of the axia l  v a r i a t i o n  of 
l igh t  s ca t t e r i ng ,  it r e q u i r e s  ad jus tmen t  of in i t ia l  nuc le i  s ize  and mole  
f r a c t i on  to f i t  e x p e r i m e n t a l  data.  F u r t h e r m o r e ,  the a s sumpt ion  of 
uni ty  accommoda t ion  coef f ic ien ts  and cons tant  nuc le i  mole  f r a c t i on  is 
doubtful. The c l a s s i c a l  c a p i l l a r i t y  t heo ry  of condensa t ion  can be used  
to ca lcu la te  nuc lea t ion  r a t e s  and hence  the s ize  and number  of " c r i t i c a l  
nuc le i "  at  any point  in the flow field.  Shown in Fig.  31 a re  nuc lea t ion  
r a t e s  ca lcu la ted  for  t h r e e  Po values  fo r  the 14 .5 -deg  nozzle  us ing  the 
c l a s s i c a l  nuc lea t ion  theory .  It is noted that  nuc lea t ion  has passed  
th rough  a m a x i m u m  and rap id ly  decl ined p r i o r  to observed  condensate  
growth,  indicat ing the sequent ia l  na ture  of condensat ion  p r o c e s s e s  in 
rap id  expans ions ,  that  is ,  s a t u r a t i on  followed by nuc lea t ion  followed 
by condensate  growth.  However,  the cap i l l a r i t y  theory  is not beyond 
c r i t i c i s m  in spi te  of some of its s u c c e s s e s ,  because  the t heo ry  is 
t h e r m o d y n a m i c  in na tu re  and not k ine t ic .  F u r t h e r m o r e ,  v a r i a t i o n  
of su r face  t ens ion  values  with r ad ius  at sma l l  nucleus  s i zes ,  e x t r e m e l y  
l a r g e  s u p e r s a t u r a t i o n  r a t i o s  such as a re  found in rap id ly  expanding 
flows, and s t a t i s t i c a l  mechan ica l  c o r r e c t i o n  f ac to r s  can all  cause  g rea t  
v a r i a t i o n  in ca lcula ted  nuc lea t ion  r a t e s  (Ref." 23). An a l t e rna t e  approach  
has been desc r ibed  by Dorfe ld  and Hudson (Refs. 27 and 28). T h e i r  
method is s t r i c t l y  k ine t ic  in na ture ,  and it p rovides  a method for  ca lcu-  
la t ing  d i m e r  concen t ra t ion  using t e r m o l e c u l a r  r a t e  equat ions and also 
accounts  for  the effect ive i n c r e a s e  in the t . e rmolecu la r  co l l i s ion  r a t e  
at low t e m p e r a t u r e  due to the p r e s e n c e  of l oose ly  bound orb i t ing  pa i r s  
(Ref. 27). Condensate  growth is ca lcula ted  using b i m o l e c u l a r  co l l i s ion  
r a t e s  of m o n o m e r s  with r a t e - l i m i t i n g  spec ies  such as d i m e r s  (Ref. 28). 
It is th is  approach  that  will be explored  for  fu ture  condensa t ion  ca lcu-  
l a t ion  development .  
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Figure 31. Classical nucleation rates for three N2 expansions, 
14.5-deg conical nozzle. 
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I '(II), I'(1) 
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MOCS 
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Ni 

N O 

NT 

no, n I, n 2 

NOMENCLATURE 

Radius  of s c a t t e r e r  

Radius  of i - m e r  

A function of r e s e r v o i r  p r e s s u r e  and o r i f i ce  d i a m e t e r  
and expansion half  angle 

Scal ing cons tants  

~/-dependent  p a r a m e t e r s  whose n u m e r i c a l  va lue  is  
given in the text  

Sonic or i f i ce  d i a m e t e r  

Conical  nozzle  th roa t  d i a m e t e r  

Equivalent  d i a m e t e r  defined as D fo r  sonic o r i f i ce s  
and c(7)  Dt cot 81/2 for  conical  nozzles  

De q n o r m a l i z e d  by the i n t e r m o l e c u l a r  potent ia l  p a r a m -  
e t e r  (~ 

Rayle igh s c a t t e r i n g  function defined by Eq. (4) 

Condensa te  m a s s  f r ac t ion  

Rela t ive  Rayle igh  s c a t t e r i n g  in tens i ty  defined by 
Eq. (I) 

Rela t ive  Rayle igh s c a t t e r i n g  in tensi ty ,  n o r m a l i z e d  to 
the r e l a t i ve  Rayle igh s c a t t e r i n g  in tens i ty  of a gas  
s ample  of n u m b e r  dens i ty  N o, po l a r i zed  p a r a l l e l  and 
p e r p e n d i c u l a r  to the plane of po la r i za t ion  of the inc i -  
dent lasher beam,  r e s p e c t i v e l y  

N u m b e r  of mo lecu le s  p e r  c l u s t e r  

Constant  in Eq. (1) 

M e t h o d - o f - c h a r a c t e r i s t i c s  solut ion 

Number  dens i ty  of gas  spec ies  

i - m e r  number  dens i ty  

R e s e r v o i r  n u m b e r  dens i ty  

I sen t rop ic  m o n o m e r  n u m b e r  dens i ty  

Total  loca l  number  dens i ty  

Scal ing cons tan ts  
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Po 
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P8  

Pv8  
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T o 

Ts 

T8 
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Xi 
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A 

X S 

x8 

e / k , e / c r  3 

Oil2 
X 

P 

(Y 

R e s e r v o i r  p r e s s u r e ,  a tm 

Sa tu ra t ion  p r e s s u r e  

P r e s s u r e  at  condensat ion onset  

Equ i l ib r ium vapor  at  condensat ion onse t  

P8  n o r m a l i z e d  by the i n t e r m o l e c u l a r  potent ia l  
p a r a m e t e r  e / ~3 

Radia l  d i s t ance  f r o m  f low-f ie ld  cen te r l ine  

I sen t rop ic  s u p e r s a t u r a t i o n  r a t io  

I sen t rop ic  d e g r e e s  of supercool ing  

R e s e r v o i r  t e m p e r a t u r e ,  K 

Sa tu ra t ion  temp e r a t u r e  

T e m p e r a t u r e  at  condensat ion onset  

T e n o r m a l i z e d  by  the i n t e r m o l e c u l a r  potent ia l  p a r a m -  
e t e r  e / k  

T h e r m o d y n a m i c  t r ip le  point 

i - m e r  mole  f rac t ion  

Axia l  posi t ion in flowfield,  ~ = x / D  fo r  sonic o r i f i c e s  
and ~ = x t /D t  for  conical  nozz les  

Axia l  locat ion of sa tu ra t ion  

Axia l  locat ion of condensat ion onset  

P o l a r i z a b i l i t y  

i - m e r  po l a r i zab i l i t y  

Specif ic  heat  r a t io  

I n t e r m o l e c u l a r  potent ia l  p a r a m e t e r s  given in Table  4 

Expans ion  ha l f -ang le  of conical  nozzle  

Wavelength  of s c a t t e r e d  r ad ia t ion  

Depola r iza t ion  r a t io  of Rayle igh s c a t t e r i n g  

I n t e r m o l e c u l a r  potent ia l  p a r a m e t e r  given in Table  4 
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