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( 1 )  Turbulence  i n  t h e  s o l a r  nebu la .  T h i s  is a  new p r o j e c t  t h a t  we 
e x p e c t  t o  f i g u r e  p rominen t ly  i n  o u r  f u t u r e  work, The o b j e c t i v e  i s  t o  
o b t a i n  q u a n t i t a v e  i n f o r m a t i o n  o n  t h e  t u r b u l e n t  t r a n s p o r t  of  mass, 
a n g u l a r  momentum and e n e r g y  under t h e  c o n d i t i o n s  t h a t  c h a r a c t e r i z e d  t h e  
s o l a r  n e b u l a ,  by d i r e c t  numer ica l  c a l c u l a t i o n s .  These c a l c u l a t i o n s  have 
been made p o s s i b l e  by r e s e a r c h  conducted o n  new supercomputers  (Cray XMP 
and Cray 2) by t h e  Ames Computat ional  F l u i d  Dynamics Branch,  w i t h  whom 
we have e s t a b l i s h e d  a  s t r o n g  c o l l a b o r a t i o n .  Techniques  have been 
developed t h a t  pe rmi t  t h e  a c c u r a t e  r e p r e s e n t a t i o n  o f  t u r b u l e n t  f l o w s  
o v e r  t h e  f u l l  r a n g e  o f  i m p o r t a n t  eddy s i z e s  -- from t h e  l a r g e s t  s c a l e s  
a t  which energy  i s  d e p o s i t e d  i n  t u r b u l e n t  mot ions ,  down th rough  t h e  
i n e r t i a l  sub-range,  t o  t h e  s m a l l  s c a l e s  a t  which v i s c o u s  d i s s i p t a i o n  
becomes i m p o r t a n t .  So f a r ,  t h e s e  t e c h n i q u e s  have been a p p l i e d  (and  
v e r i f i e d )  p r i m a r i l y  i n  mundane l a b o r a t o r y  s i t u a t i o n s ,  b u t  t h e y  have a 
s t r o n g  p o t e n t i a l  f o r  a s t r o p h y s i c a l  a p p l i c a t i o n s .  

Most c u r r e n t  models o f  t h e  s o l a r  n e b u l a  a r e  based o n  t h e  h y p o t h e s i s  t h a t  
t u r b u l e n t  s t r e s s e s  d r i v e  i ts  e v o l u t i o n .  But d i sagreement  e x i s t s  on t h e  
e f f e c t i v e n e s s ,  o r  i n t e n s i t y ,  of  t h e  t u r b u l e n c e .  A l l  models a r e  burdened 
by u n t e s t e d  assumpt ions  r e g a r d i n g  t h e  d e t a i l s  of  t h e  d r i v i n g  mechanisms, 
t h e  v e r t i c a l  d i s t r i b u t i o n  of  d i s s i p a t e d  e n e r g y ,  and t h e  a l l - i m p o r t a n t  
e f f e c t s  o f  r o t a t i o n .  Our approach is t o  conduct  a sequence o f  numer ica l  
e x p e r i m e n t s  t o  e v a l u a t e  t h e  Reynold 's  s t r e s s  t e n s o r ,  t u r b u l e n t  h e a t  
t r a n s f e r  r a t e ,  t u r b u l e n t  d i s s i p a t i o n  r a t e ,  and t u r b u l e n t  k i n e t i c  e n e r g y  
spec t rum,  a s  f u n c t i o n s  o f  p o s i t i o n ,  f o r  c o n d i t i o n s  r e l e v a n t  t o  t h e  s o l a r  
nebu la .  Emphasis is p l a c e d  o n  t h e  v a r i a t i o n  o f  t h e s e  p r o p e r t i e s  w i t h  
a p p r o p r i a t e  nondimensional  q u a n t i t i e s  ( s u c h  as t h e  Rayle igh,  T a y l o r ,  and 
P r a n d t l  numbers) ,  s o  t h a t  r e l a t i o n s  c a n  be d e r i v e d  t h a t  w i l l  be u s e f u l  
f o r  d i s k  modeling under a v a r i e t y  o f  hypo theses  and i n i t i a l  c o n d i t i o n s .  
I n  t h e s e  e x p e r i m e n t s ,  we i n t e n d  t o  examine s e p a r a t e l y  t h e  
c h a r a c t e r i s t i c s  o f  t h r e e  p o t e n t i a l  s o u r c e s  of  t u r b u l e n c e  i n  t h e  
nebu la :  the rmal  c o n v e c t i o n ,  mass i n f a l l  from o u t s i d e  t h e  n e b u l a ,  and 
s h e a r  i n  t h e  a n g u l a r  v e l o c i t y .  

The codes  t h a t  were developed f o r  e n g i n e e r i n g  purposes  r e q u i r e  
m o d i f i c a t i o n  and g e n e r a l i z a t i o n  i n  a number o f  a r e a s  t o  r e a l i z e  t h e i r  
f u l l  p o t e n t i a l  f o r  n e b u l a  s t u d i e s ,  and  t h i s  is  where o u r  e f f o r t s  have 
been devo ted  s o  f a r .  C a l c u l a t i o n s  o f  Benard c o n v e c t i o n  and convec t ion  
d r i v e n  by i n t e r n a l  h e a t  s o u r c e s  have been performed. D i a g n o s t i c s  have 
been devloped t h a t  pe rmi t  e a s y  examina t ion  o f  t u r b u l e n t  c o r r e l a t i o n  
c o e f f i c i e n t s ,  ene rgy  s p e c t r a ,  mean v a r i a b l e  p r o f i l e s ,  a l l  e v a l u a t e d  a t  
s e l e c t e d  l o c a t i o n s  i n  t h e  computa t iona l  g r i d .  The c o n v e c t i o n  r e s u l t s  



have been compared wi th  d e t a i l e d  experimental  r e s u l t s  and those  of o t h e r  
numerical computations t o  t h e  po in t  where we a r e  conf ident  t h a t  our 
r e s o l u t i o n s ,  computational g r i d  s i z e ,  i n t e g r a t i o n  t ime ,  e t c .  a r e  
adequated. We a r e  now embarking on a  s e r i e s  of experiments t h a t  w i l l  
become p rog re s s ive ly  more gene ra l  and complex, a s  we ( 1 )  o b t a i n  r e s u l t s  
f o r  parameter r anges  more r e l e v a n t  t o  nebula  s t u d i e s  ( e e g .  low P rand t l  
numbers) t h a t  have no t  been p rev ious ly  examined, and ( 2 )  inc lude  more 
phys ica l  e f f e c t s  t h a t  w i l l  be necessary  f o r  our goal  of understanding 
nebula  tu rbulence .  

. ( 2 )  S e l f - g r a v i t a t i n g  D i s k  Models. Most models of t h e  s o l a r  nebula  i g n o r e  
t h e  s e l f - g r a v i t y  of t h e  d i sk  compared t o  t h a t  of t h e  protosun. I n  many 
circumstances t h i s  i s  a  good approximation,  but i t  is c l e a r l y  inadequate  
f o r  g r a v i t a t i o n a l  i n s t a b i l i t y  of t h e  d i s k ,  t o  form s p i r a l  d e n s i t y  waves, 
p l a n e t s  o r  m u l t i p l e  s t a r  systems,  s a y ,  should t r e a t  t h e  g r a v i t a t i o n a l  
f i e l d  of t h e  d i sk  s e l f - c o n s i s t e n t l y .  So f a r ,  t h i s  has  on ly  been 
at tempted i n  s t u d i e s  t h a t  use hydrodynamical codes t o  c a l c u l a t e  t h e  
c o l l a p s e  of p r o t o s t e l l a r  c louds.  However, t h e  r e s u l t s  of t h e s e s  
c a l c u l a t i o n s  a r e  u s u a l l y  no t  t h e  format ion  of  a  s o l a r  nebula- l ike d i s k ,  
but  r i n g s  o r  r i n g  fragments ( s e e  review by Bodenheimer and Black, i n  
P r o t o s t a r s  and P l ane t s ,  U. .of Arizona P re s s ,  1978) ,  o r  i n  some c a s e s ,  
t h i c k  d i s k s  t h a t  a r e  s u b j e c t  t o  non-axisymmetric i n s t a b i l i t i e s  (Boss,  
I c a r u s ,  61, 3,  1985) ,  I n  some c a s e s ,  an -- ad  hoc tu rbulence  is added t o  
t r a n s p o r t  angular  momentum outward, a l lowing  a  d i sk  t o  form ( M o r f i l l  e t  
a l . ,  i n  P r o t o s t a r s  and P l ane t s  11, U. of Arizona P re s s ,  1985). These 
r e s u l t s  c o n t r a s t  with semi-ana ly t ic  c a l c u l a t i o n s  of cloud c o l l a p s e  by 
Terebey e t  a l .  (Ap. J., 286,529,1984) ,  which sugges t  t h a t  a  s lowly  
r o t a t i n g  cloud can c o l l a p s e  d i r e c t l y  t o  a  d i sk .  

I n  o rde r  t o  examine t h e  r i n g / d i s k  formation ques t i on ,  a s  wel l  a s  t o  
provide a  convenient method f o r  s t u d y i n g  s e l f - g r a v i t a t i n g  d i sk  models f o r  
o the r  purposes ,  we have devised  a  method whereby ( n e a r l y )  a r b i t r a r y  
d i s t r i b u t i o n s  of  mass and angular  momentum i n  s p h e r i c a l l y  symmetric 
p r o t o s t e l l a r  c louds can be mapped i n t o  corresponding d i s t r i b u t i o n s  i n  
i n f i n i t e l y  t h i n  s e l f - g r a v i t a t i n g  d i s k s ,  under t h e  assumption of s t r i c t  
angular  momentum conserva t ion .  The method i s  based on Toomre's (Ap. J., 
138, 385, 1963) Bessel  i n t e g r a l  formula t ion  f o r  t h e  mass d i s t r i b u t i o n  i n  - 
f l a t t e n e d  ga l ax i e s .  So lu t ion  of  an i n t e g r a l  equa t ion ,  by an i t e r a t i v e  
method, is r e q u i r e d ;  but  what appears  t o  be an e x c e l l e n t  f i r s t  
approximation f o r  t h e  mass d i s t r i b u t i o n  i n  t h e  d i s k  can be found 
a n a l y t i c a l l y  f o r  many cases .  These pre l iminary  r e s u l t s  agree  very 
c l o s e l y  wi th  t h e  corresponding r e s u l t s  of Cassen and Moosman ( I c a r u s ,  - 48, 

- 353, 1981) f o r  i n v i s c i d  d i sks .  Furthermore, t hey  suggest  t h a t  d i s k s  
( r a t h e r  than  r i n g s )  can form a  wide range of  i n i t i a l  cloud cond i t i ons ,  
even a t  h igh  r o t a t i o n  r a t e s ,  a s  l ong  a s  enough a c c r e t i o n a l  energy can be 
r a d i a t e d  away s o  t h a t  t h e  t h i n  d i s k  approximation i s  va l id .  Ca l cu l a t i ons  
of t h e  cool ing  of t h e  pos t -accre t ion  shock gas i n d i c a t e  t h a t  t h i s  i s  t h e  
ca se ,  The imp l i ca t i on  is t h a t  numerical c o l l a p s e  c a l c u l a t i o n s  must 
r e s o l v e  t h e  a c c r e t i o n  shock coo l ing  r eg ion  very wel l  i n  o r d e r  t o  ge t  
a c c u r a t e  r e s u l t s ,  even on t h e  b a s i c  ques t i on  of  r ing-  v s ,  d i s k  formation.  



( 3 )  Analysis  and i n t e r p r e t a t i o n  of  m e t e o r i t i c  i nc lu s ions .  Examination o f  
t h e  components of t h e  Allende m e t e o r i t e  has  cont inued,  a long wi th  t h e  
development of a  model pos tu l a t ed  t o  e x p l a i n  t h e  observed thermal  
process ing  o f  C A I s  ( s ee -  Bunch e t  a l e ,  ~ & a r  P lane t .  Sc i .  X V I ,  97,  1985; 
Cassen e t  a l .  i b i d .  117. 1985: Bunch e t  a l . .  Lunar P l ane t .  Sci .  X V I I .  87, . .  . . ,  

19861, The essence of t h e  hypo thes i s  is t h a t  t h e  secondary processing 
exh ib i t ed  by t h e s e  o b j e c t s  r e s u l t e d  from an episode of  aerodynamic 
hea t ing  most p l a u s i b l y  a t t r i b u t e d  t o  e n t r y  i n t o  t h e  atmosphere of a  l a r g e  
p l ane t i s ima l  . Microprobe and SEM ana lyses  performed t h i s  year i n d i c a t e  
t h a t  l f c l a s s i c ~  chondrules  and ferro-magnesium aggraga taes  i n  Allende may 
a l s o  have experienced thermal  process ing  r e l a t e d  t o  t h e  growth processes  
of a  paren t  body. D e t a i l s  a r e  provided i n  t h e  a t t ached  Appendix. 
Synthes i s  of  t h i s  d a t a ,  a long  wi th  an e v a l u a t i o n  o f  o the r  hea t ing  
mechanisms, a r e  c u r r e n t l y  i n  progress .  The imp l i ca t i ons  of our 
conclusions with regard  t o  t h e  Allende paren t  body a r e  t h a t  i t  was a  
l a r g e  (-1,000 km r a d i u s )  body possess ing  a  s u b s t a n t i a l  (bu t  perhaps 
t r a n s i e n t ) ,  dus ty  atmosphere. 




