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The  s t a b i l i t y  of a s u p e r s o n i c  b o u n d a r y  l a y e r  o v e r  an i n t e n s i v e l y  c o o l e d  p l a t e  with r e s p e c t  to 
t h r e e - d i m e n s i o n a l  d i s t u r b a n c e s  i s  i n v e s t i g a t e d .  Two n e u t r a l  s t a b i l i t y  c u r v e s ,  the  e x i s t e n c e  
of which  was  e s t a b l i s h e d  in [1], a r e  c o n t e m p l a t e d .  It is  shown by a s y m p t o t i c  a n a l y s i s  tha t  
each  of t h e s e  two n e u t r a l  s t a b i l i t y  c u r v e s  s e p a r a t e s  into a c l o s e d  and an o r d i n a r y  n e u t r a l  
c u r v e  in a c e r t a i n  r a n g e  of d i s t u r b a n c e  p r o p a g a t i o n  ang les .  As  the  s u r f a c e  i s  c oo l e d ,  the  
c l o s e d  n e u t r a l  c u r v e  c o n t r a c t s  to a point .  The  r e s u l t s  of a s y m p t o t i c  a n a l y s i s  w e r e  c o n f i r m e d  
by  n u m e r i c a l  i n t e g r a t i o n  of the  s t a b i l i t y  equa t ions .  

1. The  effect  of t h r e e - d i m e n s i o n a l i t y  of d i s t u r b a n c e s  on the s t a b i l i t y  of a s u p e r s o n i c  b o u n d a r y  l a y e r  
o v e r  a c o o l e d  s u r f a c e  was  i n v e s t i g a t e d  in [2l. It was  shown that  r e d u c t i o n  in the  s u r f a c e  t e m p e r a t u r e  i n -  
c r e a s e s  the  c r i t i c a l  R e y n o l d s  n u m b e r  R* of s t a b i l i t y  l o s s  and r e d u c e s  the  i n s t a b i l i t y  r eg ion  f o r  a l l  t h r e e -  
d i m e n s i o n a l  d i s t u r b a n c e s .  H o w e v e r ,  in c o n t r a s t  to the  c a s e  of t w o - d i m e n s i o n a l  d i s t u r b a n c e s  [3], c o m p l e t e  
s t a b i l i z a t i o n  o c c u r s  only in t he  r a n g e  of a n g l e s  0 < X < X*, w h e r e  X is  the  ang le  be tw e e n  the  d i r e c t i o n  of d i s -  
t u r b a n c e  p r o p a g a t i o n  and the  d i r e c t i o n  Qf the  o n c o m i n g  f low,  and X* = ~:rc c o s  M - l ;  M is  the  Mach n u m b e r  of 
the  oncoming  f low. F o r  X > X* and at  any s u r f a c e  t e m p e r a t u r e ,  t h e r e  a r e  n e u t r a l a n d  i n c r e a s i n g d i s t u r b a n c e s ,  
but the  v a l u e s  of R* fo r  t hem a r e  so l a r g e  (the R e y n o l d s  n u m b e r s  a long  the  t h i c k n e s s  of the  bounda ry  l a y e r  
a r e  equal  to ~ l 0  G) that  they a p p a r e n t l y  have  no p r a c t i c a l  s i g n i f i c a n c e .  The  c r i t i c a l  va lue s  of the  s u r f a c e  
t e m p e r a t u r e  T* --- T*(X), be low which c o m p l e t e  s t a b i l i z a t i o n  of the  b o u n d a r y  l a y e r  on a f l a t  p l a t e  o c c u r s ,  
w e r e  c a l c u l a t e d  in [2] f o r  M = 4 by us ing  the a s y m p t o t i c  method  (sol id  c u r v e  in F ig .  l a ) .  

The  c o m p l e t e  s t a b i l i z a t i o n  t e m p e r a t u r e  was  d e t e r m i n e d  f r o m  the cond i t i on  that  m u s t  be  s a t i s f i e d  f o r  
C >Cs'- 

v (c, T) > max [ , ,  (z)l. (1.1)) 

H e r e ,  c i s  the  p h a s e  ve loc i t y  of the  d i s t u r b a n c e ,  T i s  the  s u r f a c e  t e m p e r a t u r e ,  v(c,  T) is  the  func t ion  
of nonv i scous  s o l u t i o n s  w h o s e  s h a p e  f o r  M = 4 is  shown in F ig .  l b ,  r  i s  the  i m a g i n a r y  p a r t  of the  f u n c -  
t ion of v i s c o u s  so lu t i ons  w h o s e  m a x i m u m  as  a funct ion of c is  m a r k e d  by the  d a s h e d  c u r v e  in F ig .  l b ,  and 
Cs is  the  l o w e s t  p h a s e  ve loc i t y  at  which s o l u t i o n s  d a m p e d  o u t s i d e  the  bounda ry  l a y e r  a r e  p o s s i b l e .  

i 

We c o n s i d e r  h e r e  the  n e u t r a l  c u r v e s  a t  s u r f a c e  t e m p e r a t u r e s  l o w e r  than the t e m p e r a t u r e s  of c o m -  
p l e t e  non 'viscous  s t a b i l i z a t i o n .  F o r  such n e u t r a l  c u r v e s ,  c - - C s  at  both the  l o w e r  and the  u p p e r  a s y m p t o t e .  
The  v a l u e  of e s c o r r e s p o n d s  to the  Reyno lds  n u m b e r  R s = o~ [3], 

c~ = 1 - -  (Meos X)-L (1.2) 

if, f o r  a f ixed  va lue  of T and f o r  e > Cs, v(c) i s  a monotonic  funct ion of c ,  the  c o m p l e t e  s t a b i l i z a t i o n  
t e m p e r a t u r e  i s  d e t e r m i n e d  f r o m  the  cond i t i on  [2, 3] 

v (c~, T) = max [~, (z)]. (1.3) 

Solution of Eq. (1.3) yields the dependence T(X) which is shown in Fig. la by the curve hbdef. The seg- 
ments hb and ef coincide with the conditions of complete stabilization. The significance of the dashed curve, 
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which  is  a c o n s e q u e n c e  of the  nonmonoton ic  b e h a v i o r  of v(c),  has  not been  e x p l a i n e d  in [2]. It was  a s s u m e d  
t h e r e  tha t  a t  a c e r t a i n  s u r f a c e  t e m p e r a t u r e ,  the  n e u t r a l  c u r v e  c a n  s e p a r a t e  in to  two c u r v e s ,  one  of which i s  
s t a b i l i z e d  in the  u sua l  m a n n c r ,  w h i l e  the  o t h e r  p e r s i s t s  f o r  f i n i t e  v a l u e s  of R. 

As  w a s  m e n t i o n e d  in [2], c o n f i r m a t i o n  of th i s  a s s u m p t i o n  r e q u i r e s  a me thod  of s o l v i n g  the  s t a b i l i t y  
equa t ions  f o r  s u p e r s o n i c  f low f o r  f i n i t e  w a v e  n u m b e r s  ~ (~ = 0 f o r  the  c o m p l e t e  s t a b i l i z a t i o n  c o n s i d e r e d  in 
[2]). Such a me thod  was  not  a v a i l a b l e  to Dunn and Lin,  and they did not  p r o c e e d  wi th  t h e i r  a n a l y s i s  any f u r -  
ther .  

S e v e r a l  m e t h o d s  f o r  s o l v i n g  the  s t a b i l i t y  equa t ions  n u m e r i c a l l y  h a v e  been  d e v e l o p e d  in r e c e n t  y e a r s .  
Th i s  m a k e s  it p o s s i b l e  to c o m p l e t c  the  a s y m p t o t i c  a n a l y s i s  [2] and v e r i f y  the  c o n c l u s i o n s  r e a c h e d  a s  a r e -  
su l t  of t h i s  a n a l y s i s  by a c c u r a t e  n u m e r i c a l  c a l c u l a t i o n s .  

2. We s h a l l  c o n t i n u e  the  a s y m p t o t i c  a n a l y s i s  p e r f o r m e d  in [2] on the b a s i s  of F i g s .  l a  and b. C o n -  
s i d e r  the  b e h a v i o r  of the  n e u t r a l  c u r v e s  f o r  a f ixed  s u r f a c e  t e m p e r a t u r e .  We c h o o s e  the  t e m p e r a t u r e  T 1 a t  
which  m a x  [ r  i n t e r s e c t s  t h r e e  t i m e s  the  d e p e n d e n c e  v(c) in F ig .  l b  ( cu rve  2) and the  a n g l e  of d i s t u r b -  
ance  p r o p a g a t i o n  )~l~ X* (the a n g l e  f o r  which  Cs is  c l o s e  to z e r o ) .  

Then,  v(c) is  a mono ton ic  func t ion  of c a long  the  s e g m e n t  sk  (Fig .  l b ) ,  and an o r d i n a r y  n e u t r a l  c u r v e  
mus t  ex i s t .  Each  c f r o m  c k > c ~ c  z c o r r e s p o n d s  to two v a l u e s  of el(Z),  one  f o r  the  u p p e r  b r a n c h  of the  n e u -  
t r a l  c u r v e ,  and the  o t h e r  f o r  the  l o w e r  b r a n c h  [3]. F o r  c = Ck, the  u p p e r  and the  l o w e r  b r a n c h e s  fuse ,  in 
which c a s e  the  fo l lowing  cond i t i on  i s  s a t i s f i e d  [3]: 

v (c) = max [r (z)] (2.1) 

Along the  s e g m e n t  mpn (Fig.  l b ) ,  v(c) i s  a nonmonoton ic  funct ion  of c. F o r  c f r o m  Cm < c < Cn, v(c) < 
m a x  [r (z)], and s o l u t i o n s  c o r r e s p o n d i n g  to n e u t r a l  and i n t e n s i f y i n g  d i s t u r b a n c e s  a r e  p o s s i b l e .  T h e  func t ion  
v(c) i n t e r s e c t s  r  tw ice ,  i . e . ,  t h e r e  m u s t  b e  two b r a n c h e s  of the  n e u t r a l  c u r v e ,  which  fuse  f o r  c = c m and 
c = c  n [Eq. (2.1) i s  s a t i s f i e d  fo r  t h e s e  v a l u e s  o f  c],  bound ing  a c l o s e d  i n s t a b i l i t y  r e g i o n .  Thus ,  fo r  the  
t e m p e r a t u r e  T1, t h e r e  m u s t  be  a c l o s e d  n e u t r a l  c u r v e  in add i t ion  to the  u sua l  n e u t r a l  c u r v e ,  d e t e r m i n e d  by 
the  s e g m e n t  sk  of the  v(c) d e p e n d e n c e .  

As  the  a n g l e  d e c r e a s e s  in the  • < )/1 r a n g e ,  the  l o w e r  l i m i t  fo r  c,  d e t e r m i n e d  by Eq. (1.2) i n c r e a s e s .  
Only one  c l o s e d  n e u t r a l  c u r v e  e x i s t s  f o r  a n g l e s  f o r  which  c s > Ck. Th i s  r e g i o n  is  bounded  by the  d a s h e d  
c u r v e  bdc  in F i g .  l a .  

At  the  a n g l e  f o r  which  e s = Cm, the  R e y n o l d s  n u m b e r  c o r r e s p o n d i n g  to th i s  po in t  of the  n e u t r a l  c u r v e  
is  equal  to R m = R s = ~,  w h i l e  f o r  s m a l l e r  a n g l e s  the  n e u t r a l  c u r v e  i s  open.  Th i s  i s  the  c u r v e  bd in F ig .  
l a .  

C o n s i d e r  the  b e h a v i o r  of the  n e u t r a l  c u r v e s  a s  t he  s u r f a c e  t e m p e r a t u r e  v a r i e s  f o r  a f i xed  a n g l e  • 

The  b e h a v i o r  of the  n e u t r a l  c u r v e  c o r r e s p o n d i n g  to the  sk  s e g m e n t  of the  v(c) d e p e n d e n c e  wi th  c h a n g e s  
in t he  s u r f a c e  t e m p e r a t u r e  i s  the  s a m e  as  the  b e h a v i o r  of the  n e u t r a l  c u r v e  f o r  t w o - d i m e n s i o n a l  d i s t u r b -  
a n c e s .  With  a r e d u c t i o n  in t e m p e r a t u r e  f o r  T< TI,  the  po in t s  s and k of the  v(c) d e p e n d e n c e  move  c l o s e r  to 
each  o t h e r  ( cu rve  1 in F ig .  lb ) .  As  the  t e m p e r a t u r e s  m a r k e d  by the  c u r v e  def  in F ig .  l a  a r e  r e a c h e d ,  the  
R e y n o l d s  n u m b e r  R a p p r o a c h e s  in f in i ty  f o r  a l l  po in t s  of t he  n e u t r a l  c u r v e ,  i . e . ,  c o m p l e t e  s t a b i l i z a t i o n  s e t s  
in [2, 3]. 
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The  c l o s e d  n e u t r a l  c u r v e  c o r r e s p o n d i n g  to the  mpn s e g m e n t  of the  v(c) d e p e n d e n c e  b e h a v e s  d i f f e r e n t l y  
with t e m p e r a t u r e  v a r i a t i o n s .  With a r e d u c t i o n  in the  s u r f a c e  t e m p c r a t u r e ,  f o r  T < T1, the  po in t s  m and n 
d r a w  n e a r e r  to each  o t h e r  (Fig.  l b ) ,  and,  a t  the  t e m p e r a t u r e  f o r  which  the poin t  p touches  t he  max  [r (z)] 
c u r v e ,  the  c l o s e d  n e u t r a l  c u r v e  c o n t r a c t s  to a point .  Th i s  t e m p e r a t u r e  i s  d e t e r m i n e d  by the  t angen t  a t  the  
poin t  b in F ig .  l a .  S ince  the  cond i t ion  c > c s i s  s a t i s f i e d  f o r  a l l  va lue  of c in t he  i n t e r v a l  c m < c < Cn, c o n -  
t r a c t i o n  of the  c l o s e d  n e u t r a l  c u r v e  o c c u r s  f o r  f i n i t e  v a l u e s  of R. F o r  T > T1, the  po in t s  k and m move  
c l o s e r  to each  o the r ,  and,  a t  the  t e m p e r a t u r e  f o r  which the  point  r t ouches  the  m a x  [r (z)] c u r v e ,  the  c l o s e d  
n e u t r a l  c u r v e  f u s e s  with t he  o r d i n a r y  n e u t r a l  c u r v e .  Th i s  t e m p e r a t u r e  i s  d e t e r m i n e d  by the  t angen t  a t  the  
poin t  d in F ig .  l a .  

We  have  c o n s i d e r e d  the  neu t r a l  c u r v e  d e t e r m i n e d  by the  f i r s t  m a x i m u m  of $i(z) f o r  z ~ 3  (dashed 
c u r v e  in F ig .  l a ) .  B e s i d e s  th i s  n e u t r a l  c u r v e ,  t h e r e  i s  a n o t h e r  v i s c o u s  n e u t r a l  c u r v e  a t  low s u r f a c e  t e m -  
p e r a t u r e s  [1], which is  d e t e r m i n e d  by the  s e c o n d  m a x i m u m  of el(Z). F o r  s m a l l  v a l u e s  of c ,  the  m o d i f i e d  
T i e t j e n s  funct ion F i ( z  ) p r o v i d e s  a v e r y  good a p p r o x i m a t i o n  of r  Then,  the  s e c o n d  n e u t r a l  c u r v e  i s  d e -  
t e r m i n e d  by the  s e c o n d  m a x i m u m  of F i ( z ) ,  which  m a n i f e s t s  i t s e l f  a t  z ~ 6 .  The  v a l u e s  of F(z )  up to z = 10 
a r e  g iven  in [4]. The  above  c o n s i d e r a t i o n s  hold f o r  t h i s  c u r v e ;  h o w e v e r ,  s i n c e  the  f i r s t  m a x i m u m  of ~,i(z) 
(~ 0.05) i s  l a r g e r  than the s e c o n d  by one  o r d e r  of m a g n i t u d e ,  the  t e m p e r a t u r e s  a t  which a c l o s e d  n e u t r a l  
c u r v e  d e v e l o p s  and c o n t r a c t s  to a po in t  wi l l  be  h i g h e r  than t h o s e  f o r  the  n e u t r a l  c u r v e  c o n s i d e r e d  e a r l i e r .  

3. The  r e s u l t s  of a s y m p t o t i c  a n a l y s i s  w e r e  c h e c k e d  by  n u m e r i c a l  c a l c u l a t i o n s .  The  i n v e s t i g a t i o n  was  
p e r f o r m e d  on the  b a s i s  of n u m e r i c a l  i n t e g r a t i o n  of the  L e e s  and Lin s t a b i l i t y  equa t ions ,  s u p p l e m e n t e d  by 
t e r m s  c o m p r i s i n g  the  t r a n s v e r s e  v e l o c i t y  of the  b a s i c  f low [5]. T h e s e  equa t ions  hold fo r  t w o - d i m e n s i o n a l  
d i s t u r b a n c e s .  T h r e e - d i m e n s i o n a l i t y  was  t aken  into accoun t  by us ing  the  a p p r o x i m a t e  me thod  of Dunn and 
Lin [2]. The  fo l lowing  s u b s t i t u t i o n  was  m a d e  in the  s t a b i l i t y  equa t ions  fo r  t w o - d i m e n s i o n a l  d i s t u r b a n c e s :  

M ~  R ~ = Rcosz ,  a ~  ~  a R ,  c ~  c.  

The  r e s u l t s  ob t a ined  by m e a n s  of the  me thod  of Dunn and Lin f o r  s m a l l  s u p e r s o n i c  Mach n u m b e r s  
~ I  < 3) a r e  c l o s e  to the  r e s u l t s  o b t a i n e d  by a c c u r a t e  a c c o u n t i n g  f o r  the  d i s t u r b a n c e  t h r e e - d i m e n s i o n a l i t y  [6]. 
H o w e v e r ,  th i s  me thod  r e d u c e s  c o n s i d e r a b l y  the  c o m p u t e r  t i m e .  The  c o m p l e t e  s t a b i l i z a t i o n  t e m p e r a t u r e s  
w e r e  d e t e r m i n e d  by  us ing  the  n u m e r i c a l  me thod  p r o p o s e d  in I l l .  The  n e u t r a l  s t a b i l i t y  c u r v e s  w e r e  c a l c u -  
l a t e d  by m e a n s  of a me thod  [7] w h e r e b y  the  n e u t r a l  c u r v e  can  be  p lo t t ed  on the  b a s i s  of i t s  c o m p l e t e  s t a -  
b i l i z a t i o n  cond i t i ons .  

The  m e a n  va lue s  to b e  s u b s t i t u t e d  in the  s t a b i l i t y  equa t ions  w e r e  c a l c u l a t e d  f o r  a b o u n d a r y  l a y e r  on a 
f l a t  p l a t e  f o r  y =  1.41, the  P r a n d t l  n u m b e r  ~ = 0.72, T ~ =  157 ~ and the  v i s c o s i t y  obey ing  S u t h e r l a n d ' s  law. 
The  me thod  of so lu t ion  h a s  been  d e s c r i b e d  in [8]. 

In the  f i r s t  s e r i e s  of c a l c u l a t i o n s ,  we  d e t e r m i n e d  the  c o m p l e t e  s t a b i l i z a t i o n  t e m p e r a t u r e s  f o r  two 
" v i s c o u s "  n e u t r a l  c u r v e s  f o r  M = 3.5 (the e x i s t e n c e  of t h e s e  c u r v e s  f o r  t w o - d i m e n s i o n a l  d i s t u r b a n c e s  has  
been  d e m o n s t r a t e d  in [1] and i n v e s t i g a t e d  in [7]), The  c a l c u l a t i o n  r e s u l t s  a r e  g iven  in F ig .  2. T h e  t e m p e r a -  
t u r e s  of c o m p l e t e  s t a b i l i z a t i o n  f o r  the  f i r s t  c u r v e  [ c o r r e s p o n d i n g  to the  f i r s t  m a x i m u m  of r  a r e  m a r k e d  
by 1, wh i l e  the  c o m p l e t e  s t a b i l i z a t i o n  t e m p e r a t u r e s  [ o r  the  s econd  c u r v e  [ c o r r e s p o n d i n g  to the  s e c o n d  m a x i -  
m u m  of r a r e  m a r k e d  by  2. F o r  X = 40~ the  f i r s t  n e u t r a l  c u r v e  v a n i s h e s  a s  i t  d id  f o r  a c e r t a i n  n u m -  
b e r  M f o r  t w o - d i m e n s i o n a l  d i s t u r b a n c e s  [1, 7]. Only the  s e c o n d  n e u t r a l  c u r v e  e x i s t s  f o r  )~ < 40 ~ and M =3.5 .  

A p e c u l i a r i t y  of the  T* (~) d e p e n d e n c e  f o r  both the  f i r s t  and the  s e c o n d  n e u t r a l  c u r v e  i s  i t s  n o n m o n o -  
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tonic  b e h a v i o r  f o r  the  ang le  ~ 65 ~ Th i s  can  be  exp l a ined  by the  
f ac t  tha t  d e t e r m i n a t i o n  of c o m p l e t e  s t a b i l i z a t i o n  t e m p e r a t u r e s  

by m e a n s  of the  n u m e r i c a l  me thod  [1] i s  equ iva l en t  to the  s o l u -  
t ion of Eq. (1 .3) ,  i ' e . ,  t he  r e s u l t s  o b t a i n e d  by m e a n s  of the  nu -  
m e r i c a l  me thod  a r e  equ iva l en t  to the  c u r v e  hbdf in F ig .  l a .  
Then,  a c c o r d i n g  to a s y m p t o t i c  a n a l y s i s ,  t h e r e  m u s t  b e  c l o s e d  
n e u t r a l  c u r v e s  which  c o n t r a c t  to a po in t  with a r e d u c t i o n  in T. 

The  nonmonoton ic  b e h a v i o r  of T* (• d o e s  not o c c u r  f o r  
e v e r y  n u m b e r  M. The  d a s h e d  c u r v e  in F ig .  2 i n d i c a t e s  the  
c o m p l e t e  s t a b i l i z a t i o n  t e m p e r a t u r e s  f o r  M =3.  F o r  the  f i r s t  
n e u t r a l  c u r v e ,  T* (X) i s  a monoton ic  funct ion;  t he  c l o s e d  n e u t r a l  
c u r v e  does  not deve lop .  F o r  the  s e c o n d  n e u t r a l  c u r v e ,  the  e x -  
i s t e n c e  d o m a i n  of the  c l o s e d  n e u t r a l  c u r v e  is  r e d u c e d  c o n s i d e r -  
ably .  A s i m i l a r  s m o o t h i n g - o u t  of the  T* (X) d e p e n d e n c e  with  a 

r e d u c t i o n  in M w a s  o b s e r v e d  in a s y m p t o t i c  d e t e r m i n a t i o n  of c o m p l e t e  s t a b i l i z a t i o n  t e m p e r a t u r e s  [9]. The  
b e h a v i o r  of the  n e u t r a l  c u r v e  f o r  )~l = 71~ with v a r i a t i o n  of the  s u r f a c e  t e m p e r a t u r e  T w a s  i n v e s t i g a t e d  in 
the  s e c o n d  s e r i e s  of c a l c u l a t i o n s .  T h e  c a l c u l a t i o n  r e s u l t s  a r e  g iven  in F ig .  3. 

A s i n g l e  n e u t r a l  c u r v e  e x i s t s  f o r  T = 1.6 ( cu rve  3 in F ig .  3). With a r e d u c t i o n  in the  s u r f a c e  t e m p e r -  
a t u r e ,  i t  d i v i d e s ,  so tha t  two n e u t r a l  c u r v e s  e x i s t  a t  T = 1.562 (2 and 4), one  of which  i s  c l o s e d  (2). The  
c r i t i c a l  R e y n o l d s  n u m b e r  R* f o r  the  open n e u t r a l  c u r v e  i s  l a r g e r  than R* f o r  t he  c l o s e d  c u r v e  by  two o r d e r s  
of magn i tude .  With a r e d u c t i o n  in the  s u r f a c e  t e m p e r a t u r e ,  the  v a l u e  of R* f o r  th i s  n e u t r a l  c u r v e  i n c r e a s e s  
even m o r e ,  and,  t h e r e f o r e ,  i t  is  not  c o n s i d e r e d  any f u r t h e r .  F o r  T 1 = 1.551, t he  i n s t a b i l i t y  r e g i o n d i m t n i s h e s  
( cu rve  1 in F i g .  3) and c o n t r a c t s  to a point .  

The  b e h a v i o r  of the  c l o s e d  n e u t r a l  c u r v e  f o r  T i = 1.562 wi th  c h a n g e s  in X (Fig .  4) w a s  i n v e s t i g a t e d  in 
the  t h i r d  s e r i e s  of c a l c u l a t i o n s .  F o r  X = 62 .5o and the t e m p e r a t u r e  T > T* in F ig .  4, the  c u r v e  ( cu rve  4) is  
open.  As the  a n g l e  i n c r e a s e s ,  the  n e u t r a l  c u r v e  c l o s e s ,  and only  the  c l o s e d  c u r v e  (3) e x i s t s  f o r  X = 67 ~ 
The  c u r v e  r e m a i n s  c l o s e d  with a f u r t h e r  i n c r e a s e  in )~. The  m i n i m u m  v a l u e  of R* o c c u r s  f o r  X = 71~ (for  
a t h e r m a l l y  i n s u l a t e d  s u r f a c e ,  the  m o s t  c r i t i c a l  d i s t u r b a n c e s  a r e  t h o s e  which p r o p a g a t e  at  the  ang le  )~ ~ 60~ 

Thus ,  the  b a s i c  c o n c l u s i o n s  of a s y m p t o t i c  a n a l y s i s  c o n c e r n i n g  the b e h a v i o r  of n e u t r a l  c u r v e  1 wi th  
v a r i a t i o n s  of T and X have  been  c o n f i r m e d .  H o w e v e r ,  c a l c u l a t i o n s  show tha t  the  t e m p e r a t u r e  at  which  the  
c l o s e d  n e u t r a l  c u r v e  v a n i s h e s  l i e s  s o m e w h a t  l o w e r  than the  t angen t  a t  the  poin t  b. 

The  b e h a v i o r  of n e u t r a l  c u r v e  2 (Fig.  2) with c h a n g e s  in X and T is  s i m i l a r  to the  b e h a v i o r  of c u r v e  1. 
H o w e v e r ,  the  va lue  of R* f o r  th i s  c u r v e  in the  c r i t i c a l  a n g l e  r a n g e  ( X ~ 6 0 / 7 0  ~ is  much l a r g e r  than f o r  the  
f i r s t  n e u t r a l  c u r v e ,  p lo t t ed  fo r  the  s a m e  c o n d i t i o n s .  

The  a u t h o r  is  g r a t e f u l  to S. A. Gaponov f o r  h i s  a s s i s t a n c e  and the d i s c u s s i o n s .  
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