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S e l f - s i m i l a r  mot ions  of v a p o r s  due to  l a s e r  r ad ia t ion  w e r e  d i s c u s s e d  in [1-3]; s e l f - s i m i l a r  condi t ions  
fo r  t r a n s p a r e n t  v a p o r s  [1], s e l f - c o n s i s t e n t  condi t ions  of mo t ion  and hea t ing  of  a vapo r i zed  subs t ance  [2], in 
which the opt ical  t h i ckness  of the vapo r s  is  of  the o r d e r  of uni ty ,  and a lso  the s e l f - s i m i l a r  mot ions  of a hea t  
conduct ing gas  hea ted  by l a s e r  r ad i a t ion  [3]. 

Below we d i s c us s  the t w o - d i m e n s i o n a l  homogeneous  mot ion  of vapor s  of  a cold,  absolu te ly  r ig id  body 
when e n e r g y  is suppl ied  to the ou te r  l a y e r s  of  the v a p o r i z e d  subs t ance  and the re  is r ad ia t ive  e n e r g y  t r a n s f e r  
to  the sub l imat ing  s u r f a c e .  

The s y s t e m  of equat ions  in gas  d y n a m i c s  with e n e r g y  input and rad ia t ive  t r a n s p o r t  of the vapo r s  can  
be wr i t t en  in the f o r m  of in teg ra l  c o n s e r v a t i o n  equat ions  

s 

(1) 

Here  p is  the p r e s s u r e ,  V is the spec i f i c  vo lume ,  u is the gas  ve loc i ty ,  ~ is the in te rna l  e n e r g y  of 
unit  m a s s ,  f is  the in t ens i ty  of  hea t  input to the gas  p e r  unit m a s s  and unit  t ime ,  q is the rad ia t ive  e n e r g y  
flux,  m is the m a s s  (Lagrangian)  coord ina te ,  and t is  the t ime ;  the in tegra l  on the r igh t  s ide is  taken ove r  
an a r e a  bounded by  an a r b i t r a r i l y  c h o s e n  con tour .  

The equat ion of  s ta te  of  the v a p o r s  is  a s s u m e d  to  have the f o r m  

, p 

s -- P (%f~ _ 1) 

w h e r e  p is the gas  dens i ty  and Yeff  is the ef fec t ive  adiabat ic  index.  

The r ad ia t ive  e n e r g y  flux q in the v a p o r s  is  computed  f r o m  the equat ion [4] 

(2) 

q = F* -- F-, F* (T) = exp (-- a/~'r ) f zT4 exp (al~t) ~[~ dt 
0 

F -  (~) = exp (3[2~r) f ~T~ exp (-- 3/~t) S/~dt, *e = J. - 7  
~: 0 

(3) 

Here  F + and F -  a r e  the rad ia t ive  e n e r g y  f luxes in the posi t ive  and negat ive  d i r ec t ions ,  r e s p e c t i v e l y ;  
T is  the gas  t e m p e r a t u r e ;  T is  the opt ica l  t h i ckness  of  the v a p o r s ;  l is the Rosse l and  rad ia t ion  range ;  and 
cr is  the S t e f a n - B o l t z m a n n  cons tan t .  

T r a n s l a t e d  f r o m  Zhurna l  P r ik l adno i  Mekhanik i  i Tekhnichesko i  Fiz ik i ,  No. 1, pp. 153-155,  J a n u a r y -  
F e b r u a r y ,  1971. Or ig ina l  a r t i c l e  submi t t ed  June 10, 1970. 

�9 1973 Consultants Bureau, a division of Plenum Publishing Corporation, 227 West 17th Street, New York, 
N. Y. 1001I. All rights reserved. This article cannot be reproduced for any purpose whatsoever without 
permission of  the publisher. A copy of this article is available from the publisher for $15.00. 

141 



2 _r 

- - . t  V 

e L  5 ~/t, 

0 5 1o 

U, ~ _f--4 
g f-1 ~ " ~'--8 
1.6 / 1 "  

~'=g4 

X/lo 
o y 1o 

15 20 

F i g .  1 

30 In 
mo 

0 8 [6 
F i g .  2 

J 

t 
6 

2~ 

The m o t i o n  of  the  s u b l i m a t i o n  b o u n d a r y  m s i s  g o v e r n e d  by  the  equa t ion  

dml q (ml) 
at'-- Q ' mz (O) = O (4) 

w h e r e  Q i s  the  s u b l i m a t i o n  e n e r g y .  

If  du r ing  d i s p e r s i o n  due to r a d i a t i v e  e n e r g y  t r a n s p o r t  the t e m p e r a t u r e  and v e l o c i t y  of the v a p o r s  s i g -  
n i f i c a n t l y  e x c e e d  the  t e m p e r a t u r e  and v e l o c i t y  at  the  s u b l i m a t i o n  b o u n d a r y ,  whi le  the  d e n s i t y  is  m u c h  l e s s  
than  tha t  at the  s u b l i m a t i o n  b o u n d a r y ,  when m = m 1 we can  a s s u m e  the  fo l lowing  b o u n d a r y  c o n d i t i o n s :  

u, = 0, T,=O, p, = oo (5) 

The p r e s s u r e  Pl at  the  s u b l i m a t i o n  b o u n d a r y  and the m a s s  f lux d m l / d t  = p~u 1 a r e  f in i t e  and a r e  d e -  
t e r m i n e d  dur ing  the  s o l u t i o n .  

At  the  d i s p e r s i o n  b o u n d a r y  (m = 0) the fo l lowing  cond i t ion  i s  a s s u m e d :  

p (0 ,  t) = P0  = r  

I t  i s  a l so  a s s u m e d  tha t  the  e n e r g y  i s  l i b e r a t e d  at  the  m a s s  l a y e r  m ,  and r e a c h e s  the  d i s p e r s i o n  
b o u n d a r y  

(6) 

m .  

I [ (m, t) dm= qo, 
o 

/(re, t ) = 0  when re>m.  (7) 

In compu t ing  the  m a s s  n u m e r i c a l l y ,  m ,  was  m a d e  equal  to the f i r s t  s t e p  l eng th  in  the  m a s s  c o o r d i -  
na te  which  m a d e  i t  p o s s i b l e  to  l e a v e  the  r e l a t i o n  be tw e e n  the e n e r g y  input  f ( m ,  t) and the  l a y e r  m ,  u n d e -  
f ined .  

The s y s t e m  of equa t ions  (1) wi th  b o u n d a r y  c ond i t i ons  (4) and (5) was  s o l v e d  by  the  m e t h o d  p r o p o s e d  
by  Godunov fo r  so lv ing  n o n s t a t i o n a r y  a d i a b a t i c  p r o b l e m s  In gas  d y n a m i c s  [5] and g e n e r a l i z e d  by  F o n a r e v  
[6] to  the c a s e  of n o n a d i a b a t i c  m o t i o n s .  

We give  the  c o m p u t a t i o n  of the v a p o r  p a r a m e t e r s  f r o m  an i r o n  p l a t e .  The  t h e r m o d y n a m i c a l  c h a r a c -  
t e r i s t i c s  of the  v a p o r s  e (p ,  T),  Yeff (P ,  T),  and the R o s s e l a n d  r a d i a t i o n  r a n g e  l (p ,  T) w e r e  c o m p u t e d  on the 
b a s i s  of  [7, 8]. 

The r e l a t i o n  be tween  the d i m e n s i o n l e s s  v a r i a b l e s  ( p r e s s u r e  P = P /P0 ,  t e m p e r a t u r e  T ~ = T / T 0 ,  and 
v e l o c i t y  U = u / c0 )  and the  d i m e n s i o n l e s s  c o o r d i n a t e s  X = x / l  0 fo r  a n u m b e r  of  m o m e n t s  of t i m e  t o = t / t  0 
a r e  shown in F i g .  1. The t y p i c a l  p a r a m e t e r s  a r e  p r e s s u r e  at the  d i s p e r s i o n  b o u n d a r y  P0; t e m p e r a t u r e  T o 
de f ined  by  the  f lux  of the  e n e r g y  input.q0; the s p e e d  of sound Co; the  t y p i c a l  l eng th  i s  the  r a d i a t i o n  r a n g e  l 0; 
the  t y p i c a l  t i m e  i s  t o . 

F i g u r e  2 shows  the  r e l a t i o n  b e t w e e n  the n o n d i m e n s i o n a l  t i m e  and the r e d u c e d  s u b l i m a t e d  m a s s .  
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The resul ts  of the numerical  calculations for the problem proposed showed that intense input of en-  
ergy into the outer l ayers  of a vaporized substance is accompanied by a significant heating of the outer  
layers  which leads to radiative energy t ranspor t  to the inner l ayers  and the subliming surface.  

Two stages can be detected in the motion of the vaporized substance.  In the accelerat ion stage the 
p ressu re  at the subliming surface Pi can be considerably g rea te r  than that at the dispers ion boundary P0 
(t o = 1). 

In the braking stage (t o = 4, 8, 24) the velocity of the vapors  falls and the p r e s s u r e  in the vapors tends 
to the p re s su re  P0- The optical thickness of the vapors  increases  with t ime and considerably exceeds unity. 
The t empera tu re  distr ibution in the vapors  (Fig. 1) has a large plateau, falling sharply at the sublimating 
sur face .  The mass  tempera ture  m ,  (T*) can be much grea te r  than the tempera ture  of the fundamental 
m a s s  of gas.  

Radiation of the vapor ized substance in vacuum increases  with t ime and is a considerable part  of the 
energy input to the outer  l aye r .  For  sufficiently large values of the t ime (t o = 24) radiation of the vaporized 
substance in vacuum tends to the value of the energy input, 

The above calculation showed that in the conditions under discussion the radiative energy flux to the 
sublimating surface  is much less  than the energy flux l iberated at the outer  l aye rs  of the vapor ized sub-  
stance, i .e. ,  the sub l ima t ingsu r face  is s trongly screened by the mater ia l  vapors .  As a resul t  of this the 
pa ramete r s  at the sublimating surface,  and also the pa rame te r s  of the fundamental mass  of the vaporized 
substance,  do not depend s t rongly on the way in which energy is l iberated in the outer  l ayers  {as a function 
of the mass  coordinate) .  

We compare  the conditions of motion of the vapors  discussed above with the se l f -consis tent  conditions 
of [2] which are also nonstat ionary.  In the case  of se l f -consis tent  conditions the radiation flux at the sub-  
l imating surface is independent of the t ime (when the external source is of constant power) and is approxi-  
mately 0.75 of the flux from the externa l  source ,  which cor responds  to an optical thickness for  the vapors 
of ~" ~ 0.28. 

In the conditions d iscussed the optical thickness of the vapors  was much g rea te r  than unity and the 
flux to the sublimating surface was much less  than the energy  l iberated in the outer  l ayers .  

The p r e s s u r e s  at the sublimating surface (the p r e s s u r e  Pl is severa l  t imes g rea te r  than that at the 
dispers ion boundary P0) are not markedly  different (not more  than by a factor  of two), but the vaporized 
mass  in the case of se l f -cons is tent  conditions is much less  (by an o rde r  of magnitude) than that in the case 
of energy input to the outer  l aye r s .  This is explained by the fact that in the case  of se l f -consis tent  condi-  
tions the tempera ture  of the vaporized substance inc reases  with t ime T ~ t iff and can considerably exceed 
that of the vapor ized substance in the conditions d iscussed (the t empera tu re  of the fundamental mass  of the 
vapor ized substance does not exceed To). 

A feature of the conditions we have discussed is, as r emarked  above, the considerable emiss ion in 
vacuum. 

Thus, the proposed conditions of motion for  the vapors  of a sublimating surface in which energy is 
supplied to the outer  layers  of the vaporized substance and is t ranspor ted  to the sublimating surface by 
radiative t ranspor t  differs qualitatively f rom the conditions of motion for  vapors  considered by previous 
authors [1-3]. 

The author wishes to thank V. V. Lunev, G. I. Pokrovski i ,  O. N. Krokhin, Yu. V. Afanas 'ev,  and V. T 
Kireev for their  in teres t  in his paper  and discussion of the conditions of motion of vapors ,  and also A. N. 
Prokhorov  and his colleagues at the seminar  of the Lebedev Physics  Institute of the Academy of Sciences 
of the USSR for discussing the possibil i ty of real izing the conditions d iscussed when lase r  radiation acts on 
an obstacle .  
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