
t h e r m a l  conductivity t enso r  components ;  e, charge  on an e lec t ron;  o (n), c a r r i e r  concentra t ion  of the n - th  
ex t r emum;  ( r n ) ,  components  of the a v e r a g e  re laxa t ion  t i m e  of the n- th  ex t r emum;  -- (n), t enso r  components  nl i i  
of the  effect ive c a r r i e r  mass  of the n- th  ex t r emum;  ~ (n), i so t ropic  t h e r m a l  emf  due to c a r r i e r s  of the n- th  
ex t r emum;  ~t (~ la t t ice  component  of the  t h e r m a l  conductivity; T,  absolute  t e m p e r a t u r e ;  (r~7) F) a v e r a g e  

ii 
c a r r i e r  r e laxa t ion  t i m e  for  s ca t t e r ing  by acoust ic  phonons; (r~l)I),'- a v e r a g e  re laxa t ion  t ime  for  s ca t t e r ing  

by ionized impur i t i e s ;  k 0, Bol tzmann constant;  E, energy .  
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S O L U T I O N  O F  A P R O B L E M  A B O U T  E V A P O R A T I O N  O F  

S P H E R I C A L  M E T A L  P A R T I C L E S  I N  A N  A R C  F L A M E  

B Y  A N  I N T E G R A L  E Q U A T I O N S  M E T H O D  

E .  A .  A r i n s h t e i n  a n d  A .  A .  K i s l i t s y n  UDC 536.42 

The  p rob lem about the  evapora t ion  of meta l  par t ic les  in a p l a sma  is reduced to a s ing le -phase  
nonsta t ionary  Stefan p rob lem,  whose solution is obtained by an in tegra l  equations method.  Com-  
putations a r e  pe r fo rmed  for  sphe r i ca l  lead par t ic les  with an initial radius  of R = 7 "10 -3 cm.  

P la sma  in terac t ion  with solid par t i c les  is of g rea t  in te res t  in p la sma  phys ics .  The p roces se s  oeeuring 
here  can be modeled by the following p rob l em.  

A globular  meta l  par t ic ie  with initial  radius  R 0 enters  a p la sma  whereupon it s t a r t s  to evapora te .  Our 
p rob lem is to  find the law of the  t i m e  change in the  par t i c le  radius  r 1 (t). Exper iments  on the evapora t ion  of 
lead and t in  par t i c les  a r e  elucidated in [1]. 

The  p rob lem under cons idera t ion  is t r ea t ed  in this paper  as a Stefan p rob lem and its theore t i ca l  solution 
by  an integral  equations method is proposed [2, 3]. The  t e m p e r a t u r e  at any point of the par t ic le  can be found 
f rom the expres s ion  

t t 

T (r, t) = ~ T (p, ' dr~ 

0 0 

OT (p, ~) 
Op Op )lo=,,<~) 

(i) 
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Fig .  1. D y n a m i c s  of the  e v a p o r a t i o n  
p r o c e s s  fo r  a s p h e r i c a l  lead p a r t i c l e  
in an  a r e  f l a m e :  1) t i m e  dependence  
of the  r ad iu s  of the  evapo ra t i ng  p a r -  
t i c l e ;  2) t e m p e r a t u r e  of the  e v a p o r a -  
t ion  s u r f a c e  T 1 (t). 

w h e r e  the  G r e e n ' s  funct ion G is 

G(r, 9, t, ~ ) - - ~ ~  exp 
2p 

(r--P)~ ] - - exp[  (r-4-9)2 ]}. (2) 
4a (t - -  ~) 4a (t - -  x) 

F o r  b r e v i t y ,  we se t  T ( r ,  0) ~ 0 in wr i t ing  (1). T h e  mo t ion  of the  s u r f a c e  is d e t e r m i n e d  by the  equat ion  of 
e v a p o r a t i o n  k ine t ics  [4, 5] 

= v (0 = vo exp /~r~ (0 ' 

w h e r e  tl is the  gas  cons tan t ;  v0 = e(3/4rr) t /3,  ~ is the  m e a n  speed  of sound in the  m e t a l .  T h e  ene rgy  e o n s e r -  
va t ion  law, which can  be wr i t t en  as 

dq _ )  07" = q ( t ) + 7 - - L ,  (4) 
Or ~=r,(t) dt 

is s a t i s f i e d  on the  s u r f a c e  in addi t ion  to  the  k inet ics  equat ion .  Let us c o n s i d e r  the  heat  f lux to  be  d e t e r m i n e d  
by  the  e x p r e s s i o n  

q (t) = cc [Tp . T ,  (t)], (5) 

w h e r e  T p  is the  p l a s m a  t e m p e r a t u r e .  

Set t ing r = r 1 in (1) and e l imina t ing  the  funct ions 0 T / 0 r  and d r l / d t  by using (3) and (4), we obtain  an  in-  
t e g r a l  equat ion  in the  t e m p e r a t u r e  T 1 (t) of the  e v a p o r a t i o n  s u r f a c e :  

t 

LF ] dr -t- T,(t) = --j'T,(~) a r=0=q(~) Voexp [ RTI(~) 
0 

t 

Rr, (~)) 
0 

Op [r=p=r,('~) ) 

which  can  be  so lved  by s u c c e s s i v e  a p p r o x i m a t i o n s  by  us ing  an  e l e c t r o n i c  c o m p u t e r .  
s ions  fo r  G and a G / 0 p ,  we  w r i t e  (6) as  

7 
I 

T, (t) -- 2 1 ,7~  ~ I ,  (t), 
n = l  

w h e r e  

Expanding the  e x p r e s -  

(6) 

(7) 

t 

11 Up ~ T1 (T) exP [ RTI (T) 
0 

a(t - -x)  l - -  | V ~ - - x  
(8) 
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TABLE 1. Values of the  In tegra ls  In at Different  T imes  

Integral l=o, 04 see t=o, 1 sec t=o, 2 sec 

& 
12 
18 
14 
lb 
In 
17 

--2'4"10-2 l --1'7"10-1 5,96 5,5b. 10' 
2,02.108 2,09.10 s 
5,76 5,46.10 l 

--3,3.101 --3,3.10 t 
2,7.108 3,2-102 
I, 09 1,23 

- -1 ,0 .10-1  
2,02.102 

�9 2,03.103: 
2,01.102 

--1,0.10 t 
1,7.102 
6,8.10-I 

t 

~tvoL 
1~ = - - ~  ~exp [ 

o 

L~ ] dv 
RT~ (~) U F ~ - - (  " (9) 

t 

t'{' ox,[ 18 = T .  - -  
0 

a (t - -  z)JJ ] /U~-~ ' (10) 

t 
~voL [" 

1 , = ~ . }  exp[  
0 

a(-{-~-)j  exp . RTI (~) V-t~--~- x , (11) 

t 

15 = ~ Tz(x ) exp - a ( t - - x )  V'U~-i- ' (12) 
0 

t 

18=a / - -  t - - e x p  (13) 
J r 1 (T) . a ( t ~ )  i / t  ~ -  T ' 
0 

t 

a (t - -  ~) ( 7 - : ~ / 2  " (14)  
0 

The function rl(t)  in (8)-(14) is de te rmined  by the express ion  
t 

o 

Computat ions were  pe r fo rmed  on an "Odra-1304" elec-q:ronie computer  for lead par t ie les  with an initial 
radius  of I10 = 7 .10  -~ cm.  The p lasma t e m p e r a t u r e  was assumed  to be 6000~ and the eoefficient o~ = 5 W/ 
cm 2 .deg.  

Because  (1) is meaningless  for r < 0, a t ime  in terval  was chosen for  which the final radius  remained  
posi t ive .  The final r e su l t  is obtained by the machine a f t e r  nine i terat ions with a l inear  initial  approximat ion  
for  the in terva l  of t part i t ioned into 50 spaces  and a r e la t ive  accuracy  of 2%. 

The resu l t s  a r e  presented  in Fig.  1 and Table  1. As is seen  f rom the f igure,  the nature  of the t i m e  
change in the par t ic le  radius  [the function r l  (t)] is in good ag reemen t  with the resu l t s  of the exper imenta l  paper  
[1_]. 

The contr ibution of the integrals  I in (7) is r ep resen ted  in the t ab le .  As should have been expected,  the 
contr ibution of the integrals  I1, I2, I4, which contain the quantity v as a fac tor ,  is sma l l  in the specif ic  p rob lem 
considered ,  which is cha rac te r i zed  by a low evapora t ion  r a t e :  

Moreove r ,  the inequality 

v =  d-~ 2 .~O.05cm/sec ( ( ~ o  .~80 crn/sec. 

r~ (t) ({ a 
A'~ q (t) 
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is always conserved in the problem considered; hence, the contribution of the integral 17 can also be neglected. 

Est imates made permit  finding cer ta in  important asymptot ics .  

At the beginning of the p rocess ,  i . e . ,  for t << R~/a, although T 1 << Tp the magnitude of the integrals 15 
and I G can be neglected in compar ison  with the value of the integral  I3, as is seen f rom (12) and (13). The ex- 
ponential in the braces  in this latter integral  is much less than one; therefore ,  Tl (t) ~ 4--~-~ �9 {aTp/X)4~. 
This resul t  is evident f rom physical  considerations s ince heating of a sphere  with a practical ly fixed boundary 
occurs at the beginning of the p rocess .  

As is seen from the table,  the integral  13 continues to introduce the greates t  contribution to (7) in the 
mode of the developed evaporation p rocess ,  where its value is approximately constant in t ime.  Solving the 
equation dI3/dt = 0, we find 

d (t) = A --Bf, (16) 

where A and ]3 are certain constants. The Sreznevskii law follows from (16): 

d S  d Q  _~ const, r l dZ 

which is verified in [1]. Finally, for low values of r 1 the role  of the integral  I s grows,  

1 
r~ (t) ~ ~ Io, (17) 

for r 1 << (X/a) �9 (T1/Tp). 

In the specific problem under considerat ion,  the inequality (17) s tar ts  to be satisfied f rom the value r 1 
10 -3 cm. As is seen f rom the figure, the t empera tu re  of ttie evaporation sur face  hence varies  weakly, and it 
can be extracted f rom under the integral  sign in 16. Solving the equation dT1/dt = 0, we obtain 

d r l / d t  = - -  C ,  d S / d t  N - -  C r l ,  

where C is some constant,  i . e . ,  for smal l  values of the part icle  radius r 1 the ra te  of change of the sur face  
a rea  diminishes with t ime in proport ion to the radius.  This deviation f rom the Sreznevskii  law is also de-  
tected in the experiments in [1]. 

N O T A T I O N  

R 0, initial part icle radius;  r 1 (t), radius of the evaporating part icle;  T (r, t), t empera tu re  within the 
particle;  T 1 (t), t empera tu re  of the evaporation surface;  G(r, p, t, r) ,  Green 's  function; a, coefficient of 
thermal  diffusivity; k, coefficient of the rmal  conductivity; 7,  metal  density; /z, atomic weight; a ,  coeffi-  
cient of heat exchange with the plasma; L, specific heat of evaporation; v0, maximum evaporation ra te ;  
q(t), heat flux f rom the plasma.  
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