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We made m e a s u r e m e n t s  of the constants  of vapor iza t ion  of spher ica l  metal  pa r t i c les  in an 
a r c  p l a sm a .  The data of the exper iments  we re  compared  with approx imate  calculat ions.  
It was shown that Lhe t ime  requi red  for  comple te  vapor iza t ion  of the pa r t i c l e s  was 30-40% 
more  than the t ime found by using the vapor iza t ion  constants ,  owing to a nonsta t ionary s tage 
and to deviation f rom V. S t reznevskWs law. 

The vapor iza t ion  of smal l  pa r t i c les  is a fa i r ly  complex p r o c e s s ,  and a number  of s impl i f icat ions  [1-3] 
a r e  genera l ly  introduced in descr ib ing  it. If a pa r t i c l e  is spher ica l  in shape and its radius  is much l a r g e r  
than the mean f ree  path of the vapor  molecules  (r >> 1) then the r a t e  of vapor iza t ion  when the su r face  of the 
par t i c le  has  reached  a s ta t ionary  t e m p e r a t u r e  is descr ibed  by the formula  [2] 

where  

= - -  2nX~n(T* ~ T s t ) r  qbNu, (1) 
dt L 

qb=ln[1.q_ cp(T|  ] L 
L % (T| - -  Tst ) 

is a p a r a m e t e r  which takes account of the effect of the d i sp lacement  of the resul t ing  vapor s  on the heat  ex-  
change with the su r face  of the drop.  Integrat ion of (1) yields  a re la t ion  f i r s t  es tabl ished exper imenta l ly  by 
V. Sreznevski i  [4]: 

r ~ = r~ - -  Ct. (2) 

The vapor iza t ion  constant C c h a r a c t e r i z e s  the r a t e  at which the su r face  of the drop d e c r e a s e s  with t ime for  
the  given conditions: 

C~- d(r)~ -- Xm(T~--T~r) CNu. (3) 
dt Lp 

In the use  of an a re  d ischarge  in p l a smochemica l  technology, meta l lu rgy ,  meta l  p rocess ing ,  and e m i s -  
s i o n - s p e c t r u m  analys is ,  it is a ma t t e r  of cons iderable  in te res t  to es t imate  the r a t e  of vapor iza t ion  of the 
pa r t i c les  in the a rc  p l a sma .  

Since thehea t  flux caused by radiant  heat  t r an s f e r  in the a rc  p l a s m a  const i tutes  a ve ry  smal l  f rac t ion  
of the total heat  b a l a n c e  [5, 6], it is usual ly neglected.  As is shown by the calculat ion of [7], the Reynolds 
numbers  for  the motion of smal l  pa r t i c les  in p l a sma  a re  smal l ,  and the conditions of flow past  the par t i c les  
may be r ega rded  as Stokesian. In this case  heat  t r ans f e r  f r o m  the par t ic le  takes place chiefly through t h e r -  
mal  conductivity [8]. For  this r eason ,  in making calculat ions we may s t a r t  with the re la t ions  (1)-(3) and 
use  the quantity C to c h a r a c t e r i z e  the quas i s ta t ionary  vapor iza t ion  of a par t ic le  in the p l a sma ,  se t t ingNu = 2. 

We studied the vapor iza t ion of spher ica l  meta l  pa r t i c les  having radi i  of 4-2 0 .10  -5 m, f r ee ly  fal l ing 
in the a rc  p l a sm a  or brought  into the cent ra l  pa r t  of the d ischarge  on a thin carbon rod.  We used a cons tan t -  
cu r ren t  arc  burning between carbon e lec t rodes  (the cu r ren t  value was 15 A). 
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Fig. 1. Variation of the rat io (r/r0)2 as a function of 
time t, see:  a) vaporizat ion of par t ic les  failing in 
p lasma [1) Pb, r0 = 4 .8 .10  -5 m; 2) Pb, r 0 = 6.1 �9 10 -5 
m]; b) f rom ca rbon- rod  channel [1) Bi, r 0 = 11 .10  -5 
m; 2) Pb, r 0 = 11.5 .10 -5 m; 3) Sn, r 0 = 10-10 -5 m]. 

TABLE 1. Determination of the 
Constant C and the Vaporization 
Time for Lead Par t ic les  Falling 
in P lasma  

C �9 10 s, 1 "p-2 tst, sec to ,  s(~c 
ro "i0 5, rn /sec 

4,8 
6,1 
6,3 
7,3 

41,8 
47,8 
38,6 
48,4 

0,0056 I 0,0085 0,0079 0,0125 
0,0103 0,014 
0,01I 0,0155 

To measure  the constants of vaporizat ion of the metal par t ic les  
in the plasma,  we used a spect roscopic  method and absorption rad io -  
graphy [9]. Both methods enabled us to determine the mass  of a 
part icle ,  or its radius,  during the vaporizat ion p rocess ,  and to obtain 
curves showing the variat ion of the square of the radius as a func- 
tion of t ime (Fig. 1). In the graphs of (r/r0) 2 = f(t) we can dist in-  
guish three sections corresponding to separa te  stages of the vapor i -  
zation: anons ta t ionary  stage, vaporizat ion at s t a t ionarypar  t i e l e - s u r -  
face tempera ture  in accordance  with (2), and deviation f rom this r e l a -  
tion when the radius of the par t ic le  becomes comparable  with x. The 
cons tant of vapor ization was deter mined f rom the tangent of the angle 

of inclination of the l inear section of the (r/r0) 2 = f(t) curve: 

C = r~ tg a = Ar~. (4) 

Table 1 shows the resul ts  of the measurements  of the vaporization constant for lead par t ic les  of v a r i -  
ous sizes becoming vaporized as they move in the p lasma of an arc  discharge.  The dispersion of the values 
of the constant C was charac te r ized  by a coefficient of var ia t ion equal to 10.870. For lead part icles  in t ro-  
duced into the plasma at the end of a carbon rod, we found v = 8.7% for par t ic le  radii  varying f rom 8 to 14 
�9 10 -5 m. 

The average values of the vaporizat ion constants ,  obtained by averaging 3-12 measurements  made for 
identical conditions of par t ic le  vaporization,  are  shown in Table 2. It can be seen f rom these data that the 
value of C depends on the tempera ture  of the medium and var ies  with the thermophysical  proper t ies  of the 
metal being vaporized.  For  compar ison purposes ,  Table 2 also shows experimental data for drops of water 
evaporating at a tmospher ic  p r e s s u r e  in a s t r eam of hot air  (velocity 0.5 m/sec)  [10], and also data obtained 
f rom the combustion of drops of hydrocarbons [11]. 

Our measured  values for  the vaporizat ion constants were compared  with the data of calculations p e r -  
formed according to formula  (3). The calculation of the vaporizat ion constants entails a cer ta in  amount of 
difficulty, since information on the thermophysical  proper t ies  of substances at high tempera tures  is limited. 

Using an arc  burning between carbon electrodes,  we assumed that the tempera ture  of the plasma was 
6 2 5 0 ~  [12]. For a given tempera ture  of the medium, the s tat ionary temperature  of the sur face  of the vapor -  
izing par t ic le  can be found graphically by solving the equation obtained by Will iams [3]. The Tst values ca l -  
culated for the conditions of our experiments are  shown in Table 2. 

We found the coefficient of thermal conductivity of the plasma f rom the appropriate graphs showing its 
variat ion with ternperature [13], assuming,  in accordance with [14], a logar i thmic-mean value between the 
tempera ture  of the medium and the stat ionary tempera ture  of the surface.  We took Xm for the mixture of 
a ir  and the vapors  of the substance being vaporized to be equal to the coefficient of thermal conductivity of 
a ir  [15]. 
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T A B L E  2. V a p o r i z a t i o n  Cons tan t  fo r  P a r t i c l e s  of V a r i o u s  C o m p o s i t i o n s  

Cond'iffons of vaporization 

Falling in plasma 

T ,o = 6250 *K 

From carbon-rod channel 

T .o= 2700 *K 

In air stream [10] 
T.o = 973 *K 

Combustion [11] 
T ,o = 2000 *K 

Substance 
investigated 

lead 
tin 
silver 

bismuth 
lead 
tin 
silver 

Water  

benzene 

Vaporization constant. C.  10 8, 
m2/~C 

experimental 
data * 

44~7.6 
26~4.4 
21~  

4.1~0.45 
3. 6~0.28 

1.89-~0.17 
1.58~.16 

4.76 

24.2 

calculated 

46.9 
27.6 
16.2 

4.4 
3.6 
2.04 
1.3 

*The confidence limits were determined on the basis of a confidence ptobabfliry of 0,95, 

Tst, ~ 
calculated 
data 

1840 
2190 
2200 

1550 
1630 
1950 
1950 

The  v a l u e s  of L and Cp fo r  the m e t a l s  i n v e s t i g a t e d  w e r e  t aken  f r o m  [16]. 

The  r e s u l t s  of the  c a l c u l a t i o n s  a r e  shown in Tab le  2. They a r e  in s a t i s f a c t o r y  a g r e e m e n t  wi th  the e x -  
p e r i m e n t a l  da t a  (v= 13.2%). Thus ,  we m a y  conc lude  tha t  f o r m u l a  (3) e n a b l e s  us  to e s t i m a t e  the c o n s t a n t  of 
v a p o r i z a t i o n  of m e t a l  p a r t i c l e s  in an a r c  p l a s m a .  

Dur ing  the q u a s i s t a t i o n a r y  v a p o r i z a t i o n  of a p a r t i c l e  in a c c o r d a n c e  wi th  (2), i t s  v a p o r i z a t i o n  t i m e  is 

r0~ (5) 
tst = - U - "  

F r o m  the func t ions  (r/'r0) 2 = f(t) that  we found (Fig.  1) i t  fo l lows  that  the t i m e  r e q u i r e d  fo r  c o m p l e t e  
v a p o r i z a t i o n  of a p a r t i c l e  is  30-40% m o r e  than t s t  (Table  1) b e c a u s e  the p r o c e s s  i nc ludes  a n o n s t a t i o n a r y  
s t a g e  and b e c a u s e ,  a s  a r e s u l t  of the s m a l l  s i z e  of the p a r t i c l e s ,  the r a t e  a t  which  the s u r f a c e  of a d rop  d e -  
c r e a s e s  d e v i a t e s  f r o m  a c o n s t a n t  r a t e .  Thus ,  in e s t i m a t i n g  the to ta l  v a p o r i z a t i o n  t i m e ,  the  d u r a t i o n  of t h e s e  
s t a g e s  m u s t  a l s o  b e  t aken  into accoun t .  

N O T A T I O N  

m is  the m a s s  of p a r t i c l e ;  
t i s  the t i m e ;  
t c i s  the  t i m e  r e q u i r e d  fo r  c o m p l e t e  v a p o r i z a t i o n ;  
r is  the r a d i u s  of p a r t i c l e ;  
r 0 is  the  i n i t i a l  v a l u e  of r ;  
Xm is  the  coe f f i c i en t  of t h e r m a l  conduct iv{ty  of the m i x t u r e  of a i r  and the v a p o r s  of the s u b s t a n c e  b e i n g  v a p o r i z e d ;  
T o  i s  the  t e m p e r a t u r e  of m e d i u m ;  
Ts t  is  the  s t a t i o n a r y  t e m p e r a t u r e  of the s u r f a c e  of  the d rop ;  
L is  the l a t en t  hea t  of v a p o r i z a t i o n ;  
Cp is  the  hea t  c a p a c i t y  of the v a p o r  a t  c o n s t a n t  p r e s s u r e ;  
Nu is  the  N u s s e l t  n u m b e r ;  
p is  the  dens i ty ;  
C is the v a p o r i z a t i o n  cons tan t ;  
x is  the f r e e  pa th  length  of v a p o r  m o l e c u l e s ;  
v i s  the coe f f i c i en t  of v a r i a t i o n .  
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