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A theory  of the evapora t ion  of an a r b i t r a r y - s i z e  d rop  in a field of e l ec t romagne t i c  radia t ion is 
cons t ruc ted  using the Lees  method.  An analyt ic  exp re s s ion  is found fo r  the hea t  and m a s s  f luxes.  
An equation desc r ib ing  the change in drop  rad ius  as  a function of t ime is obtained. 

Consider a pure drop of volatile material (radius R) in a binary gas mixture, the first component of which 
consists of molecules of the volatile drop material and the second of linert-gas molecules. 

Monochromatic electromagnetic radiation of wavelength k 0 falls on the drop. Part of the radiation energy 
is absorbed by the drop and consumed in evaporation. Following [1], it will be assumed that the thermal ener- 
gy released in the drop volume is homogeneously distributed in it with quantity q 

3IKp(R, ~'o) (1) 
q-- 4R ' 

where  I is  the radia t ion intensi ty;  Kp is the absorp t ion  coeff icient  [1]. 

To de te rmine  the evapora t ion  t ime  of the drop  it is n e c e s s a r y  to know the expl ici t  f o r m  of the e x p r e s -  
sions for  the hea t - f lux  densi ty r e l e a s e d  f r o m  the drop  sur face  Q and the m a t e r i a l  of the f i r s t  (volatile) compo-  
nent N l. The values  of Q and Nl will  be found in a quas i s t a t iona ry  approximat ion  by the Lees  method f r o m  the 
solution of the kinet ic  Bol tzmann equation under  the condition that  nt << n and (T s - T ~ ) / T ~  << 1 (nl and n 2 a re  
the mo lecu l a r  dens i t ies  of the f i r s t  and second components  of the gas mix ture ;  n = nt +n2; Ts  is the t e m p e r a -  
ture  of the drop su r face ;  and T~o is the gas t e m p e r a t u r e  a t  infinity). 

The condition nt << n is n e c e s s a r y  since the Lees  method does not take into account  the convective motion 
of the medium and the re fo re  is only used for  n 1 << n. In i ts  tu rn ,  this  condition significantly s impl i f ies  the de -  
r iva t ion  of the e x p r e s s i o n  for  N1. 

The use  of the Lees  method for  d rop  evapora t ion  is outlined in deta i l  in [6, 7]. T h e r e f o r e ,  the e x p r e s -  
sions for  the flux dens i t ies  N 1 and Q a re  not der ived  h e r e  but s imply  s ta ted  as (2), {3): 

TABLE i. Surface Temperature of Water 
Drop as a Function of Drop Radius R and 
Intensity of Electromagnetic Radiation I, 
W/cm 2 

P,,~ 
I = I 0  

330 
297 
294,5 
294 
293,5 
293,2 

i0 .~ 
10 
I 
1 0 - I  

i0-= 
10-= 

T s, 'K 
I-- I02 

317 
296 
294 ,5  

294 
293,5 

I = l o  a 

308 
295 ,5  

295 

294 
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Fig. I. Values ofg(T s, R), cal/emZ.sec for 
fixed values of the radius (a) and fixed tem- 
perature (b): a) R = 10 -3 ~t(i),10 -2 (2), 10 -I (3), 
I (4), 1O (5), 102 tt (6); 13) T s = 303 (I), 313~ 
(2). 
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F i g .  2. D e p e n d e n c e  of d r o p  r a d i u s  on d i m e n s i o n l e s s  
e v a p o r a t i o n  t i m e  r .  

F i g .  3. C o m p a r i s o n  of the  e x p e r i m e n t a l  and t h e o r e t i c a l  
d e p e n d e n c e  of  R ,  t~, on t ,  s ec .  

exp ( 2V18 / 

N : = V ~ - ~ m :  a ~ , ( l + ~ .  . 1:- '  ~zR/~. 

0 . / - : ~ 2  L - -  T.  n' 

R z , (2) 
r2 

(3) 

w h e r e  nlo o and n2~ a r e  the  m o l e c u l a r  d e n s i t i e s  of the  v a p o r  and i n e r t  gas  a t  in f in i ty ;  m i and m 2 a r e  the m o l e c u l a r  
m a s s e s  of the  v a p o r  and gas ;  ~ m i  i s  the e v a p o r a t i o n  f a c t o r  of the  v o l a t i l e  c o m p o n e n t ;  n i s  i s  the  s a t u r a t i o n  v a p o r  
d e n s i t y  a t  t e m p e r a t u r e  T s ;  exp  (2VI6/RkTs)  i s  the Ke lv in  f a c t o r ;  k i s  the  B o l t z m a n n  cons t an t ;  k i s  the  m e a n  f r e e  
pa th  of  the  g a s - m i x t u r e  m o l e c u l e s ;  ~ and /3  a r e  c o e f f i c i e n t s  

2 V2- ~, " m, " 
--~m, 3n 1 +  1 - -  m~ 
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32 
15n 

(~I and a 2 a re  the d i a m e t e r s  of the vapor  and g a s  molecules) .  

In der iv ing Eqs.  (2)-(3) the model  col l is ion in tegra ls  in Gros s  and Krook f o r m  were  used [8]. Equation 
(2) is  cons iderably  s i m p l e r  in s t ruc tu re  than the fo rmula  for  the vapor  flux obtained in [6]. In the l imit ing cases  
fo r  R >> k and R << X, Eq.(2) t r a n s f o r m s  to the Shankar formula .  These  exp re s s ions  give s i m i l a r  va lues  for  
vapor  f luxes in the in te rmedia te  range  of Knudsen Kn = X/R, i .e . ,  for  R ~ k. Fo r  example ,  in the case  of a i r -  
vapor  mix tu re  the m a x i m u m  di f ference  between the vapor  f luxes calculated f r o m  Eq. (2) and the Shankar fo rmula  
does not exceed  30~ 

The heat  t r a n s f e r  is desc r ibed  using an exp re s s ion  obtained for  a one-component  (n 1 << n2) monoatomic  
gas.  Applicat ions usual ly  involve monoa tomic  gases .  As compar i son  with expe r imen t  shows,  the e s t ima te  is 
expediently made using Eq. (4), which takes  into account  the in ternal  degrees  of f r eedom of the gas molecu les  

l f ~-T| Te~ T~ R z 
Q =  V - ~ - ~ -  2 n2| [ I + ~JR/~, F ' (4) 

where  f is the Eins te in  co r rec t ion  fac tor  [10] 

3.6 0,92 % - -  2.75 
f= 1.3+ 

c u (z + 0.53% - -  0.76) % 

(c v is the m o l a r  spec i f ic  heat  of the gas at  constant  volume;  z is the co r rec t ion  for  inelas t ic  collision). 

The dis t r ibut ion of the t e m p e r a t u r e  T1 in the drop volume is desc r ibed  by the Laplace  equation,  the so lu-  
tion of which is 

T i=T,+IKpR 1-- 
8.~ -~- ' (5) 

where  ~t i is the t h e r m a l  conductivity of the d rop  m a t e r i a l .  

In Eqs.  (2)-(5) the unknowns a r e  the sa tu ra ted  vapor  densi ty and the t e m p e r a t u r e  Ts ,  which may  be found 
f r o m  Eq. (7); this  equation is obtained by subst i tut ing Eqs.  (2), (4), and (5) into Eq. (6), taking into account  the 
continuity of the hea t  flux pass ing  through the d rop  sur face  

dT~ 
Q (R) + Lrn~N~ (R) = -- ~ -~r ,=R' (6) 

/ 2V16 \ exp ~ ! nl 8 -  n~. _ ff2-~-~ { ~rn i  T,--T| ( nl~ ) tROT,~  } 'Kp 

where  L is the heat  of phase  t rans i t ion.  

In the genera l  case  Eq. (7) is t r anscenden ta l  and cannot be solved analyt ical ly.  The dependence of r  
R) on T s for  a w a t e r  d rop  is shown in Fig. l a  for  fixed values  of R; f r o m  these  cu rves ,  knowing IKp/4 it is s i m -  
ple to de te rmine  T s and hence nis. The dependence of r  R) on R for  fixed values  of T s is shown in Fig. lb  
(R is plotted in a logar i thmic  sca le  along the absc i s sa ) .  

Table  1 shows va lues  of Ts  obtained using the curves  in Fig. l a  for  var ious  values  of I and R. As is ev i -  
dent f r o m  Table  1, for  a drop radius  R -<- 10 -I  ~ even at  an intensi ty I = 103 W/cm 2 the sur face  t e m p e r a t u r e  of 
the drop di f fers  only slightly f r o m  the t e m p e r a t u r e  of the unper turbed  v a p o r - g a s  mix tu re  (in obtaining the 
values  of T s it is  a s sumed  that  in the absence  of radia t ion the drop is in t he rmodynamic  equi l ibr ium with the 
surrounding med ium and  T~  = 293~ 

The dependence of the drop radius  on the t ime  t is desc r ibed  by the conserva t ion  equation for  the drop 

m a s s  M 

dM -- 4:~R2mlNI (R), (8) 
dt 

where  N I may be found f rom Eq.(2) using Eq. (7). 
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In the genera l  case  Eq. (8) does not in tegra te  in quad ra tu re s  and it m u s t  be solved numer ica l ly .  

F r o m  Eqs.(2) ,  (7), and (8) the dependence of the drop rad ius  R on the evapora t ion  t ime  t was  e s t ima ted  
for  a w a t e r  drop  evapora t ing  in a i r  under  the act ion of CO2-1aser radia t ion  of wavelength }'0 = 0.16 ~ and inten-  
si ty I = 3.102 and 103 W/cm 2. The r e s u l t s  a re  shown in Fig.  2: C u r v e l  is  plot ted fo r  a wate r drop  of in i f ia l  
rad ius  R i = 3 ~, evapora t ing  in a radia t ion f ield of intensi ty  I = 3- l02 W/cm 2 and curve  2 co r r e sponds  to R i = 
1 p and I = l0 s W/cm 2. The ra t io  Ri/R is plot ted in a loga r i thmic  sca le  along the absc i s s a  and the d imens ion -  
l e s s  t ime T = tD12/}t} is plot ted along the ordinate  (Dl2 is the b inary-d i f fus ion  coefficient).  As is evident  f r o m  
Fig. 1, when a w a t e r  d rop  of rad ius  l e s s  than the wavelength of the e l ec t romagne t i c  radia t ion evapo ra t e s  (R < 
X0) , T ~ ln(Ri/R) in f ie lds  of suff icient ly la rge  intensi ty in the f i r s t  s tage.  This  dependence a r i s e s  because  the 
main  m e c h a n i s m  of hea t  l ibera t ion  f r o m  the drop  init ial ly is evapora t ion  of the drop  m a t e r i a l  since Q << LmlN i 
and t he re fo re  the flux densi ty  Ni(R ) ~ Kp. In turn ,  the absorp t ion  fac to r  Kp ~ R. 

With d e c r e a s e  in drop  s ize  in the course  of evapora t ion  i ts  su r face  t e m p e r a t u r e  fal ls  and mo lecu l a r  hea t  
conduction plays  a m o r e  impor tan t  p a r t  in the hea t - l i be r a t i on  m e c h a n i s m  (this per iod  co r r e sponds  to the elbow 
in the curves) .  Finally~ when the rad ius  becomes  ve ry  sma l l  (R << ~t) evapora t ion  occu r s  main ly  as a r e su l t  of 
the ef fec t  of the Kelvin f ac to r ,  s ince hea t  l ibera t ion  in the volume of the drop as a r e su l t  of absorp t ion  of e l e c -  
t r omagne t i c  ene rgy  is v e r y  smal l  at  this  drop  size and the concentra t ion nlr is a s s u m e d  in  the calculat ion to be 
equal to the sa tura t ion  vapor  concentra t ion  at t e m p e r a t u r e  Too (this per iod  co r r e sponds  to the sect ion of slow 
va r i a t ion  on the curves) .  

In Fig. 3 the theore t i ca l  r e s u l t s  a r e  c o m p a r e d  with the expe r imen ta l  data of [8]  obtained in the e v a p o r a -  
tion of a w a t e r  d rop  in a f ield of e l e c t rom agne t i c  radia t ion of intensi ty I = 25 W/cm 2 (k 0 = 10.6 ~): Curve  1 is  
plot ted f r o m  Eqs.  (7)-(8) and curve 2 is taken f r o m  [9]. The a g r e e m e n t  between theory  and e x p e r i m e n t  is e v i -  
dently good. The dependence of R on t in this f igure  is l inear  because  the heat  l i be ra t ion  in the cons idered  
range  of drop  rad i i  occu r s  mainly  by evapora t ion  of the drop m a t e r i a l  and the absorp t ion  fac tor  Kp (in con t r a s t  
to the case  in Fig. 2) is e s sen t i a l ly  unchanged in this range  of d r o p - s i z e  var ia t ion .  

Unfor tunate ly ,  the l i t e r a t u r e  does not include any expe r imen ta l  data on evapora t ion  of d rops  with l a rge  
Knudsen number s  in the f ield of e l e c t rom agne t i c  radiat ion.  
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