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The diffusion mechanism of interact ion between evaporating and condensing droplets  is d i s -  
cussed. It is  found that the resul t ing fo rces  are  of long-range type. The scope for  using 
resonant  e lec t romagnet ic  radiat ion to act on the growth o r  evaporation of the droplets is 
also discussed.  

Experiment shows [i] (see also [2]) that small aerosol particles are repelled by evaporating droplets 
and attracted by growing ones. The results were explained qualitatively as the action of hydrodynamic flows 
arising around the evaporating or condensing drops r flow directions in evaporation and condensation are 
opposite). Stefan [2] explained the causes of this motion in a vapor-gas mixture: in order to maintain a 
constant total pressure in the medium, the gradient in the partial pressure of the vapor (arising from the 
diffusion during evaporation and condensation) must be accompanied by an equal gradient of opposite direc- 
tion in the partial pressure of 'the gas, which causes the gas to diffuse towards the particle, but the latter is 
impermeable, so the gas flow ~t it should be zero, and 'therefore one gets hydrodynamic Stefan flow, which 
compensates for the gas diffusion. Therefore, 'the primary reason for the flow near a drop is the diffusion 
of vapor i~to 'the gas, and therefore this droplet interaction mechanism should be called a diffusion one. This 
enables one to distinguish this interaction from the hydrodynamic one between particles, which arises when 
par t ic les  of a nonvolatile m~terial  move in a medium. 

However,  no quantitative study has been made of the diffusion interact ion and of its effects on fog s tabi l -  
ity. It is  shown below that very considerable fo rces  act in an ensemble of volatile par t ic les ,  which are  inver -  
sely propor t ional  to the square of the distance between the par t i c les ,  which means that the interaction is of 
long-range  type (s imilar  to the Coulomb one). Fo r  compar ison,  we may note that Van der  Waals '  fo rces  de-  
c r ease  as  r -7 [2], while hydrodynamic interact ion ones decrease  as r -~ [2]. We have also found that the diffu- 
sion mechan i sm can be controlled if the e lec t romagnet ic  radiation acts  on the aerosol  sys tem that is r ea son -  
az~tly absorbed by the vapor. The action of the radiation in that case is of two types  : f i rs t ly ,  the diffusion 
coefficients in the ground and excited states differ,  and secondly there  a re  differences in the condensation 
(evaporation) coefficients that charac te r ize  the probabil i ty that vapor atoms will stick to the surface of a p a r -  
t icle.  The effects of these fac tors  are  very  substantial:  it is quite possible to get a situation where droplets  
that are  evaporating and consequently repel one another by the diffusion mechanism on illumination grow and 
a t t rac t  one another,  which may ult imately lead to coalescence in the aerosol  cloud. 

Diffusion Interact ion of Droplets  Suspended in a Fore ign Gas. Evaporat ion o r  condensation at the drop-  
lets is accompanied by Stefan hydrodynamic flows, which are  found by joint solution of the equations of diffu- 
sion, the rmal  conduction, and hydrodynamics .  Fo r  s implici ty we r e s t r i c t  ourse lves  to the case where the 
concentrat ion of vapor utoms is small  by compar ison  with that of the surrounding buffer gas. Fo r  the vapor 
close to sa:turation we get [2] thzt  in the l inear  approximation near  a drop of radius R the radial velocity of 
the Stefan flow is 

-~ R ~-~ D n s ( R 0 - n  
v 1 = v nz, v=  ~ (I) 

r ~ Rz a0 

The unit vector  n 1 i s  d i rected away f r o m  the surface of the drop. The solut ion of (1) may be ref ined in many 
respects (by the inclusion of thermal and nonlinear effects, the recoil momer~tum of the escaping molecules, 
etc.), but to a first approximation it is sufficier~t to use (i). If there is a spherical particle of radius R 2 at a 
distance r from a drop of radius Ri, 'then the former is acted on by the Stokes force 
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~ = 6~ lR~l  (r), (2) 

where  77 is  the v i scos i ty  of the surrounding medium.  The use of this  fo rmula  involves  the assumpt ion  that  
r >> Hi,  H2, since the speed  of the hydrodynamic  flow i s  cons idered  as constant in the neighborhood of the 
second pa r t i c l e ,  and also no al lowance is  made  fo r  the dis tor t ion in the gas  flow due to the adjacent  par t i c le .  

If  the two p a r t i c l e s  a r e  drops  of  'the s a m e  substance,  then we find within the accu racy  of the l inea r  
approx imat ion  that  the f o r c e s  acting on the different  pa r t i c l e s  a r e  desc r ibed  by the l a t t e r  fo rmula  with c o r r e s -  
ponding pe rmuta t ion  of the subsc r ip t s .  On the bas i s  of (1) we see that  the in terac t ion  between the drople ts  
o c c u r s  with f o r c e s  i n v e r s e l y  propor t iona l  to the  square  of the dis tance between them,  which is  s i m i l a r  to the 
f 2 r c e s  be._ tween e l ec t r i c  charges .  However ,  the analogy i s  not complete .  An impor tan t  point i s  that  the f o r c e s  
F12 and F21 in the gene ra l  case  a r e  not  equal in modulus  and even may  have the same direct ion,  because  a 
th i rd  body (the vapor)  i s  involved in the in teractio_ n. In fact ,  if the s a tu ra t i on -vapor  p r e s s u r e  were  indepen-  
dent of the drople t  s i ze ,  then  the f o r c e s  F12 and F21 would be identical  in magnitude and opposi te  in di rect ion,  
but accord ing  to Ke lv in ' s  f o rm u l a  [2] 

2am R_i, .~ (R) - - , ~  (co) = .~ (oo). 7kV 

the  sa tura t ion  vapor  p r e s s u r e  o v e r  the  sur face  of a drop i n c r e a s e s  as  the s ize d e c r e a s e s .  If we have two 
drops  differ ing in s ize  and one of t h e m  e v a p o r a t e s  while the  o the r  g rows  (i.e.,  the sa tu ra t ion -va~or  concen-  
t r a t ion  sa t i s f i e s  the chain of inequal i t ies  ns(R1) > n~ > ns(R2) (R 1 < R2)) then the fo r ce s  FI2 and F21 a re  the 
same  in d i rec t ion ,  and the smal l  drop follows the l a rge  one. The re fo re ,  the re  is  an apparer~t violation of 
Newton 's  t h i rd  law because  of the par t i c ipa t ion  of a t h i rd  body in the in teract ion.  Ref inement  of the f o r m u l a -  
t ion and der iva t ion  of the solution (for example ,  with al lowance for  the recoi l  of_.~the evaporat ing mate r ia l )  
only s t rengthens  th i s  conclusion; we note however ,  that  in any case  the f o r c e s  F12 and F21 a re  equal in modu-  
[us and opposi te  in sign if the d rops  a r e  of the same  s ize ,  where  the evapora t ing  drop is  r epe l l ed ,  while on 
condensat ion on the o the r  hand it  i s  a t t rac ted .  The statemer~t r e l a t e s  to d rops  of the same  substance.  If,: on 
the o the r  hand, the l iquids a r e  different ,  then the fo r ce s  a r e  unequal even fo r  equal s izes .  

We now es t ima te  the  magnitude of the interact ion.  Consider ,  f o r  example ,  two drops  of wa t e r  with 
radi i  R l = R 2 = 10 ~m at a dis tance r = 100 pm apar t  in a i r  at r oom t e m p e r a t u r e  (T = 290~ where  the s a t u r a -  
t ion vapor  p r e s s u r e  i s  0.02 a tm  [3]. With a humidity of 99%, repu l s ive  fo rces  Fl~ = F21 = 3 �9 10 -9 dyn act b e -  
tween the drops ,  which coincide with the weights of these  drops .  The re fo re ,  the diffusion fo rces  a re  ve ry  
substant ial  and evidently may  make a definite contribution for  example  to the kinet ics  of ae roso l  eoa leasence .  

To conclude th is  sect ion we make  the following comments .  We have d i scussed  above the s ta t ionary  case  
of flow and diffusion, and t h e r e f o r e  the appl icabi l i ty  of the r e s u l t s  i s  r e s t r i c t e d  to the following: the pa r t i c l e s  
mus t  be moving with r e s p e c t  to the a i r  with speeds  l e s s  than the speeds  of the hydrodynamic  flows, while the 
evapora t ion  (condensation) t i m e s  m u s t  be much  g r e a t e r  than the cha r ac t e r i s t i c  hydrodynamic  and diffusion 

t imes :  ~hd N Por2/w, ~'d ~ r2/D" 

Control  of Drop le t  Growth and Evapora t ion  by Means of Resonant  L a s e r  Radiation.  Before  we cons ider  
the scope fo r  affect ing the growth and evapora t ion ,  we reca l I  how these  p r o c e s s e s  ar~ desc r ibed  in the ab-  
sence  o f  radiat ion.  F o r  th is  pu rpose  we solve the diffusion equation An = 0 with the following boundary condi-  
t ions:  the vapor  i s  sa tu ra ted  at the su r face  of the body, while f a r  f r o m  the body the vapor  concentra t ion is  n~ .  
The ra t e  of  growth (evaporation) i s  de t e rmined  by the m a s s  flux p e r  unit a r e a ,  which is  D (0n/Sr) (the di rect ion 
towards  the su r face  is  t aken  as  posi t ive) .  An impor tan t  point is that  the sa tura t ion  condition co r r e sponds  to 
the  flux of mo lecu l e s  f r o m  the sur face  being equal to the n u m b e r  of molecu les  that  a t tach to the su r face ,  
which in t u rn  is  equal to the flux of mo lecu l e s  coUidi~g with the sur face  mul t ip l ied  by the condensation coeff i -  
cier~t. This  m e a n s  that  if  th is  coefficient  i s  var iab le  the product  by the sa tura t ion  vapor  p r e s s u r e  r e m a i n s  

constant. 

We now consider whether external fields can be used to affect the growth or evaporation. Let the vapor - 

gas  mix tu re  be in 'the f ie ld  of m onoch rom a t i c  electro_magnetic radia t ion  that  i s  reasonant ly  abso rbed  by 'the 
vapor  molecu les .  We a s s u m e  that  the radia t ion line i s  b road  enough to exci te  all the molecu les  within the ab-  
sorp t ion  l ine: in tha t  case  t h e r e  a r e  no l ight- induced drif t  f luxes [4]. The exci ted vapor  mo lecu le s  in te rac t  
with the m o l e c u l e s  in the env i ronment  in a different  way f r o m  those  in the ground s tate ,  which o c c u r s  on the 
one hand in tha t  exc i ted  molecu les  have diffusion coeff icients  di i ferent  f r o m  those in the ground s ta te  (because 
the col l is ional  f r equenc ies  of mo lecu le s  in different  s ta tes  di f fer  substant ia l ly  [4]). On the o ther  hand, the 
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sur face  binding forces  differ for  molecules  in the excited and ground states,  so the condensation coefficient 
should change substantially on excitation [5], evidently as far  as values of one (in the ground state,  the co-  
efficieizt is ex t remely  small:  for  example,  for  pure water  a = 0.034 [2]). 

Therefore ,  the a l te red  diffusion and condensation coefficients for  the excited molecules  open up scope 
for  controll ing the growth or  evaporation. The p rob lem is formulated  mathemat ica l ly  as follows. The ground 
and excited states of tlm molecule are  denoted by subscr ip ts  n and m correspondingly,  and the vapor diffusion 
is descr ibed  by 

DnAnn + DmAnm = 0. (3) 

The diffezences between 'the condensation coefficients in the different s tates  are  incorpora ted  to write the 
boundary condition at the surface as 

cznn~ + amnm = a n n  s , (4) 

where  ns is the sa tura t ion-vapor  density near  the surface in the absence of the external field. The condition 
at infinity r emains  unchanged. In the resonant  field, the concentrat ions of the molecules  in the ground and 
excited states are  expressed  in t e r m s  of n (the concelytration of molecules  at a given point) as follows [6]: 
n n + n m = n, n m = ( 1 / 2 ) x / ( 1  +x)n,  where the s a tu r a t i onpa rame te r  is x = (27m2/hJf~)I~, in which c and ~ are  
the velocity of light and P lanck ' s  constant,  oJ and Io~ are  the f requency and spectral  density of the incident 
radiat ion,  mid ~q is the t rans i t ion- l ine  half width. 

The radiation has another effect apart from exciting the vapor molecules that determines the growth 
or evaporation: the particles are heated, which firstly increases the saturation vapor density near the surface 
and secondly produces thermal diffusion. If we restrict ourselves to the case of low vapor concentration, the 
nonlinear [7] 'thermal diffusion of the vapor can be neglected. 

Therefore, examination of the growth or evaporation in a resonant radiation field requires joint solution 
of 'the diffusion equs:tion (3), Maxwell's equations for the field near the surface, and the equation of thermal 
conduction. 

We consider how 'the excitation and heating affect the evaporation (condensation) when one can neglect 
'the distortion of the field by a particle (this is so if 'the absorption length for the massive liquid is much 
greater than the droplet size, and also if the optical density of a droplet is ~ - i << I, the latter condition 
sufficiel~t at least when 'the particle radius does not exceed a few wavelengths [8], with e the dielectric cons- 
tant of the particle m~terial). As the heat power produced in unit volume is [9] q = [9e"/(s' + 2) 2 + e"2]Ico/c 
(e' and e" are the real and imaginary parts of 'the dielectric constant, c is the velocity of light, and I is inci- 
dent radiation hltensity), we get from 'the equation of thermal conduction that the particle temperature is T = 
Too + qR2/3~/, where R l is particle radius and ~41 is the thermal conductivity outside the particle (we have 
incorporated the fact tl~t usually ~I << ~4i, where the subscript 1 rel~tes to the n~terial of 'the particle). In 
accordance with (3), the vapor density varies in space as follows: n =nr + A(RI/r), where A is found from 
boundary condition (4): 

A= 1 ( 
l + r  ~ "~• ] - n ~ "  (5) 

2 ~  1+• 

In the l imit  where the t ransi t ion is sa turated (x > 1) (5) simplif ies to 

A ~--- 2 c z n  + --~F ) - n .  (5') 
CZ m - - C Z  n 

According to (3), the following is the effective diffusion coefficient when we can neglect  the distort ion of the 
external  field outside the par t ic le  

1 1 
1 +  • - - ~  

2 2 
D =  D~ 1 + x  ~- Dm 1 + • ' (6) 

while the vapor flux f rom unit surface of the par t ic le  is 

----- D an j - -  ~ = D A R r  
Or 

(7) 
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Then if A i s  pos i t ive  the drop evapo ra t e s ,  while o therwise  it grows.  F o r m u l a s  (5) and (5') show that  it is quite 
poss ib le  k) have a si tuation where  a drop evapors:ting in the absence  of the f ield begins  to grow in r e sponse  to 
the resonan t  radiat ion,  which means  tb.~t although ns(Tr -n~o > 0 it i s  poss ib le  in the case  a m >  c~ n to have 
A(n) < O. 

There  is  difficulty in ca r ry ing  out the n e c e s s a r y  e s t i m a t e s  because  of the indef ini teness  of our  i n fo rma-  
t ion on the change in the condensation coefficient  on excitation. Even if  we a s sume  that  c~ m is  only twice  C~n, 
we find f r o m  the data of [3] tb_~t ut r o o m  t e m p e r a t u r e  with a re la t ive  humidity of 99% an in f r a red  radia t ion 
f ie ld with I ~ 1 W / c m  2 will cause  wa te r  d rops  of rad ius  l e s s  than 4 ~ n  to grow,  while ones  l a r g e r  than 4 #m 
evapora t e ,  which m e a n s  that  on i r rad ia t ing  a d i s p e r s e d  ae roso l  cloud, all the p a r t i c l e s  tend  to have the s ame  
size defined by the condition A = 0. Considerat ion of the kinet ics  in that  case  would be of independent in te res t .  
In a dense ae roso l  cloud, c l ea r ly  an impor tan t  pa r t  will be p layed  by the coa lescence  of the growing drops  
a r i s ing  f r o m  the diffusion in terac t ion  (and also because  of col l is ions between drops) ,  and ra in  will be produced.  

T h e r e f o r e ,  ve ry  cons iderable  d i f fus ion- in terac t ion  fo r ce s  act  between drople t s  in clouds (or between 
solid p a r t i c l e s  of volati le subs tances) ,  which a r i s e  only f r o m  the diffusion of vapor  to o r  f r o m  a par t ic le .  An 
i l lus t ra t ion  of the di f ference of these  f o r c e s  f r o m  o the r s  (hydrodynamic,  Van der  Waa l s ' ,  and so on) is  that  
they  become zero  in the absence  of growth o r  evaporat ion.  An impor tan t  point is  that  these  a r e  long- range  
f o r c e s  i nve r se ly  propor t iona l  to the square  of the dis tance.  The par t ic ipa t ion  of a th i rd  body (the vapor) 
means  that  the re  is  an apparent  violation of Newton 's  t h i rd  law in droplet  interact ion.  There  is  an analogy 
between these  f o r c e s  and the in te rac t ion  between d rops  in an e l ec t ron-ho le  l iquid in a semiconductor  via the 
phonon wind [10], and also an analogy with the diffusion in terac t ion  between damage  p o r e s  in c r y s t a l s  i r r a d i -  

ated by neut rons  in a r e a c t o r  [11]. 

t t  i s  thus poss ib le  to control  the growth o r  evapora t ion  of d rop le t s  by applying resonant  e l ec t romagne t i c  
radia t ion  to the vapor .  Here  we can draw a pa ra l l e l  with 'the action of resonan t  l a s e r  radia t ion on phase  t r a n -  
s i t ions of g a s - l i q u i d  type [5]. The scope for  controll ing the droplet  s ize is at the same  t ime  scope for  con- 
t rol l ing 'the in te rac t ion  between them.  Exte rna l  f ie lds  also produce  specif ic  in te rac t ions  between droplets :  
rap id ly  dec reas ing  d i p o l e - d i p o l e  ones  and also the dynamic Coulomb effect  when the photoe lec t r i c  effect  i s  
p roduced  ut the s u r f a c e s ,  but these  can occu r  only under  specia l  conditions. 

Some in t e r e s t  a lso a t taches  to the above poss ib i l i ty  of making a monod i spe r se  ae roso l  by act ing on a 

fog. 

NOTATION 

r ,  dis tance between pa r t i c l e s ;  R l, R 2, rad i i  of p a r t i c l e s  1 and 2; n o, buffer  gas  density;  n~ ,  vapor  den-  
s i ty f a r  f r o m  a drop; ns(R1), ns(~) ,  densi ty  of sa tu ra ted  vapor  n e a r  a drop of rad ius  R i and a flat  sur face ;  D, 
diffusion coeff icient  in buffer  gas;  or, 7, sur face  tension and densi ty  of liquid; m ,  m o l e c u l a r  m a s s  of liquid; 
k, Bo l t zmann ' s  constant;  T, t e m p e r a t u r e ;  w, I,  f requency and in tens i ty  of e l ec t romagne t i c  radiat ion;  e, e ' ,  
e" ,  d ie lec t r i c  constant of a pa r t i c l e ,  r ea l  and imag ina ry  pa r t s ;  c, veloci ty  of light. 
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