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A method is p roposed  for  de te rmin ing  the degree  of evapora t ion  of a drop of solution under  condi-  
t ions where  the evapora t ion  is slow and the ef fec t  of diffusion within the drop can be neglected.  An 
equation and c r i t e r ion  a re  der ived  which de te rmine  the evapora t ion  of a drop of solution under 
these  conditions. The range  of c r t t e r i a l  values  cor responding  to these conditions was de te rmined  
exper imen ta l ly .  

As is well  known [1], the evapora t ion  of a drop  of chemica l ly  un i form liquid in s ta t ionary  a i r  is well  d e s -  
cr ibed by the equations 

I = 4=RDa(C s -- C| (I) 

if 2Da(Cs--C.)z 
R = R o l pR~ ' (2) 

"q= 2Da(Cs__C| (3) 

As applied to a drop  of solution (even in the s imples t  case  of an ideal solution of a nonvolati le ma te r i a l ) ,  
the p rob l em is compl ica ted  by the fac t  that  the concentrat ion of sa tu ra ted  solvent  vapor  at the sur face  of a drop  
of solution is l e s s  than at the sur face  of a drop  of solvent  and d e c r e a s e s  in propor t ion  to the reduction of so l -  
vent  ~ in the sur face  l aye r  of the evapora t ing  drop.  What is pa r t i cu l a r ly  impor tan t  in addition is that  s ignif i -  
cant gradients  of ~t may  a r i s e  because  of the s lowness  of diffusion in liquids within an evapora t ing  drop of so lu-  
tion so that  the value of ~ at the sur face  of a drop  may  differ  cons iderably  f r o m  the ave rage  value ~ .  The 
chief difficulty in cons t ruc t ing  a theory  for  the evapora t ion  of a drop  of solution is that  an exact  solution of the 
nons ta t ionary  p rob l em  is compl ica ted  and the s impl i f ica t ions  which led to Eq. (1) (quasis ta t ionary problem) 
a r e  unacceptable .  

However ,  with slow evapora t ion  of a drop of solution (for example ,  typical  of evapora t ion  of a s e a - w a t e r  
drop in a i r ,  of evapora t ion  of a drop of pest ic ide  dur ing spray ing  of agr icu l tu ra l  c rops ,  e tc . ) ,  the solvent  con-  
cent ra t ion  ~ within a drop may become equalized.  We consider  an approx imate  solution of the p rob lem for  
this l imi t ing case.  

Nonsta t ionary  evapora t ion  of a drop of solution in s ta t ionary  a i r  is de te rmined  by the equation for  solvent  
diffusion within the drop,  by the equation for  vapor  diffusion outside the drop,  by the equations of motion for  
the phase  in te r face ,  by the equations of heat  t r a n s f e r ,  and by the appropr ia te  initial and boundary conditions. 
By ana lys i s  of this s y s t e m  of equations and of the uniqueness condi t ionby the methods of s imi la r i ty  theory ,  
the solution can be r ep re sen t ed  in the f o r m  of a c r i t e r i a l  re la t ion  containing eight unknown cr i t e r ia .  A large 
number  of expe r imen t s  would be requ i red  for  an exper imen ta l  de te rmina t ion  of this relat ion.  In o rder  to r e -  
duce the volume of r e s e a r c h ,  we a t tempt  to p red ic t  the nature  of this re la t ion  by means  of an approximate  
solution of the p rob lem.  

We a s s u m e  that  vapor  diffusion outside the drop is descr ibed  by Eq. (1), i .e . ,  it co r responds  to a quas i -  
s ta t ionary  p r o c e s s ,  and that the diffusion of solvent  within the drop also takes place at concentrat ion gradients  
cor responding  to the quas i s t a t ionary  p r o c e s s ,  

I = 4rcRD~A• (4) 
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Dynamics  of drop e v a p o r a -  
tion in stationary air: i) water drop; 
2) drop of 2% aqueous solution of 
NaCI; solid curve was calculated 
from Eq. (2). 

In o rde r  to avoid values of the concentra t ion ~4 tending to infinity when r ~ 0 under  quas i s ta t ionary  con- 
di t ions,  we e l iminate  f r o m  considera t ion a region containing the center  of the drop;  for  example ,  we consider  
only the region 1R > r �9 R/2,  which contains 7/8 of the volume of the drop. The solvent  concentrat ion dif ference 
in this region is 

Au = x ( - ~ - )  " x (R)= B~, (5) 

where  the ave rage  concentra t ion (neglecting d i f fe rences  between the dens i t ies  of solution and solvent) is 

The solvent  concentra t ion at  the su r face  of the drop is 

u ( R ) ~  A~2 - - ~ ( 1 - - - ~ ) .  (7) 

We find an exp re s s ion  fo r  the c r i t e r ion  B = AW/~ cha rac t e r i z ing  the degree  of nonuniformity of solvent  
concentra t ion within an evapora t ing  drop. 

Using Eq. (7), we wr i te  Eq. (1) in the f o r m  

(s) 

Using Eq. (5) and equating Eqs.  (4) and (8), we obtain 

whence the des i r ed  degree  of nonuniformity of concentra t ion is 

B= _ = 2 ~k 2~ (R) 
x 1+ Cs 

_ _  . D_A_I / 
D a �9 

o r ,  using Eq. (6), ' 3 --I 

l--l- 2x (R.___~) D l 
C s Da 

I o (9) 
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TABLE 1. Expe r imen ta l  Conditions and Resul t s  for  Dete rmina t ion  of 
Rate of Evapora t ion  of Drops  of Wate r  and of NaCI in Water  

Liquid I P~ cm ~'1 SeC 
Air te./n- 
peramm, 
t, ~ 

Wet-bu11~ I 
te/npera~ C,.lO',. C| 

~ lg/c ,[2] I gl=' 
Water 

296 NaCI 
Water 

2% NaCl 
water 

2% NaCl 

0,0895 
0,0900 
0,0838 
0,103 
0,0940 
0,103 

2580 

2475 

2550 

17,4 
17,4 
17,6 
17,6 
18,0 
18.0 

9,4 
9,4 
9,6 
9,6 

10,0 
10,0 

9,07 
9,07 

9,20 
9,20 
9,40 
9,40 

4,00 
4,00 
4,20 
4,20 
4,46 
4,46 

When C~o = ~too = O, 

B= 
2 

1+ 2u(R.} . D__/C- 
Cs Da 

F o r  the initial  per iod  of evapora t ion  [>t(R) ~ >t 0, Cs ~ C~, R ~ R 0, (,a - >t~) ~ ~<0)] 

(lO) 

( c. ) i < 

Bo,~'2 2~o" " D t �9 

1+ C~ "On 
(ii) 

When C~o = O, 

2 
B o ~. 2x ~ Dl 

1-~ C~ Oa 
(12) 

For  ideal solut ions ,  the s a t u r a t e d - v a p o r  concentra t ion C s at the surface  of the drop is propor t iona l  to the 
solvent  concentra t ion ~t(R), i.e., B ~ B 0 throughout evapora t ion .  [However,  one should keep in mind that  as the 
drop of solution e v a p o r a t e s ,  i ts  sur face  t e m p e r a t u r e  i n c r e a s e s  somewhat  because of the slowing down of evap-  
ora t ion  and when the d isso lved  m a t e r i a l  c r y s t a l l i z e s  the t e m p e r a t u r e  i n c r e a s e s  because  of r e l e a s e  of the heat  
of c rys ta l l iza t ion .  Because of th is ,  the quantity ~ t ( R ) / C  s does not r e m a i n  constant  but d e c r e a s e s  somewhat . ]  

We cons ider  slow evapora t ion  of a drop  of ideal solution taking place at negligibly smal l  gradients  of so l -  
vent  concentra t ion within the drop. 

Using the Raoult  law, Eq. (1} is wri t ten in the f o r m  

I z ----- 4 ~ R D  a ( N C  s - -  C| 

where  the solvent  mole  f rac t ion  N (neglecting d i f fe rences  between the molecu la r  weights of solvent  and d i s -  
solved mate r ia l )  is 

i.e., 

N ~ , I - -  

{ Ro "~3 

(18) 

The ra t io  between the r a t e s  of evapora t ion  of a drop of solution and of a drop of solvent is: 
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Evaporation would stop when I z = O, i.e., when 

f , - , , ;  

so that  the min im um  radius  of a evapora t ing  drop of solution is 

P Cs ) 

(14) 

We find a re la t ion  which d e t e r m i n e s  the t ime  change in the radius  of a drop of solution. F r o m  the condi- 
tion for  m a t e r i a l  balance 

Izd'~=: 4~RDalCs [ I-- p (-~'-) ]--C=}dT:= --4r~RZpdR 

o r ,  

Da dT =- RdR 
l 13]_c " P C.s[l~--~-~-E-j 

After  in tegrat ion using the condition R =R 0 when r = 0, we have 

~I~(RZ+RRmm+R~m,n)(Ro--Rmm) 2 
PRr"in In (R ~ RoRmln -F Rm, n) (R Rmt n) = Tt+ 3Da(C s -- C| 7-b~ -- -[--6T- --~-6--~ + 

( V'3 arctg ] /~  ) }  (15) 
+ | / ' 3  arctg 2Rml n 1 + 2Rrain ' 

1 + R0 R 

where  ~l = (R2 R2)/2(Cs - Coo)Da is the t ime it  takes  for  the radius  to change f r o m  R 0 to R during e v a p o r a -  
tion of a drop of solvent .  According to Eq. (15), z -~ oo when R -~ Rmi  n. 

We turn to a compar i son  of these  r e s u l t s  with exper iment .  Fo r  this pu rpose ,  we use  both our own e x -  
pe r imen ta l  data and the r e su l t s  of o thers .  

In our e x p e r i m e n t s ,  a drop  of dis t i l led wa te r  of roughly spher ica l  shape was suspended a t  the end of a 
thin ve r t i c a l  g lass  rod covered  by a thin l aye r  of si l icone.  Nearby  (at a dis tance of ~1 m) a drop of 2% solu-  
tion of NaCI in dis t i l led wa te r  was suspended on the same  kind of rod. The initial  d i a m e t e r s  of both drops  
were  roughly the same .  At se t  t ime in t e rva l s ,  the d i a m e t e r s  of both drops  were  m e a s u r e d  with two m i c r o -  
scopes  as well  as the t e m p e r a t u r e  t and the humidi ty w of the a i r  in the room;  the values  of t and w were  un-  
changed during the course  of an expe r imen t ,  which las ted  about an hour.  Exper imen ta l  conditions for  e x p e r i -  
ments  (1)-(3) a r e  shown in Table  1. 

The exper imenta l  r e su l t s  a r e  p resen ted  in Fig. 1 in the d imens ion less  coordinates  (R/Re) ~ =f0-/r l) .  

The f igure  makes  it c l ea r  that  the evapora t ion  of a wa t e r  drop  is well  desc r ibed  by Eq. (2); i s . ,  the r e l a -  
tion (R/R0) 2 =f( r / r l )  is l inear  for  water .  The evapora t ion  of a drop of solution followed Eq. (15) [the d i f fe rences  
between the evapora t ion  of drops  of wa te r  and solution were  insignificant  down to the value (R/R0) 2 ~ 0.125]. 

Evapora t ion  of a drop of solution stopped at  a value of the radius  close to that  calculated f r o m  Eq. (14). 

Thus ,  our  hypothesis  was  conf i rmed;  with slow evapora t ion ,  the solvent  concentrat ion gradients  within a 
drop  were  insignif icant  and evapora t ion  took place in accordance  with Eq. (15), which was der ived  without con- 
s idera t ion  of such gradients .  According to Eq. (11), B 0 0.0905 (Coo = 4 . 2 . 10  -6 g/cm 3, C~ = 9 .2 '  10 -~ g/cm 3, 
~0 = 0.98 g/cm 3, Da = 0.24 cm2/sec [2], D t =1.24.10 -s cm2/seC [3]). 
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Dynamics of drop evaporat ion in s tat ion-  
ary air  [a) drop of aqueous solution of NH4NO3; b) 
drop of aqueous solut ion of NaC1; points a re  e x -  
per imenta l  data; dashed curve calculated f rom 
Eq. (15)]. 
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Dynamics of drop evaporat ion for  an aqueous solu-  
tion suspended in an air  flow [a) U = 39 cm/sec ;  b) U = 157 
cm/sec;  points are  experimental  data; dashed curve calcu-  
lated f rom Eq. (15)]. 

Data were  given in [4] for evaporat ion of a drop of aqueous solution of NH4NO 3. The drop was suspended 
f rom the junction of a thermocouple in dry  s ta t ionary air .  The initial drop radius was R 0 = 0.055 cm,  C~ = 0, 
C~ = 7 .8 .10  -6 g/cm 3, n0 =0.702 g/cm 3, Da = 0.245 cm2&ec. Experimental  resul ts  and calculations based on 
Eqs.  (2) and (15) are  shown in Fig. 2a. The evaporat ion of a drop of solution took place in accordance with 
Eq. (15). According to Eq. (12), B 0 = 0.262 (D/ = 0.90" 10 -5 cm2/sec [3]). 

The same paper  presented data on the evaporat ion of a drop of aqueous solution of NaC1 (R 0 =0.057 cm, 
C~ = 0, C~ = 8 .2 .10  -6 g/cm 3, D a =0.246 cm2/sec, ~t 0 = 0.805 g/cm3). The resul ts  are  shown in Fig. 2b. There  
is good agreement  between the experimental  data and the calculations based on Eq. (15). According to Eq. (12), 
B 0 = 0.182 (D/= 1.24.10 -~ cm2/sec). 

Data were presented  in [5] for  evaporat ion of a drop of aqueous solution of Na2SO 4. The drop was sus -  
pended at the end of a rod fastened to the e las t ic  shaft of a microbalance in a flow of dry  air  (air veloci t ies  
relat ive to the drop were  39and 157 cm/sec).  The air  tempera ture  was 34.4~ The change in drop weight 
with time was determined.  The initial drop radius was R 0 = 0.078 cm, C~ = 0, C~ = 1.45" 10 .5 g/cm 3, ~r = 0.92 
g/cm 3, D a = 0.26 cm2/sec. In calculations using Eqs. (2) and (15), the quantity D a was multiplied by a "wind 
factor"  [1] (1 + 0.3 Ret/2Scl/3), where Re =2UR/v and Sc = v/Da, to allow for accelera t ion of evaporation r e su l t -  
ing f rom air  motion relative to the drop. The resul ts  are  shown in Fig. 3a (U = 39 cm/sec) and Fig. 3b (U = 
157 cm/sec).  The agreement  between experimental  data and calculations based on Eq. (15) is good. According 
to Eq. (12), B 0 =0..77 when U =39 cm/sec  and B 0 = 0.97 when U =157 cm/sec  [D/ =7.64- 10 -6 cm2/sec [3], D a = 
0.261 (1 + 0.3 Re t/2 Scl/3)]. 

On the whole, one can conclude f rom compar ison of experimental  data and calculations based in Eq. (15) 
that for rough calculations of the evaporation of a drop of nonvolativle mater ia l  in water  one need not take into 
considerat ion solvent concentra t ion gradients within a drop and that Eq. (15) can be used in the region B 0 -< 0.26 
for  a d r o p  which is s tat ionary relat ive to air  and in the region B 0 - 1 for a drop moving at a moderate velocity 
(Re -< 150) relat ive to air.  * 

�9 Motion of a drop relat ive to air  produces  motion of the solution within the drop,  facilitating equalization of 
concentration. 
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NOTATION 

is the ra te  of evaporat ion of drop of solvent;  
,s the ra te  of evaporat ion of a drop of solution; 
is the drop radius;  
,s the initial drop radius;  
is the minimum radius of evaporat ing drop of solution; 
xs the vapor  diffusion coeff ic ien t  in a i r ;  
,s the solvent diffusion coefficient  within drop; 
~s the concentrat ion of sa tura ted  solvent vapor  at the t empera tu re  of the surface  of the evaporat ing 
drop of solution; 
is the concentrat ion of sa tura ted  solvent vapor  at the t empera tu re  of the surface  of the drop of 
solution at the beginning of evaporat ion;  
is the concentrat ion of solvent vapor  fa r  f rom drop; 
is the solvent density;  
is the distance f rom center  of drop; 
is the initial solvent  concentrat ion in the drop; 
is the average  solvent concentrat ion in drop;  
is the solvent concentrat ion di f ference within drop; 
= C ~ ( R ) / C  s 
is the initial concentrat ion of dissolved nonvolatile mate r ia l ;  
is the degree  of nonuniformity of solvent  concentrat ion in drop; 
is the initial degree  of nonuniformity of concentrat ion;  
is the mole f rac t ion  of solvent;  
is the t ime  ; 
is the t ime for complete evaporat ion of drop; 
is the t ime for  change of radius  f rom R 0 to R during evaporat ion of a drop of solvent; 
is the Reynolds number;  
,s the Schmidt number;  
is the a i r  veloci ty;  
,s the kinematic  v iscos i ty  of a i r ;  
,s the t empera tu re ;  
xs the re la t ive  humidity of a i r .  
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