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The evapora t ion  of d rops  of mix tu re s  of t e t ra f luorodibromethane  with benzene,  toluene, and 
xylene is studied at room t e m p e r a t u r e  in a i r  at  res t .  

Sprayed liquid mix tu res  a re  widely used in ene rge t i c s ,  the food industry,  agr icu l tu re ,  e tc . ,  so that a 
study of the evapora t ion  of d rops  of liquid mix tu re s  is of p rac t i ca l  as wel l  as  theore t ica l  importance .  This  
r e s e a r c h  began with a study of binary mix tu res  of liquids having approximate ly  equal boiling points [1-3]. A 
na tura l  second step is to study binary mix tu res  in which the boiling points a re  very different .  

We repor t  he re  a study of the evapora t ion  of drops  of mix tu res  of t e t ra f luorodibromethane  (Freon 114-C-  
2), which boils  at 46.2~ with benzene,  toluene, and xylene,  whose boiling points a re  80, 111, and 141~ 
respec t ive ly .  P a r t  of the motivat ion for  choosing these mix tu res  is that it thus becomes  possible  to study 
s e v e r a l  ques t ions  involving the suppress ion  of the combust ion of liquid fuels and quest ions which a re  of econom-  
ic impor tance .  

In the expe r imen t s  we measu red  the m a s s  m, d i a m e t e r  d, and t e m p e r a t u r e  d of the evapora t ing  drops.  
We separa te ly  de te rmined  the composi t ion  of the vapor  phase. 

The m a s s  m e a s u r e m e n t s  were  ca r r i ed  out with a mic roba lance  [4] having a sensi t ivi ty  of 1.8- 10 -~ g pe r  
scale  division. The drops  were  suspended on a g lass  f i lament  at whose end there  was a ball  1 m m  in d iamete r .  
The d i a m e t e r  of the evapora t ing  drop was  measu red  with a mic roscope  with an ocular.  The drop t e m p e r a t u r e  
was de te rmined  with a m a n g a n i n - C o n s t a n t a n  thermocouple ,  with wi re  d i ame te r s  of 30 and 100 ~. 

The init ial  drop d i a m e t e r  var ied  f rom 1.4 to 1.8 mm.  

The composi t ion  of the vapor  phase was de te rmined  in the following manner :  a w e a k n i t r o g e n  s t r e a m  was 
passed  through a Drechs e i  bottle containing the tes t  solution. The s t r e a m ,  sa tura ted  with the vapor  of the m i x -  
ture ,  then entered  a U-shaped g lass  tube in a Dewar  with liquid ni t rogen,  f r o m  which it escaped into the a t m o -  
sphere .  The vapor  condensed in the U-shaped tube. A r e f r a c t o m e t e r  was used to de te rmine  the re f rac t ive  in-  
dex of the condensate ,  and then the composi t ion  of the condensed liquid was found f rom a ca l ibra t ion curve .  The 
flow ra te  of the ni t rogen in the de te rmina t ion  of the composi t ion of the vapor  phase did not exceed 1 l i t e r / m i n  
and was chosen empi r i ca l ly ,  such that a fu r the r  reduction of the flow rate  did not affect  the condensate c o m -  
posit ion. The p r e s s u r e  in the s y s t e m  was  a tmospher ic .  

We f i r s t  c a r r i ed  out exper imen t s  with the liquids used as components  in the mixtures .  The change in the 
drop mdss  during the evapora t ion  can be descr ibed  well  by the equation f rom [4, 5]: 

m = m o - -  a t  + b t  2, (1) 

where  a and b a r e  coeff icients  which depend on the nature of the liquid. 

The a g r e e m e n t  of Eq. (1) with exper imen t  can be judged on the bas i s  of Fig. 1, which shows exper imen ta l  
data for  F reon  and toluene; the so'lid cu rves  a r e  drawn f rom Eq. (1). 

The drop d i a m e t e r  fal ls  off essen t ia l ly  l inearly over  the range studied. 

Some expe r imen ta l  data obtained in a study of the evaporat ion of the mix tu res  a re  shown in Fig. 1. We 
see that the m(t) cu rves  for  the mixture  di f fer  f rom the cor responding  curves  for  the pure liquids. Analysis  
of the expe r imen ta l  data r evea l s  that when the initial  weight f rac t ion  of the F reon  in the mix ture ,  x0, is no 
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Fig. 1. Time dependence of the drop mass during evaporation. 1) 
Toluene; 2) Freon;  3-5) mixtures  of Freon with toluene. The weight 
fract ion of F reon  is:  3) 0.38; 4) 0.72; 5) 0.86. Here t is in seconds. 

Fig. 2. a: Time.dependence of the drop evaporation ra te :  1) Freon;  
2) toluene; 3-6) mixtures  of Freon  with toluene. The weight fraction 
of the Freon  is: 3) 0.91; 4) 0.86; 5) 0.72; 6) 0.38. b: Time depen_ 
dence of the rate at which the Freon  evaporates  f rom the drop, PF. 
1) Pure  Freon;  2, 3) mixtures of Freon  with toluene [the weight 
fraction of the Freon  in the mixture is: 2) 0.91; 3) 0.83]; 4, 5) 
mixtures of Freon  with benzene [the Freon  fract ion is: 4) 0.91; 5) 
0.79]; 6) mixture of Freon  with xyiene with a Freon  weight f ract ion 
of 0.72. Here t is in seconds. 

higher than 0.2 the m(t) curves  are  descr ibed sat isfactor i ly  by (1) if the coefficients a and b are  approximately 
equal to the values of these coefficients for the second component. At x 0 > 0.3 the curves  for the mixtures  are  
not described completely by Eq, (1). Never theless ,  Eq. (1-) does give a sa t is factory descript ion of the f i rs t ,  
rapidly falling, and second, slowly falling, parts  of the curves  for various values of a and b, which, of course ,  
depend on x 0 and the nature of the second component. This c i rcumstance  can be seen from Table 1, which 
shows the ratios of the coefficients o for the f i rs t  parts  of the curves  for the mixtures to the coefficients for 
drops of pure Freon,  benzene, toluene, and xylene (aiF, alb, a!t, and alx, respectively).  

We see from this table that the values of alF increase with increasing x 0, tending toward a value of unity; 
at a given value of x 0, they are nearly the same for  all the mixtures studied. The rat io of a 1 to the coefficient a 
for the second component is l a rger  than one and increases  rapidly in the ser ies  f rom benzene to toluene to 
xylene. 

Analysis  of the experimental  data shows that the transi t ion from the f i rs t  to the second parts  of the m(t) 
curves  occurs  af ter  the evaporation of that fraction of the drop for which the rat io of the mass  m to the initial 
mass  m 0 is essent ial ly  equal to the weight fraction of the Yreon in the drop,  x 0. 

Using these experimental  data, we can find the rate of evaporation of the drops. Fo r  this purpose it is con- 
venient to use the quantity p, which is the rat io of the rate of change of the mass ,  m. to the drop d iameter  at 
the given instant. The resul ts  calculated for  mixtures of Freon  and toluene are  shown in Fig. 2a. We see that 
t" ~ evaporation rate ~ of the mixtures is initially high; it subsequently dec reases ,  eventually becoming approx-  

TABLE 1. Relative Values of the Coefficients a 

Second 
.v,~ 0 . 3 8  0 ,71  0 , 7 9  0 , 8 5  O, r . component 

B ~ n z e l ' l ~  

Toluene 

Xylene 

ai F 
aa b 
a~ F 
al t 
alF 
O i X  

0,4 
2,2 
0,3 
2,6 

0,75 
3,8 
0,5 
4,2 
0,61 
14,5 

O, 72 
3,7 I 

O, 86 
7,2 

1,0 
5,4 
O, 93 
7,8 

0,8 
18,0 
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Fig. 3. a: Time dependence of drop t empera tu re .  1) F reon ;  2) 
toluene; 3-5) mix tu res  of F reon  with toluene [the weight  f rac t ion  
of the Freon  is: 3) 0.38; 4) 0.63; 5) 0.79]. b: Minimum t e m p e r a -  
ture  ~*min as a function of the mole f rac t ion  of F r e o n  in the m i x -  
tu res .  The second component  is: 1) xylene;  2) toluene; 3) ben-  
zene. Here  ~ is in Cels ius  deg rees ,  and t is in seconds.  

Fig. 4. T ime  dependence of x during the drop evaporat ion,  a) 
Mixtures  of F reon  with benzene with a F reon  weight f rac t ion  of: 
1) 0.91; 2) 0.79; 3) 0.38. b :  The s ame ,  fo r  mix tu res  of F reon  with 
toluene with a F reon  weight  f rac t ion  of: 4) 0.91; 5) 0.86; 6) 0.71; 
7) 0.38. Here  t is in seconds,  and x is e x p r e s s e d  as a weight 
fract ion.  

imately  equal  to the evapora t ion  ra te  of the second component.  The initial  r a t e ,  ~0, i nc rea se s  with increas ing 
x0; at  x 0 = 0.9 it is approx imate ly  equal to the value of p for  the pure Freon .  

The shape of the re(t) cu rves  for  the mix tures  of F reon  with benzene a n d o f F r e o n w i t h x y l e n e  is the s a m e .  

F igure  3a shows some of the m eas u red  t e m p e r a t u r e s  of the evaporat ing drops .  We see that during the 
evapora t ion  of the F r e o n - t o i u e n e  drops  the t e m p e r a t u r e  ,9 initially d e c r e a s e s  rapidly and then r ema ins  e s s e n -  
tially constant  throughout the exper iment .  A dif ferent  si tuation is observed in the evapora t ion  of d rops  of m i x -  
tures .  In this case  ~ initially d e c r e a s e s  rapidly,  but a f t e r  reaching some min imum value ~min it begins to 
r i s e  again, tending toward the t e m p e r a t u r e  of a drop of the second component  (which is re la t ive ly  involatile).  
The min imum t e m p e r a t u r e  is lower,  the higher  the F reon  concentrat ion in the mix ture ,  x 0. F igure  3b shows 

�9 ~min  as a function of the mole f rac t ion  of F reon  in the drop,  x M. 

These  r e su l t s  c lea r ly  imply that the composi t ion of the drops  of these mix tu res  changes during the evap-  
oration. At x 0 > 0.3 the F r e o n  evapora t e s  f rom the drop rapidly;  the F reon  concentra t ion d e c r e a s e s  rapidly,  
and in the late stage of the evapora t ion  the evapora t ion  ra te  is essen t ia l ly  equal  to that  of the second component. 
The  drops  of m ix tu r e s  with a low init ial  F reon  concentrat ion evapora te  at a ra te  near ly  equal to that  of the less 
volat i le  component.  

Using these expe r imen ta l  r e su l t s  we can eas i ly  de te rmine  the evapora t ion  r a t e s  of the components .  The 
equations requi red  for  these calculat ions can be eas i ly  der ived in the following manner ,  a f t e r  [4]. 

We c lear ly  have 

'~d = ~nv § k~" (2) 

If  the p r o c e s s  is assumed quas is teady,  we can wri te  

mFLF + / n ~ L ~  a (~)m-- ~) S = ~d)~ Nu (~) m - -  {))" (3) 

He re  m d, m F,  and 1:/12 a r e  the evapora t ion  r a t e s  of the drop,  the F reon ,  and the second component ,  r e s p e c -  
t ively; L F and Ir a r e  the heats  of vapor iza t ion  of the F r e o n  and the second component;  and ~ and ~m a re  the 
t e m p e r a t u r e s  of the drop and the medium.  
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TABLE 2. Va lues  of A / x  , e, T, and ~- / t  0 for  C e r t a i n  Mix tu re s  

I r Componont xo Atxo ~ �9 ~,'to Component xo Alxo ~ r i~lto 
I 

Benzene To 1none 

Xylone 

0,22 [ 0,67 
0,39 0,90 
0,79 1,0 
0,91 1,0 
0,91 1,0 

0,08 
0,12 
0,13 
0,17 
0,12 

t0,06 1 0, I7 
26 0,40 
27 0,78 
36 0, 19 

0,38 
0,72 
0,86 
0,91 

0,89 10,08 28 i0,13 
0,90 t0,07 31 !0 19 I ' 0,95 I0, I0[ 29 0,29 
1,o Io,151 32 !o,43 

F r o m  Eqs. (2) and (3) we find 

d r  = ~ N u  (~m-- ~) - -  L~[ d 
L F - -  L2 " (4) F 

According to the data of Banz and Marshal l  [6], we have 

Nu --- 2 + 0.6 Gr'/4Pr '/s . (5) 

Using Eqs. (4) and (5), we can easily find/~F, the evaporation rate of the Freon  f rom the drop; f rom 
Eq. (2) we can determine the evaporation rate of the second component. 

Some of the resul ts  obtained in this manner  a re  shown in Fig. 2b; we see that the evaporation rate of the 
Freon f rom the drop of mixture,  /)F, is a s trong function of x 0 and falls off rapidly as time elapses.  The 
initial value of PF for the solution with a F reon  concentrat ion of 0.9 is nearly the same as the evaporation 
rate of a drop of pure Freon.  Interest ingly,  the/)F(t) curves  corresponding to solutions with the same values 
of x 0 and different second components essential ly coincide. 

The evaporation rate of the second component f rom drops in which there is a high initial Freon  concen-  
trat ion is initially small;  it increases  as time etapscs ,  approaching the values of/) for  the drop of the pure 
second component. During the evaporation of mixtures with a low Freon  concentration,  the rate/~ changes 
little over time and is approximately equal to the evaporation rate of a drop of the pure second component. 

Since the mass  and diameter  of the drops are measured simultaneously in the experiments ,  it is pos-  
sible to determine the drop density p; using this value and a calibration curve,  we can find the weight fraction 
of the Freon  in the drop, x, during the evaporation�9 Since the drop d iameter  changes by no more than I mm 
during the experiment ,  we can use only the resul ts  of experiments  which were car r ied  out par t icular ly  c a r e -  
fully for this purpose.  The resul ts  calculated for cer ta in  mixtures of Freon  and toluene are  shown by the t r i -  
angles in Fig. 4b. We see that the composit ion of the drops of mixtures  changes during the evaporation, and 
we can determine the time dependence of x. 

Dobrynina [5] gave the following equation for the complete mixing of evaporat ing binary solutions: 

l nn ! : - :  ~ d x  . (6) 
/ 

m o .j y - - x  Xo 

As we mentioned ea r l i e r ,  in these experiments  we studied the composit ion of the vapor f rom these mix-  
tures,  tt turns out that x and y can be related sat isfactor i ly  by 

g ~  = 6 x 6x or g =  (7) 
1--y 1 - - x  1 - ? (5 - -  1)x 

Here 5 is a coefficient. For  the F r e o n - b e n z e n e  mixtures it turns out to be 6; for the F r e o n - t o l u e n e  
mixtures  it is 16. and for  the F r e o n - x y l e n e  mixtures it is 91. 

Using empir ica l  equation (7) we can easily calculate the integral on the r ight side of Eq. (6), finding 

/'/l ( ~X_o )[~' t 1 - -  XO~ 1-715 ' 
rn-~ = \ 1 - - x  ] (8) 

where t3 = 1/O.  

If we determine the t imes corresponding to various va lues  of the rat io m / m  0 from the experimental  
curve,  we can use Eq. (8) to find the values for the corresponding times if there is complete mixing in the drop. 

Corresponding calculat ions were car r ied  out for mixtures of Freon  with benzene, toluene, and xylene. 
Some of the resul ts  are  shown in Fig. 4a and 4b (circles). We see that the values of x determined f rom the 
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densi ty  and f r o m  Eq. (8) ag ree  sa t i s fac tor i ly .  The c l e a r  implicat ion of this a g r e e m e n t  is that  total  mixing 
occurs  in the evapora t ing  drop of solution* and that  Eq. (8), along with the expe r imen ta l  data ,  can be used for  
re l i ab le  calculat ions of the quantity x, which is a m e a s u r e  of the composi t ion  of the evapora t ing  drops .  T h e r e  
is another  way to de te rmine  x: we can  use Eqs.  (2) and (4) to find the evapora t ion  ra t e  of the F reon ,  ~F.  and 
that  of the second,  ~2, f r o m  the drop of mix ture ,  and we can use the J(t) cu rve  to find the drop t e m p e r a t u r e  ~. 
Then,  noting that  the evapora t ion  ra te  of pure F reon  is propor t iona l  to the sa tura t ion  vapor  density of the drop,  
and knowing the dependence of the evapora t ion  ra te  on the d i a m e t e r  d, we can  eas i ly  calcula te  the evapora t ion  
ra te  of a drop of pure  F r e o n ,  ~pF at  a t e m p e r a t u r e  ~ and at a d i a m e t e r  equal  to the d i a m e t e r  of the mix ture  
drop.  Assuming  gF :/~pF = CalF :CF, where  CdF and c F a r e  the measu red  concentra t ions  of F reon  in the 
vapor  phase n e a r  the sur face  of the mix ture  drop  and nea r  the su r face  of a drop of pure  F r e o n  (expressed in 
g r a m s  per  cubic cen t ime te r ) ,  we can find CdF. 

In the s ame  manner  we can calcula te  the vapor  density of the second component ,  and then it is  a s imple  
m a t t e r  to find y and then x, f r o m  the y(x) curve .  

The r e su l t s  calculated in this m anne r  ag ree  sa t i s fac tor i ly  with the values  of x found f r o m  Eq. (8). This  
a g r e e m e n t  again con f i rms  that there  is a to ta l  mixing in the drop. 

The dependence of x on the t ime t can be descr ibed  wel l  by the e m p i r i c a l  equation 

A 
x ---- exp (z) -P I ' z = e (t - -  T). (9) 

He re  A is a quantity approx imate ly  equal  to x 0, T is the t ime at which we have x = 0.5A, and e is a coefficient.  

F igu re  4 c o m p a r e s  Eq. (9) with the exper iment ;  the solid cu rves  a re  drawn f rom this equation, with the 
appropr ia t e  values  of A and e. Some data on A / x 0 ,  e, T, and v / t  0, where  t o is the t ime  required  fo r  comple te  
evapora t ion  of the drop,  a re  shown in Table  2. 

This  study has thus made it poss ib le  to de te rmine  the evapora t ion  kinet ics  of d rops  of solutions in which 
the components  have ve ry  di f ferent  boiling points.  It  turns  out that there  is an initial  rapid evapora t ion  of the 
drops ;  then the evapora t ion  ra te  p d e c r e a s e s  and tends toward the evapora t ion  ra te  of the drops  of the pure 
second components .  Using the laws of energy  and m a s s  conservat ion ,  we can find the r a t e s  at which the c o m -  
ponents evapora te  f rom the mix ture  drops .  We have found that there  is a complete  mixing in the drops  and 
that Eq. (8) can be used to calcula te  x in an evapora t ing  drop.  It  has  been es tabl i shed that e m p i r i c a l  equation 
(9) gives a good descr ip t ion  of the t ime dependence of x. 

N O T A T I O N  

m0, m, initial  m a s s  and instantaneous m a s s  of evapora t ing  drop (g); d, drop d i a m e t e r  (cm); ~ , ~ m i n ,  ~m,  
t e m p e r a t u r e s  of drop,  min imum t e m p e r a t u r e ,  and t e m p e r a t u r e  of medium; x0, initial  weight  f rac t ion  of F reon  
in mix ture ;  x, weight  f rac t ion  of F r e o n  in the e v a p o r a t i o n d r o p ;  XM, initial  mole f rac t ion  of Freon;  y,  weight 
f rac t ion  of F reon  in vapor  phase;  ~ = m / d  { g / s e c -  cm);  m ,  ra te  of change of drop m a s s ;  L, heat  of v a p o r i z a -  
tion; )~, t he rma l  conductivity of a i r ;  S, sur face  a r ea  of drop;  Nu, Gr ,  P r ,  Nussel t ,  Grashof ,  and Prand t l  num-  
b e r s ;  a ,  h e a t - t r a n s f e r  coefficient;  t 0, t ime required  for  comple te  evapora t ion  of drop;  c,  vapor  concentra t ion 
(g /cm3) .  

i. 
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3. 
4. 
5. 
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*This conclusion was a l so  ver i f ied by d i r ec t  observa t ions :  In the evapora t ing  drops  we c l ea r ly  observed an in-  
tense ,  o rdered  motion of dust  pa r t i c l e s  which had entered the drops;  this motion could occur  only if there  
were  a convect ive flow of the liquid, which would tend to equalize the concentra t ion  and t e m p e r a t u r e  in the 

drop.  
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