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Results  are  shown of a study concerning the evaporation of te t raf luorodibromomethane within 
a tempera ture  range f rom - 1 4  to +750~ 

It is well known that the evaporation rate of droplets  depends very  much on the temperature  [1, 2, 6]. 
This temperature  dependence has not been sufficiently well explored, however. The aim of our study was 
to close the gap. 

The authors studied the evaporation of te t raf luorodibromomethane (Freon-1] 4B-2). Its boiling point 
is 47~ its melting point is -112~ and its density is 2.18 g / c m  3. 

Droplets of this substance were evaporated in an air  s t ream whose velocity did not exceed 15 m / s e c ,  
while the tempera ture  was var ied f rom -40  to +750~ 

The test  apparatus was simple.  Air  f rom a c o m p r e s s o r  was fed to a ver t ical  cyl indrical  quartz or  
glass  tube 1 mm long and 22 mm in diameter .  At some distance from the tube end along the axis was 
placed a droplet specimen, suspended on a glass  or  quartz filament approximately 100 ~ in diameter* and 
terminat ing into a spherical  bead. The initial droplet d iameter  fluctuated between 1.5 and 2.0 ram. 

Around the tube was wound a nichrome coil for e lect r ical ly  heating the air  s t r eam to the des i red  
tempera ture .  During low-tempera ture  tests,  par t  of the air  was made to pass  through a U-tube immersed  
in liquid nitrogen. 

The a i r  flow rate was measured  with a rheometer ,  the air  temperature  was measured  with a copper 
-cons tan tan  thermocouple in the low-tempera ture  range and with a Copel-Alumel  thermocouple in the 
h igh- tempera ture  range. 

The evaporating droplets were photographed with a mode "Konvas" cinema camera  at a rate of 8-24 
f r a m e s / s e e .  The photographs were then enlarged, whereupon the droplet size was determined according 
to the formula in [3] and the surface of droplets S was also calculated. The rate of change of the droplet 
surface S' served as the indicator of the evaporation rate.  

The droplet tempera ture  '~d was also measured.  For  this purpose,  in simultaneous tests  a droplet 
was supported on the junction of a constantan-manganin  thermocouple in the circui t  of a m i r r o r  galvanom- 
e te r  with a matching r e s i s to r  bank. The thermocouple wires were of different s izes:  30 and 100 ~ r e -  
spectively. 

The tests  were pe r fo rmed  at the following a i r  s t r eam tempera tures :  -40,  -30,  -15,  0, +22, 100, 
200, 300, 400, 600, and 700~ 

In Fig. la  are  shown tests  resul ts  obtained at room tempera ture  with droplets of various s izes and 
evaporating in an a i r  s t ream of variable velocity. Some tests  were per formed with the tube terminating 

*A 0.4 mm (diameter) suspension was used in an air  s t ream at tempera tures  f rom 600 to 700~ 
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Fig.  1. Evapora t ion  S' (mm2/sec)  as  a funct ion of ~-Re: 
a) for  F r e o n  d rop le t s ;  b) fo r  F r e o n  drop le t s  at a i r  s t r e a m  
t e m p e r a t u r e s :  1) 4s = 400~ 2) 200~ 3) 100~ 4) 22~ 
5) -40~  
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into a Vetoshinski i  nozzle  [7]. 
b e r  r e f e r r e d  to a drople t .  

A c c o r d i n g  to the graph,  the evapora t ion  r a t e  at  a given s t r e a m  t e m p e r a t u r e  is de t e rmined  by the 
Reyno lds  number ,  namely:  

S' = So (1 + a Re1/2), (1) 

with S; denot ing the evapora t ion  r a t e  at  Re = O. If we a s s u m e  that 

a = ~ ScVa, (2) 

then Eq. (1) b e c o m e s  ident ica l  to the modif ied  F r o s s l i n g  f o r m u l a  [4, 5]. 

In Fig .  lb  a r e  shown tes t  r e s u l t s  obtained at  a i r  t e m p e r a t u r e s  f r o m  - 4 0  to +400~ The tes t  points  
h e r e  r e p r e s e n t  a v e r a g e s  of many  m e a s u r e m e n t s ,  a few tens of  such m e a s u r e m e n t s  having been  made  in 
the exper imen t ,  Acco rd ing  to the g raphs ,  the t e s t  data  fo r  both high and low t e m p e r a t u r e s  can c lose ly  
enough be d e s c r i b e d  by fo rmula  (1), with the e r r o r  not exceeding  a few pe rcen t .  The s t r a igh t  l ine p a s s e s  
even through tes t  points  c o r r e s p o n d i n g  to the a i r  s t r e a m  t e m p e r a t u r e  ~s = 600 and 750~ 

The n u m e r i c a l  va lues  of S~ (measu red  in cm2/sec)  and/3 a c c o r d i n g  to f o r m u l a s  (1) and (2), r e s p e c -  
t ively,  a s  well  as  of the d rop le t  t e m p e r a t u r e  ~d, a r e  given in Table  1, which ind ica tes  that S; and ~d in- 
c r e a s e  with r i s i ng  a i r  s t r e a m  t e m p e r a t u r e  Ss, while r is equal to 0.28 and a l m o s t  independent  of ,~d. This  
value for/~ a g r e e s  fa i r ly  well  with va lues  obta ined fo r  it by o the r  au thors  s tudying the evapora t ion  of d r o p -  
le ts  [5]. 

The a b s c i s s a s  on the g raph  r e p r e s e n t  the squa re  roo t  of the Reynolds  hum-  

TABLE 1. 
l u r e s  

Values  of S;, ~, and $d at Var ious  A i r  S t r eam T e m p e r a -  

{IS' ~ --40 0 759 

S0.104 , test 
S~:IO 4, calc. 

S01.104, calc. 
~d, test 
0 d, cate. 
~.1o~ 

0,87 

1,0 

1,0 
--43 
--45 
28 

--30 --15 

1,4 2,24 

1,5 2,6 

1,5 2,7 
--37 "29 
--38 --29 
27 25 

3,3 

4,3 

4,6 
--20 
--21 
28 

22 loo 

6,0 16,4 

6,8 18 

7,5 23 
--12 , 8 
--13 7 
28 30 

20O 3O0 

29 34 

14 -- 
19 -- 
28 20 

+ 

4OO 600 

44 67 

27 28 

90 

3o 

TABLE 2. 
p e r a t u r e s  

~, ~ --71 
p 0,1 

#,  ~ 25,5 
p 341 

Sa t u r a t e d -Vapo r  P r e s s u r e  of  F r e o n  at Var ious  T e m -  

--28,2 
37,6 
29 
383 

--18,5 
41,4 
33 
450 

0 
116,5 
37,7 
538 

5,5 
145,7 
41 
607 

9,7 
177,3 
43,5 
665 

15,6 
224,6 
46 
727 

22 I 23 30[ 311 
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Fig. 2. Evaporation rate S~ (mm2/sec) as a functionof the a i r  
s t ream tempera ture  '~s for droplets of Freon  (1) and water 
(2). 

Fig. 3. Evaporation rate S' (mm2/sec) as a function of ~Re, 
for  water  droplets in an a i r  s t ream at temperature:  1) 700~ 
2) 500~ 3) 300~ 4) 200~ 5) 100~ 

The relat ion between S~ and ~s is presented graphically in Fig. 2. 

F reon  droplets  ignite in an a i r  s t r eam somet imes  at 750~ and always at Ss > 750~ 

In o rde r  to compare  theoret ical  and experimental  values of various pa rame te r s  involved in the evapo- 
ration of te t raf luorodibromomethane droplets,  it was necessa ry  to measure  the sa tura ted-vapor  p r e s s u r e  
at various tempera tures ,  the diffusivity D, and the heat of evaporation L of this substance. Results  of 
these measurements  are  given in Table 2, with the p re s su re  p expressed in mi l l imeters  of a mercu ry  
column. At tempera ture  ,~ up to 23~ the p r e s s u r e  was measured  statically, at t empera tures  ,~ > 23~ it 
was measured  dynamically.  The accuracy  of the p res su re  measurement  at -71~ was 50%. 

The diffusivity of Freon  vapor into a i r  was determined f rom data on the evaporation rate of te t ra -  
f luorodibromomethane f rom a ver t ical  glass tube 8 mm in diameter ,  7.1 cm2/sec at 23~ 

The mola r  heat L of Freon  evaporation was determined from measurements  of the vapor p r e s su re  
within the +9.7 to -23.2~ tempera ture  range and from measurements  of the quantity of heat necessa ry  for 
evaporating a cer tain mass  of liquid, evaluated then according to the Trou ton-P ic t e t  rule. The average 
value of L thus obtained was 6.4.103 ca l /mole  {2.68 �9 104 J /mole) .  

It is interest ing to compare  our test data with those obtained by Polishchuk in his study [1] of water  
droplets  evaporating in an a i r  s t r eam within the 100-700~ temperature  range. 

In Fig. 3 we show our evaluation of Pol ishchuk's  data. In that case too all points fit closely on 
straight  lines not pass ing through the origin of coordinates but satisfying Eqs. (1) and (2) at ~ values within 
the 0.28-0.30 range. 

Thus, the dependence of S' on Re is descr ibed by Eqs. (1) and (2) over  a wide range of tempera tures ,  
for ei ther  water  or  Freon.  

With the aid of the well-known Maxwell equation, it is not difficult to show that 

So = 8a~Dk_~c. (3) 
P 

T 1 The values of Sos and S02 for Freon  in Table 1 have been calculated according to formula (3). The 
diffusivity D was r e f e r r ed  to tempera ture  ~ = ($s + ~d)/2 for calculating S~1 and to temperature  ,~= ,~dfor 
calculating S'02. 

I 
At ~d -< 100~ the values of S~t and S~2 in the Table agree fair ly well with the test values, S02 bet ter  

than S'01. 

The test values of S; for water droplets were 2.7 �9 10 -4, 7.2 �9 10 -4, and 13.2 �9 10 -4 em2/sec at air  
temperatures 100, 200, 300~ and fi = 0.30, 0.30, 0.28, respectively. The S; values calculated according 
to the Maxwell formula with D referred to the mean temperature are respectively 2.3.10 -4, 6.6 �9 10 -4, and 
13.2 �9 10 -4 cm2/sec. 
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The calculated values agree  fair ly  well with the tes t  data. 

The values  of S~ at Ss := 500 and 700~ a re  approx imate ly  50% higher than those obtained in tes ts .  

According to Fig. 2, the S~ vs ~s curve  for  F reon  at a i r  s t r e a m  t e m p e r a t u r e s  not above 500~ comes  
close to the S~(~s) curve for  water ,  while at t e m p e r a t u r e s  above 500~ the Freon  curve r i s e s  sharply.  One 
may  speculate  that this r i se  is due to an inc rease  in the heat  supply to a droplet  through the quartz support .  
Calculat ions have shown, however ,  that the quantity of heat supplied to a droplet  through the support  does 
not exceed 5% of the heat  used  for  evaporat ion,  even at 750~ At a i r  s t r e a m  t e m p e r a t u r e s  above 500~ 
apparent ly ,  radia t ion along with chemica l  p r o c e s s e s  and Stefan flux begins  to play a significant role .  Un- 
fortunately,  the i r  effect  could not be  accounted for  quantitatively,  because  the optical  p r o p e r t i e s  of F reon  
and the kinet ics  of its chemical  convers ions  had not been studied yet ,  a lso  because  the t e m p e r a t u r e  of very  
fas t  evaporat ing Freon  drople ts  could not be  re l iab ly  measu red .  The evaporat ion of drople ts  at a t e m p e r a -  
tu re  near  their  boiling and ignition points mus t  be  sti l l  fu r ther  and thoroughly studied, although some p r e -  
l iminary  studies on this subject  have a l ready been repor ted  in [6]. 

If the evaporat ion of F reon  drople ts  is cons idered  a quas is teady p r o c e s s ,  then for  the range of 
modera te  t e m p e r a t u r e s  one can wri te  

Nu )~h0 ----- Sh DAcL. (4) 

With the Nussel t  number  Nu and the Sherwood number  Sh calculated f rom exist ing fo rmulas ,  with the 
value of D and L a l ready determined,  and with the t e m p e r a t u r e  (,o) cha rac t e r i s t i c  of the concentrat ion c 
known, one can then find the t e m p e r a t u r e  of a F reon  droplet .  The resu l t s  of such calculat ions a re  given in 
Table 1, where a c losed ag reemen t  between theoret ica l  and exper imenta l  values  will be noted. 

At modera te  t e m p e r a t u r e s  of the a i r  s t r e a m  S~ is a r a the r  s imple  function of the droplet  t e m p e r a -  
ture  T d. Indeed, i t  follows f r o m  (4) that 

with coefficient B vary ing  r a the r  slightly with a change in t e m p e r a t u r e  T d. The curve  of In S~ (ordinates) 
vs  1 /T  d (abse issas)  based  on values taken f rom Table 1 for  the - 4 0  and +100~ t empe ra tu r e  range is fa i r ly  
close to a s t ra ight  line. Here  L = 6900 ca l /mo le  with B a s sumed  t e m p e r a t u r e  dependent, and L = 7400 
ca l /mo le  with B a s sumed  constant.  

The tes t  points obtained by Polishchuk for  100, 200, and 300~ also fit  e losely on a s t ra ight  line, 
different  f rom ours .  In his  ease  L = 1240 ca l /mo le .  

NOTATION 

S is the sur face  a rea  of a droplet ;  
S' is the ra te  of change of droplet  surface;  
S~ is the ra te  of change of drople t  sur face  at  Re = 0; 
~d is the droplet  t empe ra tu r e ;  
~s is the a i r  s t r e a m  t empera tu re ;  

is the coefficient;  
L is  the heat  of evaporat ion;  
p is the density;  
D is  the diffusivity; 
Ac is the di f ference between vapor  concentrat ion at  a drople t  and in the medium; 

is  the the rma l  conductivity; 
Re is the Reynolds number ;  
Sc is the Schmidt number ;  
Sh is the Sherwood number ,  

1. 

2. 
3. 
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