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The ar t ic le  de sc r ibe s  an exper imen ta l  study of m a s s  t r a n s f e r  in a moving drop which per iod-  
ical ly  col l ides  with a hard sur face ,  An empi r i ca l  formula  for calcula t ing the coeff icients  of 
m a s s  exchange within the drop is  obtained. 

It is  known that when a column is filled with d i sordered  packing, the r a t e  of m a s s  t r a n s f e r  between the 
continuous liquid phase and the mot ion less  d i spersed  phase i n c r e a s e s  substant ia l ly  in the case  in which the 
l imit ing r e s i s t a n c e  is concentra ted in the d i spersed  phase [1-4]o 

In [5] we stated the hypothesis  that the inc rease  in the r a t e  of m a s s  t r a n s f e r  is due p r i m a r i l y  to an 
inc rease  in the average  value of the t rue  coefficient  of m a s s  t r a n s f e r  to the d rop  as  the r e s u l t  of i ts  col l i -  
sions with the sur face  of the packing. 
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Fig.  1. Var ia t ion  of the c r i t e r ion  Nu as  a function of the c r i t e -  
r ion  Fo: 1) drop  moving with no col l is ions ,  Nu(Fogen); 2) drop  
moving with periodic col l is ions ,  with complete  mixing of the 
volume of the drop,  Nu(Fol). 

Fig.  2. Column for invest igat ing m a s s  t r a n s f e r  to drops  which 
move with periodic col l is ions:  1) nozzle for  injection of the d i s -  
pe r s ed  phase;  2) plates;  3) rods  holding the plates;  4, 5) inlet 
and outlet of the continuous phase;  6) outlet  of the d i spe r sed  phase.  
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Fig. 3. Comparison of experimental  data on mass  t rans fe r  to drops moving with coll isions and the 
theoret ical  curves :  a) Nu = f(Fol); b) Nu = f(Fogen); A) 5 collisions; B) 10 collisions. In the case of 
A and B: for sys tem h 1) distance between plates 26 mm; 2) 40 mm; 3) 65 mm; Th 4) 26 mm; 5) 40 
mm; 6) 65 ram; IIh 7) 26 mm; 8) 40 mm; 9) 65 ram; IV: 10) 26 mm; 11) 40 mm; 12) 65 mm; V: 13) 26 
mm; 14) 40 mm; 15) 65 mm; C: 19 coll isions; distance between plates 26 mm: 1) sys tem It 2) system 
II; 3) sys tem III; 4) sys tem IV; 5) sys tem V. 

Exper imental  investigation of mass  t rans fe r  to individual colliding drops,  car r ied  out on a system 
containing water ,  organic acids,  and benzene [6], showed that when the time of free motion of the drop is 
long, there is a substantial  intensification of the m a s s - t r a n s f e r  p rocess .  However,  because the amount 
of experimental  mater ia l  in [6] was small ,  it was not possible to obtain sufficient information on the mech-  
anism of this p rocess .  

We attempted to study in grea te r  detail the effect of coll isions between the drop and the hard surface 
on the rate of mass  t rans fe r  within the moving drop. 

Studies of mass  t ransfer  to a moving drop have led the great  majori ty of r e s e a r c h e r s  to the conclusion 
that the process  is a nonstationary one [7-11]. This means that the average value of the coefficient of mass  
exchange dec reases  as the contact time increases ;  this has been confirmed in a number of experimental  
studies [9, 12-26]. 

The nonstat ionary nature of the mass  t rans fe r  within the drop is due to the gradient of concentration 
of the t r ans fe r r ing  mater ia l  within the volume of the drop. Therefore ,  if the collision of the drop with a 
hard surface leads to complete mixing of the volume of the drop, then  the process  of mass  t ransfer  may 
be regarded as beginning again after  the collision. The variat ion of the number Nu as a function of the 
dimensionless  contact  t ime Fo in this case will have the shape shown in curve 2 of Fig. 1. For  purposes 
of compar ison,  this figure also includes curve 1, which shows the variat ion of Nu as a function of Fo for 
the case in which the drop moves without coll isions.  The cr i ter ion Nu(Fot), cor responding to the time 
the drop moves between one collision and the next, is g rea te r  in compar ison with the value of the cr i ter ion 
Nu(FOgen) for g rea te r  values of the time of free movement of the drop. 

The experimental  apparatus is shown in Fig. 2. The drops of the dispersed phase, leaving the noz- 
zle 1, move upward, colliding with the plates 2, which are held at an angle of 45 ~ to the supports 3. The 
construct ion of the column made it possible to chacge the number of plates and the distance between them. 
In the case when the density of the dispersed phase was higher than the density of the continuous phase 
(system 4), the column was over turned,  so that the tests  could be car r ied  with drops moving downward. 
The method and the scheme of the apparatus used in ca r ry ing  out this experiment did not differ f rom those 
descr ibed ea r l i e r  in connection with single drops [24]. 

Tes ts  were ca r r i ed  out on five sys tems:  I) heptyl alcohol, HC1, and water  (continuous phase); II) 
octyl  alcohol, HNO3, and water  (continuous phase); III) isobutanol and isobutanol-saturated water  (contin- 
uous phase); IV) propylene carbonate,  benzene,  and heptane (continuous phase); V) ethyl acetate and ethyl- 
ace ta te-sa tura ted  water  (continuous phase). 
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Fig.  4. Variat ion of NUexp/NU(FO l) as  a function of  the 
cr i t er ion  We: 1) distance between plates = 26 m m l  2) 40 mm; 
3) 65 m m .  

The physicochemical  proper t ies  of the sys tems varied over the following ranges:  density of the con- 
tinuous phase, Pc = 0.717-0.999 g/cm3; density of the dispersed phase, Pd = 0.798-1.202 g/cm31 difference 
in density between the phases,  AD = 0.096-0.485 g/cm3; dynamic viscosi ty of the continuous phase, Pc 
= 0.467-1.23 cP;  dynamic viscosi ty  of dispersed phase, ~d = 0.46-7.72 cP; relat ive viscosi ty  p d / l ~  c = 0.45- 
7.7; interphase tension, o = 2.1-27.7 dyn/cm;  coefficient of diffusion in the dispersed phase, Dd = (0.096- 
0.89) �9 10 -s cm2/sec.  

During the f irst  stage we investigated mass  t ransfer  to single drops moving without collisions. The 
experimental  data were found to be in sat isfactory agreement  with the Kronig--Brink model [8]: the differ-  
ence between the experimental  and the theoret ical  values for the cr i ter ion Nu did not exceed 30% as the 
Reynolds cr i ter ion varied over a range of Re = 60-250 and the Four i e r  cr i ter ion varied over a range of 
Fo = (30-1700) �9 10 -5. 

During the second stage of the investigation we conducted tes ts  in which the drop collided with 5, 
10, and 19 plates.  In the f irst  two cases  the distance between the plates was 26, 40, or  65 ram; in the third 
case the distance was 26 mm. 

During the tests  the experimental  values varied over the following ranges:  d iameter  of drop, d = 0.11- 
0.36 cm; velocity of motion of the drop, u = 3.5-13.6 cm/see i  time of motion of the drop between collisions, 
t 1 = 0.22-1.85 sec; Four ie r  cr i ter ion corresponding to the time the drop moved between coll is ions,  Fo 1 
= (1.2-160). 10-5; Weber cr i te r ion ,  We = 0.25-3.4. 

The experimental  values,  Nuex p, were compared with the theoret ical  Nu(Fo I) and Nu(Fogen) curves  
according to Kronig and Brink [8] (Fig. 3). The data indicated show that collisions of the drop with a hard 
surface lead to a considerable increase  in the rate of mass  t ransfer ,  and that as the number of plates in- 
c r e a s e s ,  so does the rat io Nuexp/Nu(Fogen). This fact may be regarded as an indirect  confirmation of the 
nonstationary nature of the mass  t ransfer  taking place within the drop. 

At the same t ime, in addition to the cases  corresponding to the representa t ion of complete mixing of 
the volume of the drop whenever it collides with a plate, it should be noted that there are systematic  devia- 
tions of the experimental  data from the theoret ical  curve.  

In the f i rs t  place, as the drop diameter  decreases  and the Fo cr i te r ion  consequently increases ,  each 
ser ies  of tests  shows an increas ing deviation between the theoret ical  curve and the experimental  data. 

In the second place, as the distance between the plates is reduced,  the amount of deviation between 
the theoret ical  curve and the experimental  data increases .  
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This may be explained as follows: as the d iamete r  of the drop d ec r ea se s  its r e s i s t ance  to de fo rma-  
tion is increased  because it has a g rea t e r  specific sur face ,  and there  is a dec rease  in the kinetic energy 
that causes  mixing of the volume of the drop when there  is a collision. 

The increase  in the deviation between the calculated and the exper imenta l  values as the distance be-  
tween the plates (and hence the t ime of f ree  t rave l  of the drop) is reduced can be explained from the point of 
view of p resen t -day  ideas about mass  t r ans fe r  to a drop.  As was shown by Johns and Beckmann [11], dur -  
ing the initial  period of drop motion, cor responding  to the boundary- layer  relaxat ion t ime,  the mass  t r ans -  
fer  to the drop is determined only by the mechanism of molecular  diffusion. In addition, account should be 
taken of the fact that af ter  the volume of the drop is disturbed by a deformat ion,  a cer ta in  amount of t ime 
is requi red  to r e s t o r e  the toroidal  c i rcula t ion in it. As the distance between the plates is reduced,  these 
initial  effects  make a l a rge r  contribution,  which can explain the g rea te r  deviation of the calculated values 
for  small  values of Fo. 

Since it is a complicated mat te r  to find analytically the number and nature of the complexes  de t e r -  
mining how the col l is ions will affect the mass  t r ans fe r  to the drop,  we decided to use as our f i rs t  step a 
s ta t i s t ica l  p rocess ing  of the exper imenta l  data. Using a standard cor re la t ion-ana lys i s  p rogram [27], we 
found the coefficients  of cor re la t ion  between the quantity Nuexp/Nu(Fo 1) and the prese lec ted  complexes  
hre l  = h/h0; Re = du/vc;  We = ocdu2/a; Pd/#c,  where h 0 = 2.5 cm is the dimension of the "standard" pack- 
ing used by V. V. Kafarov [28] in complexes  of a s imi la r  nature .  The complexes  hre l  and We were  found 
to be significant. The physical  meaning of the complexes  found is the following: the c r i t e r ion  We is a mea-  
sure  of the r e s i s t ance  of the drop to deformat ion and mixing of its volume, and the re la t ive  distance hre l  is 
a measure  of the influence of the initial effects .  The final form of the relat ion,  Nuexp/Nu(Fo 1) = f(hrel ,  
We), was de termined by means of a s tandard p rogram of r eg re s s ion  analysis  [28]: 

NUex p 'Nu (Fol) = 0.63hr~ ~- 0.115h-u'S3rel We. (1) 

F igure  4 i l lus t ra tes  the relat ion (1). The data shown on this figure indicate that the ra t io  Nuexp/Nu(Fo I) 
is independent of the number  of coll is ions.  This fact makes it possible to use the r e su l t s  obtained for the 
calculat ions of packing columns.  
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