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The transfer rates of n-butanol, cyclohexanol, and ethyl acetate into water drops have 

Methods of allowing for the end-effect transfer have been extended and measured values 

Various mechanisms for transfer inside drops have been examined in terms of a correlatim 

been measured for circulating and oscillating drops. 

compared with predictions of a model. 

factor. 

Many recent studies on heat and mass 
transfer rates to and from bubbles and 
drops as they pass through continuous 
media have been aimed at elucidating 
the transfer mechanisms during forma- 
tion, rise or fall, and coalescence or 
bursting of the drops or bubbles. In 
particular, the transfer mechanisms dur- 
ing the steady rise or fall period have 
been analyzed for a variety of situations. 
It is apparent that if proposed mech- 
anisms are to be checked experimen- 
tally, corrections for transfer, during 
formation and coalescence must be 
made, or there must be some device for 
contacting two phases without these 
end effects. 

This paper discusses methods of cor- 
recting for transfer in end effects. The 
experimental work reported is con- 
cerned with mass Wansfer inside liquid 
drops, and for convenience in discussing 
the development of the equations used 
drops heavier than the continuous phase 
will be discussed. The methods may be 
extended to other situations. 

Possible mechanisms describing the 
steady-fall period will also be examined. 

PREVIOUS W O R K  

In a recent paper ( 1 5 )  the authors dis- 
cussed end-effect measurements and tech- 
niques previously 

0 "7) 

.~ 

reported in the litera- 
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Fig. 1. Definitions of the concentrations and 
the periods of drop life used in this research. 

ture. Attempts to measure end effects in equations describing the transient mass 
an extraction column were made by Johnson transfer process inside a drop. For all 
and Bliss ( 1 4 ) ;  Shemood, Evans, and mechanisms spherical drops, constant 
Longcor (20) ;  Treybal (21 )  and West molecular diffusivity, uniform initial 
et ( 2 3 ) .  Among workers On single concentration, and absence of any inter- 
drops Licht and Conway (17) and Licht face resistance are assumed. 
and Pansing ( 1 8 )  attempted to determine Diffusion into a stagnant drop. The 
end effects separately from the steady fall 
transfer. Couhon and Skinner (3)  in- fraction approach to equilibrium or the 
jetted and rapidly with&ew drops to efficiency for the steady-fall period for 
study the mass transferred during forma- a s tapant  drop With continuous-Phase 
tion. resistance has been derived by Grober 

PD 

= 1 - 6 z  n=l B,exp [-A:- Dt 1 c, - c, 
c2- C" a' Em = 

Other end-effect measurements, by 
Geankoplis and Hixson ( 5 ) ;  Geankoplis, 
Wells, and Hawk (6); and Gier and 
Hougen (7 ) ,  were made by probing the 
continuous phase to determine abnormal 
transfer in the end zones. . 

The present authors have employed a 
simple mathematical analysis of end ef- 
fects, introducing efficiencies for these 
periods, and have developed techniques 
to be used for plotting data both to check 
the mechanism and to obtain numerical 
values of a combined end effect. These 
methods will be expanded in the theoret- 
ical section of this paper. 

For heat and mass transfer rates inside 
drops recent studies (2, 4, 11 ) have cen- 
tered on the application of theory for a 
stagnant (noncirculating) sphere or for a 
drop whose circulation pattern was as- 
sumed to be that developed by Hadamard 
(9). The latter situation was analyzed by. 
Kronig and Brink ( 1 6 ) .  Although the 
Kronig and Brink theory should apply 
only to slowly moving drops (Reynolds 
number below unity), it has been used at 
higher Reynolds numbers. Recently Hand- 
10s and Baron (10) have modified the 
Kronig and Brink theory, allowing for 
turbulent motion inside the drops. 

Mass transfer studies involving two com- 
ponent systems have been used in this 
study. To the authors' knowledge, only 
Heertjes et al. ( 11), working on a spray 
column, have examined mechanisms for 
mass transfer inside drops using such 
systems. 

THEORETICAL DISCUSSION 

Transfer mechanisms 

This first section will summarize the 

Here C, and C, are the uniformly mixed 
drop concentrations for the ends of the 
steady-fa period as indicated in Figure 
1. The quantities B, and ?I,, have been 
tabulated for various Nusselt numbers 
by Grober (8). 

For the particular case of no resist- 
ance to transfer in the continuous phase 
this equation reduces to the equation 
ascribed to Newman (19) : 

1 6 $LeXp [ - d D &  
xz n=1 n' a' 

Diffusion into a circulating drop. For 
negligible interfacial tension and for a 
drop Reynolds number less than unity 
Kronig and Brink (16) derived the fol- 
lowing equation for diffusion into a 
circulating drop with no continuous- 
phase resistance: 

Em =1--  

( 2 )  

m 

Em = l-3/8 2 B: exp [-A,,=] 
n=l a' 

( 3 )  
Elzinga and Banchero ( 4 )  obtained the 
same equation for the case of a finite 
continuous-phase resistance and calcu- 
lated values of the quantities B,, and L 
for various Nusselt numbers. Table' 1 
summarizes values of B, and X, for the 
case of no continuous-phase resistance 
(as encountered in this study). 

Transfer into a drop at high Reynolds 
numbers. Handlos and Baron (10) pro- 
posed a circulation model which in- 
cluded radial motion. For their mechan- 
ism 

m 

1 X, 16Dt N P ~ , <  
E m =  1 - 2  2 B,,exp[ - 

"=l 20488 (4) 
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TABLE 1. S7mmf .m~ OF VALUES OF B, 
AND L FOR EQUATION (3) wrm ZERO 
CONTINUOUS-PHASE RESISTANCE 

n BlI a Source 

1 1.29 1.656 
2 0.596 9.08 ( 4 )  
3 0.386 22.2 

4 0.35 38.5. 
5 0.28 63.0 
6 0.22 89.8 
7 0.16 123.8 

( 1 1 )  

They claim that only one term of this 
series with = 2.88 need be used. 
They derived an effective diffusivity as 
a function of radius as 

D N ~ e . 6  
E w  = (6s - 8r + 3) (5) 

2.048 
where 

N P q  

N P W '  = (6) 
(1 + CLr/Po) 

A correlation factor for diffusion in-. 
side drops. The factor R proposed b 
Korchinski (2) and used by him wi x 

71 mrn. diameter 

Stainless steel 

tinuous phase in 

Disperse phase 

Fig. 2. Apparatus for studying mass transfer 
into circulating and oscillating drops. 

the Vermeulen equation (22) is used in 
this study as a multiplier of the molecu- 
lar diffusivity to compare transfer rates 
with rates encountered in a stagnant 
drop. The following modification of 
Equation (1) may be considered to de- 
fine R: 

(n 

E m =  1 - 6  ZB-exp  [ -LzRDt ] 
a" 

( 7 )  
The Vermeulen equation is an empirical 
fit of Equation ( l ) ,  and hence the R 
value used by Korchinski is essentially 
the same as the one defined by Equa- 
tion (7). 
Definition of end effects 

With reference to Figure 1, the frac- 
tional approach to equilibrium in the 
formation, steady-fall, and coalescence 
periods may be defined by 

el- C" c*- c, 
E n  = , Em = , and c, - C' c,- CQ - -  

where Ep is a combined end effect, 

At constant drop-formation time, 
drop size, coalesced dispersed-phase 
holdup, and continuous-phase flow rate, 
Erl and El, may be considered constant. 
This will be considered more f d y  be- 
low. 

Determinotion of EF and R 
Low efficiency studies. For low E,,, 

values (E,<0.5) the foUowhg em- 
pirical equation has been found to fit 
Equation (7) : 

E f i  + Era - E f i  X Efi. 

RDdt 
E m  = 0.905 d- a" + 0.0189 (11) 

This is an improvement over the Ver- 
meulen equation as used by the authors 
in a previous study (15) .  

Combining (10) and (11) results in 

E ,  = 0.905 (1 - E F )  d F  RD2t 

+ (0.0189 + 0.981 EF) (12) 
L s  - L" 

Here C,, C ,  C,, and C, are the uni- 
formly mixed concentrations illustrated 
by Figure 1. 

In practice only C, and C, are directly 
measurable, and the only accurately 
measured efficiency is the over-all or 
total efficiency: 

At low efficiencies and for a constant 
R a plot of E ,  against the square root of 
contact time should yield a straight line 
the intercept of which may be used to 
yield EF. Knowing EF, one can use the 
slope of the line to obtain the correla- 
tion factor R .  

High efficiency studies. At higher E m  
values all but the first term of the series 
on the right side of Equation (7) are 
negligible. Equation (7) reduces to 

RDt 
a" 

By simple algebraic manipulation of (8) 
and (9) the following equation results: 

In ( 1 - E m )  = -A:- + In 6B, 

Combining (13) and (10) results in 

( 13) 

E ,  - E ~ ,  - Er,  + Erl  x E ~ ,  
1 - Er, - Er, + Er1 X EiZ 

E m  = 
RDt 

a" 
In (1- E T )  '=-A?- 

(10) + In 6B, (1 - EF) (14) 
ET - Ep 

- - 

1 - EF 

0.6 

0.4 

ET 

0.2 

A -  Series F 

0- Series D 

2 6 
( Drop fall time, ?It bed+ 

Fig. 3. Typical plot of data in accordance with Equation (12). 
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Fig. 4. Plot of data for ethylacetote diffusing into water, in 
accordance with modified Vermeulen equation. 
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For high-efficiency data for a con- 
stant R,  Equation (14) dictates that 
one should plot In (1  - ET) against 
time of contact to obtain Ep from the 
intercept and R from the slope. A 
knowledge of B, and A, i s  necessary. 

Prediction of R for various mechanisms 

It is apparent from the above discus- 
sion that for data for noncirculation 
drops application of either Equation 
(12) or (14) should yield R = 1. For a 
circulating drop under the conditions of 
the Kronig and Brink model R should 
be about 3. 

For drops with turbulent circulation 
R should be larger. When one uses the 
Handlos and Baron model for compari- 
son purposes, 

- - 

- 

R = -  Npa'4 1 (6P- 8r + 3)dr  
2,048 

Hence this model predicts that R is di- 
rectly proportional to the modified 
Peclet number. 

For any mechanism it is apparent 
from Equation (10) that 

In ( l - E m )  =In ( 1 - E T )  

-1n ( l - E v )  (16) 
whence 

d l n  (1 -Em)  dln  (1-Ep) 
(17) - - 

dt dt  

for EF constant 
It follows from equation (17) that on 

a plot of In (1 - E) against contact 
time the slope of the experimental curve 
is independent of the magnitude of the 
combined end effect. This is a necessary 
condition that a transfer mechanism for 
the steady-fall period holds. 

Transfer mechanisms during formation 
and coalescence 

In order that the method discussed 
above for the calculation of the com- 
bined end effect be applicable it is 
necessary that Etl and particularly EI, 
be independent of concentration. 

By assuming Higbie's equation ( 1 3 )  
for transient diffusion into the surface 
of a drop as it is formed, Heertjes et al. 
( 1  1 ) developed the following equation 
for the formation efficiency: 

For the coalescence end it was as- 
sumed that as each drop settled it 
spread as a layer of initial uniform con- 
centration C, across the previously set- 
tled phase and that transient mass trans- 
fer occurred until the next drop arrived 
to cover the surface. 

If the interface area is Ac and the in- 
stantaneous rate is again given by Hig- 

TABLE 2. RELEVANT PHYSICAL PROPERTIES FOR THE SYSTEMS 
USED IN THIS STUDY AT 24.5" 2 0.5"C. 

Ethyl 
Cyclohexanol n-Butanol acetate 

p. ( Ib./cu. ft. ) 59.5 52.4 55.8 
P, [ (Ib./(ft.) (sec. ) I 0.0120 0.00191 0.000336 
u [ lb./(sec.)a]t 0.00716 0.00330 0.0113 
C' (wt. % )  3.90 7.35 8.73 
D (sq. ft./sec.) $ 10' 0.910 0.957 0.998 

OD was determined with water as solvent by the use of the Wilke correlation (24). 
u was determined by the pendant drop method ( I ). 

bie's equation, the amount transferred 
is that which occurs in time 6 and is 
equal to the mass gained by the drop in 
the coalescence zone: 

= 2A,(C' - C,) d -6'" D 
7.r 

= V(C,-C,)  (19) 
whence 

By these mechanisms it is apparent 
that El, and Elz should be functions of 
the drop size and time of formation. 
These variables and, no doubt, the con- 
tinuous-phase velocity must be kept 
constant during a given series of runs in 
which the contact time is vaned. It is 
particularly important to argue that El, 
is independent of the concentration C,, 
since-the latter varies with the column 
height during a particular study for a 
given drop size and drop rate. 

Combining Equations ( 18) and (20) 
yields the following estimate of the com- 
bined end effect: 

Ep = El ,  + El?-  Et ,  X E , , =  

( 2 y  I 2 A 4 ) , / 7  (41.2ADB) 

Experimentol details 
The data reported and discussed in this 

paper are for the transfer of cyclohexanol, 
n-butanol, and ethyl acetate into water 
drops falling through these phases pre- 
viously saturated with water. The relevant 
physical properties for these compounds 
are listed in Table 2. 

Figure 2 shows the simple apparatus 
used in this study. The continuous phase 
was contained in a column 71 mm. I.D. 
This column was equipped with a drain 
cock for continuous removal of the settled 
dispersed phase and also with a side arm 
near the bottom for adjustment of the level 
of the continuous phase in the column. 

V don. 
(21) 
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Series 

C 
B 
A 
D 
E 
F 
G 
H 
J 
K 

TABLE 3. NOZZLES USED IN THIS STUDY 

Nozzle type 

45 deg., beveled end 
45 deg., beveled end 
45 deg., beveled end 
45 deg., beveled end 
45 deg., beveled end 
45 deg., beveled end 
plane-end, thin-wall tube 
45 deg., beveled-end glass tube 
plane-end, hypodermic needle 
plane-end, hypodermic needle 

The holdup of coalesced dis ersed phase 
and the diameter of the inter!ace at coal- 
escence were kept constant for all runs at 
approximately 0.75 cc. and % in. re- 
spectively. 

The water was admitted from a burette 
through a long jacketed nozzle with inter- 
changeable tips of various diameters. For 
the most part, sharp-edged nozzles of the 
type used by Hayworth and Treybal ( 1 2 )  
were used; details are listed in Table 3. 
All drops except for the series A, B, C,  
and D for the water-butanol system were 
formed in the continuous phase. For the 
series noted, the drops were formed about 
one drop diameter above the continuous 

ase to prevent the continuous phase Ph rom running up the nozzle. 
The drop rate and the drop volume 

were determined by counting the drops 
formed from a given volume of water 
over a time period. The dro contact time 
was obtained by timing the fa6 of drops by a 
stop watch, the watch being started as a 
drop detached itself from the nozzle and 
stopped when the drop struck the coal- 
esced dispersed phase. 

Drops of each size and for the various 
drop-formation times indicated in Table 
4 were allowed to fall through various 

Series 

C 
B 
A 
F 
1 

A 
D 
E 
F 
B 
B 
C 

E 
F 
G 
I 
K 

Drop 
diameter 

a, ft. 

0.0224 
0.0212 
0.0184 
0.0142 
0.00924 

0.0114 
0.00982 
0.00804 
0.00722 
0.0121 
0.0124 
0.0133 

0.0149 
0.0131 
0.0116 
0.00992 
0.00845 

Size, in. 
I.D. 

9/30 
7/30 
1/6 
3/20 
1/10 
1/12 
3/60 
1/30 

VIM 23 
B-D 20 

depths of the continuous phase. The first 
settled dispersed phase was discarded; 
then the settled aqueous phase leaving the 
column was sampled until a steady final 
concentration ( C , )  was obtained. 

All experimental work was carried out 
in a constant-temperature room at 24.5" 
f 0.5"C. The dispersed phase leaving the 
apparatus was analyzed with a Bausch and 
Lomb dipping refractometer which had 
been previously calibrated with known 
solutions. 

For series A and B (where EP = 0.100) 
for the water-n-butanol system a layer of 
linseed oil was used to separate the con- 
tinuous phase from the coalesced dispersed 
phase in an effort to lower E,,. However 
for series B without linseed oil as a sepa- 
rating layer EP was found to be less than 
it was when the separatin layer was used. 
This indicated that the finseed oil sepa- 
rating layer served no useful purpose and 
was abandoned in later work. 

DISCUSSION OF DATA OBTAINED 

Use of the proposed plotting techniques 
Figure 3 shows typical data plotted 

in the manner indicated by Equation 
(12), that is as E ,  directly against P", 

Intercept values on such graphs yielded 
E ,  values, and the slopes of the lines 
combined with these EP numbers gave 
numerical values of the correlation fac- 
tor. This method was found suitable for 
n-butanol and for cyclohexanol diffusing 
into water. 

Figure 4 indicates the method of 
plotting efficiency data over a large 
range indicated by the Vermeulen equa- 
tion (22). These data were for ethyl 
acetate diffusing into water, and these 
drops in all cases were oscillating. It ap- 
pears that the high transfer rates en- 
countered in the fall period of these 
drops obscure the end-effect transfer 
efficiency. The slight curvature of the 
upper line on Figure 4 is not explained. 
Values of R were obtained for this sys- 
tem with no end effect assumed and 
the sbaight-line portion of the curves 
at low contact times used. 

Combined end effects 
A comparison of the experimental 

combined end effect with that pre- 
dicted by Equation (21) for cyclo- 
hexanol diffusing into water is shown as 
Figure 5. It is seen that the trend of 
E ,  with diameter is as predicted. 

Studies of the correlation factor R 
Figure 6 indicates plots of the corre- 

lation factor of this study plotted 
against the modified Peclet number 
by Handlos and Baron. This was chosen 
as a correlation group to permit com- 
parison of data with their model and 
also because this group includes the 
product of the drop velocity and diam- 
eter, both of which are significant vari- 
ables in discussing the flow character- 
istics of a drop. 

This figure shows the data for cyclo- 
hexanol and for n-butanol diffusing into 

TABLE 4. SUMMARY OF EXPERIMENTAL DATA FOR WATER DROPS IN ORGANIC 
L I Q U ~  SATURATED WITH WATER AT 24.5" -t- 0.5"C. 

Drop 
formation 
time, sec. 

1.89-2.17 
1.89-2.17 
1.89-2.17 

1.59-1.78 
1.89-2.17 

3.03-3.45 
1.10-1.21 
1.00-1.11 
1.00-1.1 1 
1.20- 1.49 
1.49-1.69 
3.00-4.00 

1.30-1.40 
1.20- 1.39 
1.20-1.39 
1.00-1.21 
1.00-1.21 

Drop 
velocity 

V, ft./sec. 

0.142 
0.139 
0.121 
0.0863 
0.0482 

0.258 
0.260 
0.232 
0.212 
0.240 
0.240 
0.238 

0.283 
0.289 
0.303 
0.319 
0.305 

Modified 
Peclet Combined 

Reynolds number end effect 
Drop 

number N R .  (Nm',) EP 

15.7 3.32 0.0947 
14.6 3.07 0.103 
11.0 2.32 0.137 
6.06 1.28 0.194 
2.20 0.464 0.232 

80.8 2.33 0.224 
70.3 2.02 0.290 
51.2 1.48 0.311 
42.0 1.21 0.303 
79.8 2.30 0.040 
81.8 2.36 0.100 
87.0 2.51 0.070 

699 1.51 
628 1.36 
583 1.26 
526 1.14 
429 0.926 

Experi- 
mental 

R 

3.8 
3.2 
2.3 
3.2 
2.2 

15 
7.8 
3.8 
2.7 

35 
34 
33 

52 
39 
42 
32 
29 

RKR 

3.7 
3.7 
3.7 
3.4 
3.0 

3.2 
3.2 
3.2 
3.2 
2.8 
2.8 
2.8 

2.8 
2.8 
2.8 
2.8 
2.8 

R H B  

160 

C yclohexanol 
63 
23 

n-Butanol 
110 
110 
120 

Ethyl acetate 
56 
45 
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O- Water-n-Butanol 

--- Kronig-Brink Line 

N~~ x 16” 

Fig. 6. Experimental R compared with a theo- 
retical model. 

water. All drops in this study were ob- 
served to be circulating, with Hada- 
mard type of streamlines, when alumi- 
num powder was suspended in the 
water. 

It would appear that the R values 
of the Kronig and Brink equation are 
approached at low drop Reynolds num- 
bers but that R increases with the prod- 
uct of drop diameter and velocity to 
values several times the value of the 
Kronig-Brink correlation. 

Figure 7 shows similar R values of 
ethyl acetate diffusing into water drops. 
Here all drops were oscillating, and 
aluminum powder inside the drops 
showed no regular circulation pattern. 
Values of R in the range 29 to 52 have 
been observed. The trend is similar to 
that predicted by the Handlos and 
Baron correlation, but the observed 
values are somewhat lower. 

Time of contact 
It may be noted in the nomenclature 

that the contact time in the steady-fall- 
period equations may be slightly less 
(by A t )  than the observed time t’. In 
practice in this paper At was assumed to 
be negligible. 

CONCLUDING REMARKS 

This paper has reported data on mass 
transfer rates inside circulating and 
oscillating drops. By use of two com- 
ponent systems with the continuous 
phase saturated with the dispersed 
phase, the transfer rates inside the 
drops could be studied without the ne- 
cessity for correcting for an outside re- 
sistance. 

The choice of the system and the use 
of end-effect efficiencies have permitted 
the comparison of the magnitude both 
of the combined end effect and of the 
correlation factor with values predicted 
by various mechanisms in the literature. 

The Kronig and Brink mechanism 
applies well for low drop Reynolds num- 
bers, but it has been shown that the 
correlation factor may rise above that 
predicted by Kronig and Brink even 
though a drop is apparently circulating. 

For oscillating drops the Handlos and 
Baron model shows considerable prom- 
ise. 

A model for transfer at the settling 
end has been proposed. Combined with 
the Heertjes model for drop formation, 
it predicted the combined end effect 
fairly well. However this may have been 
accidental. 

NOTATION 

A‘ 
a 
B 
C 

d 
D 
E 
E 

R 

r 
At 

f 

t 

V 
0 

= interfacial area at coalescence 
= drop radius 
= coefficient 
= concentration of dispersed 

= drop diameter 
= molecular diffusivity 
= effgctive diffusivity 
= dimensionless number given 

= transfer’ efficiency 
= Reynolds number, (dVp.)/ 

( P o )  
= modified inside Peclet num- 

ber, (a) / I D (  1 + p i / p o )  1 
= dimensionless correlation fac- 

= p/(d/4) 
= time from the point of drop 

release from the nozzle to the 
point when transfer mechan- 
ism of the steady-fall period 
holds 

= time taken by drop to strike 
the coalesced dispersed phase 
from the point of drop re- 
lease from the nozzle 

phase (uniformly mixed) 

by ( E m  S E 5 ET) 

tor 

= (f- A t )  
= drop volume 
= drop velocity 

Greek letters 

x = eigenvalue 
0. = interfacial tension 
P 

patterns 
B = drop formation time 
P = viscosity 

Subscripts 

= density, radius of circulation 

1 
2 

3 

4 
T 

i 
m 
n 

0 

fl 

f? 
K B  

H B  

= in the nozzle 
= beginning of transfer mechan- 

ism of the steady-fall period 
= point at  which drop strikes 

the coalesced dispersed phase 
= at column outlet 
= over-all, based on points 1, 4 
= continuous phase 
= drop or dispersed phase 
= steady-fall period 
= term number in series sum 
= end effect at entry end for 

dispersed phase 
= end effect at exit end for dis- 

persed phase * 
= predicted by Kronig and 

Brink [Equation (3) ] 
= predicted by Handlos and 

Baron [Equation (4) ] 
= at equilibrium with respect to 

transfer of solute to or from 
dispersed phase 

A.1.CK.E. Journal 

Water- Ethyl Acetate , / I  

4 o t  
0 

- Equation I? 
0 - Experimental data 

L 
00.75 1.00 I25 150 

Np.; x 1 6 ’  

Fig. 7. Experimental R for oscillating drops 
compared with a theoretical model. 
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