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Rates of mass transfer during drop formation and coalescence were investigated for three
dispersed phase-controlled liquid systems, one binary (ethyl acetate-water) and two ternary
(acetic acid-chlorobenzene-water ond acetic acid-50% by volume mixture of carbon tetra-
chloride and nujol-water). A calculation procedure was devised to isolate these end effects.
The measured rates during drop formation were in general greater than predicted by various
theoretical models, including those by Heertjes et al. and llkovic; and measurements during
drop coalescence were in general lower than predicted by the simplified penetration theory
model of Johnson and Hamielec. The results were statistically correlated with average ab-
solute deviations of 26.2 and 25.4%, respectively, for drop formation and coalescence.

Liquid-liquid extraction is an important diffusional sep-
aration operation which employs several types of equip-
ment, such as mixer-settlers, packed columns, agitated
towers, spray columns, and perforated plate columns. In
these, mass transfer is facilitated by dispersing one liquid
phase in the other. The factors affecting the design of such
equipment have received considerable attention recently.
The totally empirical nature of design of former years,
wherein the local effects within the apparatus were
ignored in an attempt to correlate the terminal results,
has been gradually replaced by a process of estimating
mass transfer rates and countercurrent capacities for the
apparatus from fundamental studies and pragmatic data
taken from the literature. Skelland and Cornish (38) have
presented a procedure for designing perforated plate col-
umns which avoids any need for experimentally deter-
mined stage efficiencies. The latter are expensive, incon-
venient to obtain, and of uncertain validity in scaled-up
application. In addition to mass transfer during drop for-
mation and coalescence at the interface, the design pro-
cedure requires that the shape of moving drops, the drop
size and terminal velocity, interfacial areas for all stages
of mass transfer, and mass transfer during the free fall
(or free rise) period be predicted. With the exception of
the first two, quantitative relations for their estimation
have been published (11, 16, 19, 32, 33, 37, 39, 44).

Mass transfer during drop formation and drop coales-
cence at an interface, the interaction between mass trans-
fer and hydrodynamic effects in the vicinity of an inter-
face, the distribution of drop sizes, the repeated coales-
cence and redispersion of drops in a dynamic environment,
and the attendant effect on mass transfer and the spread
of residence times in the continuous phase and of the drop
population in the flow apparatus are factors still not quan-
titatively described or even fully understood. The first
two factors are relatively more significant in perforated
plate columns due to the short distance traveled by the

swarms of drops between plates. The latter factors are
more significant in spray columns.

A. H. P. Skelland is at the University of Kentucky, Lexington, Kentucky
40506. Sardul Minhas is with Scientific Design Company, Two Park
Avenue, New York, New York 10016.
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The purpose of the present investigation is to obtain
correlations that will predict the rate of dispersed phase
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Fig. 1. Diagram of apparatus for mass transfer experiments
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TABLE 1, THEORETICAL MODELS FOR DisPERSED PHASE MAss TRANSFER DuriNg DroP FORMATION

Authors Equation

Licht and Pansing (27) kas = (8/7)(Da/x ts) %

Heertjes et al. (17) kas = (24/7)(Da/w ty) %

Groothuis and Kramers (13) kas = (4/3)(Dg/n t5) %

Coulson and Skinner (9) kas = 2\/375 (Da/w t) %

Heertjes and DeNie (18) kas = 2 (@ao/ar + 2/3)

X (Da/xm ;)%

Heertjes and DeNie (18)
X (Da/x t;)%

Ilkovic (20) kar = 1.31 (Dy/m t) Y=

mass transfer during drop formation and drop coalescence
at a liquid interface from a knowledge of the physical
properties of the dispersed and continuous liquid phases
and various dynamic parameters, such as the frequency of
drop formation at the nozzle, drop size, and velocity.

REVIEW OF PREVIOUS WORK

Drop Formation

An extensive literature survey (31) showed that al-
though several investigators have presented theoretical
models governing mass transfer and made experimental
observations revealing qualitative trends, no accurate
means of predicting the dispersed phase mass transfer
rates during drop formation have been published. These
different models are summarized in Table 1. The drop is
assumed to grow as a sphere and kg is based on time of
drop formation #; and surface area at the point of detach-
ment. Angelo, Lightfoot, and Howard (2) developed a
generalized penetration theory for the surface stretch
model (not included in table)} which includes as a special
case the more restricted situation of Ilkovic.

Heertjes et al. (17) demonstrated the presence of in-
ternal circulation in rapidly growing drops. Isobutanol
drops colored blue with cobalt chloride were formed in
a water phase. Above a certain water content in the drop
the blue color changed to pink. By means of this color
change they observed that drops formed in 1.3 sec. or
less showed a very marked circulation, whereas no circula-
tion occurred for formation times larger than 1.5 sec. The
models in Table 1 do not consider the effect of internal
circulation on mass transfer and should be expected to
predict the lower limit of mass transfer during drop for-
mation.

Much of the published experimental work has lacked
a good technique for direct measurement of mass transfer
during drop formation and has been confined to very large
formation times (2 to 50 sec.), thus not reflecting the high
transfer rates associated with circulation in growing drops
being formed at higher frequency (#; < 1.5 sec.). Several
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kap = 2(7/3)% (ao/ar + 1/3)

Equation
number Assumed mechanism

1 The whole area ages according to pene-
tration theory. Only area variation with
time is considered.

2 Velocity of diffusion is small compared
with velocity of drop growth.

3 Drop growth occurs by formation of
fresh surface elements and there is no
mixing of elements of different age.

4 Average time of exposure and average ex-
posed surface are obtained by the fresh
surface mechanism.

5 Periods of rest, drop formation and the
part forming the rest drop are considered
separately. Based on the fresh surface
mechanism.

6 Growth of surface occurs by even stretch-
ing of the diffusion layer.

7 Surface stretch mechanism.

investigators (26, 36, 45) reported substantial (14 to
409,) mass transfer occurred during drop formation. The
systems studied were extraction of acetic acid from methyl
isobutyl ketone and benzene droplets with water (36) and
from water drops with isopropyl ether (26), transfer of
propionic and benzoic acids from water to benzene drops
(9), and transfer of acetic acid out of nitrobenzene drops
into water (10).

The measured transfer rates of Heertjes et al. (0.24 sec.
= t; = 1.18 sec.) of isobutanol into water drops and vice-
versa were two to five times the value predicted by their
model, Equation (2). Groothuis and Kramers (13) ob-
served a good agreement between their model, Equation
(3), and their measurements on the amount of sulfur di-
oxide absorbed by individual growing drops of water.
Ilkovic’s expression, Equation (7), best fitted the experi-
mental data of Popovich et al. (35) on the transfer of
sodium iodide into isobutyl alcohol. The fresh surface
model [Equation (5)] of Heertjes and DeNie ‘provided
the best fit of their data on transter of water into growing
isobutanol drops.

Drop Coalescence
Considerable literature (1, 4 to 7, 12, 15, 21, 22, 24,
30, 43) on the mechanism of coalescence of drops at a
liquid interface exists. By contrast, information on the
mass transfer aspects is scarce. Johnson and Hamielec
(23) derived an expression for ky for the highly simplified
case of a drop coalescing immediately as it reaches the
boundary between the phases. The drop contents are as-
sumed to spread out over the entire coalescence surface
in a uniform layer. Mass transfer is regarded as occurring
according to penetration theory and the time of exposure
of the layer is taken to be the same as the time of forma-

tion of the drop.
kdc - (Dd/ﬂrtf)l/‘ (8)

EXPERIMENTAL APPARATUS AND PROCEDURE

Some important considerations affecting the design of the
apparatus were the effective isolation of mass transter during
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drop formation and coalescence; the surface area for coales-
cence per stream of drops; and hydrodynamic disturbance in
the field liquid around the drop as it grows, falls, and coa-
lesces. The technique of Licht and Conway required two
extraction columns. In the first column, mass transfer occurred
in all three stages of drop formation, fall, and coalescence. In
the second unmit, a large stopcock separated the column into
upper and lower sections and the interface was maintained in
the lower section. At the end of a run, the stopcock was closed
and the continuous phase in the upper section was analyzed to
yield mass transfer occurring during drop formation and free
fall periods only. Data from identical runs made on the two
columns, when extrapolated to zero height of fall, gave mass
transfer which occurred during drop formation and coalescence
in the first set of data, and mass transfer which occurred only
during drop formation in the second set.

However, a serious drawback to this technique is apparent
from the presence of a moving wake in the field fluid behind a
liquid drop, as established by Magarvey and Maclatchy (29).
A large part of the mass transferred from the drop to the ambi-
ent liquid is subsequently trapped in the moving wake and
reaches the field liquid only when the wake is detached from
the drop. This delay would attribute less than the true value of
mass transferred to the drop formation and free fall periods,
since part of the solute is dragged along in the wake moving
with the drops through the stopcock that would otherwise iso-

TaBLE 2, EQUILIBRIUM DISTRIBUTION OF ACETIC ACID
BETWEEN CHLOROBENZENE AND WATER

Temperature = 23.5°C.

Conc. aqueous phase,
g.-moles/ml. X 103

Conc. chlorobenzene phase,
g.-moles/ml. X 108

0.6277 0.0117
2.1228 0.0858
3.4305 0.2040
4.4566 0.3248
54123 0.4594
62171 0.6099

Ca® = 3.264 (Co)t-0

TasLE 3. EQuILIBRIUM DISTRIBUTION OF ACETIC ACID
BeTwEEN NujoL-CCly ANp WATER

Temperature = 26°C.

Conc. aqueous phase,

Conc. organic phase,
g.-moles/ml. x 10¢

g.-moles/ml. X 106

late the coalescence effect in the bottom part of the extraction
column.

An alternate method to using column 2 was therefore de-
vised. The second set of runs was obtained in the same
column used for taking runs that included all three stages of
mass transfer. However, in this case the level of the interface
between the coalesced layer and the continuous phase was
maintained in the very narrow exit tube at the bottom end of
the column. The large reduction in surface area available for
mass transfer during coalescence minimized this end effect.
Lindland and Terjesen (28) used a similar technique and
reported errors of less than 1% if the coalescence end effect in
such a set-up were neglected.

The hydrodynamic disturbance in the field liquid around the
drop influences the mass transfer to or from other drops in its
neighborhood, a situation characteristic of conditions in a
perforated plate column. To reflect this effect and to approxi-
mate the surface area of the coalesced layer per droplet stream
available in a commercial perforated plate column, the dis-
perse liquid was distributed into three parallel streams of drops,
the nozzles being set at the corners of an equilateral triangle
of 34 in. side. Using a 2-in. I.D. extraction column, the plane
coalescence area per droplet stream resulting from such a
pattern is about the same as in a commercial column (40, 42).

Experimental Apparatus

The apparatus is shown in Figure 1. The method of Mariotte
[insertion of an open capillary tube (E) in the buret, through
a stopper] was used for maintenance of constant pressure head
at the lower end of the buret. Pyrex glass extraction columns
of 2 in, ID. and with effective fall heights of 6, 14, 20, 26, and
32 cm. were used. Great care was taken to avoid contamination
of the apparatus by foreign substances. Teflon valves eliminated
the problem of contamination with stopcock grease, and the
whole apparatus was frequently rinsed with hot chromic acid
solution.

Materials

One binary and two ternary liquid systems were studied. The
Colburn and Welsh (8) two-component technique was used for
the binary system, causing most resistance to mass transfer to
lie in the disperse phase. The system chosen, ethyl acetate-
water (water drops falling through ethyl acetate saturated with
water), satisfied the requirements of this technique, namely,
that the saturation concentration in the continuous phase must
not be high, and the saturation concentration in the disperse
phase must be large enough to obtain a measurable rate of
mass transfer.

The two ternary systems, with the solute mentioned first,
followed by the disperse and continuous phases, respectively,
were acetic acid-chlorobenzene-water and acetic acid-50% by
volume mixture of carbon tetrachloride and nujol-water. For
the overating range of the continuous phase composition, the
solubility of acetic acid favored the continuous phase on the
average by a ratio of 54 to 1 for the chlorobenzene system and
125 to 1 for the nujol-carbon tetrachloride system, indicating
that the continuous phase resistance to mass transfer was
negligible. Nujol was used to obtain a.good range of disperse
phase viscosity.

The distribution of acetic acid between the two phases for
each of the ternary systems is presented in Tables 2 and 3, and
can be represented by an equation of the type

Cd“ =da (Cc)" (9>

TABLE 4. PHYSICAL PROPERTIES OF THE THREE EXPERIMENTAL SYSTEMS

1.070 0.828
1.530 0.968
2.106 1.400
2.240 1.16S
2.940 1.642
4.550 2.068
Ca® = 3.283 x 10— (C,)0-0
System pd, g./ml. pe, g./ml.
Ethyl acetate-water 0.9979 0.9024
Acetic acid-chlorocbenzene- 1.1005 0.9978
water
Acetic acid-50% by 1.2214 0.9978

volume mixture of
CCl, and nujol-water
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Dg X 105
&d; €P. e, CP. @, dyne/cm. sq. em./sec. T, °C.
0.9913 0.4670 6.226 0.83289 22.0
0.7550 0.8760 24.280 2.07200 23.5
3.7030 0.9100 24.880 0.69511 26.0
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Physical Properties

For the two ternary systems, the measurements of physical
properties were made on the disperse and continuous phases
as they would be at the start of each mass transfer experiment,
mutually saturated, with acetic acid present only in the disperse
phase. In the case of the binary system all measurements were
made on pure disperse and saturated continuous phase liquids,
with the exception of interfacial tension, in which case both
liquids were mutually saturated. The data appear in Table 4.

nterfacial tensions were measured on a Du Nuoy Interfacial
Tensiometer, K8600. An average value of 10 observations,
which gave the highest value of ‘interfacial tension, was taken,
Lower values were considered unreliable because the film
could be ruptured by external disturbances before maximum
tension could be applied on the ring. An Ostwald-Fenske type
capillary tube viscometer of ASTM No. 100 was used for mea-
suring viscosities, Density measurements were made on a
pychnometer. Molecular diffusivity for the second system (ace-
tic acid-chlorobenzene-water) was estimated from the King
and Mao (25) correlation and the Wilke and Chang (46)
correlation was used for estimating diffusivity for the third
system (acetic acid-carbon tetrachloride and nujol-water).
Pasternak and Gauvin’s (34) experimentally determined value
of the liquid diffusion coefficient of ethyl acetate diffusing
through water at 25°C. was usd for the binary system after
making a temperature correction.

Composition Analysis

For the binary system, solute concentrations in the disperse
phase were determined by refractive index with a previously
determined calibration curve. A Pulfrich Refractometer was
used; the readings of the refractive indices were exact within
five units of the fifth decimal. The amount of acetic acid in
the continuous phase while working with the ternary systems
was obtaind by titration against a standard solution of sodium
hydroxide.

Procedure

A vacuum bulb was used to draw the phase to be dispersed
up through the nozzles and the glass bulb B into the buret.
TYxis eliminated the possibility of air bubbles becoming trapped
in the delivery system and allowed droplets to form at the
three nozzle tips at equal frequency. The total duration of a
run was timed with a stopwatch. A second stopwatch was
used to time the formation of, say, 10 drops for each nozzle
about three or four times during a run. From the times of drop
formation for each nozzle, the total volume of disperse phase
used, and the measured duration of the run, the average
equivalent drop diameter (the diameter of 'a sphere which
has the same volume as that of the drop) and a weighted
average drop formation time could be calculated.

The level of the disperse phase that collected in the cone at
the lower end of the extraction column was allowed to build
up. When it reached the top of the cone the disperse phase
was drained off through the control valve G at a rate that kept
the interface constantly at the above level until the end of the
run. In the case of the binary system the drained disperse
phase was sampled several times and analyzed for its ethyl
acetate content through refractive index measurement. After
about 30 ml. had passed, the composition became steady and
the final value was used for computing the solute transferred
into the water drops, the corresponding height of fall being the
distance between the nozzle tips and the final level of the
interface. For experiments with the ternary systems at the end
of each run the remaining disperse phase was analyzed volu-
metrically for the total solute transferred during the run.
Integrated dispersed volume average height of fall and surface
area of coalescence were used for calculations.

Droplet fall velocities were obtained with a stopwatch for a
free fall distance of 54 cm. Experimental runs were made for
five different heights of fall, three drop sizes, and three drop
formation times (approximately 0.5, 1.0, and 1.5 sec.). The
mean temperatures at which mass transfer experiments were
carried out were 22°, 23.5°, and 26°C. for systems 1, 2, and
3, respectively.

For the second set of runs where mass transfer during co-
alescence was sought to be minimized, the procedure was
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identical except that the interface of the coalesced layer with
the continuous phase was maintained in the narrow exit tube
at the bottom of the extraction column.

Calculation of Disperse Phase Coefficients
of Mass Transfer, kg5, and kq.

In the past, experimental data have been processed in two
ways, the theoretical basis of which can be traced to several
mathematical models describing mass transfer in drops during
the free fall period. However, the Licht and Conway tech-
nique of plotting the log fraction solute unextracted versus
drop-fall time or column height and graphical extrapolation
procedure to zero height has been shown to be invalid by
Licht and Pansing (27). The other method, developed by
Johnson and Hamielec (23), proposes that when data are
plotted in their special manner, straight lines should re-
sult, enabling extrapolation to zero height of fall for isolating
mass transfer in each of the three stages. The plots involved

are E7 versus \/% for E;, < 0.5 and In(1 — Ep) versus ¢ for
E;n > 0.5, where Et and E,, are total fractional extraction and
that during the free-fall period respectively. Two different ap-
proximations of a theoretical expression for free-fall mass trans-
fer for the above two cases were used in their procedure; how-
ever, several systems were found not to plot linearly (39) and
the method is not of general application.

We devised a new method of calculation. In the following,
kas, kar, and kqe are defined for arithmetic averages of the
concentration driving forces at the start and end of the respec-
tive periods. The surface area used is that of a sphere having
the same volume as that of the fully grown drop for kgy, that
of an oblate spheroid having the same volume as that of the
falling drop for kgr, and that of a plane area of interface per
droplet stream for kgc. Finally, k¢s and kg are both based on
the time of drop formation.

The amount extracted from a single drop in all three stages
is given by

Sa = kas a5 t; (AC)s + kar 8r tr (AC )y + kac ac t (AC)E: )
10
By definition

1
(Ac)f:E(Cdo-I-Ccu)—Cd“ (11)

The rate expression and the material balance are now com-
bined.
kas as t; (AC)s = va (Cao — Cas) (12)

From Equations (11) and (12)

2
(AC); = AC —————————— (13)
f 2 + (kag/va)asts
where
AC = Cgo — Cg* (14)

Continuation of this treatment into the free-fall and coales-
cence periods leads to the following expressions for (AC), and
( AC )c:

2 (kgs/vq)asts
2 kas/va)ast
(AC), = AC-2 + (ka/oa)agly (15)
2+ (kdr/vd)artr

2 (kas/vq)asts
T2+ (kafvadats 2 — (kas/va)agty
2+ (kar/va)arte 2+ (kas/va)agty
2 4 (kge/va)acts

(aC)
= AC-2

(18)

For purposes of simplification, define the following dimension-
less parameters:
T = (kas/va)asts (17)

U= (kdc/vd)actf (18)
Equation (10) then takes the form
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Fig. 2. Plot of the data of Nujol system

(2 4+ (kar/va)arty) Sa

AC
T 9T U
:4vd( . )
o+ T ' 24T 24U
2 ( 2 2-T U )kt (19)
ar bt . rlr
+ o+ T 24T 2+0/°

An empirical expression for kqr that would provide a satis-
factory fit with the free-fall experimental data is now intro-
duced. Based on the dimensionless group correlation of Skel-
land and Wellek (39), the dependence of k4r on the free-fall
contact time is described by

kdr =« trB (20)
O = 18 (21)
Equation (19) can now be rewritten as
T 2—-T U
+ .
94+ T 24U

24T
+2aw( 2 27 U >-o,(2w
24T 24T 24U
where
— (2+°‘ar 6r/va) S vg (23)

AC Vg

Equation (22) indicates that for a set of experimental runs
where only the height of free fall is varied, the plot of & versus
o, should be linear. For the set of runs in which mass transfer
during coalescence was minimized, Equation (22) simplifies to

4 U4 T
@ -—_—

T 24T

4aar
2+ T

* Or (24)

Let I; and I, denote the intercept on the ¢ axis for set II
runs (coalescence minimized) and set I runs (all three stages
included ). Expressions for ks and kg are readily obtained

v4 21y

L A
d ast; 4vg — If

204 2I5,c + (kas/va)aste (Iy,c — 4va)
kae = . (26)
acts 8vg — 2Is,c — (kas/va)astilyc

(25)
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Before the data can be plotted in accordance with the above
equations, the constants « and 8 in Equation (20) for each set
of runs must be determined. This was done from runs in which
the coalescence end effect was minimized. The average droplet
concentration during the free fall of any longer column was
considered to vary from the exit concentration of the shortest
column, Cg; to the exit concentration from any longer column
Cas. The solute transferred Sqr. was taken to be the difference
between that for a longer column and that for the shortest
column; the corresponding time of contact #,, was similarly
defined.

S
de — dre ( 27)

1
tre Gr (? (Cai + Cg) — C4° )

A least-squares analysis of kqr and ty, values for each set of
runs yielded values of o and 8 providing the best fit.

The droplet eccentricities were calculated from the Wellek,
Agrawal, and Skelland correlation (44); a, was readily calcu-
lated from the surface of a spherical drop of equal volume
using the relationship presented by Garner and Tayeban (11).

EXPERIMENTAL RESULTS

Before discussing the detailed results for drop forma-
tion and coalescence mass transfer, it is pertinent to report
on the effectiveness of the above proposed method of plot-
ting data. Two representative sets of runs are plotted in
Figure 2. These were taken on the Nujol system and cor-
respond to an average drop diameter of 0.5554 cm. and
t; of 1.0 sec.

Table 5 lists the range of experimental variables, for
example, nozzle diameter, drop diameter at detachment,
drop formation time, and terminal velocity for each sys-
tem. For the entire range of nozzle velocities, all drops
formed at the nozzle tip.

Experimental raw data are available elsewhere (31).

Mass Transfer During Drop Formation

For the binary system the drop diameter at detachment
ranged between 0.3673 and 0.5323 cm. Bigger drops were
formed in the ternary systems due to higher values of
interfacial tension. The variation of drop size in the chloro-
benzene system was from 0.5633 to 0.7764 cm. and for
the Nujol system drop sizes ranged between 0.4875 and
0.6491 cm. Fractional extraction during drop formation
varied as follows: ethyl acetate system, 3.07 to 17.15%;
chlorobenzene system, 23.23 to 39.25%; Nujol system,
9.11 to 13.759%,.

The different theoretical models discussed earlier are
reduced to a common form:

TaBLE 5. RANGE OF MEASURED VARIABLES

System
Acetic acid- Acetic
Ethyl chlorobenzene- acid-nujol-
Variable acetate-water water CCly-water
d, cm. 0.367-0.532 0.563-0.776 0.488-0.649
dyp. mm, 1.24-2.52 0.74-2.52 0.74-2.52
ts, sec. 0.505-1.507 0.505-1.513 0.498-1.502
vy, cm./sec. 8.415-9.266 11.027-12.040 14.652-15.208
kas, cm./sec. 0.536-1.341 2.784-8.449 0.892-2.066
x 102
kdr, cm./sec. 0.895-1.502 0.791-4.277 1.299-2.365
x 102
kge, cm./sec. 0.274-4.208 1.820-10.398 0.283-0.853
x 1038
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Fig. 3. Comparison of observed and theoretical rates of mass trans-
fer in drap formation.

Ds )y (28)

ke = ( —_—
¥ =7 wts

The dimensionless group Ny is defined as follows

Ny = kygs t5/d (29)
Thus
b4
Nump = —— Np~05 (30)
v
where
d2
Np=
T .y (31)

The four theoretical models of Coulson and Skinner,
Heertjes et al,, Groothuis and Kramers, and Ilkovic and
all the experimental mass transfer data during drop forma-
tion for the three systems are plotted in Figure 3. The ky
values in the latter are adjusted and defined for AC rather
than (AC); to put them on a common basis with k4 of
Equation (28). This figure shows that the observed mass
transfer is considerably higher than the theoretically pre-
dicted values and the experimental points for the three
systems form three separate clusters. The former observa-
tion is explained by the noninclusion in the models of in-
ternal circulation caused by the impinging jet while the
drop grows, interfacial turbulence, influence of the rest
drop remaining after detachment, and disturbance associ-
ated with drop detachment. The latter observation indicates
that a realistic model should include other parameters,
such as density, viscosity, and interfacial tension.

An empirical correlation of the results was therefore
attempted. The following list of variables ought to fully
describe the different phenomena which influence the
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mass transfer during drop formation. (Solute concentration
was not included because all experiments were conducted
for dilute concentrations and maximum concentration of
acetic acid in the dispersed phase was 1.6 and 2.4% by
weight, respectively, for the chlorobenzene and the nujol-
CCl, systems.)

kdf = fn (tf’ d) dm Un,s Dd’ Oy Pes> Pds Ap, pe, llrd) (32)

The data were correlated by 32 dimensionless variations
of Equation (32), using multiple regression analysis on
the University of Notre Dame Univac 1107 digital com-
puter. The following was the best correlation and is
recommended.

kas ty
d
(Nwmr)
2 \ 0.089 2 —0.334 —-0.601
o () () ()
dg thd Pd
(83)
(Nrr) (N7) (Non)

The average absolute deviation from the data was
26.239%, the variance in the logarithmic form was 0.03379,
and the multiple correlation coefficient was 0.8149. The
95% confidence limits on the exponents were 0.089 =%
0.017; —0.334 = 0.048; —0.601 = 0.080.

Equation (33) covers the following range of variables

0.521 X 10—2= Nj;=8.140 X 102
0.163 X 10—2= Np, = 0.3955

1.286 x 10¢ =Np =12.131 x 10
0.165 X 10~2= Ng, = 0.961 X 102

Expansion of Equation (33) in terms of the primary
variables results in an exponent of 0.334 for solute dif-
fusivity in the dispersed phase. Although this is smaller
than the value predicted by penetration theory (0.5) or
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Fig. 4. Correlation: mass transfer during drop formation.
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two-film theory (1.0), previous investigators (14) have
reported values of 0.0, 0.16, 0.37, 0.5, and 0.66 from their
experiments.

Equation (33) is represented graphically in Figure 4.
It may be noted that this correlation represents the overall
mass transfer occurring during drop formation, which in-
cludes mass transfer during drop growth, during the de-
tachment of the drop, and the influence of the rest drop
left behind after detachment.

Mass Transfer During Drop Coalescence at a
Liquid Interface

Visual observations indicated that chlorobenzene drops
were the quickest to coalesce on reaching the liquid inter-
face—the process was almost instantaneous. The nujol-
CCl, system drops took the longest and water drops had
intermediate rest times. Especially in the nujol-CCl, sys-
tem, drops tended to pile up and form more than one layer
at the phase boundary.

Mass transfer during drop coalescence differed consider-
ably from that during drop formation. The ratio of solute
transferred during drop formation to that transferred dur-
ing drop coalescence (taken for runs of 32 cm. fall height)
varied as follows: ethyl acetate system, 1.21 to 5.56; chloro-
benzene system, 3.41 to 9.88 and nujol-CCl, system, 3.64 to
11.52. This contradicts the contentions of Licht and Con-
way (26) and Coulson and Skinner (9), who appeared
to observe nearly equal amounts of mass transfer in these
two stages. The findings of Licht and Conway (26) must
be held invalid because they purported to separate end ef-
fects in columns fitted with a large stopcock, ignoring the
presence of a moving wake which follows each drop. This
wake carried some of the solute transferred from the drops
above the stopcock to column regions below the stopcock,
as discussed earlier in this paper. The inadmissibility of
end effects found using the Licht and Conway technique
was also pointed out by Licht and Pansing (27). Indeed,
the relatively small end effect for coalescence compared
to formation is corroborated by the findings of Angelo and
Lightfoot (3), who successfully correlated their results for
formation + rise + coalescence by neglecting transfer
during coalescence in their high interfacial tension sys-

2 S———
QO DATA SYSTEM NO- |
] DATA ,SYSTEM NO-2
0 ADATA,SYSTEM NO-3

— PENETRATION
THEORY

- ]
L
F Bo og
L o ]
” (o]
°
"i 14 o A A —
= 3 A a & ]
L A ]
A
L <
: & ]
L
e} i 1 I T lll
I 10 20
N x10”4

Fig. 5. Comparison of observed and theoreti-
cal rates of mass transfer in drop coalescence.
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tems, Coulson and Skinner (9) formed drops at a constant
rate and then withdrew them into the nozzle at the same
rate before they could break away. They assumed that
transfer rates during formation and withdrawal were
equal, so that transfer during formation was taken to be
half that measured during formation and withdrawal.
Baird (3a), however, showed from theoretical considera-
tions that their assumption of equal transfer rates during
formation and withdrawal is invalid; he found that 70.6%
of the extraction occurs during formation, rather than the
50¢ assumed by Coulson and Skinner.

It is evident, therefore, that the seeming conflict with
some previous findings is more apparent than real.

A modified form of the findings of Licht and Conway
and Coulson and Skinner regarding equal amounts of mass
transfer in the two stages was given by Treybal (41) as

(34)

This was found to be invalid for the present results, as
well as those of Angelo and Lightfoot (3), as discussed
above.

The expression for k4. according to penetration theory
[Equation (8)] is rewritten in terms of dimensionless
groups Nys and Nr:

kdf as = kdc ae

(35)

Nur = Np=03
T
where

NMI = kdc t;/d (36)

The penetration theory result and the experimental data
are plotted in Figure 5 (the measured k4. values were ad-
justed for the initial concentration driving force). The
solid line with a slope of —1% represents the penetration
theory. It appears to provide a good fit of the data for
the chlorobenzene system (two points excepted). The un-
steady diffusion mechanism assumed by Johnson and
Hamielec therefore seems to be a reasonable approxima-
tion when the coalescence of drops is instantaneous. The
observed mass transfer rates for the other two systems, in
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which drops exhibited significant rest times at the inter-
face, are considerably smaller than predicted by penetra-
tion theory.

To correlate the measured rate data, k. was expressed
as a function of the following primary variables

kdc = f (tf; d: V¢, Dd) T, Pes Pds AP, Mes Md) (37)

The data were correlated by 25 dimensionless variations
of Equation (37). The correlating procedure was the same
as that for mass transfer during drop formation and the
following correlation is recommended.

kqe iy
d
(Nui)
— 0 1727( pa )—-1.115 ( Ap g d? )1.302 (vtz t )0.148
' paDq o Dy
(38)
(NSc) (NBo) (Nl)

The average absolute deviation from the data was
25.44 %, variance in the logarithmic form was 0.0229, and
the multiple correlation coefficient was 0.9441. The 95%
confidence limits on the exponents were —1.115 = 0.212;
1.302 * 0.144; 0.146 = 0.044.

The correlation covered the following range of variables

0.032 X 1072 = Ny; < 1.334 X 1072

331 = Ng, = 4362
1.314 = Np, = 4.169
0.208 x 107 =N,; <5.007 x 107

Equation (38) is represented graphically in Figure 6
where the predicted values of k4 have been plotted
against the measured values.
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NOTATION

a/

= constant in Equation (9)

surface area per drop, sq.cm.

surface area of a rest drop, sq.cm

surface area of the drop at detachment, sq.cm.

concentration of solute in one of the two phases,

g.-moles/ml.

Cy = solute concentration in dispersed phase before

drop formation begins, g.-moles/ml.

average solute concentration in drop at detach-

ment, g.-moles/ml.

volumetric diffusivity, sq.cm./sec.

equivalent drop diameter, cm.

inside diameter of nozzle tip, cm.

E = fractional extraction of solute,

(Cao — Ca®)

g acceleration due to gravity, cm./sec.2

It intercept on the @ axis for the two-stage runs

Isc = intercept on the ® axis for the three-stage runs

k = average individual mass transfer coefficient, cm./
sec.

&
T T

£
I

i

(Cao — Car)/
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Ny = (v2 t;/Dd)

Np, = Bond number, (Ap gd?/v)

Nrr = Froude number, (v,2/dg)

Ny = mass transfer group, (kasts/d) and (kq t/d)
Non = Ohnesorge number, (pa/\/pado)

Ns. = Schmidt number, (ga/paDs)

Nr = dimensionless time group, (d2/t; Dy)

n = exponent in Equation (9)

S = solute transferred in a run, g.-moles

Sa = solute transferred per drop, g.-moles

T = dimensionless parameter defined by Equation
(17)

t = time, sec.

U = dimensionless parameter defined by Equation
(18)

Ve = volume dispersed in a run, cc.

vy = volume of a drop, cc.

v, = velocity of liquid through nozzle, cm./sec.

v;  =rate of fall of drops through continuous phase,
cm./sec.

Greek Letters

a, B = constants in Equation (20)

v common coefficient in Equation (28) for compar-
ing models of mass transter during drop formation

AC = concentration driving force for mass transfer, g.-
moles/ml.

Ap = difference in the densities of two phases, g./cc.

o = interfacial tension, dynes/cm.

® = parameter representing solute transferred in an
experimental run, defined by Equation (23)

8, = parameter representing time of fall of a drop, de-
fined by Equation (21)

I = viscosity, poises

p = density, g./cc.

Subscripts

c = continugus phase

c = coalescence

d = dispersed phase

f = formation

i = evaluated at initial state

r = free fall

Superscript
* refers to composition in equilibrium with the
other phase
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Solutions for Distillation Processes

Treating Petroleum Fractions

D. L. TAYLOR
University of Puerto Rico, Mayaguez, Puerto Rico 00708

and W. C. EDMISTER
Oklahoma State University, Stillwater, Oklahoma 74074

The general solution for multicomponent distillation processes is used to obtain solutions
for systems treating petroleum fractions. The integral technique is the basis for this adaptation.
Example solutions are presented for a conventional distillation column, a distillation column
with o side stream, and an absorber. The design capaobilities of the general solution are illus-
trated by an absorber problem in which the composition of the lean vapor is specified. The
amount of absorber oil, @ petroleum fraction, required to accomplish this degree of separation

is found.

Petroleum fractions may be regarded as continua (mix-
tures of an indefinite number of hydrocarbon components).
On the true boiling point (TBP) distillation curve for the
mixture, each component is represented by a point, as
contrasted with the plateaus that appear for each com-

ponent on the TBP curve for a mixture containing a finite
number of components.

In distillation calculations for finite mixtures, the solu-
tions are obtained by the use of equations involving sum-
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mations. The heat balance equations and the bubble point
equations are summations. For mixtures of an indefinite
number of components, these equations naturally become
integral in form. Edmister (1) has proposed the integral
technique for handling such problems.

Taylor and Edmister (2) have proposed a method by
which it is possible to obtain rigorous solutions for any
type of distillation process by means of a single set of
equations employed in a single computer program. Dis-

AIChE Journal (Vol. 17, No. 6}





