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The effect of holdup on Sauter mean drop diameter, d,, and the effect of d,, on
terminal velocity have been investigated in a spray extraction column. There are two
different zones for the dependence of d,, on holdup. d,, increased with an increase in
holdup at low holdup levels and decreased with increasing holdup at high holdup levels.
Variations in the terminal velocity of drops were similar to the dependence of d,, on
holdup. Furthermore, empirical correlations have been derived to predict d,, and ter-
minal velocity and were in a good agreement with the experimental data. The derived
correlations were compared with other researchers work and the results were in a satis-

factory conformity.
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Introduction

Liquid-liquid extraction is a unit operation that
is largely employed by process industries for sepa-
ration purposes.! The liquid-liquid extraction col-
umns are known as useful multiphase contacting
equipment that received a wide industrial applica-
tion in various fields of engineering such as hydro-
metallurgical, nuclear, petrochemical, pharmaceuti-
cal and food industries.”*

Knowledge of predicting column drop size
plays an important role in the processes of perfor-
mance prediction and designing of spray column.’”’
Large number of relatively stationary small drops
will decrease the column capacity. Larger drops will
have larger volume, low surface area per unit vol-
ume and higher slip velocity leading to the fact that
the column height must be increased to achieve
proper extraction efficiencies for such drops.®10 A
large amount of work can be found in literature
dedicated to the prediction of drop size distribution
in liquid-liquid dispersions in extraction columns,
but most of them are valid only for specific condi-
tions of those studies.''"!® Furthermore, maximum
Sauter mean diameter, d,, ., has not been investi-
gated yet in liquid-liquid extraction researches and
hence, further research is needed in order to recog-
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nize this important parameter of every liquid-liquid
emulsion system.

Another parameter which has great effect on
the mass transfer coefficient in liquid-liquid emul-
sion systems is the terminal velocity.!”!° Based on
the study of the movement of a single drop of vari-
ous sizes, Grace built his equation of terminal ve-
locity. The terminal velocity equation that he pro-

posed was:202!
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where U is the terminal velocity, d,, is Sauter mean
diameter, p_ is the continuous phase density, u_ is
the continuous phase viscosity, Ap is the density
difference between two phases, g is the gravitation-
al acceleration, and o is the interfacial tension, and
Eo, is Eotvos number.

Eo, was calculated from the following equa-
tion:
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There are other correlations derived by Petera
et al. and Endres which are shown below, corre-

spondingly.?*-23
2 2
U,=o.249d32(g A ) (6)
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Prediction of d,,  occurrence point has an im-
portant role in investigating the extraction column
performance. Because, at this point, the internal
fluctuations of drops reach their highest level and as
a result, the mass transfer coefficient will follow the
same trend. In this study, d,, and the terminal veloc-
ity have been studied during the steady-state time-
run for a spray extraction column. This paper pres-
ents measurement results of drop size and the
terminal velocity in liquid-liquid emulsions in
which three chemical systems (n-butanol-water-ace-
tone, toluene-water-acetone and cumene-water-ace-
tone) have been used. Furthermore, the effect of
holdup on mean drop size and the effect of drop
size on the terminal velocity have been studied and
then, empirical correlations have been derived to be
used for predicting maximum mean drop size and
the terminal velocity.

Experimental
Apparatus

A glass column with a diameter of 10 cm and
a length of 1.2 m was constructed with an
interchangeable distributor positioned inside the
column. Two similar digital pumps were used
for pumping phases into the column. More-
over, three aluminous distributors with the nozzle
diameters of 0.7, 1 and 1.3 mm were employed
to produce drops. Fig. 1 shows a distributer used
in the extraction column. Each distributor had
9 nozzle holes with a distance of 5 — 10 times the
nozzle diameter between them. A digital camera
(SONY, United Kingdom, DSC-F828 Model,
8 mega pixels resolution) was exploited to photo-
graph the drops in order for measuring drops’ size
during experiments.

Table 1- Liquid-liquid systems’ properties

Fig. 1 — Distributer of the extraction column

Materials and methods

As mentioned above, three liquid-liquid systems
were used in experiments. Toluene (purity>99 %,
product of Merck Co., Germany, Lindenplatz),
n-butanol (purity>99 %, product of Merck Co.,
Germany, Lindenplatz), and cumene (purity>99 %,
product of Merck Co., Germany, Lindenplatz) were
employed as dispersed phase and distilled water
was used as continuous phase. Acetone (densi-
ty =791 kg m=, purity>99, viscosity 4x10™* Pa s,
product of Merck Co., Germany, Lindenplatz) has
been utilized as the solute between two phases. The
interfacial tension decreased slightly as the mass
transfer occurred through the height of the column
(by transportation of acetone). But, this decrease
was ignorable (about 1 %). The liquid-liquid sys-
tems’ properties are presented in Table 1.

The apparatus was washed carefully before
each experiment to avoid the effect of pollutants on
d,,. Furthermore, two phases had been saturated
with each other to prevent the solubility effects.

Experiments began by pumping the continuous
phase into the column. Having filled the column,
pumping of the dispersed phase had commenced.
Once reaching the steady state condition in the col-
umn, photographing of drops started. The drop size
measurement was then carried out by analyzing re-
corded photos by means of AutoCAD 2004 soft-
ware. More than 70 drops were analyzed for each
experiment. A simple method was used to measure
the size of photographed drops. Using this method,
the size of drops was measured by comparing drops’
size with a size-defined article, i.e. the column di-
ameter, in each photo. The systematic parallax error

| pkem’) | pemd) | p@ay | w2y | o®Nm)
N-butanol-water-acetone 996 813 9.6x10 2.3x1073 0.0017
Toluene-water-acetone 996 870 9.6x107# 5.7x107* 0.036
Cumene-water-acetone 996 866 9.6x107* 7.5%x107* 0.0546
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was avoided in our method by determining several
reference points with a negligible error (= £0.0001).
Therefore, the measured drop size was as closest as
possible to the real drop size.

The drops could be in spherical, elliptical or
other similar shapes, but in a specified mixture, the
form of the drops was strongly connected to their
size. Usually, with an increase in drop’s size, the
drop’s shape altered from spherical to elliptical.!®
The area of the elliptical drop could be determined
using the following equation:

[d +Z dﬂll (E+\/E2—I)] (8)

E=-IL )

where A is the drop area, E is the drop inertia, d, is
the horizontal diameter and d,, is the vertical diam-
eter for non-uniform drops. A modified correlation
to calculate the equal drop area (or equal diameter)

is shown below as equation 10.

ln(E+\/E2—]) (10)
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where A _ is the equal drop area.

Finally, the equal drop diameter, d,, was calcu-
lated by means of equation 11.

d, = |22 (1)

T

After measuring drops’ size, the Sauter mean
diameter was obtained via equation 12.

EN,CF

=S (12)

where N. is the number of the drops with diameter
d. in a particular experiment.

The terminal velocity was calculated by mea-
suring the average rising time of drops in experi-
ments. Moreover, for measuring Holdup, ®, sam-
ples were collected and the volume of each phase
was determined. In order to achieve reliable results,
the height of phases in the column was maintained
constant. The holdup was calculated using the fol-
lowing formula:

v
p=—"2 (13)
Vo +Vy
where V and V,, are the volumes of the organic

and the aqueous phase, respectively.

In order to analyze d,, and velocity, three se-
ries of experiments were carried out for each lig-
uid-liquid system. Experiments were performed for
each liquid-liquid system at three nozzle diameters
(0.7, 1, and 1.3 mm), also at three and six different
flow rates of dispersed phase (60, 70 and 80 mL
min') and continuous phase (100, 150, 200, 300,
400 and 500 mL min™"), respectively. All 162 exper-
iments were performed three times to test reproduc-
ibility and repeatability of experiments. The labora-
tory temperature was maintained at about 25 °C for
all experiments.

Results and discussion
Effect of holdup on the mean drop size

Figs. 2, 3 and 4 show the effect of the holdup
on d,, at three different flow rates of dispersed
phase for three different nozzle diameters. For all
liquid-liquid systems and nozzle diameters, with in-
creasing holdup d., increased until reaching a max-
imum after which d,, decreased (see Figs. 2, 3 and
4). It could be interpreted as a result of the fact that
formation of the drops consisted of two stages.
During the first stage, which is known as the drip-
ping stage, the drop was stagnant and the dispersed
phase was pumped into the drop causing the drop to
be enlarged. At the second stage, recognized as the
jetting stage, the formed drop departed from the dis-
tributor. The second stage took place as a result of
conquering of buoyancy force to the interfacial ten-
sion and afterwards, the drop began to rise along
the height of the column. In fact, the drop’s neck
was formed in the first stage (dripping stage) and
then, the dispersed phase was injected into the drop.
Increase in drop size continued as long as the inter-
facial tension force was larger than the buoyancy
force on the drop. Consequently, the final volume
of the drop could be calculated as the summation of
the volume of the drop’s neck and the volume of the
injected dispersed phase. The volume of the inject-
ed dispersed phase was obtained by multiplying the
rising time and the dispersed phase flow rate. By
increasing the dispersed phase flow rate, the rising
time decreased considerably and the effect of sec-
ond stage on the drop size diminished significantly
(up to the maximum drop size; see Figs. 2, 3 and 4).
In addition, the volume of the injected dispersed
phase decreased notably as a result of increasing
dispersed phase flow rate. Moreover, by enlarge-
ment of drops, the buoyancy increased causing an
earlier departure of drops from the distributor. As a
result, drop size decreased. Furthermore, the drops
distort to a jet of drops by further increasing the
flow rate to high values (more than 120 mL min™).
Generally, the jetting stage is more effective in the
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Fig. 2 — Effect of the holdup on d,, for n-butanol-water-ace-
tone system: (a) Q,=60 (mL min™); (b) Q, =70
(mL min™); (c) Q, =80 (mL min™')

formation of drops, as the major part of drop’s vol-
ume is formed during the jetting stage.

It was observed that d,, for the n-butanol-wa-
ter-acetone system was the smallest in comparison
with d,, of the other systems. Highest d,, belonged
to the cumene-water-acetone system (see Figs. 2, 3
and 4). The difference between d,, of the systems
was the consequence of the difference between their
interfacial tensions as the cumene-water-acetone
system and the n-butanol-water-acetone system had
the highest and the lowest interfacial tension (and
d,,), respectively.

There are two mechanisms for mass transfer:
molecular diffusion and eddy diffusion (convec-
tion). In the rigid spheres, the mass transfers be-
tween two phases just by molecular diffusion, which
is the result of concentration differences. However,
at the bigger drops, convection and internal circula-
tion are also effective parameters on the mass trans-
fer. Furthermore, mass transfer is different for a
drop in comparison with that of a group of drops.
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Fig. 3 — Effect of the holdup on d,, for toluene-water-acetone
system: (a) Q,=60 (mL min™); (b) Q, =70 (mL
min™); (¢) O, =80 (mL min™)

Effect of Sauter mean diameter
on the terminal velocity

The effect of d,, on the terminal velocity at three
different flow rates of dispersed phase for three differ-
ent nozzle diameters are shown in Figs. 5, 6 and 7. For
the n-butanol-water-acetone system, the terminal ve-
locity increased with an increase in d,, until around
2.5 mm of d,,. After reaching a maximum known as
the critical terminal velocity, the terminal velocity de-
creases. Moreover, the terminal velocity has not
reached the critical terminal velocity in Figs. 5 (a) and
(b), but Fig. 5 (c) shows the maximum terminal veloc-
ity for n-butanol-water-acetone system. It is clear from
the Figures that the trend of curves is approximately
similar for all liquid-liquid systems.

Furthermore, d,, is about 3.1 for the tolu-
ene-water-acetone system and 3.5 mm for the cu-
mene-water-acetone system. It can be due to the
fact that the critical terminal velocity occurs when
gravity and interfacial tension forces conquer buoy-
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Fig. 4 — Effect of the holdup on d, for cumene-water-ace-
tone system: (a) Q,=60 (mL min™); (b) Q, =70
(mL min™); (¢) Q, =80 (mL min™')

ancy force of the drops. Subsequently, the enlarge-
ment of d,, leads to an increase in the internal fluc-
tuations and rotations of the drops instead of an
increase in terminal velocity. Therefore, the termi-
nal velocity decreases. Moreover, the escalation of
internal fluctuation of drops changes the shape of
the drops from spherical to elliptical. Results
showed that the n-butanol-water-acetone system
was affected less than the toluene-water-acetone
and cumene-water-acetone systems. Because, the
n-butanol- water-acetone system had the smallest
d,, in comparison with that of the other two systems
and small drops behave like rigid spheres.

Modeling the maximum mean drop size

In order to model d,, ., a statistic analysis was
carried out. All parameters which have an effect on
d,, .. are listed below as a function:
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Fig. 5 — Effect of d;, on terminal velocity for n-butanol-wa-
ter-acetone system: (a) Q,=60 (mL min™); (b)
0, =70 (mL min™); (c) O, =80 (mL min™)

f(d32max’G’UN’pcﬁpd’Ap’:uc’:ud’dN’gobg):O (14)
where U, is the nozzle velocity, d is the

nozzle diameter, and p, is the dispersed phase
density.

Equation (14) can be rephrased as the follow-
ing equation, using dimensionless analysis:

/

Re,We,%Jp)=O (15)
N

where Re and We are Reynolds and Weber number,
respectively.

Re and We can be determined by means of the
following equations:
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Fig. 6 — Effect of d;, on terminal velocity for toluene-wa-
ter-acetone system: (a) Q,=60 (mL min™); (b)
0, =70 (mL min™); (c) O, =80 (mL min™)

p.Uxyd

Re=L NN (16)
pUzd
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Equation (15) can be written in the form of the
following equation:

d
32 max - a(pb Rem Wen (18)
dN

where a, b, m and n are constants of the correlation.

Using the least squares method with the
“Eviews” software, the correlation’s constants were
calculated*®. In addition, the maximum points in
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Fig. 7 - Effect of d;, on terminal velocity for cumene-wa-
ter-acetone system: (a) Q,=60 (mL min™); (b)
0, =70 (mL min™); (c) O, =80 (mL min™)

Figs. 2, 3 and 4 were used for calculations. Results
are presented in Table 2.

According to Table 2, equation (19) can be pro-
posed for predicting d,, -

d32 0.51 0.31 —0.16
mx = 1 33p" R e 19
G = 133" R e (19)

The average absolute relative deviation,

(%AARD) shown in Table 2 was calculated from
the following equation:

Table 2— Calculation results for the constants of equation

(20)
Constants | a | b | m | n | %AARD | R-squared
Results 1.33 0.51 031 -0.16 5.64 0.93
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%AARD =

(20)

— L S |(d32max)exp_ (d32max)model
2

X100
NE (d32 max )exp |

i=1

where NE is the number of experiments, (d
is the measured d and (d
lated d,,

Fig. 8 displays a comparison between the cal-
culated d,,  from equation (19) and the measured
d,, .. from experiments. It can be concluded from
Fig. 8 that the correlations are in good agreement
with the experimental data.

32max)exp
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32max 32max)model
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Fig. 8 — Comparison of calculated and measured

Modeling the terminal velocity

In order to take into account all phenome-
na that influence the terminal velocity, dimension-
less numbers affecting the terminal velocity
should be grouped. Therefore, equation (14) can
be written, for terminal velocity, in form of equa-
tion (21):

U u, d
flo.Re, Eowe,—- B S2 =g (21)
Uy u. dy

where u, is dispersed phase viscosity and Eo is
Eotvos number.

Eo can be calculated using the following equa-
tion:

2
Eo=PE2N CiD ¥ (22)

Table 3— Calculation results for constants of equation (23)

Equation (21) can be written in the form below:

U “d,\
—L = gp” Re™ Eo"We” Ha| D2 (23)
U d

N c N

where a, b, m, n, p, q, and r are constants.

Constants of equation (23) were determined
using least squares method with “Eviews” soft-
ware.?* The results are shown in Table 3.

According to Table 3, the correlation derived
for predicting the terminal velocity (U)) would be in
the form of equation 24:

U, _ 2.92g0_0'01 Re~ 02 F,042.
Uy

—0.10 0.24
1] (4]
luc dN

A comparison between calculated U, from
equation (24) and measured U, from the experi-
ments is shown in Fig. 9. According to Fig. 9, the
correlation demonstrates to be in a fine conformity

with the experimental data.
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Fig. 9 — Comparison of calculated and measured U,

To probe the accuracy of equation (24) and the
results, equation (24) was compared with correla-
tions of other researchers, i.e. Grace (equation 1),
Petera (equation 6) and Endres (equation 7).20-2
The results are shown in Table 4.

Constants a | b | m | n

P q | T | %AARD | R-squared

Results 2.92 —0.01 —0.23 0.42

—0.42 —0.10 0.24 10.81 0.98
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Table 4— The comparison results of equation (24)

Grace’s Model | Petera’s Model | Endres’s Model
equation (1) equation (6) equation (7)

30.27 % 34.02 % 24.34 %

%AARD

In detail, the average deviation of equation (24)
is about 30 %. These results show a good agreement
between our experimental data and correlations of
other researchers. Moreover, the correlation im-
proved the error about 64 %.

Conclusions

An experimental investigation has been per-
formed to evaluate the effect of holdup on d,, and
the effect of d,, on the terminal velocity in a spray
extraction column. Three liquid-liquid systems
(n-butanol-water-acetone,  toluene-water-acetone
and cumene-water-acetone) have been used in the
experiments. The results can be summarized as fol-
lows:

An increase in holdup had two distinct effects
on mean drop size, d,,. At first, d,, increased with
increasing holdup, but for holdup values exceeded
a specific point, d;, lessened with an increase
in holdup. Therefore, the d,,— holdup curve
would have a maximum. In addition, smallest and
largest d,, belonged to n-butanol-water-acetone
system and cumene-water-acetone system, respec-
tively.

The terminal velocity increased with intensifi-
cation of d.,. After reaching a maximum, the termi-
nal velocity declined with escalation of d,,. More-
over, the terminal velocity of n-butanol-water-acetone
system was less sensitive to d,, growth in compari-
son with that of the other two systems.

For both d,, —and the terminal velocity, a
new and modified empirical correlation was derived
that agreed well with the experimental data. The
average absolute relative deviation value was
5.64 % and 10.81 % for d,, and the terminal ve-
locity, respectively. Finally, a comparison between
the derived correlation for terminal velocity (equa-
tion 24) and the other researchers’ correlations
showed a reasonable deviation of the derived cor-
relation of this study from the mentioned correla-
tions. 2023

Nomenclature

%AARD — Average absolute relative deviation

(d — Measured maximum of d,, (m)

(43500 modet — Calculated maximum of d,, (m)

a  — Numerical coefficients in equations (20) and (24)
A — Drop area (m?)

32max)exp

A, - Equal drop area (m?)
b — Numerical coefficients in equations (23) and (24)

d,, — Sauter mean diameter (m)

dy, . — Maximum Sauter mean diameter (m)

d, — Equal drop diameter (m)

d, — Horizontal diameter (m)

d,  — Diameter of class i (m)

d, — Nozzle diameter (m)

d, — Vertical diameter (m)

E  — Drop inertia

Eo - Nozzle Eotvos number

Eo, - d,, Eotvos number

g — Gravitational acceleration (m s72)

H - Helping phrase equations (2), (3), and (4)

J — Helping phrase equations (1), (2), and (3)

m  — Numerical coefficients in equations (20) and (24)
n  — Numerical coefficients in equations (20) and (24)
NE — Number of experiments

N, — Number of similar drops

p  — Numerical coefficients in equations (20) and (24)
q  — Numerical coefficients in equations (20) and (24)
Q, - Dispersed phase flow rate (m*s™)

r — Numerical coefficients in equations (24)

Re — Continuous phase Reynolds number

U, — Nozzle velocity (m s™)

U, — Terminal velocity (m s™)

V, — Organic phase volume (m’)

V,, — Aqueous phase volume (m?)

We — Weber number

Greek letters

u, — Continuous phase viscosity (Pa s)
uy — Dispersed phase viscosity (Pa s)
Ap — Density difference between two phases (kg m>)

p. — Continuous phase density (kg m™=)
py — Dispersed phase density (kg m™~)
o - Interfacial tension (N m™)

® — Holdup

Subscripts

c — Continuous phase

d - Dispersed phase
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