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The droplet-sized distribution in the column is usually represented as
the average volume-to-surface area, known as the Sauter-mean drop
diameter. It is a key variable in the extraction column design. A study
of the drop-sized distribution and Sauter-mean drop diameter for a
liquid-liquid extraction column has been presented for a range of
operating conditions and three different liquid-liquid systems. The
effects of rotor speed and dispersed and continuous phase velocities on
drop-sized distribution are investigated. Drop-sized distribution is
appropriately described using the normal and log-normal probability
density functions. The mathematical approach is used to determine the
constant parameters in these functions and to provide the fit of the
experimental data with them. In addition, empirical expressions are
derived to predict the parameters of the distribution curve as a
function of operating variables and physical properties of the systems.
Good agreement between the outcomes of both the prediction and
experiments was achieved for all the investigated operating conditions.
An empirical correlation is also proposed to predict the Sauter-mean
drop diameter with mean deviation of 9.8 %.

1. Introduction

column is a kind of mechanically agitated

Various types of liquid-liquid extraction
columns have been used on a commercial
scale for a range of applications in the
hydrometallurgical, pharmaceutical,
chemical, and nuclear industries [1,2]. The
Scheibel  extraction column, originally
intended as an alternative to provide a large
number of stages in a single unit, was first
described by Scheibel in 1984 [3]. This

column, consisting of an alternate series of
mixing zones and packing sections; the
packing section isolates the agitator flow
patterns between adjacent stages, thus
reducing back-mixing and inducing the
coalescence of the droplets and separation of
the phases [4-6].

Knowledge of the drop-sized distribution is
of paramount importance in the design and
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operation of solvent extraction columns. It
affects the dispersed phase holdup, residence
time of the droplets, and maximum capacity
of the column [7,8]. Furthermore, drop-sized
together with dispersed phase holdup
provides a measure of the interfacial area.
Therefore, it is important to be able to predict
the drop diameter for any giver system as a
function of the operating conditions, physical
properties of the systems, and column
geometry.

The mean drop-sized correlations of various
rotating columns are illustrated in Table 1.
However, the available correlations for the

prediction of mean drop-sized distributions
are either approximate or scarcely applicable.

At present, little information is existant in
the literature regarding the drop-sized
distribution in Scheibel extraction column.

In the present study, the drop-sized
distributions are measured over a range of
operating conditions using a 113 mm
diameter Scheibel column for three different
liquid systems. The experimental results are
then compared to the previous correlations.
An empirical expression is developed to
predict the Sauter-mean diameter based on the
experimental and literature data.

Table 1
Unified correlations for the prediction of the drop-sized distribution in mechanically agitated columns.
Equation Column Reference
For Re<50000 (2 Rotating disc column [9]
&ZO 18 NDCZPC -112 L ISB(APJO.M Dczpcg o.os[h .
Dc . :uc Y O—pch pc o dR
dy c,e" 3 Rotating disc column [10]
B 1 1
” V° + e m o Asymmetric rotating disc
CQ(Z] c &L H(f’-’cgj column
ApgH " g \go o
Kihni column
Wirtz column
Pulsed column
Karr column
(Q J‘MS (@) Rotating disc column [11]
0.5 0.8 —
d32 =0.705 2 d(?lBS & 0.1
9Ap) N**(Q.+Q,)
P04 0.07 (5) ARDC column [12]
ds, =0. 194[Vj ™ (pou,) " (ﬂj
C
(6) Perforated rotating disc [13]

444 -0.296 4 -0.087 -0.402
d,, =10 N"dgp ,chg 1+V7°
oy Apc V,

column
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2. Experimental installed in the middle of each mixing section.
2.1. Description of equipment The packing section with porosity of 97 % is
A schematic diagram of the experimental set- made of stainless steel wire mesh packing. A
up is shown in Fig. 1. The main column settler of 168 mm diameter at each end of the
section consists of a glass tube of 1430 mm column permitted the liquids to coalesce and
long and 113 mm internal diameter. The decant separately. The interface level at the

column consists of 11 mixing sections and 11 top of the column was controlled
packing sections, and each of them has a automatically by an optical sensor. The
height of 140 mm and 200 mm, respectively. dimensions of the column are given in Table
The agitators with a diameter of 3.5 mm are 2.

Aqueous
phase phase | :

o S
Organic = Organic Aqueous
i phase phase

5

Figure 1. A schematic diagram of the Scheibel extraction.

Table 2
The main dimensions of the scheibel column.
Item Symbol Column dimensions (m)
Column internal diameter Dc 0.113
Compartment height he 0.14
Blade length D 0.035
Column active height h 1.43
2.2 Liquid systems used toluene-water (high interfacial tension), n-
The liquid-liquid systems studied are: butyl acetate-water (medium interfacial
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tension), and n-butanol-water (low interfacial
tension). These systems are recommended by
the European Federation of Chemical
Engineering (E.F.C.E.) as official test systems

Table 3
Physical properties of systems studies [14].

for liquid extraction. Distilled water was used
as a continuous phase in the experiments. The
physical properties of the liquid-liquid
systems are given in Table 3.

n-Butanol-water

n-Butyl acetate-water

Toluene-water Physical property

pc (kg/m %) 998.2 997.6 985.6
pa(kg/m ?) 865.2 880.9 846
He (MPa S) 0.963 1.0274 1.426
Hg (MPa S) 0.584 0.734 3.364
o(mN/m) 36 14.1 1.75

2.3. Procedure

Before the experiments, both phases were
mutually saturated by circulation through the
column. After filling the column with the
continuous phase, the agitation and
continuous phase flow rates were set to the
desired values, and the dispersed phase
gradually was allowed to enter into the
column up to the selected flow rate. The
interface location was then maintained at the
desired height using the optical sensor, and
the system was allowed to reach the steady
state, which necessitated 2-3 changes of
column volume.

Drop-sized distribution was determined by
the photographic technique using a Nikon
D3100 digital camera and comparing the
dimensions with the known size of the
column internal as a reference. A transparent-
sided box was attached to the column and
filled with water to avoid reflectance and
eliminate the distortion effect of the round
column during photography. To determine the
size of droplets, the recorded photos were
analyzed by Digimizer Image Analysis
software. A minimum of 200 drops was
analyzed for each experiment. In the case of
non-spherical droplets, the major and minor
axes, d; and d;, were measured, and

equivalent diameter d. was calculated as
follows:

de :(d12d2)1/3

Sauter-mean drop diameter ds; is then
defined by:

nd?
dy, = Z : |2
Znidi
where n; denotes the number of drops with
diameter d;.

3. Results and discussion

3.1. Drop-sized distributions

In the present study, normal (P,) and log-
normal (Pg) probability density functions are
chosen for representing the experimental
drop-sized distributions. These functions are
given by the following equations, in which d;
is the drop diameter and o and [ are
parameters to be fitted.

In technical application, it is important to be
able to predict the interfacial area of
dispersion, because drop velocities within
extraction column as well as settling and
coalescing all depend on the drop-sized
distrbution. In real operating conditions, there
is often a distribution that results in drop
velocities distribution of the continuous phase
and mass transfer between the columns. The
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most general definition of the spread of the
particle size distribution is a monodisperse or
polydisperse distribution. A monodisperse
distribution is one in which particles are close
to a single size, whereas polydisperse
suggests a wide range of particle sizes. The
collision intensity and turbulence of the
system increase with an increase in agitation
speed, and cosequently, the eddies of the
system become smaller. The smaller eddies
result in smaller drops. Bouytiotis and
Thornton  [15]  measured  drop-sized
distribution at the bottom of a mixing vessel,
and found that a normal distribution fits the
data:

2s2

1 (d—d)
fy (dys) = Wexp - €Y)

where f,(dys) is the probability densiy, s is the
standard deviation, and d is the arithmetic
mean drop-sized distribution.

The log-normal distribution which derives
from the normal distribution is defined as
follows:

1 1/d; — B\?
Ra(d) = 7= exp(—z( f)) @

where « is the standard deviation and f3 is the
mean. This distribution is well known as
“bell-shaped” curve.

The log-normal distribution is obtained
from the normal distribution by replacing the
independent variable with the logarithm of the
particle diameter. The number of particles
with diameters between d;+d(d;) is as follows:

7 (4) d(di>=@exp[—;[('”";;ﬁ)z ]]dg‘i”

@)

So, the log-normal number of frequency
distribution can be conveniently expressed as
follows:

P(In) =

2 o2

1 1 /(Ind; — B)?
Yor? d_exp[——(u)] @)

where a and B are the standard deviation and
the mean of the log normal distribution,
respectively.

Number density in each test was measured
according to the following equation:

P e of drope ©)

The effect of rotor speed on the drop-sized
distribution is shown in Fig. 2a.

As seen in this figure, the size distribution
clearly shifts toward the left upon an increase
in agitation speed, thus indicating that smaller
drops and more uniform distributions are
obtained in more turbulent conditions. The
shear energy imposed by the impeller on the
droplets during their ascension accounts for
this breakup, and since such energy grows
with the agitation speed, the drop breakup
frequency increases.

With increasing rotor speed, possibility of
drops collision with mixer increases and also
produces more eddies energy that cause more
drops break; as a result, the area under the
curve decreases due to forming smaller drops.
In Fig. 2a., it is specified that with decreasing
interfacial tension, the area under distribution
curve decreases, showing the decreasing size
and uniformity of drops.

The effect of velocity of the dispersed and
continuous phases on the drop-sized
distributions is shown in figures 2b and 2c.,
respectively. No significant effects are
observed for the velocity of the dispersed and
continuous phases for the operational
conditions investigated.

The effect of dispersed phase velocity on
the drop-sized distribution is shown in Fig.
2b. for some systems. A significant change in
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the drop-sized distribution will not be
observed as there is a decrease in dispersed
phase velocity, because the distribution of the
dispersed phase in velocity is the same
everywhere, although different in every
round, the average diameter of the drop-sized
distribution of the drops is the same. By
changing the interfacial tension, the
distribution curve hardly indicates any
smaller and more consistent drops. For
example, since the tension is lower, Butyl-
acetate-water area under the curve Butanol is
not great.

The effect of continuous phase velocity on
the drop-sized distribution is shown in Fig.
2c. for some systems. It is known that the

continuous phase velocity does not have any
effect on the drop-sized distribution and the
distribution is the same everywhere. The
drop-sized distribution is  appropriately
described using the normal and log-normal
probability density functions [15-17] and for a
Scheibel extraction column, it is as follows:

_ (di— B)?
700 = g o0 (- U] ©
Pln(di)
_ 1 (In(dy) — B)*
"~ 1.72mad; *p <_ 202 > ™

where d; is the diameter of each drop and a
and [} are parameters to be fitted.
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Figure 2. Effect of operating parameters on the drop-sized distribution: (a) Rotor speed, (b) Dispersed
phase velocity, and (c) Continuous phase velocity.

At first, the value of d;i as a function of of the studied operation condition.
number density was used in the fitting of Correlations made between (8)-(9) and (10)-

normal and log-normal distributions for the (11) using the Eviews software and then
data set with the aid of the LABFITT software, constant parameters are for normal and log-
determining parameters a and  for each set normal distributions, respectively.
ND2 0.26 0.33 1.1
a=31.77| —P¢ g | _o (8)
My Apc NDp,
ND2 -1.64 4 -1.31 -3.49 V 0.09
5:0.01[ pd] x[ “cgsj x[ o ] x[1+—0j )
Hq Apo NDp, Va
NDZ 0.72 4 0.56 1.37
a=6.14(—pdj X(Lgs] x[ ° j (10)
l"ld Ap(S NDHC
NDZ -1.82 -1.47 -3.67 V 0.033
B:0.0l(—pdj [ Heg ] x{ ° j x(1+—0j (12)
Hq Aps’ NDp, Vi
where Vvyq and V. are velocities of the relative error, (AARE %) was calculated using
dispersed and continuous phases, N is the the following equation:
rotor speed, o is the interfacial tension, p. is AARE % =
viscosity of the contiuous phase, pgqand pq are n
density and viscosity of the dispersed phase, EZ |pi(d) eXpd_ pi(dcaly o (12)
Ap is density difference between two phases, — pi(dexp
and g2IS the acceleration due to gravity where n is the number of data point, and
(9.8m/s°). N pi(d) (exp) and p;(d)(cal) represent  the
In_order to evaluate the validity of the experiment and calculation of Eqgs. (6)-(7),
obtained absolute value of the average respectively.
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According to the obtained relationships for
a and B, rotor speed and interfacial tension
have the key role in the calculation of the
drop-sized distribution. As it stands by
increasing the rotor speed, the amounts of a
and [ will decrease; as a result, the possibility
of establishment of drops with a smaller size
will increase. The values of a And B are
shown in Table 4.

Table 4
Comparison made between ARRE numbers.
Function Fitted parameter ~ AARE %
Normal(p,) a 8
B 11.78
Log- a 10.5
normal(p,) B 13.89

3.2. Predictive correlation for mean drop-
sized distribution

Further, the drop-sized distribution along with
the dispersed-phase interfacial area for mass
transfer is determined; as a result, both of the
dispersed phase and the mass transfer
coefficient phase are always affected.
Threfore, if we could predict drops as a
function of the geometry column, it is
important to operate parameters and predict
the physical properties of liquid-liquid
systems to analyze the design performance of
Scheibel extraction columns. In columns
where the number of drops is allot, the drops
normally deal with different diameters.

The Sauter-mean drop diameter can be
consdiered as the ratio of the particle volume-
to-surface area in a distribution which may
have physical significance in  some
applications. So, it is better to use the Sauter-
mean drop diameter to calculate mean drop-
sized distribution. The mean drop-sized
distribution by Eq. (13) is obtained as
follows:

gz Ziz ML (13)

i1 nid}
d; is the diameter of each drop, which can be
measured in each trial by shooting.

Generally, the size of diameter measured in
different operating conditions can be found by
using a mathematical model to calculate
changes in the drop.

Drop-sized distribution depends on various
factors, such as the geometry of the blade,
blade speed, the blades in the container, the
feed phase, and physical properties phases
[18].

Fig. 3 shows the effect of rotor speed on the
sauter-mean drop diameter. As seen in this
figure, rotor speed has a strong effect on the
mean drop-sized distribution. An increase in
rotor speed leads to higher shear stress and
intense drop breaking; consequently, the
sauter-mean drop diameter will decrease.
However, at high volume of rotor speed, the
fall in drop-sized distribtion is gradual, and it
could be conjectured that further breakup of
dispersed phase droplet into smaller one is
limited.

In the mixer, drops formed by a 'break-up’
of dispersed phase in the shear field in other
parts of the flow drops are coalescing, and
mixer speed has a strong effect on the drop-
sized distribution. The velocity fluctuations
over the surface of a drop cause deformations
in relation to the scale of the small eddies.
Break-up will occur by the dissipative force
exceeding the restoring forces. Increasing
speed to more mixing shear forces on the
drops improves breakup, thus reduces the
drop-sized distribution. Reduced tension also
leads to smaller drops because the drops’
coalescence is low. At lower speeds, the
changes of the mean drop-sized distribution
are more noticeable, because the drops will be
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less broken for low rotor speed, and in return,
the drops are very small at higher speeds and

the mean drop-sized distribution of drops is
desired in a certain amount.

2 —
"-, ++ ¢+ Toluene-water
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"o .. -+-#-+- n-Butanol-water
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Figure 3. Effect of rotor speed on Sauter mean drop diameter (V,=V.=8.8 x 10*(m/s)).

The effect of the continuous phase velocity on
the sauter-mean drop diameter is illustrated in
Fig. 4. As seen in this figure, no significant
effect is observed for the continuous phase
velocity. Increase of continuous phase speed
slows down the movement of dispersed phase
drops and increases residence time of drops,
and so drops’ coalescence increases; however,

an increase in continuous phase speed has no
effect on mean drop-sized distrubution. It can
be said that the existence of mixer in different
parts of the column has neutralized the effect
of the increase on continuous phase speed.
So, the mean drop diameter slightly increases
with an increase in continuous phase velocity.

1.8
R P Y e+ N=100
PRI POy e
14 * - cocfie e N=14O
— 4 | meescect poccccee [ XXX ERS W
€12 - ] Fom(T/W)
E
v LT Aveveeeeee A
0.8 | [ e [
. [ WINPT =
0.6 @ereereeeen S
0.4 . , . | | | |
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Figure 4. Effect of continuous phase velocity on the Sauter-mean drop diameter(V4=8.8 x 10™(m/s)).
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Fig. 5 illustrates the effect of dispersed phase the coalescence of drops will be faster and the

velocity on the mean drop-sized distrubution. mean drop-sized distribution will be bigger
The mean drop-sized distrubution increases [15,20]. Gradients of intensification in the
with an increase in the dispersed phase mean drop-sized distribution slow down after
velocity. 11.1x10™ (m/s ) speed desiring a certain

A higher dispersed-phase velocity leads to amount, because dispersed phases’ drops stick
not only a larger drop formation diameter, but inside the packings, slowing down the speed
also to higher coalescence frequencies. of drops rising. Therefore, there is a
Dynamics and mass transfer in a liquid-liquid possibility of flooding and the phases
extraction column are essentially determined inversion phenomenon at column. However,
by the behaviour of the dispersed phase [19]. it is clear that the effect of the dispersed phase
By Increasing the speed of dispersed phase, on the drop-sized distribution is much smaller

holdup in column increases and possiblity of than that of the mixing speed.
strikes between the drops will increase; thus,

2.5
cecees N=100
rem(T/W)
20 e ¢ cc°m-e N=140
> rpm(T/W)
oo N=100
s -
£ DAY e . rpm(B/W)
E | geecescscs -ece*’
i - PRRTRI A
T, | ek
Lo ke SRR .
................... -
SO~ °
05 |
0 1 1 | , . |

V%10~ 4 (m/s)

Figure 5. Effect of dispersed phase velocity on the Sauter-mean drop diameter (V.= 8.8 x 10™(m/s)).

So far, many correlations have predicted the Scheibel extraction column. Shefeng Yaun
determined Sauter mean drop diameter (dsy) and Jin [21] predicted a correlation for
in other mechanically agitated extraction Sauter-mean diameter in a modified Scheibel
column, but there is a little correlation in a extraction column:

0.065 0.35 -1.971
d32:781.6( ngj (“j (Ap] Re'*! | 0<Re< 2500
D ND My Pq (14)
In the absence of mass transfer, Bonnet and [22]:
Jeffreys proposed a correlation for Sauter- d.. =5.719x10"° x10L3974) 2 7%
. . . 2=
mean drop diameter in a Scheibel Extractor (15)
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Comparison between the suggested and properties, e.g., interfacial tension of the
experimental values using these correlations mixing room, were examined. Analyses of
is shown in Fig. 6a. With the help of variables affecting the Suater-mean drop
correlations (14) and (15), most of diameter of the functional relationship
experimental data are anticipated with an between these variables and mean drop-sized
AARE of about 75 %. distribution are conducted as follows:

If a characteristic size or size distribution is
to be computed for the given conditions, these dao= f (d32,N,Va .0, pe, pas Ap, e, Hay D) (16)

are only relevant if a dynamics equilibrium
between break-up and coalescence s
achieved in the contactor. A mathematical
model and the empirical relation to predict the
true physics accurately is a need to
understand the parameters, variables, and
factors affecting the parameters, and the
impact of these factors on the parameters is
desired. In this paper, the effects of operating
conditions, such as continuous-phase velocity
and dispersed-phase velocity and physical

0.25 -1.77 0.15 0.085 0.7
Ay _ 00043(&) (”_CJ (ﬂj [N4D4Pd J ( o ]
D NDJ  \mp Py og NDy,

Using Buckingham Pitheorem for obtaining
the equation of the mean drop-sized
distribution has formed the dimensionless
groups based on operation parameters and
physics properties; moreover, by using
Eviews software, the constant amounts of
empirical correlation will be calculated. Eqg.
(17) shows the anticipated correlation of the
Sauter-mean drop diameter in a Scheibel
extraction column:

Also, in this corrolation, experimental data indicates that the predicted corrolation can
obtained by Yuan et al. and Bonnet and estimate the mean drop-sized distribution
Jeffreys are used to reduce errors. The with high precision, and the AARE percent in
comparison of calculation by Eg. (17) and the predicted values of d., from experimental
experimental data for mean drop-sized data is 9.8 %.
distribution is shown in Fig. 6b. This figure
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3t Ooc® o
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£
? 2t OO0
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315 | <
S
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Figure 6. (a) Comporision between experimental data and corrolation [14],[15], (b) Comparison between
experimental data and correlation (17).

4. Conclusions

Drop-sized and mean drop-sized distributions
were presented for the three liquid-liquid
systems in a Scheibel column for a range of
rotor speeds and dispersed and continuous
phases’  velocities. The  droplet-sized
distribution in the column is usually
represented as the average volume-to-surface
area, known as the Sauter-mean drop
diameter. It is a key variable in the extraction
column design. It influences both throughput
and specific interfacial areas available for
mass transfer, dispersed phase holdup, and
flooding  conditions.  The  drop-sized
distribution predicted by the statistical
approach was compared with experimental
data, and the computational fluid dynamics
and droplet population balance modeling
were used to evaluate the normal and log-
normal developed in this study. The results
showed that the drop size is dependent on
rotor speed and only weakly dependent on the
flow rate of the phases. The drop-sized
distributions were suitably fitted to the normal
and log-normal distribution curves, and
empirical correlations were derived to predict
the drop-sized distribution as a function of
operating variables and physical properties of
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the systems. The prediction of the Sauter-
mean drop size was shown to be not possible
using previous correlations. An empirical
expression of the Sauter-mean drop diameter
was also proposed.

Nomenclature

D blade length [m].

ds, mean drop size [m].

di drop diameter [mm].

dv Sauter mean drop size [m].
arithmetic mean drop size.

fi probability densiy.

g gravitational constant (=9.81 m/s?).

N rotor speed [1/s].

n; number of droplets of mean
diameter di.

P probability of number density.

Q flow rate [m%s].

Re Reynolds number.

\ superficial velocity [m/s].

Greek symbols

o constant parameter of probability
of density function.

B constant parameter of probability
of density function.

p density [kg m™].

Ap density difference between two
phases [kg/m®].
viscosity [Pa s].

S standard deviation.
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c interfacial tension between two
phases [N/m].

© holdup.

€ average energy dispersion per unit
mass.

Subscripts

c continuous phase.

d dispersed phase.

n normal probability density
function.

In log-normal  probability  density
function.
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