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ABSTRACT

In this work, the hydrodynamic behavior of a Kuhni extraction column has been investigated
experimentally. The experiments were carried out in the absence of mass transfer for two different
standard chemical systems. In the experiments operating variables including agitation speed, flow rate
of both liquid phases and interfacial tension have been studied. Sauter-mean drop diameter, flooding
velocity and holdup at flooding have been measured in the Kuhni column. The results showed that
Sauter-mean diameter are strongly affected by agitation speed and interfacial tension whereas the
effects of continuous phase and dispersed phase flow rates are negligible. Two rigorous empirical
correlations are proposed for predicting flooding velocities and Sauter-mean drop diameterwith mean
deviation of 5.7% and 7.2%, respectively. The mean drop size correlation is a function of column
geometry, operating conditions and physical properties of liquid systems. Good agreement between

predictions and experiments is found for all operating conditions investigated.

doi: 10.5829/idosi.ije.2016.29.03c.02

1. INTRODUCTION

The liquid-liquid extraction as one of the important
processes of mass and energy exchange with the
extensive application in the petroleum and
petrochemical industries, nuclear industries,
pharmaceutical industries, metallurgy [1-4]. The
operations consist in separation of one or several
components (solute) from a liquid phase mixture by
addition of another non-miscible or partially miscible
liquid phase, in which the solute is preferentially
dissolved. This operation process is often operated in
counter-current contactors [5]. Two immiscible liquid
phases flow counter-currently, one being dispersed into
the other. Each extraction equipment attempts to
produce larger interfacial area often by applying
mechanical agitation to better disperse the phase [6].
Kihni column is representatives of this type of
equipment. In this column, worn blades on a central
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shaft used and steps separated by a leaky static plate.
Blades create a vortex flow pattern which is somewhat
similar to RDC column [7]. Also, perforated plates used
between stages make it possible to creating axial flow in
column but completely separated steps than RDC and
MIXCO columns. This topic caused reduction reverse
flow especially for the dispersed phase, but collects and
unlocks the column for cleaning and maintenance
makes it more difficult. Kilhni columns in the range of
sizes laboratory scale by 60 mm diameter to industrial
scale by 2 m diameter and with similar applications to
RDC are existence [8].

For the design, optimization and exploitation of
extraction column require both mass transfer and
hydrodynamic parameters, such as holdup, flooding
velocities and drop size distribution. Holdup, flooding
velocities and drop size, are key parameters in order to
determine the column capacity and the column diameter
[9]. Knowledge of drop size and distribution are
necessary parameters for measuring mass transfer
coefficients [10]. It influences the dispersed phase
holdup and residence time and the maximum capacity of
the column [9, 11]. Thus, for the purpose of establishing
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suitable design procedures for Kiihni columns, there is a
need for valid correlations which estimate Sauter-mean
drop diameter and flooding conditions.

In this work, the hydrodynamic behavior of a Kiihni
column was investigated by measuring the Sauter-mean
drop diameter and flood point characteristics using two
different liquid systems. The effects of operating
variables on mean drop size and flood point are
examined. In addition, experiential correlations for
mean drop size and flooding velocities as a function of
operating conditions, physical properties of the liquid
systems and column geometry were proposed.

2. EXPERIMENTS

2.1. Description of Experimental Setup A pilot
scale Kuhni extraction column with ten stages that made
of 2 mm perforated stainless steel sheet was used in the
experiments. The active part of the column consisted of
a 0.75 m long glass tube with 0.117 m internal diameter.
Two settlers with 0.1775 m diameter were employed at
both ends of the column to separate the two liquid
phases. There are two pumps, one for the dispersed
phase and one for the continuous phase. The interface
level was controlled automatically by an optical sensor.
A solenoid valve was provided at the outlet stream of
the heavy phase. This valve received electronic signals
from the sensor. When the interface location was going
to change, the optical sensor sent a signal to the
solenoid valve and the aqueous phase was allowed to
leave the column by opening the diaphragm of the
solenoid valve. The organic phase was allowed to leave
the column via overflow. Other geometrical
characteristics of the column are presented in Table 1.
The schematic diagram of Kuhni extraction column is
shown in Figure 1.

Organic
phase phase

Organic q
phase phase

|
Figure 1. A schematic diagram of the Kuhni column

TABLE 1. Technical parameters of Kuhni extraction column.

Parameter Value Parameter Value
Column diameter (m)  0.117  Settler diameter(m) 0.1775
Tray number 10 Active "°'§‘me of the 0.0075
column(m®)

Number of holes 27 Impeller diameter (m) 0.05
Tray perforation 0.0075  Plate thickness(m) 0.002
diameter (m)

Column height(m) 0.7 Compartment height(m) 0.055

TABLE 2. Physical properties of liquid systems

Physical property Toluene-water n-Butyl acetate-water

pe (kg/m®) 998.2 997.6
pa(kg/m?) 865.2 880.9
He (m Pas) 0.963 1.027
Mg (M Pas) 0.584 0.734
o(mNm™) 36.0 14.1

2. 2. Liquid-Liquid Systems Two liquid-liquid
system to cover a wide range of interfacial tension
values were chosen according to the recommendations
of the European Federation of Chemical Engineering
[12]. The liquid-liquid systems that studied were
toluene—water (high interfacial tension), n-butyl
acetate—water (medium interfacial tension). The
technical grade, solvents at least 99.5 wt % purity were
used as the dispersed phase. All experiments were
carried out at the 20+2'C. The physical properties of the
liquid—liquid systems used in the experiments are shown
in Table 2.

3.FLOOD POINT AND HOLDUP MEASUREMENTS

In the design of an extraction column, the
hydrodynamic parameters including holdup and
flooding velocities are key parameters in order to
determine the column capacity and the column diameter
required. The Number of correlations to predict flooding
velocities in different columns is presented in Table 3. It
shows that flooding velocity correlations are presented
as a function of operating conditions, physical
properties of the liquid systems and column geometry
are proposed [13-15].

In present work, every liquid phase was first
saturated with the other as this is specially necessary
when the organic phase and aqueous phase have
significant reciprocal solubility, and the impeller speed
were equaled to the desired values.
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TABLE 3. Number of correlations to predict flooding in different columns
Extraction column type Correlation Reference
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The continuous phase was first set at the desired
flow rate. The dispersed phase was then slowly entered,
and its flow rate was slowly increased until the flooding
point, as revealed by the first appearance of a thin layer
of the dispersed phase under the each step or by the
rejection of the dispersed phase in the form of a dense
layer of small droplets, was reached. The reliability of
flooding rates was within 5 %. When the flooding
happened, input and output of the column were shut
down suddenly and allowed to the dispersed phase to go
to the interface at the top of the column.

4. DROPLET SIZE MEASUREMENTS

According to the importance of droplet size, many
researchers studied the effect of column operating
variables on drop size and developed correlations for
predicting the mean drop size [16-24]. Drop size affects
almost all the parameters that influence hydrodynamics
and mass transfer in an extraction column [9]. The drop
size developed for different extractors are presented in
Table 4. It shows that drop size depend on column
geometry, phases properties and flow rates and agitation
speed. In this work, to measure the drop diameter a
photographic technique was used. By taking a digital
photo of the column by a Nikon D3100 digital camera
and comparing the drop dimensions with the known size
of column as a reference droplet size were obtained. For
this comparison two characteristic lengths of the
internals were used, being the tray thickness and
spacing, h.. The recorded photos were analyzed with
image processing software to determine the size of the
drops. At least 300 drops were analyzed for each

experimental condition. For elliptical drops, both the
minor and major axes, d; and d,, were measured and the
equivalent diameter, d., calculated from the following
equation:

d, :(dfdz)% )

After the determination of the drop sizes, the Sauter-
mean drop diameter, ds,, was calculated at experimental
conditions used as follows:

>’
d, = = @

z inzlni d iz

where, n; is the number of droplets of mean diameter n;
within a narrow size range i.

5. NUMERICAL METHODS

Numerical solutions including Genetic Algorithms (GA)
and Particle Swarm Optimization (PSO) were used to
obtain optimum values of flooding velocities and drop
size correlations parameters. GA is a search method to
find an approximate solution optimization problem
using the concepts of biology such as inheritance and
mutations [25-29]. In this algorithm based on Darwin's
theory of evolution, the problem variables by using
appropriate binary strings are coded. Then, by
simulation of struggle for survival rules, regularly more
appropriate disciplines (that in fact, represents the
improved solutions) are obtained. Like other
optimization techniques, GA is an optimization method
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based on probabilities, namely to ensure obtaining the
general optimal solution, in any given optimization
problem this algorithm is run several times and compare
the results [27-29]. Also, the probability of finding
global optimum solution by GA is very high. To solve
the minimization problems before applying GA should
be convert the problem to a maximization problem [25].
The most common way is to define a fitness function,
the contrast is a linear combination of the cost function.
For example, if the goal of the optimization is to find
the minimum of the function, f(x) and this function will
return the value of all slopes greater than -1 then it can
be used to define the fitness function.

1

FOO=13 f(%) @)

PSO is a population based stochastic optimization
technique, inspired by social behavior of bird flocking
or fish schooling [25, 26]. PSO shares many similarities

with evolutionary computation techniques such as GA.
The system is initialized with a population of random
solutions and searches for optima by updating
generations. However, unlike GA, PSO has no evolution
operators such as crossover and mutation. In PSO, the
potential solutions, called particles, fly through the
problem space by following the current optimum
particles [25].

Each particle keeps track of its coordinates in the
problem space which are associated with the best
solution (fitness) it has achieved so far (The fitness
value is also stored). This value is called pbest. Another
"best" value that is tracked by the particle swarm
optimizer is the best value, obtained so far by any
particle in the neighbors of the particle. This location is
called Ibest. When a particle takes all the population as
its topological neighbors, the best value is a global best
and is called gbest.

TABLE 4. Number of correlations to predict droplet size in different columns

Extraction column type Correlation Reference
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The PSO concept consists of, at each time step,
changing the velocity of each particle toward its pbest
and lbest locations [25]. Acceleration is weighted by a
random term, with separate random numbers being
generated for acceleration toward pbest and Ibest
locations. The calculation flowchart is shown in Figure
2.

6. RESULTS AND DISCUSSION

6.1. Sauter-Mean Drop Diameter  Agitation speed
and phase flow rates are the most important parameters
that have effect on droplet size.The effect of agitation
speed on Sauter-mean drop diameter is shown in Figure
3. It shows that smaller drops are observed at higher
rotor speeds, that is a result of increased droplet break-

Start

up. Although the decrease in Sauter-mean diameter at a
higher rotor speeds is smooth. Coalescence of droplets at
high rotor speeds is increased by increasing the
probability of droplet collision. So, at the high rotor
speeds, the increased rate of coalescence dominance the
increased sentiment for droplet breakage and the drop
size apparently stabilized. Figure 3 also shows that an
increase in the interfacial tension results in an increase in
drop diameter. The effect of dispersed phase velocity on
the mean drop size is shown in Figures 4 and 5. As
shown in Figure 4, increasing the dispersed phase flow
rate tends to increase the mean drop size. Increasing in
dispersed phase velocity cause to a larger drop formation
diameter and a higher coalescence frequency.

Figures 6 and 7 also show that the effect of dispersed
phase velocity grows in importance as the interfacial
tension of the system increases.
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appropriata data

——— Flooding data ——
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Use GA and PSO
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parameters
Correlation
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Figure 2. Calculation flowchart of drop size and flooding point
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Figure 3. Effect of rotor speed on mean drop size Q;=Qc=24
lit/hr
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Figure 4. Effect of dispersed phase velocity on mean drop size
Qc= 24 lit/hr, n-butyl acetate-water
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Figure 5. Effect of dispersed phase velocity on mean drop
size Qc= 24 lit/hr, Toluene-water

6.2. Prediction of Sauter-mean Drop Diameter One
of the main objectives of this study is to propose a hew
correlation for prediction of mean drop size. Since a
correlation for the mean drop size, ds,, in Kuhni column
is not available, Kumar and Hartland [11] Used Equation
(4) to predict the Sauter-mean drop diameter. This
correlation is proposed for predicting mean drop size in
Kuhni column. The parameters of this correlation for
Kuhni column are shown in Table 5. Equation (4)
reproduces the experimental results with an average
relative deviation (ARE) of 26.8%.

d32 =C en [ C + 1 ]% 4
14 7 10.572 -0.4,7 0642
[Co (g 1 1670400 “)

Pe

To obtain the sound correlation for predicting the mean
drop size, dimensional analysis with considering an
influencing parameters such as the geometry of column,
operating conditions and physical properties of liquid
systems was used. The following equation for the mean
drop size was obtained using the Buckingham theorem.
In order to consider the column geometry effect on
Sauter-mean drop diameter and also to increase the total
number of data points, the experimental results are taken
from Oliveira et al. [31] for water-Exxsol D-80 system.

n3 n n
dszznl[vijnz #aN. [VdAﬂDcu] 4[VdAPDim] °
vda) (viae Hg #g

ng
He "6[&]”7 o "8 nge [ g ]
ug) \8p) \ugvd) |viap) (Aovd

®)

To fit the experimental data and to obtain the parameters
and minimize the relative absolute error, the following
objective function was minimized.

(a5 ')

exp
d32

ARD% =100x (6)
Numerical solutions including GA and PSO were used to
obtain optimum values of Equation (5) parameters. The
results of this optimization were presented in Table 6.

6. 3. Flood PointThe results of flooding and holdup at
different rotor speeds are shown in Figures 6 to 7. As
shown in these figures, with increase in continuous phase
velocity the allowable dispersed phase velocity is
decreases. The slip velocity between the phases is
reduced by increasing the continuous phase velocity.
Therefore, the dispersed phase holdup increases with
increase in continuous phase velocity and consequently
the column becomes unstable at lower dispersed phase
velocities. The drop size is decrease with increasing rotor
speed, which results in an increasing hold-up such that
the critical hold-up is reached at a lower total throughput.
From Figures 9 and 10, it can be concluded that by
increasing rotor speeds, the maximum throughput of the
column decreases.

6.4. Predictive Correlation for Flooding
VelocitiesIn this work an empirical correlation to
represent the flooding velocities in Kuhni columns was
derived. This correlation is mainly based on the
operating variables and the system physical properties.
This correlation could be used to predict maximum
throughput for existing Kuhni columns.

n. n n n, n
v, =n|2d 2(&] o 4( Hc9 J 5( HcN ] 6vC (7
He Ap Vcke ApVg ApVCZ

TABLE 5. Parameters of Equation (4) For Kuhni column[8]

No.
Column &% % e, ¢, o ARD%

type data c=>d d>c

Kuhni 704 1 3.05 249 052 057 26.8

TABLE 6. optimum parameters values of Equation (5)

Num.Method ng n, n; ng Ns Ns n; Ng Ny ARD%
GA 2.062 0.234 -1.097 1.579 -0.762 2.257 -2.022 -0.371 0.591 5.70
PSO 2.062 0.234 -1.094 1.579 -0.759 2.257 -2.022 -0.372 0.591 5.70
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TABLE 7. Optimum parameters values of Equation 7

7. COMPARISON OF PREVIOUS MODELS WITH
THE EXPERIMENTAL RESULTS

Various correlations for predicting flooding velocities
are available in the literature. The relative absolute
error, (ARD%) of the calculated values of flooding
velocities obtained by applying the previous correlations
to the experimental results are listed in Table 8. The
results show that the previous models do not practically
have accurate results. The results show that the
presented correlation has good accuracy.

2.5

Vg(mm/s)(Cal.)

OPSO aGA

0 0.5 1 15 2 25
Vg(mm/s)(Exp.)

Figure 8. Comparison between experimental data and the
predictions of Equation (7).

TABLE 8. ARD for different models of flooding velocities

Method na n, N3 N4 Ns Ng ARD%
GA 289 -993 -3.60 -1.97 227 -118 1156
PSO 282 -997 -359 -1.98 228 -118 1154

In order to reduce error and increase the accuracy,
the numerical methods including GA and POS were
used to obtain the optimum parameters of Equation (7).
The methods were used to fit the experimental data and
to obtain the parameters and minimize the relative
absolute error. The results are presented in Table 7. The
relative absolute error (ARD%) the following objective
function was minimized.

(V Exp. Iy Cal,)
‘ f V Exp. f (8)

f

ARD% =100x

The comparison of the experimental data with those
calculated by Equation (7) is shown in Figure 8. This
figure shows that the experimental results are in good
agreement with calculated values obtained by Equation
(7). This correlation reproduces the experimental results
with an average relative deviation of 7.2 %.

Investigator Column type ARD(%)
Gholam Samani et al. [30] pulsed packed 8.80
Gholam Samani et al. [30] pulsed packed 7.80
Ousmane[22] pulsed packed 10.00
Torab-Mostaedi[13] Hanson Mixer-Settler 7.08
Torab-Mostaedi[15] Sgtsgeﬁniitsc and 7.32

This work Kuhni column 5.70

8. CONCLUSIONS

In this work, an experimental study of mean drop size
and flooding velocity in a Kihni extraction column was
presented. The effects of agitation speed, dispersed
phase and continuous phase flow rates, on drop sizes
and flooding velocity were introduced. The results
showed that Sauter-mean drop diameter is strongly
affected by agitation speed as well as interfacial tension
whereas volumetric flow rates of the dispersed and
continuous phase have almost no significant effect.
Sauter-mean drop diameter decreases with both
increases in rotor speed and decrease in interfacial
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tension.
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Two rigorous empirical correlations for

predictions of flooding velocity and drop size diameter
in Kuhni columns were presented. The correlations are
functions of operating variables, the physical properties
of liquid systems and column geometry. The results
showed that the maximum throughput decreases with
the increase in agitation speed and flow ratio, while it
increases with the increase in interfacial tension. The
predictive correlations can be used for prediction of
maximum capacity of existing Kiihni columns and final
sizing of the column diameter.
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