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Abstract: A rigours mathematical model based on the bivariate population balance frame work (the base of LLECMOD
““Liquid-Liquid Extraction Column Module’’) for the steady state and dynamic simulation of pulsed liquid-liquid extrac-
tion columns is developed. The model simulates the coupled hydrodynamic and mass transfer for pulsed (packed and
sieve plate) extraction columns. It is implemented using visual digital FORTRAN and then integrated into the LLECMOD
program. Experimental validated correlations are used for the estimation of the droplet terminal velocity in extraction col-
umns based on single and swarm droplet experiments in laboratory scale devices. Additionally, recently published correla-
tions for turbulent energy dissipation, droplet breakage and coalescence frequencies are discussed as being used in this
version of LLECMOD. In a case study, LLECMOD is used here to simulate the steady state performance of pulsed ex-
traction columns with two chemical test systems recommended by the European Federation of Chemical Engineering (wa-
ter-acetone-n-butyl acetate and water-acetone-toluene) and an industrial test system. Model predictions are successfully
validated against steady state and transient experimental data, where good agreements are achieved. The simulated results
(holdup, mean droplet diameter and mass transfer profiles) compared to the experimental data show that LLECMOD is a
powerful simulation tool, which can efficiently predict the dynamic and steady state performance of pulsed extraction col-

umns.

Keywords: LLECMOD, population balance modeling, simulation, breakage, coalescence, mass transfer, hydrodynamics, tran-
sient analysis, pulsed sieve plate extraction column, pulsed packed extraction column.

1. INTRODUCTION

Liquid-liquid extraction is an important separation proc-
ess encountered in numerous chemical process industries
[1,2]. Very often it is performed in column extractors offer-
ing high throughputs with small footprint. Different types of
liquid-liquid extraction columns are being used in chemical
industries, which can be classified into two main categories:
stirred and pulsed columns. The latter ones (with/without
pulsation) are packed and sieve plate columns. Pulsed col-
umns have the advantage of easy maintenance as all moving
parts (pulsation equipment) are located outside the column
shell. This pulsing action reduces droplet size of the dis-
persed phase independently of flow rates and improves the
mass transfer. The most common type of pulsed columns,
which particularly used in the nuclear industry is the pulsed
sieve plate column. Packed columns are packed with com-
mercially available (random or structured) packing materials,
which ensure that the two phases are in intensive contact.
Packed columns have no moving parts and are relatively
simple to operate and best to use at low interfacial tension.
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To shed more light on the extraction behavior in the
pulsed packed and sieve plate columns, the hydrodynamics
as well as the mass transfer characteristics must be well un-
derstood. Our present knowledge of the design and perform-
ance of extraction columns is still far from satisfactory. The
reason is mainly due to the complex behavior of the hydro-
dynamics and mass transfer [3]. It is obvious that the
changes in the characteristics (interfacial tension, Sauter di-
ameter, etc.) of the droplet population along the column have
to be considered in order to describe conveniently the behav-
ior of the column. The dispersed phase in the case of liquid-
liquid extraction undergoes formidable changes and loses its
identity continuously as the droplets break and coalesce.
Accordingly, detailed modeling on a discrete level is needed
using the population balance equation as a mathematical
framework. The multivariate non-equilibrium population
balance models have emerged as an effective tool for the
study of the complex coupled hydrodynamics and mass
transfer in liquid-liquid extraction columns [4]. Unfortu-
nately, the population balance modeling of extraction col-
umns results in a set of integro-partial differential equations
with no general analytical solution. Additionally, even the
numerical solution of PBEs is still not efficiently developed,
particularly when coupled hydrodynamics and mass transfer
has to be considered. The main objective of this work is to
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develop a model that is capable to describe the dynamic and
steady state behavior of pulsed packed and sieve tray extrac-
tion columns. The models of both columns are integrated
into the existing program: LLECMOD [5,6], which can also
simulate agitated extraction columns (RDC and Kiihni).
LLECMOD simulates steady state and dynamic behavior
and takes into account the effect of dispersed phase inlet
(light or heavy phase is dispersed) and the direction of mass
transfer (from continuous to dispersed phase and vice versa)
[7]. Therefore, scale-up studies and performance simulations
of agitated and non-agitated extraction columns based on
population balance modeling can thus be carried out success-
fully.

2. THE MATHEMATICAL MODEL

Simulating liquid-liquid extraction columns is a challeng-
ing task due to the discrete character of the dispersed phase.
This is resulted from random breakage and coalescence of
droplets processes, which are highly coupled to the mass
transport of solutes between the two counter-flowing phases.
Modeling of such complex transport phenomena is resolved
by using a multivariate population balance equation. The
population of droplets is modelled by a multivariate number
concentration function, which takes into account the dy-
namic evolution of droplet size and solute concentrations.
The understanding of liquid-liquid extraction columns dy-
namic behavior can be notably used in the design of process
control strategy or the start-up and shutdown procedures [8-
11]. In attempting to model this dynamic behavior, one has
to consider the macroscopic dispersed phase interactions
(droplet breakage and coalescence) as well as the micro-
scopic interaction (interphase mass transfer) occurring in the
continuously turbulent flow field, which results in a distrib-
uted population of droplets. This population is distributed
not only in the spatial domain of the contacting equipment,
but also randomly distributed with respect to the droplet
properties such as size, concentration and age. Several at-
tempts have been done to propose the proper dynamic model
for liquid-liquid extraction columns [10-15]. The pseudo-
homogeneous models are too simple (by ignoring the dis-
crete nature of the dispersed phase) to describe the particu-
late nature, where one of the liquid phases is normally dis-
persed as droplets in the second continuous phase [16].
Therefore, the influences of droplet movement, droplet inter-
action (breakage and coalescence), energy input (stirrer, pul-
sation) and mass transfer cannot be described satisfactorily.
Several population balance models have been proposed by
various authors. Garg and Pratt [17] have developed a popu-
lation balance model for a pulsed sieve-plate extraction tak-
ing into account experimentally determined values for drop-
let breakage and coalescence. Casamatta and Vogelpohl [18]
proposed a population balance model; Al Khani ef al., [19]
have applied this model for transient and steady state simula-
tions of a pulsed sieve-plate extraction column. Milot ef al.
[20] have used the same basic model. A good review of
which is presented by Gourdon et al., [21]. Recently, much
work has been done using the population balance modeling
in extraction columns [4-6, 21-25].

2.1. Population Balance Model

In modeling liquid extraction columns, the dispersed
phase should not be considered as a quasi-continuous fluid,
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which is contradictory to the poly-dispersed character of the
drops. Due to the presence of the breakage and coalescence
mechanisms, relatively wide droplet size distributions often
exist in extraction columns. In the population balance model,
the droplets can be distinguished by their sizes, which are
parameterized over the diameter or volume, under the as-
sumption that all the droplets are spherical. Accordingly,
population balance modeling gives the possibilities to im-
prove the simulation quality to optimize the operation of
extraction equipment [4,24,26-29]. The following integro-
partial differential equation represents the population balance
equation (PBE):

%+ AV = D,Vn(v,6)] = p{n(v,€),v} 0

In the above equation n(t,d) is the number of droplets
having sizes between d and d + éd per unit volume and v
is droplet volume, D, is axial dispersion coefficient, V,(2)

is droplet velocity and p(z) is the population balance source

term, which takes into account droplet breakage and coales-
cence. The term in square brackets represents the transport

either by convection, V, or fluctuation, D,. The resulting

equation determines the number of distribution of the drop-
lets that can be classified based on their structure in the
group of the Fokker-Planck equations. The Fokker-Planck
equation is a pure differential equation and also known as
generalized diffusion equation, Smoluchowski's equation or
second Kolmogorov equation. The treatment and solution of
this particular group of differential equations is described in
detail in specialized literature. For example, one of the solu-
tion methods is the Monte Carlo method [30] or the extended
fixed-pivot technique used in LLECMOD [4,6]. Further
reading on the solution of the Fokker-Planck (population
balance) equation can be found in literature [6,23,29]. The

term p{n(v,{),v} represents the instantaneous fluctuations

in the population concentration due to droplet breakage and
coalescence. In this term sources and sinks are considered by

droplet breakage(S}), coalescence (S,) and the disperse

phase inflow (S}):

p{n(vzé)»v}:SF+SB+SC ()

This source term is described in detail by Attarakih ef al.,
[6] and is summarized below for the purpose of clear presen-
tation of the population balance model in LLECMOD. The
inflow of disperse phase is considered as a point source term
at the level z, using the Dirac delta function 6. Thus the
equation for the source term S}, is written as:

Sp = %nF U(d)]é(z —zd)
()
(3)
Whereas:
d
max
np(dd =1

0 “
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where n is the normalized number distribution density func-
tion for the inlet droplets. Whereas the source term for brek-

age S, and for coalescence S, are given in details by Atta-
rakih et al., [6].

2.2. Solution of the Population Balance Equation Using
LLECMOD Program

To solve the PBE in the simulation program LLECMOD
[5,6], the fixed-pivot technique [34] is extended to take into
account solute transfer and external coordinate (column
height) [5,6]. In this way, the bivariate PBE with respect to
droplet size and concentration is decoupled into two popula-
tion balances: One takes into account the droplet hydrody-
namics and the other one takes into account solute transfer.
This decoupling idea is based on using the Quadrature
Method of Moments (QMOM) (see Attarakih et al., [4] for
the details). The resulting system of PBEs is an integro-
partial differential system for which no general analytical
solution is known. For this reason, these equations are cast
into a system of hyperbolic conservation laws with integral
source term with droplet diameter and column height as two
independent coordinates. Concerning the droplet diameter,
the population of droplets is categorized into a set of inde-
pendent particles to statistically represent the numerous
number of droplets flowing inside the column. Primary par-
ticles with fixed sizes are used to sample the number concen-
tration function with local properties such as droplet holdup
and solute concentration. This is done by the help of the
fixed-pivot technique, which uses a discrete decomposition
of the droplet volume v into a finite number of grid points
(primary particles) of size x;. This allows two of the major
populations which mean properties (droplet volume and sol-
ute concentrations) to be tracked directly using a fixed parti-
cle sizes. A detailed description of the solution algorithms is
presented in Attarakih et al., [4,6]. The underlying idea be-
gins by dividing the continuous droplet size into M, finite
number of particles for which the ith-division is the local
droplet holdup:

v,
i+1/2

6t = [ Viv) n(vt, 6w = V() N,(£E)
7’L—I/Z (5)
The global holdup of the dispersed phase can be calcu-

i€[LM,]

M
lated as: ¢ = 2‘75:' . Thus, the integro-partial differential
i=1

equations are replaced by a finite number of M, partial dif-
ferential equations being coupled through the nonlinear con-
vective and source term. These equations are then discretized
using the finite volume method with first-order upwind
scheme [4]. The semi-discrete form of the PBE describing
droplet hydrodynamics is given by:

d(b,‘z 4 Fl.1+1/2 B Fz,H/z _
dt Az

Dd(‘?‘bz /8z)‘

l

- D,(0¢, / 9z) ) y Jeed 8
i+1/2 d ]171/2 + &@L i, + oy d)
Az AV, Az

1 c d 1 (6)
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with i = 1,2,..M,, and / = 1,2,...L. In the above equation the
column height is discretized into a finite number of spatial

cells whose width is Az, , which results in a system of ODEs
of size: M, X L.

3. HYDRODYNAMICS
3.1. Droplet Velocity

The hydrodynamic behavior of droplets through their
movement in a surrounding continuous phase is shown in
Fig. (1). Depending on the droplet diameter and droplet ve-
locity four different velocity boundary of the droplets in the
surrounding continuous phase can be distinguished. The first
boundary of droplet diameters identifies small droplets with
rigid phase boundaries, which have no internal circulation.
These droplets are moving as rigid spheres. For larger di-
ameter there are shear forces at the droplet surface, so that an
internal circulation begins to occur. Due to the circulation of
the droplets they move faster than rigid spheres. For even
larger diameter the droplets lose their spherical shape at the
same time the droplet begin to oscillate and with further in-
crease of the droplet diameter the droplet deforms and finally
breaks up. The velocity of the droplets decreases as a result
of the increasing flow resistance [35-37]. The droplet veloc-
ity and the axial dispersion are the key parameters for calcu-
lating the drift term in the population balance. The average
rising velocity V,(z,d) of a droplet of diameter d, expressed
as (see also Godfrey and Slater, [26]):

Vy(zd) = V,(2,d) = V,(2) @)

where, V (z,d) describes the relative velocity of droplets

with diameter d in a swarm influence, it is calculated by:

V,(z,d) = (1- ()", (d)

®)

where m is a variable exponent, which reflects the local hy-
drodynamic conditions and is called swarm exponent.

The swarm exponent m takes slipstream effects into ac-
count. The swarm exponent as a function of the droplet Rey-

nolds number; Vf(d) refers to the relative velocity of a sin-
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Fig. (1). Terminal velocity as function of droplets diameter.
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gle droplet in the column. The characteristic or free droplet

V.(d). The relative

velocity of the single droplet is the product of free droplet

rise velocity in an infinite medium is

rising velocity and slowing factor K :

V. (d) = K, V,(d) 9)
The slowing factor takes into account the internal geometry
of the column. A number of authors describe the suitability
of velocity correlations for specific droplet size ranges or
certain physical properties [26,37-40]. A selection of these
velocity correlations has been implemented in simulation
program.

3.1.1. Velocity Models

The LLECMOD simulation program allows the user to
conduct the simulation with different approaches to calculate
the free rise velocity of the droplets. The slowing factor K
depends on the selected column type and it is calculated in-
ternally in the program. The relative velocity is calculated
for each droplet size in the program block user function of
the active module and evaluated in the program solver part.
The required data for free rising velocity calculation are
available in the solver and will be passed when calling the
SDVelm subroutine. In the Solver the droplet swarm velocity
is calculated using the relative velocity of the droplets.

The model proposed by Henschke [37] for droplet veloc-
ity is calculated by combining the velocities of spherical,
deformed, and oscillating droplets. The proposed model
gives a continuous function over the whole diameter range.
For spherical droplets or rigid bubbles the droplet velocity is
given by:

200 4

100 +

V_ (mm/sec)

Transient:
d .

um
Constant

a
um
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Re

_ oo,spherical/j’c
Usphem'cal - d
p(,’

(10)

The velocity of very large droplets or bubbles is investi-
gated experimentally and describes both droplets and bub-
bles and given by:

v Apgd
S

(1)
with oscillating droplets the velocity is calculated by:
2a,.
= [
Pe (12)

where the parameter a;; is adjusted to measured values. The
transition function describes the velocity over the transition
region of oscillating to deformed drops:

« a, \1/a
— gr gr gr
v = (v, + v, )

08,gr

(13)

The author suggesting exponent a,,. = 8. The droplet ve-
locity for all states droplet can be specified by the following
equation:

vos, grvmnd

+ ,Ualﬁ )l/aw

rund

V;:

(UZ’LS )
5,97 (14)
The exponent a,5 describes the sharpness of the transition

between sub-models o, of Eq. (13). Fig. (2) presents the

input parameters for Henschke [37] velocity model and three
parameters a4, a;5 and d,,, have to be adapted to measure

values. Fig. (3) shows the input window for the constants of
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Fig. (2). Parameters for the modeling of single droplet velocity [37].
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the Henschke [37] velocity model. The depicted coefficients
are equivalent to those used in the calculation of the test sys-
tem butyl acetate-water- acetone in a pulsed packed extrac-
tion column.

3.1.2. Influence of Internals (Packing and Sieve Plate)

In a column with internals the droplets rise slowly. The
deceleration effects come from collisions with internals and
from an extension of the droplet path. In practice, this effect

is expressed by a slowing factor kv ; the ratio of droplet ve-

locities with internals v, and without internals v,,. By defi-
nition, the value of slowing factor is between 0 and 1.

v
b = o
0 (15)
In the literature, there are several correlations for differ-
ent geometries. In LLECMOD those equations have been
implemented, which were validated for a wide range of pa-
rameters. For the description of the droplet motion in pulsed
packed a correlations developed by Garthe [41] is applied.

_ 0.138,_—0.566,_—0.769,0.184 0.08

k, = 0'0777THPK7T¢LPK T T, (1+7raf) 16)
Based on the analysis of experimental results Garthe [41]

developed a new correlation for pulsed sieve plate column:

1.134
k, =1.406 % 1457-0.028 oxp | 0,129 L (1—¢“)““\
h (17)
The dimensionless numbers x; are calculated as follows
[41]: The dimensionless height of a packing:
1/3
p.Apg . . .
T, = , the dimensionless volumetric sur-
i Py 2
He
2 1/3
face area of a packing: m, = a, |—"—| ,the dimen-
P "\ p.Apg
c

Velocity correlation Henschke @
Cancel

A velocity model based on the most
common correlation structure

[Henschke, habil. thesis, 2002)
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Fig. (3). Input parameters for Henschke [37] velocity model.
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1/3
. . _ pApg ! . .
sionless droplet diameter: 7, d ) , the dimension-
’LLC
s /3
less interfacial tension: 7 = o 4/)_6] and the dimen-
w. Apg

sionless pulsation intensity: Ty = af

3.1.3. Swarm Effect

Through surrounding droplets the velocity of individual
droplet is slowed. In LLECMOD different models are used
for different types of internals. To calculate the swarm veloc-
ity in pulsed columns often purely empirical equations are
used. The equation of Gaylor et al., [42] is applied, which
assumed 7 to be a unity:

n
Ups :vchar(l_g) (18)
For packed columns Garthe [41] suggested an equation de-
pending on droplet diameter and free rise velocity:

-0.54
Uchar P cd

I,

n = 16.2 -1

(19)

3.2. Droplet Breakage
3.2.1. Droplet Breakage in Pulsed Sieve Plate Column

To investigate the droplet breakage Haverland [43] has
used an experimental setup, shown in Fig. (4). The generated
droplets first rising through a tube, when the rising droplets
reach the sieve tray it is possibly to break up into multiple
daughter drops. These daughter droplets rise to the large col-
lecting funnel and an automatic droplet size measurements is
supplied. The breakage behavior of a test system in a certain
sieve tray can be characterized as shown in Fig. (5). Droplets
with diameters below the stable droplet diameter d,,;, do not
split. The concept of stable droplet diameter describes a
droplet that will not split even at arbitrarily long residence
time in the column [43]. Large droplets with diameters above
the dg-line are split to 100%. Between the dy-line and the
d po-line the breakage probability ps depends on the test sys-
tem of physical prosperities, the droplet diameter d, the sta-
ble boundary diameter dy, the terminal velocity V,,s and the
pulsation intensity af which increased from 0% to 100%.
There are different effects depending on droplet diameter
and pulsation that may lead to droplet breakage. Even with-
out any internals and pulsation breakage occurs when a cer-
tain size is exceeded and the small droplets pass through the
sieve holes without breakage.

Fig. (5) illustrates the behavior of droplets in a sieve plate
with a hole diameter of 2 mm. The lines d; and d, are gener-
ated by the variation of the pulsation intensities. With in-
creasing the pulsation the droplets reach the area where drop-
let breakup occurs with diameter dy,, = d;. These droplet
deformations occur noticeably slow inside the sieve plate
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Droplet measurement

Droplet funnel
Sieve plate
. Ascending droplet
Pulsation
Nozzle
Dispersed phase inlet

Fig. (4). Experimental setup to investigate the breakage of single
droplets [43].
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Fig. (5). Characterization of the single droplet breakage in sieve
trays [43].

holes. With further increasing pulsation dy, < dp is
achieved. According to Haverland [43] an area exists by in
which the droplets are broken at the bridge between two
holes. At very high pulsation intensities finally a point is
reached at which the droplets will not probably be directed
right on the sieve plate but split in the turbulence field near a
perforated bottom.

3.2.1.1. Mean Number of Daughter Droplets Per Breakage

For the measurements of Haverland [43] the mean num-
ber of daughter droplets n was inter alia determined for each
breakup. Here just the breakup of mother droplets was
evaluated. These measurements thus give no statement about
the breakage probability ps or the actual number of daughter
droplets nz. The work of Haverland [43] showed that only
the mother droplets larger than the stable droplet diameter
dgap, are divided into two or more daughter droplets. With
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increasing the mother droplets size and by increasing pulsa-
tion intensity the number of daughter droplets is increas-

ing(ﬁz < 20). A simple empirical approach to calculate the

mean number of daughter droplets is given by Henschke,

[37]:
N &
7, =204& d—] Y|
dstab q)”oc (2 0)
£

The adjustment parameter > resulted in the following:

£ =03 & =20and & =20

3.2.1.2. Daughter Droplet Distribution

The daughter droplet distribution used to determine the
number of daughter droplets which results from the breakage
function of many mother drops. For pulsed sieve plate ex-
traction column, Henschke’s [37] approach is used to evalu-
ate droplet size distribution. In this approach all parameters
that influence the stable droplet diameter are considered. The
breakage probability is the number of daughter droplets per
breakage and daughter droplet distributions [37].

iV () a7 (g
1-[([] [w] b

s )

Here, dyq.p is the stable droplet diameter, where below
this diameter no more breakage occurred, which is calculated
according to Henschke [37] as:

3
S:3ﬁ(ﬁ —1)

ey

d o dstab7]234d5mb,5
stab 1/20
( 420 + 42 )
stab,1234 stab,5 (23)
where d,, ;, 54, is the stable droplet diameter as a result of

combination of four different models of stable droplet di-
ameter to take into considerations all the effects that might

affect the droplet diameter, and d, , . is the fifth model.
These models are described in detail in Henschke [37].

3.2.1.3. Henschke (2004) Breakage Probability in Pulsed
Sieve Plate Column

By knowing the mean number of daughter droplets per
breakup event, it is not clear whether there is any the mother
droplet breakup at all. It is known so far that only droplet
with the diameter limit d,, has a breakage probability tend-
ing to zero, and that an area exists above a d;gy-line in which
all the droplets are breakup. With these boundary conditions
and the assumption that the breakage probability correlates

with the mean number of daughter droplets 7, , the breakage

probability is given by Henschke [37]:

Ps = {(1—exp|& (m, —2)]), & =1.05and & = —045 (24)
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In the measurement of Haverland [43] the parameters &
and &; are adjustable parameters for the breakage probability
Ps , in this case nz is taking into calculation with the stable
boundary diameter which is calculated using Henschke [37]
model. Fig. (6) shows the breakage probabilities for different
mother droplet diameter and pulsation intensities in pulsed
sieve plate column. It is seen that the breakage probability of
small mother droplet (d,, = 2 mm) is relatively rising slowly
with the pulsation intensity, while with the big mother drop-
lets (d, = 5 mm) one is experiencing almost a jump-rise.
This trend is also reproduced by the model correctly. How-
ever, clear deviations occur at the largest mother droplet di-
ameter.

Fig. (7) depicts the input window for the constants of the
Henschke [37] breakage model for pulsed sieve plate col-
umn. The depicted coefficients are equivalent to those used
in the calculation of the test system water-acetone-butyl ace-
tate (w-a-b) in a sieve plate extraction column.

3.2.1.4. Garthe [41] Breakage Probability in Pulsed Sieve
Plate Columns

The breakage of single droplets in pulsed sieve plate
extraction columns depends on the geometry of the internals
and the energy input. In pulsed sieve tray columns droplet
breakage is basically governed by the size of the sieve tray
holes and the pulsation intensity, see Haverland [43] and
Wagner and BlaB3 [44]. The breakage probability in pulsed
sieve tray compartments can be predicted by a simple corre-
lation introduced by Haverland [43]:

o (dm - dstab) ¢
PB (dm ) B (dIOO - dstab )

Where d,, & d,,, are the characteristic droplet diameters and

(25)

C is a constant depending on the pulsation intensity. The
disadvantage of this correlation is that the exponent C has to
be determined for each individual pulsation intensity and that
extrapolation to other pulsation intensities is difficult. To
overcome this difficulty Garthe [41] has developed a new
correlation based on the above equation as:

(d'm - dstab )/ (leO - dstab )CS (26)
- dstab )/ (dIOO - dstab )CS

Py (da )= 7
C4 + (dm

where T, is a dimensionless number taking into account the

influence of the pulsation intensity on the breakage probabil-
ity and is given by:
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Fig. (6). Droplets breakage probability as a function of pulsation
intensity.
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Fig. (7). Input dialog for breakage Henschke [37] model in pulsed
sieve plate columns.
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The new correlation describes the breakage in a sieve
tray compartment with only one set of constant factors for a
liquid-liquid system. The constant C,factors in Eq.(26) are

listed in Table 1. To predict the breakage probability in sieve
tray compartments with Eq. (26), the characteristic droplet

Table 1. Garthe [41] Breakage Probability Constants in Pulsed Sieve Plate Columns
Sieve Tray Test System (&} C; C; C,
2 mm water-acetone-toluene (d) 3.81 0.61 1.11 3.47
water-acetone-butyl acetate (d) 249 0.27 0.95 1.77
3.2 mm water-MIBK (d) 2.49 0.27 0.95 1.77
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diameters d,,, & d_, , have to be experimentally determined

stab
for each pulsation intensity. According to the definition,

d,, is determined by a droplet with a breakage probability

s
somewhere between 0 < P, < 0.03 and the diameter d,, is
given by a droplet with a breakage probability somewhere
between0.97 < P, <1.00. The data for the characteristic
droplet diameters d, & d,
Garthe [41].

3.2.2. Droplet Breakage in Pulsed Packed Column

3.2.2.1. Daughter Droplet Size Distribution

for sieve trays are given in

The daughter droplet size distribution used to determine
the number of daughter droplets which results from the
breakage function of many mother drops. For pulsed packed
extraction column the daughter droplet distribution is as-
sumed to follow the beta distribution function f(d,d’), which
is given by Bahmanyar and Slater [45], where v is the aver-
age number of daughter droplets per breakage:

e 1.96
v=2+ 0.34[[—] — 1]
v—2

stab
3 5
-2 &
d d’s
(29)

3.2.2.2. Henschke Breakage Probability in Pulsed Packed
Column

(28)

ﬁ(d/d') =3 u(y—l)

The model of droplet breakage in structure packing col-
umns based on the following idea: a droplet in the flow
through the column from the bottom up to the edges or inter-
section points of the packing elements and its upward
movement is stopped. Since the droplet usually is not exactly
centred on the obstacle to form two different-sized parts,
which at the moment are still connected via a liquid film.
Since the two parts of the original droplet are usually on dif-
ferent sides of the packing sheet, they will continue their
way through the column independently of each other and can
be considered as new droplets after being split. In oblique
serrated sheets of packages there are three places as a dis-
persing points: the lower plate, the packing crossing points
and the hole edges in the case of cross-drilled, well-ordered
packing. When the droplet enters a packing element it might
coalesce with the plate bottom or breakup by it. The entire
length of the edge as a possible place of breakage comes into
question. It is not a discrete point in the cross section pack-
ing. Each packing intersection is a potential place of break-
age. For a given test system, the droplet breakage depends on
the geometry of the structure packing, pulsation intensity and
the size of the mother droplet. In extraction, different types
of packings can be used from various manufacturers. The
packing type is characterized by geometric parameters the
packing structure, the package volume-surface, the angle of
the packing sheets or the pack channels, element height, the
holes and other manufacturers’ specific dimensions.
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In the pulsed packed column, the maximum droplet ve-
locity v, consists of two parts. The first relies on the char-
acteristic velocity of the droplet relative to a stationary refer-
ence point in the column flow effects such as wall effects,
swarm behavior or the packing themselves affect the relative
motion. The second is caused by the maximum pulsation,
thus it is:

Umaz = 7T(Lf + Uehr (30)

Under the condition of mass conservation and constant
density with the below parameters nrr, the relationship be-
tween daughter droplet size drr and mother droplet d,, is de-
scribed as follows:

1/3
1
dTT = [_] dm

Npp

(€2))

For a description of the parameter nyr the following ap-
proach was chosen:

Apgd?
npp = 1.06388 + 2.0625564| ———*

a (32)

With these relations an equation for the mother droplet
diameter d,, which is being split yet is obtained, and thus
corresponds dy,p, and dg., = di,. This equation can be solved
iteratively [37].

1/3
(7af + gy )Q(pc +0.6p,) B 6(7[77’T/T _1] _o

2(p.—rq)g B

d2

stab +d

'stab

If the diameter of a droplet in the column is smaller than
the stable droplet diameter d,.;, then the breakage probabil-
ity according to the definition given above is equal to zero.
But if the diameter is larger than the stable droplet diameter
then the all influencing factors which determine the droplet
breakage are summarized in the so-called local breakage
probability Ps, that characterizes the droplet 7 in the current
time interval.

The dependence of the breakage probability Ps on the
pulsation intensity and the droplet velocity can be specified
only qualitatively. Basically, it is expected that at higher
pulsation intensity a higher breakage probability occurs. This
influence cannot be explained precisely and a linear increase
of the breakage probability with the pulsation intensity and
the relative velocity is assumed [46]:

Py~ (2af + vabs)

(34)

The current droplets velocity v, is recognized as de-
pending on holdup and location of the droplet to pack against
a stationary reference point. The influence of pulsation is
determined by the average pulsation speed 2af, also the
amount in the pulsation average velocity is recorded over a
period. The relationship between the breakage probability Pg
and the mother droplet diameter d,, in the light of the stable
droplet diameter d,,, is taken into consideration; the follow-
ing correlation of Leu [46] can be used as the basis for the
breakage probability:
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d —d. . "

m stab

d

m

Py ~

(35)

The exponent a; is considered as a principle parameter.
In the experimental adaptation a value of a; = 1.5 has proved
to be useful. The proportionality factor ks is introduced to
capture the influences of the chemical system used. Hen-
schke [37] summarized all the parameters which might have
influenced the local breakage probability Ps and developed
the following equation:

ay
m d

m

Py = kgN (2af + vy, )d [M

(36)

The proportionality factor ks and the exponent a; can by
fitted to the experimental data. The local breakage probabil-
ity Pysis given below for various locations within the column.

Slats edge: The local breakage probability; Pgrux at the
lower slats edge [37]:

dm — dstab 5
d

m

Pspox = SgdmaPK(Qaf + ”abs)dm
(37)

Lamellae crossing point: The local breakage probability
Pg xpon the lamellae crossing points [37]:

7 Ahpd?, sin(2a)
P, = ks§—$2z

_ a
(20f + vyps )dm[idm oo

™m

(3%)

Fig. (8) depicts the input window for the constants of the
Henschke [37] breakage model for pulsed packed column.
The depicted coefficients are equivalent to those used in the
calculation of the test system water-acetone-butyl acetate (w-
a-b) in a packed extraction column.

3.2.2.3. Garthe Breakage Probability in _Pulsed Packed
Columns

Leu 1995 has investigated the breakage of single droplets
in a pulsed packed column. Packing with a high volumetric
surface area possess more breakage opportunities and result
in a higher breakage probability. Increasing the mother drop-
let diameter and the pulsation intensity causes an increase of
the breakage probability. Also, the interfacial tension has
large influence on the droplet breakage. For the same operat-
ing conditions the large difference in the breakage probabili-
ties is explained by the significantly lower interfacial ten-
sion. Generally, the lower is the interfacial tension; the
higher is the breakage probability. Garthe [41] showed that,
due to the complex mechanisms that influence the breakage
of single droplets in pulsed compartments, no general model
could be developed to predict the characteristic droplet di-

ameters d, & d,, together with the breakage probability.

However, the new correlation (see Eq. (26)) allows the de-
termination of the breakage probability just from knowledge
of the characteristic diameters. Therefore, the new correla-
tion leads to a significant reduction of the experimental ef-
fort which is in the same form as for sieve tray column. To
predict the breakage probability in Montz packing compart-
ments with Eq. (26), the characteristic droplet diameters

The Open Chemical Engineering Journal, 2012, Volume 6 16
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Fig. (8). Input dialog for Henschke [37] breakage model in pulsed
packed column.
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Fig. (9). Input dialog for Garthe [41] breakage model in pulsed
(packed and sieve plate) columns.

dyoo & d,,,, have to be determined experimentally for each

pulsation intensity. According to the definition, d_, , is de-
stab

termined by a droplet with a breakage probability some-

where between 0 < P, < 0.03 and the diameter 4, is given

by a droplet with a breakage probability somewhere be-
tween0.97 < P, <1.00. The data for the characteristic droplet

diameters for Montz packing investigated are listed else-
where [41], the probability constants are summarized in
Table 2.

Fig. (9) depicts the input window for the constants of the
Garthe [41] breakage model for pulsed (packed and sieve
plate columns). The depicted coefficients are equivalent to
those used in the calculation of the test system water-
acetone-toluene (w-a-t) in a pulsed packed extraction col-
umn.

3.3. Droplet Coalescence

Coalescence is the process by which two or more drop-
lets or particles merged during contact to form a single
daughter  droplet (bubble) either  (droplet-droplet-
coalescence) or a droplet with its main phase (droplet-
interfacial coalescence). For the droplet-droplet-coalescence
as well as for the droplet-interfacial-coalescence the droplet
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coalescence process can be approximated in three steps: film
drainage, film rupture and break down and then coalescence.

3.3.1. Coalescence in Pulsed Sieve Plates Columns

The modeling of coalescence is based on observations for
droplet growth within a densely packed layer. There, the
droplets grow by droplet-droplet coalescence of a Sauter
diameter dj;;, to a top diameter of d3,.. The temporal varia-
tion of the Sauter diameter at any point within the densely
packed layer may be specified with the droplet average life
7k by the correlation of Hartland and Vohra [47]:
9dyy _ dyp

ot 67, (39)
This is affected by the liquid-liquid system characteristic
physical properties and the Sauter diameter but is independ-
ent of individual droplet sizes. For the determination of the
mean droplet diameter different correlations are given in the
literature. The study of Smith and Davies [48] and Hozawa
et al., [49] indicate that the droplet lifetime behaves ap-
proximately inversely proportional to the Sauter diameter.
Henschke [50] shows that TK~d321/3 . Therefore, the below
correlation is for the determination of the mean droplets life
time with Hamaker coefficient A, [37]:

L d1/3

a1 1/2
o' (Bpg ) (40)

The asymmetry parameter ry' is dependent on the test
system used. In this model, there is no dependence on the
holdup or the droplet diameter taken into account. The
asymmetry parameter rx ' integrated within the constant &
Henschke [37] takes into account the coalescence time be-
havior which is inversely proportional to the holdup. There-
fore the model is expanded to:

7, = 2.05

k

L d1/3
8 ) 5
501/3[-[%6 (Apg)l/z

(41)

The & parameter is adapted to laboratory experiments.
For the system toluene (d) and water (c) and a mass transfer
from continuous phase to the dispersed phase then & = 2500
according to [37]. Coalescence rate analysis and modeling
has been paid greater attention. Many authors proposed phe-
nomenological models based on the concept of collision fre-
quency and coalescence efficiency, where the latter assumed
to be a function of the two coalescing droplets. Thus, the
coalescence model after Henschke [37] is modified to take
into account the size of the two coalesce droplets [10]. In this
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work, the modified coalescence model is used in the simula-
tion of both pulsed (packed and sieve plate) columns:

n n ¢1 (71/3 H:/6<Apg)l/2
i) = o+ ol

(42)
In this modified coalescence frequency w(d,d’ ) , d,d is

the droplet diameter, v is the droplet volume, gby is the

dispersed phase holdup, 0 is the mixture interfacial tension
and H_, is the Hamaker constant, the value used in the

simulation is 10e-20. The adjustable parameter &g was fitted
to experimental data for the two standard EFCE test systems:
water-acetone-toluene and water-acetone-butyl acetate and is
given by Henschke [37]. The values for this parameter are
2500 and 1500 for the first and second system respectively.
Adjusted constant ¢ values used in fitting column hydrody-
namics to the experimental data[41] are listed in Table 6.

3.3.2. Coalescence in Pulsed Columns with Structure
Packing

The determination of the coalescence in structured pack-
ings can be considered likewise as in the sieve plates. For the
mass transfer direction from the continuous phase to the dis-
persed phase the coalescence plays only a minor role in the
overall process being confirmed by Rohlfing [51]. Therefore,
the coalescence is determined by the same equations as those
described in Section 3.3.2. The constant & in this turn is
adapted to experimental data [52].

3.3.3. Coalescence in Pulsed Columns with Random
Packing

More detailed coalescence investigations were carried
out by Klinger [52]. The equations for the coalescence prob-
ability using the results of the laboratory cell measurements
are described below. For the determination of the coales-
cence operations in a packed column it is assumed that the
coalescence takes place only in the area of the packing. This
is due to that the droplets lose in this area a part of their ve-
locity because of the packing, coalesce can be obtained with
the subsequent droplets. For the coalescence probability P
must continue to apply: 0 < Px < . Klinger [52] developed
an empirical approach; therefore, the coalescence probability
can be determined as a function of droplet diameter d,
holdup and coalescence constant Ck, which reflects the in-
fluence of the physical properties:
Py = Cydjle™ At (43)

The increase of holdup on the coalescence increases the
probability. The influence of the droplet diameter on the coa-

Table2. Garthe [41] Breakage Probability Constants in Pulsed Packed Columns
Packing Test System C, C, C; C,
Montz-Pak B1-350 water-acetone-toluene (d) 1.98 -0.08 1.39 0.8
water-acetone-butyl acetate (d) 1.06 -0.07 2.99 0.13
Industrial test system 1.06 -0.07 2.99 0.13
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Table3. Henschke [37] Coalescence Model Constants [52]
Test System Measuring Cell Ck ()
n-butanol (d) + water Lab measuring cell 2.25
n-butyl acetate (d) + water Lab measuring cell 1.00
toluene (d) + water Lab measuring cell 0.40
n-butyl acetate (d) + water Pilot plant column 1.00

lescence is according to the following phenomena. The de-
formation of the boundary layer during the so-called film
drainage varies for different droplet diameters. In addition,
with increasing droplet diameter the rates of ascent and
movement behavior are changing in the random packing.
Table 3 shows the values for the coalescence constant Cy for
the test systems n-butyl acetate (d)- water (c), toluene (d)-
water (c) and n-butanol (d) -water (c). Fig. (10) depicts the
input window for the constants of the modified Henschke
[37] coalescence model for pulsed (packed and sieve plate)
column. The depicted coefficients are equivalent to those
used in the simulation of the test system toluene water-
acetone-toluene (w-a-t) in a pulsed packed extraction col-
umn.

-
Coalescence Model: Modified Henschke 2004 ‘ &J
Modified Henschke (2004) coalescence model
Coalescence constant xi_8 () 2500.0 ﬂl
Adjustable constant ¢ (1) 100.0
||
Coalescence frequency w(d.d')
1
]
I I I T
e e G Tl Apg
+ X {aye AN v [ v ]
|vi) i ): ﬂf{v‘."‘([) +(‘(A " ) -

Fig. (10). Input dialog for Henschke [37] modified coalescence
model in pulsed (packed and sieve plate) columns.

o Main Program
-
Solver —n
Modul X o ZprMasHesYaPesPa
Dd | Dc
o—in
Dc -« Userfunction
-« Userfunction

Fig. (11). Internal program structure for calculating axial dispersion
coefficients.

3.4. Axial Dispersion

Under axial dispersion all microscopic and macroscopic
mixing effects causing deviation from plug flow are summa-
rized. The possible causes of these effects are the energy
input by the pulsation or microscopic mixing as a result of
turbulent flow around internals. The axial dispersion coeffi-
cient D,, has the same unit as the diffusion coefficient and
all deviations from plug flow are summarized in this single
coefficient:

Py Oz

nDum,d == ax,d ’ Md 2

(44)

The axial dispersion is dependent on the column type and
LLECMOD is calculated for the continuous and the disperse
phase (see Fig. 11). The influence of the axial dispersion of
the continuous phase D,,. on the hydrodynamics and mass
transfer in the column is greater than the influence of the
axial dispersion of the disperse phase D,,,. The correlations
for describing the axial dispersion coefficient D, . for the
continuous and D,,,, for the disperse phase are stored in the
program block user function. It is possible that the axial dis-
persion for the continuous phase D,, . and the disperse phase
D, 4 entered directly as a constant in the input window of the
module independently of the correlations.

4. MASS TRANSFER
4.1. Mass Transfer Coefficients

The overall mass transfer coefficients (dispersed K,, and
continuous K,.) can be calculated from the individual mass
transfer coefficients k. and k&, . The individual mass transfer
coefficients mainly depend on droplet size and flow condi-
tions inside and outside the drop. In the LLECMOD simula-
tion program different approaches to calculate the mass
transfer coefficients for the droplets inside k; or k. outside
droplets can be used. In addition to traditional approaches,
such as Handlos and Baron [53], Kumar and Hartland [54]
and Newman [55], more recent correlations or user-defined
models are included.

4.2. Mass Transfer in Extraction Columns

In calculating the mass transfer in spherical particles
without internal circulation certainly the standard reference
is Newman [55]. For the time and space dependent, the drop-
lets concentration profile y(r, ¢) is given in form:
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nmr

R

y(r,t) —Y_ _%i _1n ;

2
sin —(mr) Fo,
Yo — Y1 =1 N

exp

(45)

The result was extended later to circulating droplets [56].
Thus the droplets mean concentration y(?) are calculated as:

y(r7t>_yl = _%i%exp —(mr)ZFod)
Yo =Y T p=1M (46)
Fod = 4—D2t
d (47)

F,, is the Fourier number of the dispersed phase, D is the
diffusion coefficient and ¢ is the time. Instead of using series
expansion for short or long periods the following approxima-
tions can also be used:

y(“t)lﬁ::1\?_J?§;42996de for Fo, < 0.1584
Yy Y 4

(48)
y(rt) = u

= Eexp(fﬂ'QFod)for Fo, > 0.1584
Yo =4 7 (49)
According to Kronig and Brink Eq.(46) can be extended
further, when the Fourier number is formed with an effective

diffusion coefficient in the form: D, ol = BD,, the effec-
tive diffusion coefficient is given by: "

D — v d
T 2048(1+ p, / 1)

(50)

To determine the mass transfer in this model the diffu-
sion plays no role in F,; in Eq. (46). This approach has been
criticized by several authors because of the missing physical
basis. One reason is the interfacial instability that Handlos
and Baron [53] have neglected the Marangoni effects. Ma-
rangoni effect was first observed in 1865, this effect is at-
tributed to a change in surface tension. A generalization of
the models for effective diffusion coefficient, which taken
into account this instability, was proposed by Henschke and
Pfennig [57]:

v d
CJP<1+/‘d //%>

Dejf =D, +

(D
The instability parameter Cjp is adapted to the measured

values. To calculate the time-dependent mean droplet con-

centration D,y in Eq.(47) is used. A further generalization of

Eq.(51) is given by:

v d

D. — BD C.(1—, c (1+u /u)
= B (h + O (1= )+ G s (52)

1
14 (d /(0.85d,,))"

f7:
(53)

The transition from rigid to circulating droplets is
achieved by f7. The use of Eq.(51) instead of Eq.(52) makes
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sense, if sufficient measurements are available to determine
the three parameters B, C.;, and Cjp.

4.2.1. Sieve Plate Geometry

The effect of sieve trays on the mass transfer of single drop-
lets was previously studied by Henschke [37] and the pro-
posed extension of the model was described in Eqs.(48), (49)
and (51). However, there have so far been other two effects
caused by trays which are taken into account. On one hand
the flow field below the perforated bottom is inhomogene-
ous. This is observable by a "prancing" of the droplet below
the sieve plate. On the other hand the passage of droplets
through the sieve holes caused an internal mixing, which
leads to a change in the concentration of the boundary layer.
The first effect is taken into account in the modeling by an
additional amplifier factor B,,, in Eq.(51):
D D+ v dB,,

T e (M ) (54)

During passage through the hole the droplet is deformed
which depends on the ratio d/d;, leading to a mixing in the
drops. For a complete mixing the entire mass transfer is pre-
dictable both below and above the perforated bottom with
Eq.(46). In an incomplete mixing no analytical solution ex-
ists. The concentration after passing through the hole is cal-
culated from the concentration before passing through hole
using a mixing parameter:

F=—3y,

N

passes through front hole

(55)

=Qy+(1-Q)y

Y passes through front hole " Ipasses through front hole

(56)

In the numerical calculations, the droplet volume is di-
vided into N elements, each with a radius 7,. The mass flow
passing from element to element can be calculated over each
time interval at a time ¢, according to Eq.(57).

t)— t
A1) = A, gD, Leilt) = (1)
=T
n—1 n (57)
The calculation of the new concentrations of the elements
is in accordance with Eq. (58):
[Arm, (t)— A, (t)]At
p, AV

st =50 =, (1) +
(58)

For the numerical calculations the time interval A¢ and
the number of elements N are given. The values of Cjp, Byy
and Q which must be specified in the model, as a result from
a fit to the measured values. The empirical dependencies of
these parameters are given by:

= exp aw—L with a,y < 0

! (59)
B = 1.582 1— exp A
¢a'20 U

(60)
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They are based on results for a series of sieves with dif-
ferent geometries. In the development of the two above
equations a better description of the real physical behavior is

taken into consideration. The term ¢"® in the denominator

takes into account the increasing inhomogeneity of the flow
with decreasing the relative opening area. Nevertheless, to
allow a rough column simulation, a simplified mass transfer
model with Q =0 (no mixing within the drops) is introduced:

v d

C[pgba20 (1 + Ky / :uc)

D

i = D,

,
(61)

The simple relationship B,, = 1/&*" is used. The two
remaining parameters for Cp and a;, are determined for wa-
ter-acetone-toluene (w-a-t) system to be Cjp =5527 and ay=
0.734, while for the system water-acetone-butyl acetate (w-a-
b) C;p=4361 and a,y = 0.329 [37].

4.2.2. Structured Packing Geometry

The same mass transfer model used for pulsed columns
with sieve plate is applied for columns with structured pack-
ing.

The hydrodynamic parameters like droplet velocity, axial
back mixing, coalescence and breakage characterize the flow
and mass transfer influence in addition to the description of
the separation and column efficiency. The required relations
for the prediction can be obtained either by experiment or
from the available literature. The available correlations, iden-
tified by their sources or authors are listed in Table 4.

5. TRANSIENT ANALYSIS

An understanding of the transient behavior of chemical
processes is important from both process design and process
control perspectives. In LLECMOD the column transient
behavior can be analyzed with a change in the concentration
of the disperse phase C,, concentration of the continuous
phase C,, agitator speed N, flow rate of disperse phase Oy
and flow rate of continuous phase Q..

The simulation results are: holdup @(z), transition con-
centration of the continuous phase C.(z) and the disperse
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Fig. (12). Internal program structure for transient analysis.
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Fig. (13). Input mask for transient analysis (I).

phase Cy(z), Sauter diameter d3,(z) and droplet size distribu-
tion along the column height. The abrupt change of any of
that input variables can be specified in the form of one or
two step functions or as exponential function. Also, a Dirac
pulse function can be created with a sudden change and an
immediate equal counter-action.

Fig. (12) shows the algorithm for the calculation of time
dependent input variables. A run of the solution algorithm is
associated with a time step. The current time step is the crite-
rion for changing the input variables for the next time step.
The time of change for each input variable can be used

Mass Transfer

Table4. Available Hydrodynamics and Mass Transfer Correlations Implemented in LLECMOD
Hydrodynamics
Breakage Coalescence Droplet Velocity

- Laso et. al., [58]

- Coulaloglou & Tavlarides [32]
- Narsimhan et. al., [59]

- Schmidt et. al., [60]

- Garthe [41]

- Henschke [37]

- Laso et. al., [58]

- Coulaloglou & Tavlarides
[32]

- Sovova [61]

- Tsouris & Tavalarides [62]
- Garthe [41]

- Henschke [37]

- Klee and Trybal [38]
- Vignes [39]

- Rigid sphere [63]

- Grace [40]
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Fig. (14). Input mask for transient analysis (II).

freely. The rate of change can take place in one or two steps.
In the input screen there is a possibility to select single or
multi-step-selected response.

Fig. (13) shows the dialog box to select the number of
changes or to change the values. The simulation parameters
from the beginning of the simulation up to the time step of
the changes correspond to the input in the implementation of
non-transient analysis. The confirmation of the input leads to
a second input mask, which is shown in Fig. (13). Here the
time step is initialized, from which the change in the prede-
termined input variables start to take effect. In addition to the
time step, the value of the changing size for the appropriate
time step is entered. In the dialog box which is shown in Fig.
(14), three choices are available for the transient simulation.
The first one is a step function, the second one is the multi-
step function and the third one is the exponential function.
The latter is given by:

—XT —.
y = ay exp(—L) + a, exp(—2) + ¥,
t t )

The coefficients a;, a,, t;, t, and y, are determined by
fitting the experiential data to this function Eq. (62).

6. RESULTS

The simulation of the sieve plate and packed extraction
columns are carried out using the modified version of
LLECMOD with the recently added correlations for mass
transfer, droplet velocity as well as the breakage and coales-
cence frequencies that can be selected via the general user
interface input window for LLECMOD (see Fig. 15). The
simulation can be carried out for any desired column type
(packed, sieve plate, Kiihni and Rotating Disk Contactor).
Also, this figure shows all the input parameter necessary for
the simulation and the column geometry used, which is given
in Table 5. The two recommended EFCE test systems,
namely water-acetone-toluene (w-a-t) and water-acetone-

butyl acetate (w-a-b) and an industrial test system have been
used in the simulation for pulsed packed and sieve plate ex-
traction columns. All the simulations were carried out under
the conditions of mass transfer direction from the continuous
to the dispersed phase. The continuous phase volumetric
flow rate (Q.) = 40 I/hr and the dispersed phase volumetric
flow rate (Q,) = 48 I/hr. The inlet feed distribution is consid-
ered as normal feed distribution. All the experimental data
for the EFCE test systems are from Garthe [41]. Garthe [41]
investigated the fluiddynamics and mass transfer behavior of
droplet swarms in the pulsed extractor as illustrated in Fig.
(16). Pulsed experiments were carried out in the extractor
with different types of column internals such as sieve trays
and structured packings. The size distribution of the drops
was measured at three positions within the active part of the
column by photoelectrical suction probes [41]. The holdup
within the active part of the column was determined using
two slide valves [41]. The concentration of the solute in the
continuous and the dispersed phase was determined at the
phase inlets and outlets as well as at three positions within
the column [41].

TableS. Column Geometry
Dimension Value
Height of the column (H) 4.40 (m)
Inlet for the continuous phase (Z.) 3.80 (m)
Inlet for the dispersed phase (Z,) 0.85 (m)
Column diameter (d.) 0.08 (m)

The following recently implemented models and correla-
tions are used in the simulation: The velocity model is Hen-
schke [37], where the model parameters used in the simula-
tions are given in Table 6. The breakage frequency model is
after Garthe [41] and the model parameters used in the simu-
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Fig. (16). Pilot plant extraction column used in the experimental study of Garthe [41].

lations are given in Tables 1 and 2. The coalescence fre-
quency model is Henschke [37] model and the correspon-
dence parameters used in the simulations are given in Tables
3 and 6. The mass transfer model is after Henschke [37]. The
model parameters used in the simulations are given in Table
6. These correlations and models were found the best for the
simulation of pulsed (packed and sieve plate) extraction col-
umns. These models and correlations cover a wide range of
operating conditions and physical properties of test system
varies from the low interfacial tension test systems to the

high interfacial tension test systems. However, the other cor-
relations given in literature are very limited to special cases
of operating conditions and the physical properties.

6.1. Pulsed Packed Columns

Fig. (17) shows the LLECMOD input dialogue for pulsed
packed column, like pulsation intensity and the packing’s
internal geometry, which are documented in Table 2, Table 7
and Table 8.
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Table 6. Simulation Parameters
Parameter Test System
w-a-b w-a-t Industrial System Water-MIBK

Crp (-) 9720 9445 14800 -

dym (mm) 3.71 7.1 232 3.71

as (-) 2.246 1.52 3.35 2.246

a6 (-) 1.779 4.5 1.166 1.779

Oy (-) 8 8 8.0 8

Ogr (-) 8 8 8.0 8

Gs (-) 1500 2500 2500 1500

C(-) 102.0 69.4 253.7 472

6.1.1. The Water-acetone-toluene Test System

Fig. (18) draws a comparison between the simulated and
experimental Sauter mean diameter profiles and Fig. (19)
shows the simulated and experimental holdup profile of the
disperse phase along the pulsed packed column height. Fig.
(20) depicts the simulated and experimental solute concen-
tration profiles in the continuous and dispersed phases along
the pulsed packed column height.

PACKED COLUMN X

Packed Column
Heightof  Packings ] [or0m
Diametet o a Packing ] 00730
Volumetic Suface Avea [m"2/m"3] 350.0000
Vaid Facton nf"3/n"3] [ogm
Hoe Dionetrof PnchedShelsll [ 0000
Puse Amplude n] SEN
Puls Frequency [1/Sec] 1.0000
Solvent (8)
Raffinale (R)
Careel
Fig. (17). Input dialogue for pulsed packed column internal geome-
try.
Table 7. Geometrical Data of Structured Packings (Montz-
Pak B1-350)
Diameter of a packing (dp) 79 (mm)
Volumetric surface area (ap) 350 (m°.m™)
void fraction (pp) 0.90 (m’.m™)
height of a packing (/1p) 100 (mm)
hole diameter of punched sheets (d/5) 3 (mm)

6.1.2. The Water-acetone-butyl Acetate Test System

Fig. (21) shows the comparison between the simulated
and experimental Sauter mean diameter profiles for the
pulsed packed column; the discrepancy of the simulated ex-
perimental results from those obtained in the experiment is
almost negligible. Fig. (22) depicts the holdup profile of the
disperse phase for the pulsed packed column compared to
the experimental results from those obtained in the experi-

35
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E
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8
-4
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1
e 32 Sim.
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& d32Exp.
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0 0.2 0.4 0.6 0.8 1

Dimensionless Height (-)
Fig. (18). Simulated mean droplet diameter compared to the ex-
perimental results [41] in pulsed packed column.
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Fig. (19). Simulated holdup compared to the experimental results
[41] in pulsed packed column.



A Bivariate Population Balance Simulation Tool for Pulsed Liquid

The Open Chemical Engineering Journal, 2012, Volume 6

24

Table8. Characteristic Droplet Diameter d,;, & d;g in Pulsed Packed Columns
Test System af(cm.s™) iy (mm) d 199 (mm)
water-acetone-toluene 1.0 33 7.5
water-acetone-butyl acetate 1.0 2.2 4.0
Industrial test system 1.0 4.0 2.2

ment, a good agreement was achieved. Fig. (23) shows the
concentration profile for both phases along the pulsed
packed column height. Comparison between the experimen-
tal and calculated concentration profiles over the total col-
umn-height shows a good agreement.

6.1.3. Industrial Test System: Hydrodynamics and Mass
Transfer Simulation Results

The simulation program LLECMOD has validated with a
pulsed packed column in an industrial environment. The
physical properties of the industrial test system are given in
Table 9. The extraction factor was 0.8963 and extraction
efficiency of 95 % was required.
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Fig. (20). Simulated concentration profiles in both phases com-
pared to the experimental results[41] in pulsed packed column.
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Fig. (21). Simulated mean droplet diameter compared to the ex-
perimental results [41] in pulsed packed column.

Fig. (24) gives the evaluation of the simulated hydrody-
namics profiles (Sauter mean diameter and holdup) along the
column height for the industrial test system in a pulsed
packed column. Fig. (25) shows the concentration profile for
both phases along the column height in a pulsed packed col-
umn. Comparison between the experimental and calculated
concentration profiles over the total column-height shows a
good agreement.

6.2. Pulsed Sieve Plate Column

Tables 1, 10 and 11 give the system parameters for sieve
plate column. In Table 10 are the geometrical data of used
internals of the sieve plate, which is installed inside the ac-
tive part of the columns and used in the simulation. Fig. (26)
depicts the LLECMOD input frame of the internal geometry
of pulsed sieve plate column.
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Fig. (22). Simulated holdup compared to the experimental re-
sults[41] in pulsed packed column.
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Fig. (23). Simulated concentration profiles in both phases com-
pared to the experimental results [41] in pulsed packed column.
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Table 9. Normalized Physical Properties of BASF Technical System
XRaffinate (') YExtract (') Py (') Px (') Hy (') Hx (') G (')
initial 0.9922 1.0 0.9954 0.9261 0.902 0.162 0.591
final 0.0806 0.0623 1.0 0.9197 1.0 0.144 1.0

6.2.1. The Water-acetone-toluene Test System

Fig. (27) draws the comparison between the simulated
and experimental Sauter mean diameter profiles for the sieve
plate column; a relatively good agreement was achieved. Fig.
(28) shows the holdup profile of the disperse phase in a
pulsed sieve plate column compared to the experimental re-
sults from those obtained in the experiment, again good
agreement was achieved. Fig. (29) depicts the simulated and
experimental solute concentration profiles in the continuous
and dispersed phases along the pulsed sieve plate column
height. The relative error is less than 5%.

6.2.2. The Water-acetone-butyl Acetate Test System

Fig. (30) shows the comparison between the simulated
and experimental Sauter mean diameter profiles for the sieve
plate column; the discrepancy of the simulated experimental
results from those obtained in the experiment is almost neg-
ligible except at the outlet of the column. Fig. (31) depicts
the holdup profile of the dispersed phase in a pulsed sieve
plate column compared to the experimental results from
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Fig. (24). Simulated holdup and mean droplet diameter profiles in
industrial pulsed packed column.
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Fig. (25). Simulated concentration profiles in both phases com-
pared to the experimental results in industrial pulsed packed
column.

those obtained in the experiment, a good agreement was
achieved. Fig. (32) depicts the simulated and experimental
solute concentration profiles in both phases along the pulsed

6.3. Dynamics Results
6.3.1. Water-acetone-toluene System

The transient analysis of columns allows the study of the
effect of disturbances or specific changes in the operating
conditions on the column behavior. The results for the dy-
namic behavior of a pulsed packed extraction column for an
abrupt change of the flow rate of disperse phase and its ef-
fect on holdup is studied here for water-acetone-toluene (w-
a-t) test system. The initial volumetric flow rate is 48 /A for
disperse phase at a time of 750 sec after reaching a steady-
state operation; the inflow of the disperse phase is increased
to 68 I/h as shown in Fig. (33). However, Fig. (34) shows the

Table 10. Geometrical Data of Pulsed Sieve Tray

Diameter of sieve tray (d,) 79 (mm)
Diameter of sieve try holes () 2 (mm)
Relative free cross-sectional area (¢,) 0.2 (m’.m™)
Height of compartment () 100 (mm)

Sieve Plate
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[ oo
B

Downcomer Diameter [m] | 0.0150
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Fig. (26). Input dialogue for pulsed sieve plate column internal
geometry.



A Bivariate Population Balance Simulation Tool for Pulsed Liquid

3

2.5

N

d;, (mm)
[
(6]

[N

0.5 w32 Sim.

& d32Exp.

0 0.2 0.4 0.6 0.8 1
Dimensionless Height (-)
Fig. (27). Simulated mean droplet diameter compared to the ex-

perimental results[41] in pulsed sieve plate column.
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Fig. (28). Simulated holdup compared to the experimental re-
sults[41] in pulsed sieve plate column.
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Fig. (29). Simulated concentration profiles in both phases com-
pared to the experimental results[41] in pulsed sieve plate column.

dynamic response of the holdup dispersed phase profile due
to a step change of the volumetric flow rate from 48 I/ to 68
I/h which is reflected in an increase in holdup immediately
after the time of the change in the simulation at 750 sec.
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Fig. (30). Simulated mean droplet diameter compared to the ex-
perimental results[41] in pulsed sieve plate column.
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Fig. (31). Simulated holdup compared to the experimental re-
sults[41] in pulsed sieve plate column.
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Fig. (32). Simulated concentration profiles in both phases com-
pared to the experimental results[41] in pulsed sieve plate column.

6.3.2. Water- methyl Isobutyl Ketone System

Fig. (35) depicts the validation of LLECMOD transient
simulation, the simulation transient results compared to the
experimental data. The simulation results agree with the ex-
perimental data fairly well. The test system used here is wa-
ter- methyl isobutyl ketone (w-MIBK); the physical proper-
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Table 11. Characteristic Droplet Diameter dg,;, & d;go in Pulsed Sieve Plate Column

Test System d, (mm) a.f(cm.s") dsap (Mmm) d 9o (mm)
water-acetone-toluene 2 mm 1.50 1.7 4.1
water-acetone-butyl acetate 2 mm 1.00 2.0 3.8
water-MIBK 3.2 mm 5.34 1.0 2.5

ties of the test system are given in Table 12. This figure
shows the dynamic evolution of dispersed phase holdup due
to a positive step change in the dispersed phase volumetric
flow rate. The operating conditions and the column geometry
used in this dynamic simulation are given in Tables 13 and
14 respectively.

CONCLUSIONS

In this work two pulsed extraction column modules
(namely: pulsed packed and pulsed sieve plate column) are
integrated into the LLECMOD program for the simulation of
coupled hydrodynamics and mass transfer for liquid-liquid
extraction columns. The user-friendly input dialogs and the
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Fig. (33). Dynamic evolution of dispersed phase outlet flow rate in
pulsed packed column.
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Fig. (34). Dynamic evolution of holdup profile in pulsed packed

column.

user functions input modules make the program very general
and simple to use. The LLECMOD non-equilibrium bivari-
ate (in solute concentration and droplet diameter) population
balance model is found capable of simulating new types of
extraction columns; namely, pulsed and un-pulsed (packed
and sieve tray) columns in addition to the stirred ones (Kiihni
& RDC types). The steady state column hydrodynamics can
be efficiently predicted by using the correlations discussed,
the values of the parameters in these correlations are avail-
able in the literature for the standard test systems. However,
for technical systems the steady state column hydrodynamics
can be efficiently predicted by only adjusting few parameters
in the droplet coalescence model, in the breakage model,
droplet velocity and in mass transfer model. The parameters
can be obtained from available experimental data, small lab-
scale experiments or default values of LLECMOD can be
used. The steady state performance of pulsed (sieve plate and
packed) extraction column are studied using a detailed popu-
lation balance framework as an alternative to the commonly
applied dispersion and backmixing models. The simulated
holdup, mean droplet diameter and the mass transfer profiles
for both test systems (t-a-w & b-a-w) in pulsed (packed and
sieve plate) extraction columns has extensively verified with
EFCE test systems with very good agreement. Moreover,
LLECMOD was successfully validated against industrial
extraction column data and even transient analysis gave no
problems. In general, LLECMOD provides a useful tool for
the scale up and simulation of agitated liquid extraction col-
umns considering a more realistic conception of the dis-
persed phase discrete nature.
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Table 12. Physical Properties of the Test System (w-MIBK) [70]
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px (kg.m™)

py (kg.m™)

n, (kg.m™.sec™)

p, (kg.m”.sec™)

o (N.m™)

990.9

800.5

0.001163

0.000554

0.001

Table 13. Operating Conditions for Pulsed Sieve Plate Column (Dynamic Simulation)

Q. (Ih)

Qa (Vh)

Pulse Amplitude (m)

Pulse Frequency (s)

No Mass Transfer

18.36

17.43

0.032

1.67

Table 14. Pulsed Sieve plate Column Geometry (Dynamic Simulation)

Dimension Value
Height of the column 1.84 (m)
Inlet for the continuous phase 1.58 (m)
Inlet for the dispersed phase 0.35(m)
Column diameter 0.051 (m)
Diameter of sieve tray (d,,) 50 (mm)
Diameter of holes (d)) 3.2 (mm)
Relative free cross-sectional area (¢,) 0.23 (m’.m?)
plate spacing (/) 56 (mm)
Number of sieve plates 22 (-)
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NOMENCLATURE ds,

a Pulsation amplitude m leO

af Pulsation intensity m.s” d

a; Adjustable parameters - dcm

App Volumetric surface area of a packing 2m? dmax

Aw Awl Column cross sectional area 2 ftab

b, Packing bridge width m

B Enhancement factor - De i

B, Amplifier factor - D,

C i Constant parameter - f

C P Interface instability parameter - g

C.,Cy S.olute concentration (continuous and kg-m™ hpk ; h])k

dispersed phase) h

Axial dispersion (continuous and dis-
persed phase)

Diameter of sieve plates’ holes

Hole diameter

Daughter droplet diameter

Droplet diameter

Sauter diameter

Characteristic droplet diameter due to
100 %breakage probability

Critical droplet diameter
Maximum droplet diameter
Stable droplet diameter

Average linear diameter of the droplet
spectrum

Effective diffusion coefficient
Diffusion coefficient
Pulsation frequency
Gravitational constant

Height of packing element

Subsequent height
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=

%w [::U EZ =
Qw u:U a

L

SN
=~

<

char

UL U
mmn maxr

z

Droplet path through the packing
Column and single compartment heights
Hamaker coefficient

Slowing factor

Individual mass transfer coefficient (con-
tinuous and dispersed phase)

Overall mass transfer coefficient (con-
tinuous and dispersed phase)

Variable exponent

Distribution coefficient

Normalized droplets number distribution
density

Number of daughter drops
Average number of daughter drops
Number of the droplets dispersion
Breakage probability

Coalescence probability

Volumetric flow rate (continuous and
dispersed phase)

Random number
Time
Absolute velocity

Relative velocity (continuous and dis-
persed phase)

Characteristic velocity
Maximum velocity
Relative droplet (slip) velocity

Relative velocity of a single droplet in
the column

Terminal droplet velocity

Drift by convection

Volume of a droplet of diameter d
Maximum and minimum droplet volume
of diameter d

Solute concentration for continuous
phase

Solute concentration for continuous
phase at equilibrium

Solute concentration for dispersed phase

Solute concentration for dispersed phase
at equilibrium

Spatial coordinate

kg.m

kg.m

kg.m?

kg.m

Jaradat et al.
20 Zy Dispersed feed inlet M
GREEK SYMBOLS
r Droplet breakage frequency s
At Time interval s
€ Energy dissipation m*s
§; Adjusted parameter -
e g Viscosity (continuous and dispersed phase)  kgm™s™
p.,p,; Density (continuous and dispersed phase) kg.m™
o Interfacial tension N.m™
v,v' Droplet volumes m’
« Droplet terminal velocity m.s’
o Holdup -
P Relative opening free area -
#(d')  Mean number of daughter droplets -
Coalescence frequency m’s”
Mixing parameter -
Ty Droplet average life s

DIMENSIONLESS NUMBERS

A Archimedes number -
Eo E6tvos number -
Fo, Fourier number of the dispersed phase -
Mo Morton number -
Re Reynolds number -
s af Pulsation intensity -
T ap Volumetric surface area of a packing -
Ty Droplet diameter -
ﬂ—hp Height of a packing -
T, Interfacial tension -
REFERENCES

T.C. Lo, M.H.I. Bair, and C. Hanson, Handbook of solvent extrac-
tion. New York: John Wiley & Sons, 1983.

H.-J. Bart, Reactive Extraction. Berlin: Springer, 2001.

G.S. Luo, H.B. Li, X.J. Tang, and J.D. Wang, “Drop breakage in a
coalescence-dispersion pulsed-sieve-plate extraction column”,
Chem. Eng. J., vol. 102, No. 2, pp. 185-191, Sept 2004.

M. M. Attarakih, H.-J. Bart, and N.M. Faqir, “Numerical Solution
of Bivariate Population Balance Equation for the Interacting Hy-
drodynamics and Mass Transfer in Liquid-Liquid Extraction Col-
umns,” Chem. Eng. Sci., vol. 61, pp. 113-123, Jan 2006.

M.M. Attarakih, H.-J Bart, G.L. Lagar and N.M. Fagqir,
“LLECMOD: A Window-based program for hydrodynamics simu-
lation of liquid-liquid extraction columns,” Chem. Eng. Proc., vol.
45, pp. 113-123, Feb 2006.

M.M. Attarakih, H.-J. Bart, T. Steinmetz, M. Dietzen, and N.M.
Fagqir, “LLECMOD: A bivariate population Balance simulation tool



A Bivariate Population Balance Simulation Tool for Pulsed Liquid

(7]

[13]

[20]

[21]

[24]

[25]

[26]

for liquid-liquid extraction columns”, Open Chem. Eng. J., vol. 2,
pp. 10-34, 2008.

M. Jaradat, M. Attarakih, and H.-J. Bart, “Effect of phase disper-
sion and mass transfer direction on steady state RDC performance
using population balance modelling”, Chem. Eng. J., vol. 165, No.
2, pp. 379-387, Dec 2010.

H. Hufnagl, M. MclIntyre, and E. BlaB3, “Dynamic behaviour and
simulation of a liquid-liquid extraction column”, Chem. Eng. Tech-
nol., vol. 14, pp. 301-306, Oct 1991.

O. Weinstein, R. Semiat and D. Lewin, “Modelling, simulation and
control of liquid-liquid extraction columns”, Chem. Eng. Sci., vol.
53, pp. 325-339, Jan 1998.

F.S. Mjalli, N.M. Abdel-Jabbar, and J.P. Fletcher, “Modelling,
simulation and control of a scheibel liquid-liquid contactor: Part 1.
Dynamic analysis and system identification”, Chem. Eng. Process.,
vol. 44, pp. 541-553, May 2005.

T. Xiaojin, L. Guangsheng, and W. Jiading, “An improved dy-
namic combined model for evaluating the mass transfer perform-
ances in extraction columns”, Chem. Eng. Sci., vol. 60, pp. 4409-
4421, Aug 2005.

E. Blass, and H. Zimmerman, “Mathematische Simulation und
Experimentelle Bestimmung des Instationdren Verhaltens einer
Flissigkeitspulsierten ~ Siebbodenkolonne zur Fliissig-Fliissig-
Extraktion”, Verfahrenstechnik, vol. 16, No. 9, pp. 652-690, 1982.
J. Ingham, 1.J. Dunn, E. Heinzle, J.E. Prenosil, and J.B. Snape,
Chemical engineering dynamics: An introduction to modelling and
computer simulation. Weinheim: Wiley-VCH Verlag GmbH & Co.
KgaA, 2007.

M.M. Attarakih, D. Zeidan, C. Drumm, S. Tiwari, J. Kuhnert, H.
Allaboun, and H.-J. Bart, “Dynamic Modelling of Liquid Extrac-
tion Columns using the Direct Primary and Secondary Particle
Method (DPSPM),” In 6th International Conference on Computa-
tional Fluid Dynamics in the Oil & Gas, Metallurgical and Process
Industries, 2008.

M.M. Attarakih, M. Jaradat, H. Allaboun, H.-J. Bart, and N.M.
Faqir, “Dynamic modelling of a rotating disk contactor using the
primary and secondary particle method (PSPM)”, In 18th European
Symposium on Computer Aided Process Engineering, 2008.

H.-J. Bart, and G. Stevens, “Reactive solvent extraction,” in lon
exchange and solvent extraction, Vol. 17, Kertes M., Sengupta
A K. (Eds.), New York: Marcel Dekker, 2004, pp. 37-82.

M.O. Garg and HR.C. Pratt, “Measurement and modelling of
droplet coalescence and breakage in a pulsed-plate extraction col-
umn”, AIChE J., vol. 30, No. 3, pp. 432-441, May 1984.

G. Casamatta, and A. Vogelpohl, “Modelling of fluid dynamics and
mass transfer in extraction columns”, Ger. Chem. Eng., vol. 8, pp.
96-103, 1985.

S.D. Al Khani, C. Gourdon, and G. Casamatta, “Dynamic and
steady-state simulation of hydrodynamics and mass transfer in liq-
uid-liquid extraction column”, Chem. Eng. Sci., Vol. 44, No. 6, pp.
1295-1305, 1989.

J.F. Milot, J. Duhamet, C. Gourdon, and G. Casamatta, “Simulation
of a pneumatically pulsed liquid-liquid extraction column”, Chem.
Eng. J.,vol. 45, pp. 111-122, Dec 1990.

C. Gourdon, G. Casamatta, and G. Muratet, ‘‘Population balance
based modelling of solvent extraction columns”, in Liquid-liquid
extraction equipment, J.C. Godfrey and M.J. Slater (Eds.), Chiches-
ter: Wiley, 1994, pp. 137-226.

T. Kronberger, A. Ortner, W. Zulehner, and H.-J. Bart, “Numerical
simulation of extraction columns using a drop population model”,
Comput. Chem. Eng., vol. 19, pp. 639-644, Jun 1995.

M.M. Attarakih, H.J. Bart, and N.M. Fagqir, “Numerical solution of
the spatially distributed population balance equation describing the
hydrodynamics of interacting liquid-liquid dispersions,” Chem.
Eng. Sci., vol. 59, pp. 2567-2592, Jun 2004.

M.M. Attarakih, H.J. Bart, and N.M. Fagqir, “Solution of the droplet
breakage equation for interacting liquid-liquid dispersions: a con-
servative discretization approach,” Chem. Eng. Sci., vol. 59, pp.
2547-2565, Jun 2004.

M. Attarakih, M. Jaradat, C. Drumm, H.-J. Bart, S. Tiwari, V.K.
Sharma, J. Kuhnert, and A. Klar, “A multivariate population bal-
ance model for liquid extraction columns”, In 19" European Sym-
posium on Computer Aided Process Engineering, 2009.

J.C. Godfrey, and M.J. Slater, Eds., Liquid-liquid extraction
equipment, Chichester: J. Wiley & Sons, 1994.

[32]

[33]

[37]
[38]
[39]

[40]

The Open Chemical Engineering Journal, 2012, Volume 6 30

T. Kronberger, “Numerische Simulation von Tropfenpopulationen
in Extraktionskolonnen”, PhD Thesis, Universitit Linz, Linz,
Austria, 1995.

G. Zamponi, J. Stichlmair, A. Gerstlauer, and E.D. Gilles, “Simula-
tion of the transient behaviour of a stirred liquid-liquid extraction
column”, Comput. Chem. Eng., vol. 20, pp. 963-968, 1996.

D. Ramkrishna, Population balances: Theory and applications to
particulate systems in engineering, Academic Press, San Diego,
2000.

M.J. Goodson, “Stochastic solution of multi-dimensional popula-
tion balances”, PhD Thesis, Trinity College-University of Cam-
bridge, Cambridge, United Kingdom, 2007.

G. Modes, Grundsdtzliche Studie zur Populationsdynamik einer
Extraktionskolonne auf Basis von Einzeltropfenuntersuchungen,
Aachen: Shaker Verlag, 2000.

C.A. Coulaloglou, and L.L. Tavlarides, “Description of interaction
processes in agitated liquid-liquid dispersions”. Chem. Eng. Sci.,
vol. 32, No. 11, pp. 1289-1297, Oct 1977.

Y. Liao, and D. Lucas, “A literature review on mechanisms and
models for the coalescence process of fluid particles,” Chem. Eng.
Sci., vol. 65, No. 10, pp. 2851-2864, May 2010.

S. Kumar, and D. Ramkrishna, “On the solution of population
balance equations by discretization - I. A fixed pivot technique”,
Chem. Eng. Sci., vol. 51, pp. 1311-1332, Apr 1996.

R. Clift, J.R. Grace, and M.E. Weber, Bubbles, drops and particles,
New York: Academic Press, 1978.

J.A. Wesselingh, and A.M. Bollen, “Single particles, bubbles and
drops: their velocities and mass transfer coefficients”, Trans. Inst.
Chem. Eng., vol. 77, pp. 89-96, Mar 1999.
M. Henschke, Auslegung pulsierter
kolonnen, Shaker Verlag Aachen, 2004.
AlJ. Klee, and R.E. Treybal, “Rate of rise or fall of liquid drops”,
AIChE J., vol. 2, No. 4, pp. 444-447, Dec 1956.

A. Vignes, “Hydrodynamique des dispersions”, Genie Chimique,
vol. 93, pp. 129-142, 1965.

JR. Grace, T. Wairegi, and T.H. Nguyen, “Shapes and velocities of
single drops and bubbles moving freely through immiscible lig-
uids”, Trans. Inst. Chem. Eng., vol. 54, pp. 167-173, Apr 1976.

D. Garthe, “Fluid dynamics and mass transfer of single particles
and swarms of particles in extraction column”, PhD Thesis, TU
Miinchen, Miinchen, Germany, 2006.

R. Gayler, N. Roberts, and H. Pratt, “Liquid-liquid extraction. Part
IV. A further study of holdup in packed columns”, Trans. Inst.
Chem. Eng., vol. 31, pp. 57-68, 1953.

H. Haverland, “Untersuchungen zur Tropfendispergierung in fliis-
sigkeitspulsierten Siebboden-Extraktionskolonnen”, PhD Thesis,
Technical University Clausthal, Clausthal,Germany.

G. Wagner, and E. Blass, “Modelling of drop disintegration in
liquid pulsed sieve-tray extractors with regard to viscosity”, Chem.
Eng. Technol., vol. 21, No. 6, pp. 475-479, Jun 1999.

H. Bahmanyar, and M.J. Slater, “Studies of drop breakup in liquid-
liquid systems in a rotary disc contactor, Part I: Conditions of no
mass transfer,” Chem. Eng. Technol., vol. 14, pp. 79-89, 1991.

T. Leu, Beitrag zur Fluiddynamik von Extraktionskolonnen mit
geordneten Packungen, VDI Verlag, Diisseldorf, 1995.

S. Hartland, and D.K. Vohra, “Koaleszenz in vertikalen dichtge-
packten Dispersionen”, Chem. Ing. Tech., vol. 50, Nr. 9, pp. 673-
682, January 1978.

D.V. Smith, and G.A. Davies, “Coalescence in droplet disper-
sions”, Can. J. Chem. Eng., vol. 48, pp. 628-637, Aug 1970.

M. Hozawa, U. Suzuki, T. Tadaki, and S. Maeda, “The mechanism
of formation of droplet bed at a liquid-liquid interface”, Kagaku
Kogaku, vol. 37, No. 4, pp. 402-408, 1973.

M. Henschke, Dimensionierung liegender  Fliissig-fliissig-
Abscheider anhand diskontinuierlicher Absetzversuche, Fortschritt-
Berichte VDI, VDI Verlag, Diisseldorf, Germany,1995.

E. Rohlfing, Untersuchungen zum fluiddynamischen Verhalten
einer pulsierten Fiillkorperextraktionskolonne, Fortschritt-Berichte
VDI, VDI Verlag, Diisseldorf, Germany,1992.

S. Klinger, “Messung und Modellierung des Spaltungs- und Koa-
leszenzverhaltens von Tropfen bei der Extraktion”, PhD Thesis,
RWTH Aachen, Aachen, Germany, 2008.

A.E. Handlos, and T. Baron, “Mass and heat transfer from drops in
liquid-liquid extraction”, AIChE J., vol. 3, No. 1, pp. 127-136, Mar
1957.

Siebboden-Extraktions-



31 The Open Chemical Engineering Journal, 2012, Volume 6

[54]

A. Kumar, and S. Hartland, “Correlations for prediction of mass
transfer coefficients in single drop systems and liquid-liquid extrac-
tion columns”, Trans. Inst. Chem. Eng., vol. 77, pp. 372-384, Jul
1999.

A.B. Newman, “The drying of porous solids: Diffusion and surface
emission equations”, Trans. Am. Inst. Chem. Eng., vol. 27, pp. 203-
220, 1931.

R. Kronig, and J.C. Brink, “On the theory of extraction from falling
droplets”, Appl. Sci. Res., vol. 2, No. 1, pp. 142-154, Mar 1950.

M. Henschke, and A. Pfennig, “Mass-transfer enhancement in
single-drop extraction experiments”, AIChE J., vol. 45, No. 10, pp.
2079-2086, Oct 1999.

M. Laso, L. Steiner, and S. Hartland, “Dynamic simulation of agi-
tated liquid-liquid dispersions-II. Experimental determination of
breakage and coalescence rates in a stirred tank”, Chem. Eng. Sci.,
vol. 42, No. 10, pp. 2437-2445, 1987.

G. Narsimhan, G. Nejfelt, and D. Ramkrishna, “Breakage functions
for droplets in agitated liquid-liquid dispersion,” AIChE J., vol. 30,
No. 3, pp. 457-467, May 1984.

S.A. Schmidt, M. Simon, and H.-J. Bart “Tropfenpopulationsmo-
dellierung Einfluss von Stoffsystem und technischen Geometrien”,
Chem. Eng. Technol., vol. 75, No. 1-2, pp. 62-68, Feb 2003.

H. Sovova, “Breakage and coalescence of drops in a batch stirred
vessel-1I. Comparison of model and experiments”, Chem. Eng. Sci.,
vol. 36, No. 9, pp. 1567-1573, Jan 1981.

C. Tsouris, and L.L. Tavlarides, “Breakage and coalescence models
for drops in turbulent dispersions”, 4IChE J., vol. 40, No. 3, pp.
395-406, Mar 1994.

[70]

Jaradat et al.

R. Bauer, “Die Langsvermischung beider Phasen in einer geriihrten
Fest-Fliissig-Extraktionskolonne”, PhD Thesis, ETH Zurich, Zu-
rich, Switzerland, 1976.

W.J. Korschinsky and S. Azimzadeh-Khatayloo, “An improved
stagewise model of countercurrent flow liquid-liquid contactors”,
Chem. Eng. Sci., vol. 31, No. 10, pp. 871-875, Jan 1976.

B.H. Wolschner, ‘‘Konzentrationsprofile in Drehscheibenextrakto-
ren”, PhD Thesis, Technische Universitit Graz, Graz, Austria,
1980.

A. Kumar, and S. Hartland, “Mass transfer in a Kiihni column”,
Ind. Eng. Chem. Res., vol. 27, pp. 1198-1203, Jul 1988.

M.J. Slater, “A combined model of mass transfer coefficients for
contaminated drop liquid-liquid systems”, Can. J. Chem. Eng., vol.
73, No. 4, pp. 462-469, Aug 1995.

M.J. Slater, “Rate coefficients in liquid-liquid extraction studies”,
in Liquid-liquid extraction equipment, J.C. Godfrey and J.M. Sla-
ter, (Eds.), Chichester: John Wiley & Sons, 1994.

H.R. Foster Jr., R.E. McKEE, and A.L. Babb, “Transient holdup
behaviour of a pulsed sieve plate solvent extraction column”, Ind.
Eng. Chem. Process Des. Dev., vol. 9, No. 2, pp. 272-278, Apr
1970.

G.A. Sehmel, and A.L. Babb, “Holdup studies in a pulsed sieve-
plate solvent extraction column”, Ind. Eng. Chem. Process Des.
Dev.,vol. 2, No. 1, pp. 38-42, Jan 1963.

Received: November 28, 2011

© Jaradat et al.; Licensee Bentham Open.

Revised: January 12,2012

Accepted: January 13,2012

This is an open access article licensed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licen-

ses/by-nc/3.0/) which permits unrestricted, non-commercial use, distribution and reproduction in any medium, provided the work is properly cited.



