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Abstract

The droplet breakage in a coalescence-dispersion pulsed-sieve-plate extraction column (CDPSEC) was studied with 30%TBP (in
kerosene)—water as a working system, and the organic phase as the dispersed phase. Because of the periodically arranged plates of every
one coalescence plate with three dispersion plates in the CDPSEC, the droplets could coalesce and break up periodically. The drop size
and its distribution were not kept at the constant values along the height of the column. It was found that the initial drop size distribution
generated by the coalescence plate could be described with a normal distribution function. A mathematical model based on the population
balance theory was developed to describe the drop size distribution along the column if only the drop breakage was considered when drops
passed through the dispersion plates. The mean drop size and its distribution calculated by the model were in good agreement with the
experimental results.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

In a pulse-sieve-plate extraction column (PSEC), the
breakage and coalescence of droplets greatly affect the drop
size, the distribution and the holdup of the dispersed phase,
which determine the throughput and the mass transfer per-
formance. In order to describe the behavior of droplets
as real as possible, the population balance model was de-
veloped in 1960s[1,2]. Garg and Pratt[3] and Mohanty
Vogelpohl [4] applied the model to simulate and predict
the hydrodynamics in a PSEC. Gourdon et al.[5] reviewed
the applications of this model to various types of extraction
columns.

It is of great importance to investigate the drop breakage
and coalescence when the population balance model is ap-
plied to simulate the drop size distribution in PSEC. Gour-
don et al.[5] suggested that there should be a maximum
stable drop diameter below which the breakage probability
of all the droplets was zero and developed a correlation in
the form asdmaxstab≈ ε0.25

m to calculate the maximum sta-
ble drop diameter. Molag et al.[6], Hancil and Rod[7] and
Valentas and Amundson[8] assumed that it was possible
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to break up for all the droplets and defined the drop break-
age frequency asR(m) = km3/n to investigate the breakage
of droplets with different sizes. Casamatta and Vogelpohl
[9] developed a correlation asR(d) = kdα to calculate the
drop breakage frequency. Mlyenk and Resnick[10] indi-
cated that the drop breakage probability could be defined
asp(d) = exp[−C/We(d)]. In most cases, the drop breakage
was assumed to be binary breakage which meant that the
mother drop could only break into two daughter droplets.
The Beta function was usually applied to describe the daugh-
ter drop size distribution function[5,11–13]. In contrast to
the drop breakage, the drop coalescence is more difficult
to investigate for its complexities. Tobin and Ramkrishina
[15] developed a model of drop coalescence considering the
electrostatic repulsion effect. Ban et al.[14] investigated the
influence of mass transfer directions and solute concentra-
tions on the drop coalescence time. Simon and Bart[13] ob-
tained the coalescence probability of droplets with different
sizes in a Venturi tube.

Although these papers have been published to describe the
droplet breakage and coalescence in the extraction columns,
the comprehension in this area is still limited. Due to the poor
understanding of the drop breakage and coalescence, the de-
sign and scale-up of extraction columns mainly and will con-
tinuously depend on extensive pilot-plant work, especially
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Nomenclature

A pulse amplitude (trough-to-peak) (cm)
C constant inEq. (3)
d drop diameter (m or mm)
d32 Sauter diameter (m or mm)
d43 mean diameter (m or mm)
e free area
f pulse frequency (s−1)
F(i) volumetric fraction
H height (cm)
HP plate spacing (m)
n drop number
p(i) probability of breakage
P(d) volumetric probability density

function (m−1)
uc superficial velocity of continuous

phase (ms−1)
ud superficial velocity of dispersed

phase (ms−1)
Wep(i) Weber particle number

Greek
β(d, di) daughter volumetric probability

density function
γ interfacial tension (N m−1)
ρc density of continuous phase (kg m−3)
ε surface energy (J)
εm dissipation rate per unit mass (m2 s−3)
� standard deviation (m−1)

Subscripts
i drop class
j drop class
k elementary height no.

for the column with new structures. The focus of the re-
search is to clarify the droplet breakage and coalescence and
to develop the two-phase flow mathematical model[16].

A high performance extraction column called coalescence-
dispersion PSEC (CDPSEC) has been developed in our lab-
oratory. The CDPSEC is one of the improved columns over
the standard PSEC. It was reported that the throughput of
the CDPSEC was increased by 100%, and the overall mass
transfer efficiency by 20%[17,18]. In CDPSEC, there are
two different types of plates made of different materials,
whose wetting abilities to the dispersed phase are different.
The plate with better wetting ability to the dispersed phase
is named as the coalescence plate, the other one named
as the standard plate or dispersion plate. The coalescence
plates are periodically inserted into the CDPSEC to replace
parts of the standard plates. Therefore the droplets coalesce
and break up periodically along the height of the column.
Till now no research has been carried out to model this

Fig. 1. The experimental set-up.

Table 1
The specifications of the plates

Material Free
area (%)

Thickness
(mm)

Hole diameter
in plate (mm)

Dispersion plate
(standard plate)

Stainless
steel

23 1 3

Coalescence plate Teflon 23 2

phenomenon. Thus the droplet breakage and coalescence in
the CDPSEC need to be studied in detail.

2. Experimental set-up

The CDPSEC was composed of a glass section, with
150 mm in diameter and an effective height of 2 m, as shown
in Fig. 1. The plate spacing was 50 mm. Lei et al. proved that
the CDPSEC showed better performances with the combi-
nation of one coalescence plate every four plates[19]. The
same arrange of the plates as Lei’s was applied in this work.
The specifications of the plates are listed inTable 1, and the
coalescence plates are shown inFig. 2.

As shown inFig. 1, the pulse leg was connected to the
main body of the column. At the top of the pulse leg there
was a triple valve, which was connected to compressed
air, free air and the pulse leg alternatively. Under a nor-
mal operating condition, the pulse leg and the main body
were full of liquid. The compressed air was pumped into

Fig. 2. Structure of the coalescence plate.
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Fig. 3. Dispersed phase passing a coalescence plate.

the pulse leg at a certain frequency, and thus the pulsed
flow in the CDPSEC was caused. By using a proportional-
integral-derivative (PID) controller to control the two-phase
interface position, the steady state operation could be easily
reached.

The experimental system was 30%TBP (in kerosene)–
nitric acid–water, and the organic phase as the dispersed
phase. All the chemicals were purchased from Beijing
Chemical Plant, and used directly without any further pu-
rification. The average drop size and its distribution were
determined by taking photographs with a Kodak DC120
digital camera.

Figs. 3 and 4are the photos of two-phase flow behavior
under a certain operation condition in the CDPSEC.

Because of the different wetting abilities to the organic
phase, the droplets coalesced, and broke up periodically
along the height of the column. The average size and distri-
bution of the droplets were not constant. After the dispersed
phase passed through the coalescence plate, the mean drop
size was likely to become larger. On the other hand, after
the dispersed phase passed the dispersion plate, the droplet
breakage played an important role, and the mean drop size
was becoming smaller. Because the number of the dispersion
plates was much more than that of the coalescence plates,
the possibility of the droplet breakage was greater than that
of the droplet coalescence.

Fig. 4. Dispersed phase passing a coalescence plate dispersion plate.

3. Mathematical model

In this study, a simplified steady-state model is developed,
based on the following assumptions:

(1) The axial-mixing of the dispersed phase is neglected.
(2) The drop coalescence happens only when the droplets

pass through the coalescence plate.
(3) An initial drop size distribution is defined as that af-

ter the droplets pass the coalescence plate. And the
droplets break up only in the space between two coa-
lescence plates.

(4) Only the binary-breakage is assumed. It means that a
drop can break up into two small droplets. The size of
daughter droplets may be different.

The drop size range is divided inton uniform classes,
which ared1 < d2 < d3 < · · · < dn−1 < dn.

According to the population balance model, the volumet-
ric fraction balance for the droplet with diameterdi in an
elementary height�h can be expressed as follows:

Fk(i) = Fk−1(i) − Fk−1(i)p(i) +
n∑

j>i

Fk−1(j)p(j)β(dj, di)

(k = 1, 2, 3, i = 1, 2, 3, . . . , n) (1)

whereFk(i) is the volumetric fraction ofdi in elementary
heightk, Fk−1(i) is the volumetric fraction ofdi from ele-
mentary heightk−1, p(i) is the breakage probability ofdi,
and β(dj, di) is the size distribution function of daughter
droplets.

The volumetric fractionF(i) is defined as the volumetric
fraction of the droplets with the diameter range ind(i) ±
�d/2:

F(i) = P(di)�d (2)

whereP(di) is the volumetric probability density function.
The breakage probability ofdi droplet is defined asEq. (3)

[10]:

p(i) = e−C/Wep(i) (3)

whereC is a constant,Wep(i) is the Weber particle number
(ρcε

23
m d(i)53/γ, εm ≈ C3(Af)3/HP, C3 = 5.82[(1 − e)(1 −

e2)/(e2C2
4)], C4 = 0.61)[5]. According toEq. (3), the larger

the drop diameter is, the higher its breakage probability is.
As mentioned in the introduction, the daughter drop size

distribution function is often assumed to be Beta function,
but it is quite complex to apply. In this study, a new sim-
plified method to predict daughter drop size distribution is
developed instead of Beta function, based on the assumption
that when the droplet breakage happens, the pulse energy
is absorbed as much as possible, then converted to the sur-
face energy to form the interface area to the best extent. It
means that the more the formed interface area is, the more
the volumetric probability density of daughter droplets is.
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Fig. 5. Drop size distribution.

According to the assumption, when a droplet with diam-
eter of d breaks into two droplets with diameter ofdi and
d′
i, respectively, the surface energy incrementεi is:

εi = πγ(d2
i + d′2

i − d2) (4)

Thus the daughter volumetric probability density function
β(d, di) is defined asEq. (5):

β(d, di)�d = εi∑
dj<d εj

(5)

where
∑

dj<d εj is the sum of the surface energy increments
in all breakage cases of a drop with diameter ind. From
Eq. (5), it can be seen that the volumetric probability density
of daughter droplets is in direct proportion to the interface
area generated from the drop breakage.

If the initial drop size distributionP(di), generated from
the coalescence plate, and the constantC in Eq. (3)are pro-
vided, the drop size distribution and the mean drop diam-

Fig. 6. Influence of operation conditions ond43.

Fig. 7. Comparison between experimental data and calculated values.

eters along the height of the column can be calculated by
usingEqs. (1)–(5).

The constantC in Eq. (3)can be evaluated from the ex-
perimental data with the following objective function:

minJ =
∑(

d32exp − d32cal

)2 (6)

where d32expis experimental andd32cal is calculated with
Eq. (7):

d32cal =
1∑n

i=1Fk(i)/di

(7)

4. Results and discussion

4.1. Initial drop size distribution

As mentioned above, the initial drop size distribu-
tion is defined as that generated from the coalescence

Fig. 8. Relationship betweend43 andσ.
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Fig. 9. Comparison between experimental data and calculated values.

plate. Fig. 5 shows a typical statistical result in the
CDPSEC.

It can be found that the volumetric probability density
function of the drops can be described with a normal distri-
bution asEq. (8):

P(d) = 1√
2πσ

exp

(
− (d − d43)

2

2σ2

)
(8)

where

d43 =
∫ ∞

0
P(d)d �d =

n∑
i=1

(
nidi

4∑n
j=1njdj

3

)
,

σ2 =
∫ ∞

0
P(d)(d − d43)

2 �d =
n∑

i=1

(
nidi

3(di − d43)
2∑n

j=1njdj
3

)

The influence of the operating conditions ond43 is shown
in Fig. 6.It was found that the influence of the pulse density
(Af) was much greater than that of the flow rates. When
Af increased,d43 decreased. In order to predict the drop

size, a semi-empirical equation asEq. (9)was given out by
evaluating the experimental data:

d43 = 3.28× 10−3(Af)−0.35 (9)

The comparison betweend43exp and d43cal is shown in
Fig. 7, and it can be seen that they fitted well with average
deviation less than±10%.

Fig. 10. Influence ofAf and positions on drop size.
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Table 2
Comparison of calculated data with the experimental results

Dispersion plate no. Af = 1.5 cm/s Af = 2.0 cm/s Af = 2.25 cm/s Af = 3.0 cm/s

d32cal (mm) d32exp (mm) d32cal (mm) d32exp (mm) d32cal (mm) d32exp (mm) d32cal (mm) d32exp (mm)

1 2.45 2.44 1.98 1.96 1.80 1.78 1.38 1.36
2 2.36 2.35 1.81 1.80 1.61 1.62 1.18 1.20
3 2.29 2.26 1.69 1.60 1.50 1.53 1.08 1.12

Fig. 11. Comparison of drop size distribution between experimental data and calculated values.
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The relationship betweend43 andσ is shown inFig. 8.
A linear relationship betweend43 and σ can be seen. So
Eq. (10)was given out to express the relationship:

σ = 0.28d43 = 9.18× 10−4(Af)−0.35 (10)

Therefore, if all operation conditions are provided, the
initial drop size distribution in the CDPSEC can be obtained
by using Eqs. (8)–(10). The comparison of the drop size
distribution by calculation with these equations and that by
experiments is shown inFig. 9.

It can be seen that the normal distribution is a suitable
function to predict the initial drop size distribution in the
CDPSEC.

4.2. Breakage of drops

Under different operating conditions, the mean drop size
d32 will change greatly.Fig. 10shows the influence of the
operation conditions and positions on the drop size. As men-
tioned above, the drop size strongly depended on the pulse
densityAf. With an increase ofAf, the drop size decreased.
Moreover the drop size would decrease after the dispersed
phase passed through the dispersion plate each time. In order
to calculate the droplet breakage, the mathematical model
in Section 3was applied. With the experimental results, the
constantC in Eq. (3) was evaluated, and the result ofC
= 0.395 was obtained. The comparison of the experimen-
tal data and the calculated values by the model is shown in
Table 2, and plotted inFig. 11, which tell us that the math-
ematical model inSection 3can predict the breakage of the
droplets precisely.

5. Conclusions

The drop size distribution in the CDPSEC was studied
in this work. Because of the existence of the coalescence
plate, the droplets coalesced and broke up periodically in
the CDPSEC. When the droplets passed through the coa-
lescence plate, they coalesced into bigger droplets. When
the droplets passed through the dispersion plate, they broke
into smaller ones. The experimental results showed that the
initial drop size distribution from the coalescence plate can
be predicted with a normal distribution function, and the

mean drop size can be calculated with the equation ofd43 =
3.28×10−3(Af)−0.35. In order to describe the droplet break-
age, a mathematical model based on the population balance
theory has been suggested, and the parameters required in
the model were evaluated. The comparison between the cal-
culated values and the experimental data show that the mean
diameter and the size distribution along the height of column
can be calculated with the model satisfactorily.
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