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The tri-sensor optical probe was applied to study the hydrodynamic characteristic in a pulsed sieve plate extraction col-
umn. Two immiscible liquids consisting of the dispersed phase (kerosene) and continuous phase (water) were introduced
in countercurrent operation. Local parameters such as droplet velocity, drop size, and holdup of the dispersed phase
were obtained. It was found that the tri-sensor optical probe could be used as an efficient and convenient technique for
measuring local hydrodynamic parameters inside the pulsed sieve plate extraction column. Furthermore, the results
indicated that pulsation intensity imposed more influence on these hydrodynamic parameters than two-phase superficial
flow rates in the investigated ranges. Experimental results were found to be in good agreement with the empirical corre-
lations reported in literature. VC 2015 American Institute of Chemical Engineers AIChE J, 61: 3958–3963, 2015
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Introduction

Liquid-liquid extraction is a technique for separating the
components of a solution by distribution between two immisci-
ble liquid phases. It is widely applied in petroleum, chemical,
metallurgy pharmaceutical, food processing, biotechnology,
and nuclear industries. As one of the most commonly used devi-
ces in extraction process, pulsed sieve plate extraction column
offers large interfacial area, high mass transfer coefficient, high
turbulence, therefore, it is of prime importance in spent fuel
reprocessing process. Extensive work1–4 has been carried out to
study the hydrodynamic and mass-transfer characteristic in the
pulsed sieve plate extraction column. Accurate prediction of
dispersed phase droplet behavior is crucial to the design and
scaling-up of the extraction column.

The knowledge of various dispersed phase properties such
as droplet velocity, drop size, holdup of the dispersed phase, is
of considerable importance for the proper design and scaling-
up of extraction columns. For instance, droplet behaviors play
key roles in determining the mass-transfer rate in extraction
columns. Furthermore, drop-size distribution and droplet-
velocity distribution are key parameters in evaluating the drag
forces of two phases and using the population balance model
in computational fluid dynamics (CFD). Many methods have
been developed to measure all these parameters. Among these
measurement techniques, conductivity5 probe technique can
only be applied to systems with a conductive dispersed phase
and insulated continuous phase. Sampling6,7 methods can
destroy the two-phase flow field. In most cases, the laser scat-
tering8 and photographing9 methods can only be applied to

liquid-liquid two-phase flow systems with low holdup,
although using an endoscope technique, it is also possible to
take pictures inside columns for a large holdup.10 In addition,
double optical probe11–14 and four-point optical probe15,16

have been widely used in measuring liquid-liquid, gas-liquid
local properties. However, double fiber probe cannot provide
information about the angle of the droplet motion with respect
to the vertical axis. Moreover, because of spiraling and zigzag-
ging motions of the droplets, it is not sure that whether tips of
two probes pierce the same droplet. Furthermore, the four-
sensor optical probe has some disadvantages including com-
plicated fabrication process and cumbersome data processing.

Recently, Yang et al17 has measured two-dimensional (2-D)
vapor bubble velocity with a tri-single-fiber-optical-probe
technique, and the deviation between measured and the calcu-
lated vertical component of the velocity is within 630%. In
this article, a tri-sensor optical probe with data processing
algorithm has also been used to investigate dispersed phase
hydrodynamic characteristic in a pulsed sieve plate extraction
column. Droplet properties, such as droplet velocity, drop size,
the angle of the droplet motion, and local holdup of dispersed
phase have been measured at various pulsation intensities and
two-phase superficial velocities. The results can present data
needed for CFD validation and engineering model.

Materials and Methods

Pulsed sieve plate extraction column

The schematic diagram of the pulsed sieve plate extraction
column is shown in Figure 1. The internal diameter of the
extraction column is 0.038 m, and active height is 1.474 m.
The column is fitted with regularly spaced (0.05 m) sieve
plates mounted on a rod of 0.006 m at the center of the col-
umn. Each sieve contains 32 circular holes of 0.003 m
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diameter, which can assist to increase the interfacial area
between the immiscible liquids by breaking the droplets of
dispersed phase. Two settlers are located at each end of the
contactor to facilitate the separation of phases after their con-
tact in the column body. An air pulsation was used for the liq-
uid in the column. A pulse leg of 0.016-m diameter and
1.624 m in length was connected at the base of bottom disen-
gaging section for pulsing the continuous phase. The air pres-
sure was controlled by digital regulator and stepper motor to
provide pulses with different frequencies and a fixed ampli-
tude of 0.055 m. The frequency of the pulse was varied with
the rotation speed of the stepper motor. The two phases were
introduced countercurrently into the column through circular
perforated distributors with the light phase entering from the
bottom while heavy phase from the top. The distributor con-
tains eight circular holes of 0.003-m diameter, which can
assist to produce the droplets of 0–0.003-m diameter.

Water and kerosene were taken as the continuous phase and
dispersed phase, respectively. Physical properties of two
phases are shown in Table 1. The interfacial tension was meas-
ured with a BZY-2 tensiometer and viscosities were measured
with a NDJ-8S viscometer.

Description of the probe measurement system

As shown in Figure 1, the tri-sensor probe was placed at
between the 13th and 14th stainless steel plates from the bottom
of the active section with its sensor tips facing vertically down-
ward, well away from the dispersed phase inlet. The tips of the
tri-sensor probe located in a middle height in this compartment.
As Figure 2a shows, each fiber is consisted of three layers: a
quartz glass core of 0.125-mm diameter having a refraction index
of 1.48, a silicon cladding of 0.9-mm diameter, and a protective
layer of Teflon of 3-mm diameter. As Figure 2b illustrates, the
distance between each tip of the sensors was adjusted to approxi-

mately 1 mm (e.g., L12 5 1 mm, L13 5 1 mm, L23 5 1 mm), and
the values for angle1, angle2, and angle3 were all p/3.

The light emitted from a laser light source is transmitted
through an optical fiber to the probe and is reflected at the sensor
tip. The reflected light backtracks to a probe signal processor,
which can convert light signals to corresponding electric signals.

Measurement principle of tri-sensor probe

In this water-kerosene system, the core refractive index of
silica fiber is 1.48, and the theoretical reflection coefficients of
the water phase (the refractive index is 1.33) and the kerosene
phase (the refractive index is 1.44) can be calculated according
to Eq. 1

R5
n02n

n01n

� �2

(1)

where R denotes the reflection coefficient, n0 is the core refrac-
tive index, and n stands for the refractive indexes of the two
phases.

The difference in refractive indices of the two liquids allows
the probe tips to differentiate the light intensities reflected
from the two passing phases. Then the dispersed phase proper-
ties can be derived by processing the response with an appro-
priate algorithm.

The data processing algorithm for tri-sensor probe
measurement

Here the data processing algorithm includes five steps: (1)
single threshold signal processing; (2) estimating the local
holdup; (3) eliminating uncorrelated signals; (4) solving the
droplet velocity and direction angle h (the angle of the droplet
motion with respect to the vertical axis); and (5) calculating
droplet diameter.

Single threshold signal processing

Due to the effect of surface tension of droplets, there exists
a time delay when the tips pierce the droplets and leave the

Figure 1. A schematic of the pulsed sieve plate extrac-
tion column.

1. light phase feed vessel, 2. heavy phase feed vessel, 3.

peristaltic pump, 4. light phase inlet, 5. Pulse inlet, 6.

heavy phase outlet, 7. heavy phase inlet, 8. light phase

outlet, 9. extraction section, 10. pulse leg, 11. air cylin-

der, 12. stepper motor, 13. digital regulator, 14. balance

leg, 15. Vent, 16. up separating chamber, 17. down sepa-

rating chamber, 18. Probe, 19. A/D unit and computer.

Table 1. Physical Properties of Kerosene/Water

Parameters Water Kerosene

Density of the phase (kg/m3) 998 803
Viscosity of the phase (mPa s) 1.0 1.66
Interfacial tension (N/m) 0.0444

Figure 2. Optical fiber probe

(a) schematic of the optical fiber, (b) a picture of the tri-

sensor optical fiber probe.
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droplets. In addition, because of the interference originating
from the internal measurement system and the external envi-
ronment, the signal output from the optical probe is different
from the ideal two-state square-wave. To facilitate subsequent
data processing, threshold methods proposed by Barrau et al.11

and Yuan et al.16 were used to process the raw probe signals
and extract the required information from the two phases. The
raw signal obtained by the aforementioned method as well as
the processed signal from a tri-sensor probe is displayed in
Figure 3, in which the high and low voltages represent the dis-
persed phase and continuous phase, respectively.

Measurement of local holdup

The local holdup obtained by the optical probe is reliable,
which has been proved by Hamad et al.13 and Xue et al.18

Based on the recorded signal information from a tri-sensor
probe, the local holdup / obtained by probe tip-1 (the 1st
probe tip) is defined as Eq. 2

/5
Time spent by the probe tip-1 in droplets

Total measurement time
5

T1

Tt
(2)

Elimination of uncorrelated signals

To increase the accuracy for measuring droplet diameter
and droplet velocity, correlation principle17 and pulse width

comparison methods19 are taken to eliminate. uncorrelated sig-
nals. The selected signals of droplets should satisfy that not
only all the three probe tips penetrate the same droplet but
also any tip of three probes cannot just penetrate the edge of
the droplet, and Yang et al.17 has describe the method of elimi-
nating uncorrelated signals in detail.

Measurement of the drop velocity (v) and direction
angle (h)

With this data processing algorithm, there is no need for
selecting only a specific population of droplets (e.g., drops
moving in the probe’s axial direction). Instead, the whole
droplet population can be used to determine the hydrodynamic
characteristic of the disperse phase.

Figures 4a, b show the schematic when a droplet hits the tri-
sensor optical probe. Yang et al.17 has described the solving
method of the migration distance (L2c, L3b), the droplet chord
lengths (L1i, Lcj, Lbh), and direction angle (h) in detail.

Obviously, there are two cases involved in estimating the
new values of L2c, L3b (represented as L�2c, L�3b, respectively).
If L3d> 0, L�2c is described as Eq. 3 and Eq. 4. If L3d< 0, L�3b

can be described as Eqs. 5 and 6 and then repeat iteration
method can be used to calculate the final velocity u. Simulta-
neously the migration distance (L2c, L3b), the droplet chord
length (L1i, Lcj, Lbh), and the direction angle h can also be
determined

L2c
�5cos p=21h2angle2ð Þ3 L1210:5L1i20:5Lcj (3)

L2c
�5t1223u (4)

L3b
�5cos p=21h2angle3ð Þ3 L1310:5L1i20:5Lbh (5)

L3b
�5t123 3 u (6)

where u denotes the new droplet velocity.

Measurement of droplet diameter

If L3d> 0, droplet diameter is estimated as Eq. 7. If L3d< 0,
droplet diameter can be estimated as Eq. 8 and Sauter droplet
diameter is estimated as Eq. 9ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

0:5dð Þ22 0:5Lbhð Þ2
q

2
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Figure 3. Illustration of the raw signal (a) and the proc-
essed signal (b).

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 4. Schematic of the probe piercing the droplet.
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where d32 is the Sauter droplet diameter, and di (mm) is the ith
drop diameter, and n and i represent nth and ith values, respec-
tively. It should be noticed that due to the arrangement config-
uration of the three probe tips, there is a minimum
measureable droplet size of 1.03 mm through a simple geo-
metrical deduction.

Results and Discussion

Local holdup

The effect of pulsation intensity on local hold up (/) is dis-
played in Figure 5a. Dispersed phase holdup decreases with
an increase in low pulsation intensity, and attains a minimum
value, beyond which it increases with an increase in pulsa-
tion intensity. The variation is consistent with the observa-
tions reported in literature for the liquid pulsed column.20

The results shown in Figure 5b indicate that local holdup
increases with an increase in continuous phase superficial
velocity. The most probable explanation of this behavior is
that the drag force between the dispersed droplets and the
continuous phase increases, so the droplet movement will be
limited and the residence time will increase. In addition, Fig-
ure 5b illustrates that the local holdup increases with an
increase in dispersed phase superficial velocity. The number
of the dispersed droplets increases with an increase in dis-
persed phase superficial velocity, which will increase the
holdup of the dispersed phase.

Droplet mean velocity

The result shown in Figure 6a indicates a decrease in drop-
let velocity with the increase in pulsation intensity. Droplet
diameter will be smaller because of more turbulence generated
at the higher pulse energy, consequently, droplet velocity
decreases. Figure 6b shows droplet velocity is practically inde-
pendent of the continuous superficial velocity for the range of
conditions investigated, however, droplet velocity decreases
significantly with an initial increase in the dispersed superficial
velocity, while it seems not to be affected at higher velocity
values. Furthermore, droplet velocities are more sensitive to
changes in pulsation intensity than dispersed superficial
velocity.

Accurate prediction of dispersed phase droplet velocity is
very difficult for the lack of effective experimental technol-
ogy, so rare experiment data, and empirical correlations can
be found in the published literature. Typically, the characteris-
tic velocity is used as the real droplet velocity. Zhu et al.21 put
forward the following correlation (10) for calculation of char-
acteristic velocity in a pulsed sieve plate extraction column, in
which the internal diameter of the column is 41 mm, and four
physical systems have been considered. The comparison of the
experimental results with those predicted by Eq. 10 is illus-
trated in Figure 7, the relative deviation is within 25%

V050:447
3ld13lc

3ld12lc

� �2:75 Dq
qc

� �2=3 qc

lc

� �1=3

d32 (10)

Figure 5. Local holdup variation with pulsation inten-
sity (a), two-phase superficial velocity (b).

Figure 6. Droplet velocity variation with pulsation inten-
sity (a), two-phase superficial velocity (b).
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where V0 is the characteristic velocity, mc is the viscosity of
continuous phase, md is the viscosity of dispersed phase, Dq is
the density difference between two phases, and qc is the den-
sity of continuous phase.

Drop mean diameter

The influence of pulsation intensity and two-phase superfi-
cial velocity on Sauter droplet diameter d32 is shown in Figure
8. Figure 8a illustrates that d32 decreases with an increase in
pulsation intensity as it is expected, because more turbulence

generates at the higher pulse energy. Also, it is observed that
this decrease in droplet diameter is more pronounced at the
lower pulsation intensities than higher pulsation intensities. As
showed in Figure 8b, continuous phase superficial velocities
have a much smaller effect on d32 at constant pulsation inten-
sity and dispersed phase superficial velocity. In addition, Fig-
ure 8b reveals the facts that in the lower dispersed phase
superficial velocity region, d32 sharply decreases with the
increase of the dispersed phase superficial velocity, while
much smaller influence can be found on droplets diameter in
higher dispersed phase superficial velocity. The comparison of
Figures 8a, b shows that pulsation intensity has much more
significant effects on droplet diameter than two-phase superfi-
cial velocity in the investigated ranges.

A large number of empirical correlations22–24 have been
presented for calculating the droplet Sauter diameter in the
past literatures. For example, Sreenivasulu et al.23 has meas-
ured droplet Sauter diameter by photographing methods in
0.043-m diameter column, in which kerosene was used as the
dispersed phase, and water was the continuous phase. They
presented the following correlation (11) for calculating droplet
Sauter diameter in pulsed column. This correlation has been
also recommended for the design and scaling-up of pulsed
sieve plate columns by Yadav and Patwardhan24 The compari-
son between our results and calculated drop Sauter diameter
through the correlation (11) is described in Figure 9, and it can
be found that the related deviation is within 66%

d325C
r
qc

� �0:4

ðAf Þ20:8a0:48d0:26h0:34 (11)

where the constant C 5 2.0 3 104, a denotes the fractional
free area, d is the hole diameter, and h is the plate spacing.

Conclusions

Hydrodynamic characteristic of a liquid-liquid two-phase
system was studied by means of tri-sensor optical probe in a
pulsed sieve plate extraction column, in which the continuous
phase was water and the dispersed phase was kerosene. The
local hydrodynamic parameters including droplet velocity,
drop size, and holdup of the dispersed phase were determined
accurately and conveniently. The results indicate that the local
holdup of the dispersed phase increases with an increase in two-
phase superficial velocity, while decreases with an increase in
low pulsation intensity, attains a minimum value, beyond which

Figure 7. Comparison of the experimental and calcu-
lated droplet velocity.

Figure 8. Sauter droplet diameter variation with pulsation
intensity (a), two-phase superficial velocity (b).

Figure 9. Comparison of the experimental and calcu-
lated droplet Sauter diameter.
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it increases with an increase in pulsation intensity. Both the
mean droplet velocity and the Sauter mean diameter decrease
with an increase in pulsation intensity and dispersed phase
superficial velocity, however, are practically independent of the
continuous phase superficial velocity. The experimental droplet
velocity and drop size of the dispersed phase are in good agree-
ment with the empirical correlations reported in literature. The
relative deviation between the experimental droplet velocity
and the calculated value of the empirical correlation is within
25%. The experimental droplet Sauter diameter has be com-
pared with the Sreenivasulu’s correlation, and the related devia-
tion is within 66% in general. It is demonstrated that tri-sensor
fiber optical probe can be effectively applied to the liquid-liquid
two-phase flow measurement.
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