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Introduction

Accurately predicting the dispersed phase droplet behavior
in liquid-liquid two-phase flow continues to complicate the
design and scaling-up of extraction columns. Although many
methods have been developed to measure the drop velocity,
drop size distribution and holdup of the dispersed phase, the
design and scaling-up of extraction columns continues to rely
heavily on pilot testing rather than model prediction. Among
these measurement techniques, the laser scattering1 and photo-
graphing2 methods can only be applied to nonlight systems.
Fluorescence3 and sampling4 methods can destroy the mul-
tiphase flow field, ultrasonic technology5 cannot measure the
drop velocity and size distribution, and resistance probe6 can
only be applied to systems with a conductive dispersed phase
and insulated continuous phase. A new type of inline measure-
ment technology, the optical probe, has been used to measure
local dispersed phase holdup, bubble/drop size distribution and
bubble/drop velocity of many multiphase systems including
gas-liquid,7,8 gas-liquid-liquid,9 and gas-liquid-solid10 systems.
The differences in physical properties of liquid-liquid phase
systems, however, are too small to detect by conventional
measurement technologies and few results using the optical
probe technique10–12 have been published. Furthermore, for
simplification many extraction column experiments assume
drop velocity is equal to drop terminal velocity, neglecting the
influence of pulse energy input (pulse amplitude and fre-
quency) and flow rates on drop velocity. In this experiment, the
optical probe technique was used in a pulsed-sieve-plate ex-
traction column (PSEC) to calculate the drop velocity and size
distribution of a liquid-liquid phase system. The influences of
energy input and flow rates of the two-phases on drop size and
distribution were taken into account and a correlation to cal-
culate the Sauter mean diameter of droplets was developed
based on the results.

Experimental Setup

The PSEC body was a glass cylinder 2 m in effective height
and 150 mm in diameter with 25 mm plate spacing. Teflon
plates were inserted into the column every fourth plate to
enhance the mass transfer performance by the interface renewal
effect.13 The experimental system was 30% TBP (in kerosene)-
nitric acid with water as the continuous phase. The holdup of
the dispersed phase �, was measured using the volumetric
replacement method. The refractive indices of the continuous
and dispersed phases at 25°C are 1.34 and 1.43, respectively.
The pulse energy input to the PSEC varied with pulse ampli-
tude A ranging from 0.5–2.5 cm, and a pulse frequency f
ranging from 1.0–2.0 s�1. The real drop velocity and drop size
distribution of the dispersed phase drops were measured using
a dual optical probe, which contained two separate optical
fibers with conical tips. The difference in refractive indices of
the two liquids allowed the probe tips to differentiate between
the values of light intensity reflected from the two passing
phases. The drop velocity and size distribution were obtained
by comparing the optical signals reflected from the two fibers.
The experimental setup is shown in Figure 1. The optical probe
was located between the first and second stainless steel plates
(counting from the lower Teflon plate). In a previous experi-
ment,14 we confirmed that d32 in this region can be used to
represent d32 along the entire column. The diameter of the
optical fiber was 62.5 �m. Two infrared laser beams were
passed through the two separate optical fibers, reflected at the
conical tips, and collected to form electronic signals.

Measurement Principle of Dual Opticoptical
Probe

Figure 2 is a typical voltage output signal curve of the dual
optical probe when the same drop passes across the two fibers
separately.

The top and bottom curves are the signals from fibers I and
II, respectively. The two optical fibers, when in contact with
the continuous phase, have high voltage signal values until a
dispersed phase drop passes across the conical tip leading to a
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decrease in the voltage output level as seen in Figure 2. When
the fiber tip is again immerged in the aqueous phase, the
voltage output signal recovers to the initial high level. Figure 3
shows a drop crossing the tip of fiber I at time tAI and fiber II
at time tAII, creating a similar voltage output curve for both
signals with delay of arrival time (tAII � tAI). The drop
velocity is obtained using the distance between the two fibers,
H, and the delay of arrival time (tAII � tAI)d, as shown in Eq.
1 and the cut chord of

ud �
H

�tAII � tAI�d
(1)

dc � ud�tI (2)

the drop dc, is calculated using the obtained velocity and Eq. 2.

Results and Discussion
Energy input and flow rate influence on droplet
velocities in a PSEC

Figure 3 shows the influence of flow rates on drop velocity
under constant 1.0 cm pulse amplitude and 1.0 s�1 pulse
frequency.

The signal curves of fibers I and II are very similar except for
the time delay. The time delay values, (tAII � tAI)d, of droplets
with different sizes were similar in duration at constant pulse
energy input, consistent with the conclusions made by Kentish
et al.15 Figure 4 shows the influence of the energy input on drop
velocity under the same flow rates.

The values of (tAII � tAI)d of droplets with different sizes at
different energy input conditions were not the same, and drop-
let velocities were more sensitive to changes in pulse energy
input than flow rates. From the experimental results, the rela-

tionship between energy input and time delay, was expressed
as

�tAII � tAI�d � �0.04 s Af � 2.0 cm/s
0.08 s Af � 2.0 cm/s (3)

and the drop velocities calculated using Eqs. 1 and 3 were
expressed as

ud � �0.050 m/s Af � 2.0 cm/s
0.025 m/s Af � 2.0 cm/s (4)

Energy input influence on drop size distribution and
mean diameter

The cut chord dc of a droplet crossing the dual optical probe
was calculated using Eqs. 1–4. The calculation of drop diam-
eter d, was simplified by assuming dc is equal to d. Figure 5
shows the influence of energy input on drop size distribution.
The drop size distribution became narrower and drop size
decreased with the increase of pulse energy input. Drop size
decreased more significantly with decreased pulse frequency

Figure 1. Experimental setup of infrared laser.

Figure 2. Signals of dual optical probe (A � 1.0 cm, f �
1.0 s�1, ux � 0.00133 m/s, uy � 0.00133 m/s).

Figure 3. Influence of flow rates on signal curves (A �
1.0 cm, f � 1.0 s�1).

Figure 4. Influence of varying pulse amplitude and fre-
quency on signal output curves (ux � 0.00206
m/s, uy � 0.00462 m/s).
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than pulse amplitude. The influence of phase flow rates on
Sauter mean diameter d32 is shown in Figure 6.

Similar to drop size distribution, the Sauter mean diameter
d32 decreased with the increase of pulse energy input, but
again more significantly under higher pulse frequencies than
pulse amplitudes. d32 slowly increased with the increase of
superficial velocity of the dispersed phase, uy at constant pulse
energy and continuous phase superficial velocity, ux. Varying
the dispersed phase superficial velocity, ux had a much smaller
effect on d32 at constant pulse energy and dispersed phase
superficial velocity. Taking into account both pulse input en-
ergy and phase flow rates Eq. 5 was derived from experimental
results to calculate d32, and shows a Sauter mean diameter
dependence on Af2 similar to Kumar and Hartland’s16 results.

In Figure 7, a comparison of the experimental results and
predicted results using Eq. 5 for d32 showed an average devi-
ation of �20%.

d32 � 6.5 � � ux

1 � �
�

uy

��
0.72

/�Af2 (5)

Notation

A � pulse amplitude, cm
d32 � Sauter mean diameter, mm
dc � cut chord, mm

f � pulse frequency, s�1

H � distance between two probes, m
tA � arrival time, s
u � superficial flow rate, m � s�1

ud � drop velocity, m/s
�t � residence time of a drop passing through a single probe, s
� � holdup of the dispersed phase

Subscripts

cal � calculated data
d � drop
I � probe I

II � probe II
x � continuous phase
y � dispersed phase

exp� experimental data
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