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a b s t r a c t

The key process used in nuclear industries for the management of radiotoxicity associated with spent
fuel in a closed fuel cycle is solvent extraction. An understanding of hydrodynamics and mass transfer is
of primary importance for the design of mass transfer equipment used in solvent extraction processes.
Understanding the interfacial phenomenon and the associated hydrodynamics of the liquid drops is
essential for model-based design of mass transfer devices. In this work, the phenomenon of drop for-
mation at the tip of a nozzle submerged in quiescent immiscible liquid phase is revisited. Previously
reported force balance based models and empirical correlations are analyzed. Experiments are carried
out to capture the process of drop formation using high-speed imaging technique. The images are
digitally processed to measure the average drop diameter. A correlation based on the force balance model
is proposed to estimate drop diameter and jet length. The average drop diameter obtained from the
proposed model is in good agreement with experimental data with an average error of 6.3%. The
developed model is applicable in both the necking as well as jetting regime and is validated for liquid-
liquid systems having low, moderate and high interfacial tension.
© 2021 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Solvent extraction is one of the most widely used separation
processes in nuclear industry [1]. Liquid-liquid extraction is based
on the partial miscibility of liquids. It is widely used in refining
uranium and extraction of unused fissile, fertile material and other
useful elements from the spent fuel. Reprocessing of the spent fuel
not only reduces the radiotoxicity associatedwith the spent fuel but
also provides radioisotopes for societal applications.

The transfer of mass from one liquid phase to the other depends
on the interfacial area created by the dispersion of one liquid into
another immiscible liquid. Understanding this phenomenon of
dispersion is of prime importance in the design of liquid-liquid
extraction systems. However, even today the design of industrial-
scale extraction equipment relies on the studies carried out on
pilot-scale equipment. The pilot-scale experiments usually
consume most of the cost and time [2]. The need to achieve higher
Roy), gattusuneelnrb@gmail.
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mass transfer efficiency in a compact extractor has become inevi-
table given the requirements of larger capacity process plants.

Pulsed perforated plate extraction column, one of the mass
transfer equipment commonly used in nuclear reprocessing plants,
has the advantage of higher level of controlled agitation for the
creation of droplets, the dispersed phase. As a result, a large
interfacial area is achieved resulting in higher mass transfer effi-
ciency. To be successful in scale-up, robust and accurate models are
required. The challenge in nuclear chemical engineering is tomodel
the process in terms of mass and momentum transfer, the activity
of the liquid, and anticipating the manifold and complex in-
teractions in multiphase systems. In this regard, it is particularly
useful to reduce the complexity of the swarm systems to single
droplets since droplets are the smallest mass transfer unit in a
liquid-liquid extraction device [3].

There have been developments in designing newer type of
contactors with efficient mass transfer and phase separation.
However, even today, industrial-scale plant design is based on the
pilot plant experimental data and scale-up, sometimes with
increased design margins. The model predicted design is yet to be
proven for engineering scale adaptation before its final
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Table 1
Properties of systems used for the study (T ¼ 25 �C).

Dispersed phase rd (kg/m3) md (mPa.s) s (mN/m)

Heptane 683 0.393 36.2
Toluene 870 0.59 37.1
Butyl acetate 882.5 0.685 12
30% TBP 842 1.92 9.5
Butyl alcohol 836 2.52 1.79
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acceptability for designing commercial equipment. Consequently, it
has become necessary to gain an understanding of the hydrody-
namics of a single drop and the associated physics so that the
various design parameters could be established with better
accuracy.

The phenomenon of drop formation in an immiscible, two-
phase liquideliquid system is primarily based on the balance be-
tween the competing lifting and restraining forces. The formation
of liquid drops and their subsequent rise are important as they
contribute significantly to the hydrodynamics in liquid-liquid
contactors. The drop formation process controls drop size in the
system and the drop rise velocity decides the characteristic contact
time between the phases.

Many researchers attempted to understand the physics of drop
formation employing force balance, numerical simulations and
experimentation. Harkins and Brown [4] calculated the drop vol-
ume at very low flow rates by equating the buoyancy and interfacial
tension forces. A correction for the fraction of liquid volume, which
remains attached to the nozzle after drop break-off, was incorpo-
rated. The Harkins- Brown correction factor, which is empirical in
nature, was used to obtain the drop volume at the time of break-off.

Hayworth et al. [5] as well as Null and Johnson [6] in their study,
extended the work of Harkins and Brown, where velocity effect
became an important parameter. Drag and inertial forces, which
were incorporated into the force balance equations, predicted a
semi-empirical correlation.

Klee and Treybal [7] carried out experiments on the rate of rise
and fall of liquid drops by varying the densities of continuous and
dispersed phases, interfacial tension, velocities, and thereby
developed a correlation applicable for a wide range of systems.
Narasinga Rao et al. [8] considered a two-stage drop formation
mechanism in their model. In the two-stage drop formation
mechanism, the drop formation process is divided into two stages;
drop growth as the first stage and drop detachment as the second
stage.

Scheele et al. [9] carried out a force balance and proposed model
based on the two-stage drop formation mechanism and compared
it with experimental investigations. Clift et al. [10] carried out the
comprehensive review of drop formation and consolidated the
experimental as well as the theoretical finding of drop formation.
Mori et al. [11] carried out work on the pendant drop formation.
Izard et al. [12] predicted drop diameter based on the force balances
made across drop diameter. Chazal et al. [13] predicted drop
diameter based on momentum balance. Suneel et al. [14] discussed
the effect of bubbling with an immiscible medium on the
throughput of vitrification equipment.

Although several sets of drop volume data exist in the literature
[5,7,13,15e17] additional experiments are necessary to obtain a
better understanding of the mechanism of drop formation and for
validation of the model proposed in the present study. The study
extends the range of variables studied earlier.

This work aims to investigate the drop formation mechanism
that is, the initiation of drop formation, its growth, necking, and
detachment at a lower velocity, and jet formation, jet instability,
and jet break up into droplets at higher velocities. The prediction of
drop detachment height or jet length, drop formation time, and
drop diameter is also part of this investigation. In addition to
experimental studies, numerical investigations are performed for
single spherical drops under steady-state motion and in the
laminar flow region. The study is confined to the formation of liquid
drops from a submerged nozzle into an immiscible quiescent liquid.

The variation of the jet length with inlet velocity for various
systems and the effect of jet length on drop diameter is not
adequately addressed in the literature. The results are compared
with the empirical correlations developed by Scheele et al. [9],
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Steiner et al. [18], Hamad et al. [15], Kagan et al. [19], Izard [12] and
Chazal et al. [13] as these are intriguing in understanding the
physics behind the drop formation. A review of the reported
models for drop diameter based on force balance and analysis of
findings of our experiments and simulations has resulted in pro-
posing a new model, in which attempts are made to suitably
address the observations made during the above study.

2. Materials and properties

Heptane, toluene, butyl acetate, 30% TBP in n-dodecane, and
butanol were used as dispersed phase while deionized water was
used as the continuous phase. The choice of dispersed phases was
made to include a reasonable range of properties covering many
scientific and engineering applications of the problem. The vis-
cosities of the dispersed phases studied were in the range of
0.393 mPa.s to 2.52 mPa.s, while their densities and interfacial
tensions were between 683 kg/m3 to 882.5 kg/m3 and 1.79 mN/m
to 37.1 mN/m respectively. The properties of systems used in the
current study at the temperature of 25 �C are given in Table 1.

3. Experimental setup and procedure

The schematic of the experimental set-up used for studying the
mechanism of drop formation is shown in Fig. 1. The droplets are
formed at the outlet of a submerged nozzle of 4 mm diameter. The
test section consists of a cylindrical tank filled with continuous
phase (c), into which a dispersed phase (di) is introduced through a
nozzle attached to the bottom of the tank. To achieve precise
control of the dispersed phase flow rate, it is fed from an organic
feed tank pressurized by a controlled flow of air using a pre-
calibrated control valve. The control valve is air operated and has
linear characteristics. The valve is an air-to-open type and has a
range of 1:20.

The free surface of the stationary continuous phase is 280 mm
above the bottom of the test section. The nozzle used is machined
out of stainless steel. A large length-diameter ratio is chosen to
minimize disturbances and to assure a fully developed velocity
profile at the nozzle exit. The nozzle penetrates 40 mm from the
bottom of the test section into the continuous phase giving a dis-
tance of 240 mm from the nozzle exit to the free surface of the
continuous phase The nozzle tip is machined flat so that undesir-
able wetting of the nozzle by the dispersed phase can be
eliminated.

Drop diameters are measured from still photographs taken from
a high-speed imaging system having a maximum shutter speed of
1000 frames/sec and resolution of 1280 � 1024 pixels. Two 500 W
bulbs are used for illumination. Still images are taken for each drop
emanating from the nozzle and the photographs are analyzed with
digital imaging software. The images captured for Water (c) - n-
Dodecane (di) are as shown in Fig. 2.

The diameter of the drop is determined by processing the
captured images. For the cases in which the drop is deformed from
a spherical shape, the drop diameter is recorded as the arithmetic
average of themajor andminor diameters. This procedure results in



Fig. 1. The schematic diagram of the experimental set-up used for studying the mechanism of drop formation.

Fig. 2. Image captured with high frames speed camera at different inlet velocities for Water (c) - n-Dodecane (di) system.
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less than 5% error in the calculation of drop volume provided the
ratio of major-minor diameters is within 1.7. In this work, the ratio
is less than 1.2 for most of the drops. The column is initially filled
with de-ionized water and at instant t ¼ 0, a dispersed phase is
injected into the column through the nozzle. The superficial ve-
locity of the disperse phase is varied within the range of
1.1e18.7 cm/s. The rise of ten bubbles is recorded using the video
recorder.
Fig. 3. The force balance of a single liquid drop emanating from a nozzle.
4. Development of empirical correlation

The formation, growth, jetting, and detachment of a drop are
due to the competing forces viz., the lifting and restraining forces
acting on the drop. A simple model for drop formation in quiescent
liquid under constant flow condition is proposed for calculating
drop diameter and jet length for moderate flow rates of the
dispersed phase.

The force balance of a single liquid drop emanating from a
nozzle is shown in Fig. 3.
3231
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FB þ FK ¼ FS þ FD þ FI (1)

The following assumptions are made

a. The drop formation is a two-stage process.
b. No wall effect on the drop formation process.
c. Themotion of the drop is not affected by the presence of another

drop immediately above it.
d. The dispersed phase injection rate through the nozzle is con-

stant and is incompressible.
e. The interface is acted upon by density difference between liq-

uids and surface forces.
f. Drop detachment occurs when the neck narrows to zero.
g. The volumetric flow of dispersed phase is constant
h. The interfacial tension is constant and uniform.
i. There is no energy exchange or mass transfer across the
interface.

j. Drop is axisymmetric.

The initiation of drop formation, its growth remaining attached
to the nozzle, drop rise with neck, and subsequent detachment can
be represented by two-stage force balance.
4.1. Growth Stage-1: Forces when the drop is attached to the nozzle

Buoyancy Force; FB ¼DrV1g ¼ 4
3
pr31Drg (2)

where Dr is difference between dispersed and continuous phase
densities, jrc �rdj (kg/m3), V1 is drop volume at the end of stage-1
(m3), g is the acceleration due to gravity (9.81), m/s2 and r1 is the
radius of the drop in stage-1 (m).

Kinetic Force; FK ¼ rddV
dUd

dt
¼ rddV

d
dt

 
Q

pRN
2

!

¼ rdQdt
d
dt

 
Q

pRN
2

!
¼ Q2rd

pRN
2 (3)

where, rd is the density of dispersed phase (kg/m3), V is drop vol-
ume at an instantaneous time, t (m3), Ud is the velocity of the
dispersed phase (m/s), Q is flow rate of the dispersed phase from
the nozzle (m3/s), and RN is the radius of the nozzle (m).

Interfacial tension Force; FS ¼2psRNcosq (4)

where s is interfacial tension coefficient (N/m).
FS is the effective component of the interfacial tension force at

the nozzle. As the drop grows, q decreases and is zero at the time of
drop detachment.

Drag Force; FD ¼1
2
CDArCUN

2 (5)

where, CD is the drag coefficient, A is cross section area of the drop
(m2), rC is the density of continuous phase (kg/m3), and UN is the
velocity in the nozzle (m/s).

Drag Coefficient [20].

CDðRe;m*Þ¼
2� m*

2
CDðRe;0Þþ

4m*

6þ m*
CDðRe;2Þ 5�Re�1000;
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0�m* � 2 (6)

where, Re is Reynolds Number, and m* is the ratio of viscosities of
dispersed and continuous phase - md=mc, mc is the viscosity of
continuous phase (Pa.s), and md is the viscosity of dispersed phase
(Pa.s).

CDðRe;0Þ¼
48
Re

�
1þ2:21ffiffiffiffiffiffi

Re
p �2:14

Re

�

CDðRe;2Þ¼17Re�2=3

Re¼dUNrc=mc

Inertia Force; FI ¼
d
dt

ðmV1UNÞ¼m
d
dt

�
4
3
pr31

�

�
 

Q
4pr21

!
¼1
3
mQ

dr1
dt

¼ mQ2

12pr21
(7)

where m is the virtual mass coefficient, rd þ 0:5rc (kg/m
3).

Thus, the final expression for force balance at the end of stage 1

4p
3

Drgr31 þ
Q2rd
pR2N

� 2psRN � FD ¼ mQ2

12pr21
(8)

Equation (8) can be used to obtain the diameter of the drop at
the end of stage-1, which is when the forces are in balance.

The drop starts moving upward at the end of stage-1 when the
lifting forces are higher than the restraining forces, that is under the
condition of

4p
3

Dgr31 þ
Q2rd
pR2

N

>2pRNs� FD þ mQ2

12pr21

4.2. Stage-2: Forces at the time of detachment and during drop rise

In Stage-2, the drop is fully formed and it detaches when a
sufficient amount of the additional liquid has flowed into the drop
through its neck leading to force imbalance and drop detaches
leaving some volume at the tail back on the nozzle. The forces at the
time of detachment are

DrV2gþ
Q2rd
pr22

� 2psr2 � FD ¼ d
dt

ðmV2UÞ (9)

where, V2 is drop volume at the end of stage-2 (m3), and r2 is the
radius of the drop in stage-2 (m)

U¼dx
dt

þ dr2
dt

d
dt

ðmV2UÞ¼
d
dt

�
mV2

�
dx
dt

þ dr2
dt

��
¼ mQ2

12pr22
þ d
dt

�
mV2

�
dx
dt

��

(10)

At the time of the drop detachment, a fraction of volume is
retained back on the nozzle due to recoil force. This volume of the
drop that remained at the nozzle after drop breakup was not
considered by Hamad et al. [15]. By using a correction factor for the
volume of the liquid drop, it can be incorporated into the equation.
Hence, a correction factor j called ‘HarkineBrowns Correction



Fig. 4. Effect of Interfacial Tension on Jet length for different systems.
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factor’ is introduced into the equation for finding the actual force on
the detaching drop. This correction factor accounts for the volume
of the drop left on the nozzle at the time of detachment.

Substituting Equation (9) into (10) and introducing j

j

"
DrV2gþ

Q2rd
pr22

�2psr2 � FD � mQ2

12pr22

#
¼ d
dt

�
mV2

dx
dt

�
(11)

The jet length ‘x’ is obtained by integrating the right-hand side
of Equation (11) from t ¼ 0 to t ¼ t.

The length of the liquid between the top of the detaching drop
and nozzle tip is called the jet length. Jet length is predicted by
Scheele et al. [21].

x¼ 1
2a

" 
a2UI

R2N

!
Z¼5

þ
 
a2UI

R2N

!
Z¼x

#
ln
�
RN
ε

�
(12)

where ‘a’ is the radius of the jet (m), UI is the interfacial velocity of
the jet (m/s), a is the growth rate of disturbance (s�1), Z is the axial
distance of jet (m), and ε is the thickness of the interphase (m).

The complex dependence of interfacial velocity (UIÞ on the axial
distance of the nozzle precludes an analytical solution for jet
length. The interfacial velocity does not change rapidly with dis-
tance from the nozzle exit after a sharp initial increase, so an
arithmetic average of interfacial velocities at Z ¼ 5 and Z ¼ x pro-
vides a satisfactory estimate of the interfacial velocity [21].

Substituting Equations (9)e(11) in Equation (8) and integrating
the equation so obtained will lead to the following algebraic
equation which can be used to determine the drop diameter at the
end of stage-2 by incorporating the volume correction factor:

J

"
A

4Q2

�
V2
2 �V2

1

�
þB1

(
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1

o
þC2
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1

o
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n
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2 �V13=9

1

o
þC4fV2 �V1g�

1
Q

�
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1 log

V2

V1
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1 log
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1 log
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where,

A¼Drg
m
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C4 ¼
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The developed equation is solved iteratively using the Newton-
Raphson method with a solution tolerance of 10�6.

5. Results and discussion

5.1. Jet Length

As the injection velocity of the dispersed phase increases, the jet
length increases for all the systems as shown in Fig. 4. In this study,
jet length was predicted using available correlations for different
systems viz., Water (c) - Butyl acetate (di), Water (c) - Toluene (di),
Water (c) - 30% TBP (di) and Water (c) - Dodecane (di). It was
observed that systems with lower interfacial tension form jet at
lower velocities. The obtained jet lengths were incorporated in
correlation, Equation (13), for the determination of drop diameter
for respective systems.

5.2. Drop diameter

The studies were carried out with a 4 mm nozzle, using water as
a continuous phase and different solutions as a dispersed phase.
The inlet velocity of the dispersed was varied from 11 mm/s to
70 mm/s. Experimental data of Scheele et al. [9], is used for the
Heptane system. Experimental results are compared with simula-
tions and correlations developed by Scheele et al. [9], Hamad et al.
[15], Steiner et al. [18], Kagan et al. [19], Chazal et al. [13], Izard [12]
and a correlation is proposed using developed force balance as
shown in Fig. 5 for various liquid-liquid systems.

As can be seen in Fig. 5, the agreement of the model with ex-
periments is better at lower velocities. The agreement of the model
is ±6.2% up to a velocity of 40mm/s. The disagreement of themodel
with experimental data at higher velocities may be due to jet in-
stabilities that occur at higher velocities. The present model has a
better agreement compared with the empirical correlations.



Fig. 5. Comparison of drop diameters obtained from experiment, and mathematical model for (a) Water (c) - Butyl acetate (di), (b) Water (c) - Toluene (di) (c) Water (c) - 30% TBP
(di), (d) Water (c) - Heptane (di) system.
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5.3. Error analysis

To give a quantitative idea of the performance of Equation (13)
data-driven correlation, a statistical term, coefficient of determi-
nation (COD) was introduced. The value of COD for the data was
Fig. 6. Parity plot for Water e Toluene/Butyl acetate/30% TBP-dodecane/Heptane
system.
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found to be 0.98 for Water e Butyl acetate/Toluene/Heptane/30%
TBP-dodecane for proposed correlation. This estimated drop di-
ameters from the developed correlation for the given systems have
a better agreement compared to the correlations reported in the
literature. The parity plot of predicted drop diameters for various
systems is shown in Fig. 6.

6. Conclusions

Models based on force balance on a single drop of the dispersed
phase emanating from a nozzle submerged in a quiescent immis-
cible ambient liquid phase were studied. Experiments were carried
out to study the different stages of drop formations viz., initiation of
drop formation at the tip of the nozzle, its growth, necking, jetting
and drop detachment, which were captured by high-speed vide-
ography. A newmodel for drop diameter and jet length is proposed
for the two-stage drop formation mechanism by introducing drop
volume correction (using j) and interfacial terms, drag coefficient
(CD) and the analytical expression for jet length (x). Jet length and
drop diameter were determined by processing the captured im-
ages. The two-phase systems studied are (i) Toluene, (ii) 30% TBP in
dodecane, (iii) Dodecane and (iv) Butyl acetate as the dispersed
phase and water as the quiescent continuous phase. Drop di-
ameters predicted by the developed correlation for different sys-
tems, at varying dispersed phase velocity through the nozzle are in
good agreement with experimental results, with an average error of
±5%. Drop diameters obtained from the proposed model are in
good agreement with the experimental data having COD of 0.98.
The model is applicable in the jetting regime and is validated for
two-phase systems with low, moderate and high interfacial
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tension. Considering the applicability of the proposed model for a
wide range of systems properties, higher velocities, a lesser degree
of empiricism and system independence, it will be useful for
enhancing the drop level understanding of hydrodynamic andmass
transfer phenomenon in liquid-liquid extraction equipment.
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